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Abstract This chapter of the “Flavor in the era of LHC”
workshop report discusses flavor-related issues in the pro-
duction and decays of heavy states at the LHC at high mo-
mentum transfer Q, both from the experimental and the the-
oretical perspective. We review top quark physics, and dis-
cuss the flavor aspects of several extensions of the standard
model, such as supersymmetry, little Higgs models or mod-
els with extra dimensions. This includes discovery aspects,
as well as the measurement of several properties of these
heavy states. We also present publicly available computa-
tional tools related to this topic.
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1 Introduction

The origin of flavor structures and CP violation remains one
of the big questions in particle physics. Within the standard
model (SM) the related phenomena are successfully parame-
trized with the help of the CKM matrix in the quark sector
and the PMNS matrix in the lepton sector. In both sectors
intensive studies of flavor aspects have been carried out and
are still going on as discussed in the reports by the other
Working Groups in this Volume. Following the unification
idea, it is strongly believed that eventually both sectors can
be explained by a common underlying theory of flavor. Al-
though current SM extensions rarely include a theory of fla-
vor, many of them tackle the flavor question with the help
of some special ansatz leading to interesting predictions for
future collider experiments such as the LHC.

This chapter of the “Flavor in the era of LHC” report
gives a comprehensive overview of the theoretical and ex-
perimental status of: (i) How flavor physics can be explored
in the production of heavy particles like the top quark or
new states predicted in extensions of the SM. (ii) How fla-
vor aspects impact the discovery and the study of the prop-
erties of these new states. Both aspects require the study of
processes at high momentum transfer Q. We discuss in de-
tail the physics of the top quark, supersymmetric models,
little Higgs models, extra dimensions, grand unified models
and models explaining neutrino data. From the experimental
side our focus will be on ATLAS and CMS whereas LHCb
will be discussed on the report by the working group 2 [1],

where B , D and K decays are discussed to obtain comple-
mentary information on flavor in the hadronic sector. Addi-
tional complementary information on flavor in the leptonic
sector due to the study of leptons is discussed in the report
of working group 3 [2].

Section 2 discusses flavor aspects related to the top quark,
which is expected to play an important role due to its heavy
mass. The LHC will be a top quark factory, allowing one to
study several of its properties in great detail. The Wtb cou-
pling is an important quantity, which in the SM is directly
related to the CKM element Vtb . In SM extensions new cou-
plings can be present, which can be studied with the help
of the angular distribution of the top decay products and/or
in single-top production. In extensions of the SM also siz-
able flavor-changing neutral current (FCNC) decays can be
induced, such as t → qZ, t → qγ or t → qg. The SM ex-
pectations for the corresponding branching ratios are of or-
der 10−14 for the electroweak decays and of order 10−12 for
the strong one. In extensions like two-Higgs doublet models,
supersymmetry or additional exotic quarks they can be up to
order 10−4. The anticipated sensitivity of ATLAS and CMS
for these branching ratios is of order 10−5. A new physics
contribution will also affect single and pair production of top
quarks at LHC either via loop effects or due to resonances,
a discussed in the third part of this section.

In Sect. 3 we consider flavor aspects of supersymmet-
ric models. This class of models predicts partners for the
SM particles which differ in spin by 1/2. In a supersymmet-
ric world flavor would be described by the usual Yukawa
couplings. However, we know that supersymmetry (SUSY)
must be broken, in a way most commonly parameterized in
terms of soft SUSY-breaking terms. After a brief overview
of the additional flavor structures in the soft SUSY break-
ing sector we first discuss the effect of lepton flavor viola-
tion in models with conserved R-parity. In spite of the strin-
gent constraints from low energy data such as μ → eγ , they
can significantly modify dilepton spectra, which play an im-
portant role in the determination of the SUSY parameters.
We also discuss the possibilities to discover supersymme-
try using the e±,μ∓ + missing energy signature. Lepton
flavor violation plays also an important role in long lived
stau scenarios with the gravitino as the lightest supersym-
metric particle (LSP). In models with broken R-parity, neu-
trino physics predicts certain ratios of branching ratios of the
LSP in terms of neutrino mixing angle (in case of a gravitino
LSP the prediction will be for the next to lightest SUSY par-
ticle). Here the LHC will be important to establish several
consistency checks of the model. Flavor aspects affect the
squark sector in several ways. Firstly one expects that the
lightest squark will be the lightest stop, due to the large top
Yukawa coupling. Various aspects of its properties are stud-
ied here in different scenarios. Secondly it leads to flavor-
violating squark production and flavor-violating decays of
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squarks and gluinos despite the stringent constraints from
low energy data such as b → sγ .

Non-supersymmetric extensions of the SM, such as grand
unification, little Higgs or extra dimensional models, also
predict new flavor phenomena, which are presented in
Sect. 4. Such SM extensions introduce new fermions (quarks
and leptons), gauge bosons (charged and/or neutral) and
scalars. We study the LHC capabilities to discover these
new mass states, paying a special attention to how to dis-
tinguish among different theoretical models. We start with
the phenomenology of additional quarks and leptons, study-
ing in detail their production at the LHC, and the available
decay channels. It turns out that particles up to a mass of
1–2 TeV can be discovered and studied. In addition to the
discovery reach, we discuss the possibilities to measure their
mixing with SM fermions. They are also sources of Higgs
bosons (produced in their decay) and hence they can signif-
icantly enhance the Higgs discovery potential of the LHC.
Extended gauge structures predict additional heavy gauge
bosons and, depending on the mass hierarchy, they can ei-
ther decay to new fermions or be produced in their decay.
In particular, the production of heavy neutrinos can be en-
hanced when the SM gauge group is extended with an extra
SU(2)R , which predicts additional WR bosons. We also dis-
cuss flavor aspects of the discovery of new gauge bosons.
This is specially important for the case of an extra Z′, which
appears in any extension of the SM gauge group, and for
which model discrimination is crucial. The presence or not
of new W ′ bosons also helps identifying additional SU(2)

gauge structures. Finally, several SM extensions predict new
scalar particles. In some cases the new scalars are involved
in the neutrino mass generation mechanism, e.g. in some
little Higgs models and in the Babu–Zee model, which are
realizations of the type II seesaw mechanism where neu-
trino masses a generated via a Higgs triplet. In these two
cases, high energy observables, such as the decay branch-
ing ratios of doubly charged scalars, can be related to the
neutrino mixing parameters measured in neutrino oscilla-
tions.

Last but not least, computational tools play an important
role in the study of flavor aspects at the LHC. In Sect. 5
we give an overview of the publicly available tools, rang-
ing from spectrum calculators, to decay packages and Monte
Carlo programs. In addition, we briefly discuss the latest ver-
sion of the SUSY Les Houches Accord (2008), which serves
as an interface between various programs and now includes
flavor aspects.

1.1 The ATLAS and CMS experiments

The CERN Large Hadron Collider (LHC) is currently be-
ing installed in the 27-km ring previously used for the LEP
e+e− collider. This machine will push up the high energy

frontier by one order of magnitude, providing pp collisions
at a center of mass energy of

√
s = 14 TeV.

Four main experiments will benefit from this accelerator:
two general-purpose detectors, ATLAS (Fig. 1) and CMS
(Fig. 2), designed to explore the physics at the TeV scale;
one experiment, LHCb, dedicated to the study of B-hadrons
and CP violation; and one experiment, ALICE, which will
study heavy ion collisions. Here only the ATLAS and CMS
experiments and their physics programs are discussed in
some detail.

The main goal of these experiments is the verification of
the Higgs mechanism for the electroweak symmetry break-
ing and the study of the “new” (i.e. non-SM) physics that
is expected to manifest itself at the TeV scale to solve the
hierarchy problem. The design luminosity of 1034 cm−2 s−1

of the new accelerator will also allow one to collect very
large samples of B hadrons, W and Z gauge bosons and top
quarks, allowing for stringent tests of the SM predictions.

Since this program implies the sensitivity to a very broad
range of signatures and since it is not known how new
physics may manifest itself, the detectors have been de-
signed to be able to detect as many particles and signatures
as possible, with the best possible precision.

In both experiments the instrumentation is placed around
the interaction point over the whole solid angle, except for
the LHC beam pipe. As the particles leave the interaction
point, they traverse the Inner Tracker, which reconstructs
the trajectories of charged particles, the Electromagnetic and
Hadronic calorimeters which absorb and measure the total
energy of all particles except neutrinos and muons, and the
Muon Spectrometer which is used to identify and measure
the momentum of muons. The presence of neutrinos (and
other hypothetic weakly interacting particles) is revealed as
a non-zero vector sum of the particle momenta in the plane
transverse to the beam axis.

Both the Inner Tracker and the Muon Spectrometer need
to be placed inside a magnetic field in order to measure the
momenta of charged particles using the radius of curvature
of their trajectories. The two experiments are very differ-
ent in the layout they have chosen for the magnet system.
In ATLAS, a solenoid provide the magnetic field for the In-
ner Tracker, while a system of air-core toroids outside the
calorimeters provide the field for the Muon Spectrometer.
In CMS, the magnetic field is provided by a single very
large solenoid which contains both the Inner Tracker and the
calorimeters; the muon chambers are embedded in the iron
of the solenoid return yoke. The magnet layout determines
the size, the weight (ATLAS is larger but lighter) and even
the name of the two experiments.

The CMS Inner Detector consists of Silicon Pixel and
Strip detectors, placed in a 4 T magnetic field. The ATLAS
Inner Tracker is composed by a smaller number of Silicon
Pixel and Strip detectors and a Transition Radiation detector
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Fig. 1 An exploded view of the ATLAS detector

Fig. 2 An exploded view of the
CMS detector
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(TRT) at larger radii, inside a 2 T magnetic field. Thanks
mainly to the larger magnetic field, the CMS tracker has
a better momentum resolution, but the ATLAS TRT con-
tributes to the electron/pion identification capabilities of the
detector.

The CMS electromagnetic calorimeter is composed by
PbWO4 crystals with excellent intrinsic energy resolution
(σ(E)/E ∼ 2–5%/

√
E(GeV)). The ATLAS electromag-

netic calorimeter is a lead/liquid argon sampling calorime-
ter. While the energy resolution is worse (σ(E)/E ∼
10%/

√
E(GeV)), thanks to a very fine lateral and lon-

gitudinal segmentation the ATLAS calorimeter provides
more robust particle identification capabilities than the CMS
calorimeter.

In both detectors the hadronic calorimetry is provided by
sampling detectors with scintillator or liquid argon as the
active medium. The ATLAS calorimeter has a better energy
resolution for jets (σ(E)/E ∼ 50%/

√
E(GeV)⊕ 0.03) than

CMS (σ(E)/E ∼ 100%/
√

E(GeV) ⊕ 0.05) because it is
thicker and has a finer sampling frequency.

The chamber stations of the CMS muon spectrometer are
embedded into the iron of the solenoid return yoke, while
those of ATLAS are in air. Because of multiple scattering in
the spectrometer, and the larger field in the Inner Tracker the
CMS muon reconstruction relies on the combination of the
informations from the two systems; the ATLAS muon spec-
trometer can instead reconstruct the muons in stand-alone
mode, though combination with the Inner Detector improves

the momentum resolution at low momenta. The momentum
resolution for 1 TeV muons is about 7% for ATLAS and 5%
for CMS.

Muons can be unambiguously identified as they are the
only particles which are capable to reach the detectors out-
side the calorimeters. Both detectors have also an excel-
lent capability to identify electrons that are isolated (that
is, they are outside hadronic jets). For example, ATLAS ex-
pects an electron identification efficiency of about 70% with
a probability to misidentify a jet as an electron of the or-
der of 10−5 [3]. The tau identification relies on the hadronic
decay modes, since leptonically decaying taus cannot be
separated from electrons and muons. The jets produced by
hadronically decaying taus are separated from those pro-
duced by quark and gluons since they produce narrower jets
with a smaller number of tracks. The capability of the AT-
LAS detector to separate τ jets from QCD jets is shown
in Fig. 3.

The identification of the flavor of a jet produced by a
quark is more difficult, and is practically limited to the iden-
tification of b jets, which are tagged by the vertex detectors
using the relatively long lifetime of B mesons; the presence
of a soft electron or muon inside a jet is also used to im-
prove the b-tagging performance. In Fig. 4 the probability
of mistagging a light jet as a b jet is plotted as a function of
the b-tagging efficiency for the CMS detector [3]; compara-
ble performances are expected for ATLAS.

Fig. 3 The QCD jet rejection
(inverse of mistagging
efficiency) as a function of
τ -tagging efficiency is reported
for the ATLAS detector. The
four full curves correspond to
simulation without electronic
noise in the calorimeters and
different transverse momentum
ranges, increasing from the
lowest to the highest curve. The
dashed curves correspond to
simulation with electronic
noise [4]



Eur. Phys. J. C (2008) 57: 183–307 189

Fig. 4 The non-b jet
mistagging efficiency for a fixed
b-tagging efficiency of 0.5 as a
function of jet transverse
momentum for c jets (triangles),
uds jets (circles) and gluon jets
(stars) obtained for the CMS
detector with an event sample of
QCD jets and the secondary
vertex tagging algorithm [5]

2 Flavor phenomena in top quark physics1

2.1 Introduction

The top quark is the heaviest and least studied quark of the
SM. Although its properties have already been investigated
at colliders [6], the available center of mass energy and the
collected luminosity have not yet allowed for precise mea-
surements, with the exception of its mass. The determina-
tion of other fundamental properties such as its couplings
requires larger top samples, which will be available at the
LHC. Additionally, due to its large mass, close to the elec-
troweak scale, the top quark is believed to offer a unique
window to flavor phenomena beyond the SM.

Within the SM, the Wtb vertex is due to a purely left
handed current, and its size is given by the CKM matrix el-
ement Vtb , related to the top-bottom charged current. In a
more general way, additional anomalous couplings such as
right handed vectorial couplings and left and right handed
tensorial couplings can also be considered. The study of the
angular distribution of the top decay products at the LHC
will allow for precision measurements of the structure of the
Wtb vertex, providing an important probe for flavor physics
beyond the SM.

In the SM there are no FCNC processes at the tree level
and at one loop they can be induced by charged-current
interactions, but they are suppressed by the Glashow–
Iliopoulos–Maiani (GIM) mechanism [7]. These contribu-
tions limit the FCNC decay branching ratios to extremely
small values in the SM. However, there are extensions of
the SM which predict the presence of FCNC contributions
already at the tree level and significantly enhance the top
FCNC decay branching ratios [8–19]. Also loop-induced

1Section coordinators: G. Burdman and N. Castro.

FCNCs could be greatly enhanced in some scenarios be-
yond the SM. In all these cases, such processes might be
observed at the LHC.

In its first low luminosity phase (10 fb−1 per year and
per experiment), the LHC will produce several million top
quarks, mainly in pairs through gluon fusion gg → t t̄ and
quark–antiquark annihilation qq̄ → t t̄ , with a total cross
section of ∼833 pb [21]. Single-top production [20, 22–26]
will also occur, dominated by the t-channel process, bq →
tq ′, with a total expected cross section of ∼320 pb [25, 26].
SM extensions, such as SUSY, may contribute with addi-
tional top quark production processes. The theoretical and
experimental knowledge of single-top and t t̄ production
processes will result in important tests for physics beyond
the SM. Moreover, besides the direct detection of new states
(such as SUSY particles and Higgs bosons), new physics
can also be probed via the virtual effects of the additional
particles in precision observables. Finally, in addition to the
potential deviations of the top couplings, it is possible that
the top quark couples strongly to some sector of the new
physics at the TeV scale, in such a way that the production
of such states might result in new top quark signals. This
possibility typically involves modifications of the top pro-
duction cross sections, either for t t̄ or single top, through
the appearance of resonances or just excesses in the num-
ber of observed events. In some of these cases, the signal is
directly associated with a theory of flavor, or at least of the
origin of the top mass.

In this section different flavor phenomena associated to
top quark physics are presented: anomalous charged and
neutral top couplings, including the Wtb vertex structure
and the measurement of Vtb; top quark FCNC processes and
possible contributions of new physics to top production, in-
cluding the effects of anomalous couplings in t t̄ and single-
top production; and the possible observation of resonances
which strongly couple to the top quark.
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2.2 Wtb vertex

In extensions of the SM, departures from the SM expectation
Vtb � 0.999 are possible [27, 28], as well as new radiative
contributions to the Wtb vertex [29, 30]. These deviations
might be observed in top decay processes at the LHC and
can be parametrized with the effective operator formalism
by considering the most general Wtb vertex (which contains
terms up to dimension five) according to

L = − g√
2
b̄γ μ(VLPL + VRPR)tW−

μ

− g√
2
b̄
iσμνqν

MW

(gLPL + gRPR)tW−
μ + h.c., (1)

with q = pt −pb (the conventions of [31] are followed with
slight simplifications in the notation). If CP is conserved in
the decay, the couplings can be taken to be real.2

2.2.1 Wtb anomalous couplings

Within the SM, VL ≡ Vtb � 1 and VR , gL, gR vanish at
the tree level, while nonzero values are generated at one
loop level [32]. Additional contributions to VR , gL, gR

are possible in SM extensions, without spoiling the agree-
ment with low energy measurements. The measurement of
Br(b → sγ ) is an important constraint to the allowed values
of the Wtb anomalous couplings.

At the LHC, the top production and decay processes will
allow one to probe in detail the Wtb vertex. Top pair pro-
duction takes place through the QCD interactions without
involving a Wtb coupling. Additionally, it is likely that the
top quark almost exclusively decays in the channel t →
W+b. Therefore, its cross section for production and decay
gg,qq̄ → t t̄ → W+bW−b̄ is largely insensitive to the size
and structure of the Wtb vertex. However, the angular distri-
butions of (anti-)top decay products give information about
its structure, and can then be used to trace non-standard cou-
plings. Angular distributions relating top and antitop decay
products probe not only the Wtb interactions but also the
spin correlations among the two quarks produced, and thus
may be influenced by new production mechanisms as well.

2.2.1.1 Constraints from B physics Rare decays of the B-
mesons as well as the BB̄ mixing provide important con-
straints on the anomalous Wtb couplings because they re-
ceive large contributions from loops involving the top quark
and the W boson. In fact, it is the large mass of the top quark

2A general Wtb vertex also contains terms proportional to (pt +pb)
μ,

qμ and σμν(pt + pb)ν . Since b quarks are on shell, the W bosons
decay to light particles (whose masses can be neglected) and the top
quarks can be approximately assumed on-shell, these extra operators
can be rewritten in terms of the ones in (1) using the Gordon identities.

that protects the corresponding FCNC amplitudes against
GIM cancellation. Thus, order unity values of VL − Vtb ,
VR , gL and gR generically cause O(100%) effects in the
FCNC observables. For VR and gL, an additional enhance-
ment [33, 34] by mt/mb occurs in the case of B̄ → Xsγ ,
because the SM chiral suppression factor mb/MW gets re-
placed by the order unity factor mt/MW .

Deriving specific bounds on the anomalous Wtb cou-
plings from loop processes requires treating them as parts
of certain gauge invariant interactions. Here, we shall con-
sider the following dimension-six operators [35]:

OVR = t̄Rγ μbR

(
φ̃†iDμφ

) + h.c.,

OVL = q̄Lτ aγ μqL

(
φ†τaiDμφ

)

− q̄Lγ μqL

(
φ†iDμφ

) + h.c., (2)

OgR = q̄LσμντatRφ̃Wa
μν + h.c.,

OgL = q̄ ′
LσμντabRφWa

μν + h.c.,

where qL = (tL,VtbbL + VtssL + VtddL), q ′
L = (V ∗

tbtL +
V ∗

cbcL + V ∗
ubuL, bL), and φ denotes the Higgs doublet.

Working in terms of gauge invariant operators renders the
loop results meaningful, at the expense of taking into ac-
count all the interactions that originate from (2), not only
the Wtb ones.

As an example, let us consider the b → sγ transition.
Since it involves low momenta only, one usually treats it in
the framework of an effective theory that arises from the full
electroweak model (SM or its extension) after decoupling
the top quark and the heavy bosons. The leading contribu-
tion to the considered decay originates from the operator

O7 = e

16π2
mbs̄LσμνbRFμν. (3)

The SM value of its Wilson coefficient C7 gets modified
when the anomalous Wtb couplings are introduced. More-
over, the presence of O7 also above the decoupling scale μ0

becomes a necessity, because counter-terms involving O7

renormalize the UV-divergent b → sγ diagrams with OgL

and OgR vertices. Thus, we are led to consider the B̄ → Xsγ

branching ratio as a function of not only VL, VR , gL and gR

but also C
(p)
7 , i.e. the “primordial” value of C7 before de-

coupling. Following the approach of [36], one finds

Br(B → Xsγ ) × 104

= (3.15 ± 0.23) − 8.18(VL − Vtb) + 427VR

− 712gL + 1.91gR − 8.03C
(p)
7 (μ0)

+ O
[(

VL − Vtb,VR,gL,gR,C
(p)
7

)2]
, (4)
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for Eγ > 1.6 GeV and μ0 = 160 GeV in the MS scheme.3

As anticipated, the coefficients at VL and gR are of the same
order as the first (SM) term, while the coefficients at VR

and gL get additionally enhanced. The coefficients at gL and
gR depend on μ0 already at the leading order, and they are
well approximated by −379 − 485 lnμ0/MW and −0.87 +
4.04 lnμ0/MW , respectively. This μ0-dependence and the
one of C

(p)
7 (μ0) compensate each other in (4).

Taking into account the current world average [38]:

Br(B̄ → Xsγ ) = (
3.55 ± 0.24+0.09

−0.10 ± 0.03
) × 10−4, (5)

a thin layer in the five dimensional space (VL −Vtb,VR,gL,

gR,C
(p)
7 ) is found to be allowed by b → sγ . When one pa-

rameter at a time is varied around the origin (with the other
ones turned off), quite narrow 95% CL bounds are obtained.
They are listed in Table 1.

If several parameters are simultaneously turned on in a
correlated manner, their magnitudes are, in principle, not
bounded by b → sγ alone. However, the larger they are, the
tighter the necessary correlation is, becoming questionable
at some point.

The bounds in Table 1 have been obtained under the as-
sumption that the non-linear terms in (4) are negligible with
respect to the linear ones. If this assumption is relaxed, ad-
ditional solutions to that equation arise. Such solutions are
usually considered to be fine-tuned. In any case, they are ex-
pected to get excluded by a direct measurement of the Wtb

anomalous couplings at the LHC (see Sect. 2.2.1.2).
Considering other processes increases the number of con-

straints but also brings new operators with their Wilson co-
efficients into the game, so long as the amplitudes undergo
ultraviolet renormalization. Consequently, the analysis be-
comes more and more involved. Effects of VL and VR on
b → sl+l− have been discussed, e.g., in [37, 39]. These
analyses need to be updated in view of the recent measure-
ments, and extended to the case of gL and gR . The same
refers to the BB̄ mixing, for which (to our knowledge) no
dedicated calculation has been performed to date. Exclusive
rare decay modes in the presence of non-vanishing VR have
been discussed in [40, 41].

2.2.1.2 ATLAS sensitivity to Wtb anomalous couplings
The polarization of the W bosons produced in the top decay

Table 1 Agenda

VL − Vtb VR gL gR C
(p)
7 (μ0)

Upper bound 0.03 0.0025 0.0004 0.57 0.04

Lower bound −0.13 −0.0007 −0.0015 −0.15 −0.14

3The negative coefficient at VL differs from the one in Fig. 1 of [37]
where an anomalous Wcb coupling was effectively included, too.

is sensitive to non-standard couplings [42]. W bosons can be
produced with positive, negative or zero helicity, with cor-
responding partial widths ΓR , ΓL, Γ0 which depend on VL,
VR , gL and gR . General expressions for ΓR , ΓL, Γ0 in terms
of these couplings can be found in [43] and were included in
the program TopFit. Their absolute measurement is rather
difficult, so it is convenient to consider instead the helic-
ity fractions Fi ≡ Γi/Γ , with Γ = ΓR + ΓL + Γ0 the total
width for t → Wb. Within the SM, F0 = 0.703, FL = 0.297,
FR = 3.6 × 10−4 at the tree level, for mt = 175 GeV,
MW = 80.39 GeV, mb = 4.8 GeV. We note that FR van-
ishes in the mb = 0 limit because the b quarks produced in
top decays have left handed chirality, and for vanishing mb

the helicity and the chirality states coincide. These helicity
fractions can be measured in leptonic decays W → 	ν. Let
us denote by θ∗

	 the angle between the charged lepton three-
momentum in the W rest frame and the W momentum in
the t rest frame. The normalized angular distribution of the
charged lepton can be written as

1

Γ

dΓ

d cos θ∗
	

= 3

8

(
1 + cos θ∗

	

)2
FR + 3

8

(
1 − cos θ∗

	

)2
FL

+ 3

4
sin2 θ∗

	 F0, (6)

with the three terms corresponding to the three helicity states
and vanishing interference [44]. A fit to the cos θ∗

	 distrib-
ution allows one to extract, from experiment, the values of
Fi , which are not independent but satisfy FR +FL +F0 = 1.
From these measurements one can constrain the anomalous
couplings in (1). Alternatively, from this distribution one can
measure the helicity ratios [43]

ρR,L ≡ ΓR,L

Γ0
= FR,L

F0
, (7)

which are independent quantities and take the values ρR =
5.1 × 10−4, ρL = 0.423 in the SM. As for the helicity frac-
tions, the measurement of helicity ratios sets bounds on VR ,
gL and gR . A third and simpler method to extract infor-
mation about the Wtb vertex is through angular asymme-
tries involving the angle θ∗

	 . For any fixed z in the interval
[−1,1], one can define an asymmetry

Az = N(cos θ∗
	 > z) − N(cos θ∗

	 < z)

N(cos θ∗
	 > z) + N(cos θ∗

	 < z)
. (8)

The most obvious choice is z = 0, giving the forward–
backward (FB) asymmetry AFB [31, 45].4 The FB asym-
metry is related to the W helicity fractions by

AFB = 3

4
[FR − FL]. (9)

4Notice the difference in sign with respect to the definitions in [31, 45],
where the angle θ	b = π − θ∗

	 between the charged lepton and b quark
is used.
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Other convenient choices are z = ∓(22/3 − 1). Defining
β = 21/3 − 1, we have

z = −(
22/3 − 1

) →
Az = A+ = 3β

[
F0 + (1 + β)FR

]
,

(10)
z = (

22/3 − 1
) →

Az = A− = −3β
[
F0 + (1 + β)FL

]
.

Thus, A+ (A−) only depend on F0 and FR (FL). The
SM values of these asymmetries are AFB = −0.2225,
A+ = 0.5482, A− = −0.8397. They are very sensitive to
anomalous Wtb interactions, and their measurement allows
us to probe this vertex without the need of a fit to the cos θ∗

	

distribution. It should also be pointed out that with a mea-
surement of two of these asymmetries the helicity fractions
and ratios can be reconstructed.

In this section, the ATLAS sensitivity to Wtb anomalous
couplings is reviewed. The t t̄ → W+bW−b̄ events in which
one of the W bosons decays hadronically and the other one
in the leptonic channel W → 	ν	 (with 	 = e±,μ±), are
considered as signal events.5 Any other decay channel of
the t t̄ pair constitutes a background to this signal. Signal
events have a final state topology characterized by one en-
ergetic lepton, at least four jets (including two b jets) and
large transverse missing energy from the undetected neu-
trino. Top pair production, as well as the background from
single-top production, is generated with TopReX [46]. Fur-
ther backgrounds without top quarks in the final state, i.e.
bb̄, W + jets, Z/γ ∗ + jets, WW , ZZ and ZW production
processes, are generated using PYTHIA [47]. In all cases
CTEQ5L parton distribution functions (PDFs) [48] were
used. Events are hadronized using PYTHIA, taking also
into account both initial and final state radiation. Signal and
background events are passed through the ATLAS fast simu-
lation [49] for particle reconstruction and momentum smear-
ing. The b jet tagging efficiency is set to 60%, which corre-
sponds to a rejection factor of 10 (100) for c jets (light quark
and gluon jets).

A two-level probabilistic analysis, based on the construc-
tion of a discriminant variable which uses the full informa-
tion of some kinematical properties of the event was devel-
oped and is described elsewhere [50, 51]. After this analysis,
220024 signal events (corresponding to an efficiency of 9%)
and 36271 background events (mainly from t t̄ → τνbb̄qq̄ ′)
were selected, for a luminosity of 10 fb−1. The hadronic W

reconstruction is done from the two non-b jets with high-
est transverse momentum. The mass of the hadronic top, is
reconstructed as the invariant mass of the hadronic W and

5From now on, the W boson decaying hadronically and its parent top
quark will be named “hadronic”, and the W decaying leptonically and
its parent top quark will be called “leptonic”.

the b jet (among the two with highest pT ) closer to the W .
The leptonic W momentum cannot be directly reconstructed
due to the presence of an undetected neutrino in the final
state. Nevertheless, the neutrino four-momentum can be es-
timated by assuming the transverse missing energy to be the
transverse neutrino momentum. Its longitudinal component
can then be determined, with a quadratic ambiguity, by con-
straining the leptonic W mass (calculated as the invariant
mass of the neutrino and the charged lepton) to its known on-
shell value MW = 80.4 GeV. In order to solve the twofold
quadratic ambiguity in the longitudinal component it is re-
quired that the hadronic and the leptonic top quarks have the
minimum mass difference.

The experimentally observed cos θ∗
	 distribution, which

includes the t t̄ signal as well as the SM backgrounds, is af-
fected by detector resolution, t t̄ reconstruction and selection
criteria. In order to recover the theoretical distribution, it is
necessary to: (i) subtract the background; (ii) correct for the
effects of the detector, reconstruction, etc. The asymmetries
are measured with a simple counting of the number of events
below and above a specific value of cos θ∗

	 . This has the ad-
vantage that the asymmetry measurements are not biased by
the extreme values of the angular distributions, where cor-
rection functions largely deviate from unity and special care
is required.

Due to the excellent statistics achievable at the LHC, sys-
tematic errors play a crucial role in the measurement of an-
gular distributions and asymmetries already for a luminosity
of 10 fb−1. A thorough discussion of the different systematic
uncertainties in the determination of the correction functions
is therefore compulsory. The systematic errors in the observ-
ables studied (asymmetries, helicity fractions and ratios) are
estimated by simulating various reference samples and ob-
serving the differences obtained. Uncertainties originating
from Monte Carlo generators, PDFs, top mass dependence,
initial and final state radiation, b jet tag efficiency, jet en-
ergy scale, background cross sections, pile-up and b quark
fragmentation were considered. The results of the simula-
tion, including statistical and systematic uncertainties, are
summarized in Table 2.

Table 2 Summary of the results obtained from the simulation for the
observables studied, including statistical and systematic uncertainties

Observable Result

F0 0.700 ±0.003 (stat) ±0.019 (sys)

FL 0.299 ±0.003 (stat) ±0.018 (sys)

FR 0.0006 ±0.0012 (stat) ±0.0018 (sys)

ρL 0.4274 ±0.0080 (stat) ±0.0356 (sys)

ρR 0.0004 ±0.0021 (stat) ±0.0016 (sys)

AFB −0.2231 ±0.0035 (stat) ±0.0130 (sys)

A+ 0.5472 ±0.0032 (stat) ±0.0099 (sys)

A− −0.8387 ±0.0018 (stat) ±0.0028 (sys)



Eur. Phys. J. C (2008) 57: 183–307 193

Table 3 The 1σ limits on
anomalous couplings obtained
from the combined
measurement of A±, ρR,L are
shown. In each case, the
couplings which are fixed at
zero are denoted by a cross

VR gL gR

A±, ρR,L [−0.0195,0.0906] × ×
A±, ρR,L × [−0.0409,0.00926] ×
A±, ρR,L × × [−0.0112,0.0174]
A±, ρR,L × [−0.0412,0.00944] [−0.0108,0.0175]
A±, ρR,L [−0.0199,0.0903] × [−0.0126,0.0164]

With this results, and considering the parametric depen-
dence of the observables on VR , gL and gR [43], constraints
on the anomalous couplings were set using TopFit. As-
suming only one nonzero coupling at a time, 1σ limits from
the measurement of each observable can be derived [50, 51].
These limits can be further improved by combining the mea-
surements of the four observables ρR,L and A±, using the
correlation matrix [51], obtained from simulation.6 More-
over, the assumption that only one coupling is nonzero can
be relaxed. However, if VR and gL are simultaneously al-
lowed to be arbitrary, essentially no limits can be set on
them, since for fine-tuned values of these couplings their ef-
fects on helicity fractions cancel to a large extent. In this
way, values O(1) of VR and gL are possible yielding mini-
mal deviations on the observables studied. Therefore, in the
combined limits, which are presented in Table 3, it is re-
quired that either VR or gL vanishes.

Finally, with the same procedure, the 68.3% confidence
level (CL) regions on the anomalous couplings are obtained
(Fig. 5). The boundary of the regions has been chosen as a
contour of constant χ2. In case that the probability density
functions (p.d.f.) of VR and gL were Gaussian, the bound-
aries would be ellipses corresponding to χ2 = 2.30 (see for
instance [52]). In our non-Gaussian case the χ2 for which
the confidence regions have 68.3% probability is determined
numerically, and it is approximately 1.83 for the (gL,gR)

plot and 1.85 for (VR,gR).

2.2.2 Measurement of Vtb in single-top production

The value of the CKM matrix element Vtb , is often consid-
ered to be known to a very satisfactory precision (0.9990 <

|Vtb| < 0.9992 at 90% CL [53]). However, this range is
determined by assuming the unitarity of the 3 × 3 CKM
matrix, which can be violated by new physics effects. The

Tevatron measurements of R ≡ |Vtb|2
|Vtd |2+|Vts |2+|Vtb|2 are based

on the relative number of t t̄-like events with zero, one
and two tagged b jets. The resulting values for R are

6We point out that the correlations among A±, ρR,L do depend (as
they must) on the method followed to extract these observables from
experiment. In our case, the correlations have been derived with the
same procedure used to extract A±, ρR,L from simulated experimental
data.

1.12+0.27
−0.23 (stat. + syst.) [54] and 1.03+0.19

−0.17 (stat. + syst.)
[55] for CDF and DØ respectively. Note that the Vtb de-
termination from R, giving |Vtb| > 0.78 at 95% CL, is ob-
tained assuming |Vtd |2 + |Vts |2 + |Vtb|2 = 1. In fact, R � 1
only implies |Vtb| � |Vts |, |Vtd |. Therefore, single-top pro-
duction, whose cross section is directly proportional to |Vtb|,
is crucial in order to reveal the complete picture of the CKM
matrix.

Recently, the DØ collaboration announced the first ob-
servation of the single-top production. The corresponding
results for the t- and s-channels are [56]:

σ s-channel + σ t-channel = 4.9 ± 1.4 pb,

σ s-channel = 1.0 ± 0.9 pb,

σ t-channel = 4.2+1.8
−1.4 pb.

(11)

This result can be compared to the SM prediction with
|Vtb| = 1 [25]: σ s-channel

SM = 0.88 ± 0.11 pb, σ t-channel
SM =

1.98 ± 0.25 pb. Taking these results into account and con-
sidering the limit R > 0.61 at 95% CL, excluded regions
for |Vti | were obtained and are shown in Fig. 6a–c (see [57]
for the detailed computation). From this figure, the allowed
values for |Vti | are found to be 0 � |Vtd | � 0.62, 0 �
|Vts | � 0.62 and 0.47 � |Vtb| � 1. The new data on the
single-top production provides, for the first time, the lower
bound of Vtb. However, we have to keep in mind that the
latest 95% CL upper limits on the single-top production by
the CDF collaboration [58] are lower than those by DØ:

σ s-channel + σ t-channel < 2.7 pb,

σ s-channel < 2.5 pb, (12)

σ t-channel < 2.3 pb.

Using this bound, different constraints on |Vti | can be found,
as shown in Fig. 6d–f.

Going from Tevatron to LHC, the higher energy and lu-
minosity will provide better possibilities for a precise de-
termination of Vtb . Among all three possible production
mechanisms, the t-channel (q2

W < 0) is the most promis-
ing process due to its large cross section, σ � 245 pb
[26, 59, 60] and Vtb could be determined at the 5% preci-
sion level already with 10 fb−1 of integrated luminosity, as-
suming a total error of 10% for the t-channel cross section
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Fig. 5 68.3% CL confidence regions on anomalous couplings: gL and gR , for VR = 0 (left); VR and gR , for gL = 0 (right). The 1σ combined
limits in Table 3 are also displayed

Fig. 6 Excluded regions for |Vtd |, |Vts |, and |Vtb|, obtained from the measurement of R and from the single-top production, σ1b +σ2b , at 95% CL.
The figures (a)–(c) and (d)–(f) are obtained by using, respectively, the latest DØ (see (11)) and CDF (see (12)) data on the single-top production.
The combination of both bounds provides an additional excluded region. The physical bound |Vtd |2 + |Vts |2 + |Vtb|2 < 1 is also considered



Eur. Phys. J. C (2008) 57: 183–307 195

measurement [61]. The precision of this result is limited by
the systematic uncertainty and might be well improved with
better understanding of the detector and background. The
other channels, W -associated (q2

W = M2
W ) and s-channel

(q2
W > 0), are more challenging due to a much larger sys-

tematic uncertainty. However, a measurement of these pro-
duction mechanisms will also be important to further under-
stand the nature of the top quark coupling to the weak cur-
rent, especially because new physics could affect differently
the different single-top production channels (see e.g. [24]).

Since Vtb is not known, the Vtb �= 1 alternative should
be still acceptable. If Vtb is considerably smaller than one,
which would mean that t (b) couples not only to b(t) but also
to the extra quarks. Thus, a measurement of Vtb �= 1 would
be an evidence for new heavy quarks. Their existence is in
fact predicted by many extensions of the SM [28, 62–64]
and furthermore, the current electroweak precision data al-
lows for such possibility [65, 66]. In this class of models, the
familiar 3 × 3 CKM matrix is a sub-matrix of a 3 × 4, 4 × 3,
4 × 4 or even larger matrix. Those matrices could also be
constrained, e.g. by the 4 × 4 unitarity condition. Although
the 3×4/4×3 matrix, which is often induced by the vector-
like quark models, breaks the GIM mechanism, the current
tree-level FCNC measurements do not lead to strong con-
straints. However, the vector-like models with down-type
quark (models with a 3 × 4 matrix) modify the tree-level
Zbb̄ coupling by a factor of cos2 θ34, where the 3rd–4th
generation mixing θ34 parameterizes the 3 × 4 matrix to-
gether with the usual CKM parameters (θ12, θ23, θ13). Since
Vtb is written as Vtb � cos θ34 in the same parameterization,
the measurement of Rb ratio, Rb = Γ (Z → bb̄)/Γ (Z →
hadron), forbids Vtb significantly different from one in this
type of models.

In the models with a singlet up-type quark (4 × 3 matrix
case) or one complete generation (4 × 4 matrix case), the
constraint on Vtb from the Rb measurement can be milder.
In the SM, Rb comes from the tree diagram mentioned above
and the t quark loop contribution, which is proportional
to |Vtb|, is sub-dominant. If there is an extra fermion t ′,
Vtb can be reduced. On the other hand, we obtain an extra
loop contribution from t ′, proportional to |Vt ′b|. In general,
Vt ′b increases when Vtb decreases. Thus, the constraint on
Vtb depends on the t ′ mass. Using the current CDF upper
limit, mt ′ > 258 GeV [67], it can be shown that |Vtb| > 0.95
(see Sect. 4.2.1). This result relies on the assumption that the
corrections to Rb and to S, T , U parameters [68, 69] induced
by loop effects are only coming from the t and t ′. Therefore,
more sophisticated models with an extended particle content
may be less constrained. For a more precise argument in any
given model, all the well measured experimental data from
loop processes, such as the B → Xsγ branching ratio and
the electroweak precision data must be comprehensively an-
alyzed. Nevertheless it should be emphasized that the usual

claim that the S parameter excludes the fourth generation is
based on the assumption that T � 0. The fourth generation
model increases S and T simultaneously, and thus leaves a
larger parameter space for this model than the Rb measure-
ment alone [57, 70–72]. Further discussion on the search
for extra quarks at the LHC can be found in Sect. 4 and in
[57, 73].

2.3 FCNC interactions of the top quark

If the top quark has FCNC anomalous couplings to the
gauge bosons, its production and decay properties will be af-
fected. FCNC processes associated with the production [74–
76] and decay [77] of top quarks have been studied at col-
liders and the present direct limits on the branching ratios
are Br(t → qZ) < 7.8% [74], Br(t → qγ ) < 0.8% [75] and
Br(t → qg) < 13% [78]. Nevertheless, the amount of data
collected up to now is not comparable with the statistics ex-
pected at the LHC and thus either a discovery or an impor-
tant improvement in the current limits is expected [79–82].

In the top quark sector of the SM, the small FCNC con-
tributions limit the corresponding decay branching ratios to
the gauge bosons (Z, γ and g) to below 10−12 [18, 83–86].
There are however extensions of the SM, like supersymmet-
ric models including R-parity violation [8–14], multi-Higgs
doublet models [15–17] and extensions with exotic (vector-
like) quarks [18, 19], which predict the presence of FCNC
contributions already at the tree level and significantly en-
hance the FCNC decay branching ratios. The theoretical pre-
dictions for the branching ratios of top FCNC decays within
the SM and some of its extensions are summarized in Ta-
ble 4.

In addition, theories with additional sources of FCNCs
may result in flavor violation in the interactions of the scalar
sector with the top quark. For example, this is the case in
Topcolor-assisted Technicolor [87, 88], where tree-level FC-
NCs are present. In these theories the scalar sector respon-
sible for the top quark mass can be discovered through the
FCNC decay [89] ht → tj , where j is mainly a charm-quark
jet. Also, and as we shall see in detail in Sect. 2.3.2, models
with multi-Higgs doublets contain additional sources of fla-
vor violation at one loop that may lead to FCNC decays of
the Higgs.

Table 4 Branching ratios for FCNC top quark decays predicted by
different models

Decay SM Two-Higgs SUSY with Exotic quarks

R-parity violation

t → qZ ∼10−14 ∼10−7 ∼10−5 ∼10−4

t → qγ ∼10−14 ∼10−6 ∼10−6 ∼10−9

t → qg ∼10−12 ∼10−4 ∼10−4 ∼10−7
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2.3.1 Top quark production in the effective Lagrangian
approach

If a strong FCNC coupling exists associated to the top quark
sector, it is expected that it influences the production of
single-top events through the process pp → t + q,g. This
single-top production channel is thus an excellent probe for
flavor phenomena beyond the SM. In this section, the phe-
nomenology of strong flavor-changing single-top production
in the effective Lagrangian approach is considered. The ap-
proach is model independent and makes use of a subset of
all dimension five and six operators that preserve the gauge
symmetries of the SM as written in [35]. The subset cho-
sen contains all operators that contribute to strong FCNC
including the four fermion interactions. This methodology
has been used by many authors to study single-top quark
production using the SM as its low energy limit but also in
other models like supersymmetry, two-Higgs doublet mod-
els and others [24, 90–101].

The effective Lagrangian is a series in powers of 1/Λ,
Λ being the scale of new physics. We shall consider first
the terms that originate from mixing with SM charged cur-
rents, that is, with diagrams with a charged boson, either as
virtual particle or in the final state. These are processes of
the type pp → (q̄q) → q̄t + X and pp → (gq) → Wt + X

and the charge conjugate processes. Due to CKM suppres-
sion and small parton density functions, these Λ−2 terms are
much smaller than the Λ−4 terms. There are several contri-
butions of order Λ−4 to the cross section of single top pro-
duction. These are summarized in Table 5. A more detailed
discussion can be found in [102]. Cross sections for these
processes were calculated in [103, 104].

The main goal of this work was to produce all cross sec-
tions and decay widths related to strong FCNC with a single
top quark in a form appropriate for implementation in the
TopReX generator [46]. This implies that all cross sections

Table 5 Contributions of order Λ−4 to the cross section of top pro-
duction

Direct production pp → (gq) → t + X

Top + jet production pp → (gg) → q̄t + X

pp → (gq) → gt + X

pp → (q̄q) → q̄t + X

(including 4-fermion interactions)

Top + antitop production pp → (gg) → t̄ t + X

pp → (q̄q) → t̄ t + X

top + gauge boson production pp → (gq) → γ t + X

pp → (gq) → Zt + X

pp → (gq) → Wt + X

top + Higgs production pp → (gq) → ht + X

had to be given in differential form with the top spin taken
into account. Most of the processes were already inserted in
the generator (see release 4.20 of TopReX) and the remain-
ing ones will be inserted in the near future.

In this section, a joint analysis of the results obtained
in [102–104] is performed. To investigate the dependence
of the cross sections on the values of the anomalous cou-
plings, which are denoted by constants αij and βij , random
values for αij and βij were generated and the resulting cross
sections were plotted against the branching ratio of the top
quark for the decay t → gu. The motivation for doing this is
simple: the top quark branching ratios for these decays may
vary by as much as eight orders of magnitude, from ∼10−12

in the SM to ∼10−4 for some supersymmetric models. This
quantity is therefore a good measure of whether any physics
beyond that of the SM exists.

In Fig. 7 the cross sections for the processes pp → t + jet
and pp → t + W via a u quark versus the branching ra-
tio Br(t → gu) are shown. This plot was obtained by vary-
ing the constants α and β in a random way, as described
before. Each combination of α and β originates a given
branching ratio and a particular value for each cross sec-
tion. Obviously, another set of points may generate the same
value for the branching ratio but a different value for the
cross section, which justifies the distribution of values of
σ(pp → t + jet) and σ(pp → t + W). Values of α and β

for which the branching ratio varies between the SM value
and the maximum value predicted by supersymmetry were
chosen.7 The cross sections for top plus jet and top plus a
W boson production via a c quark are similar to these ones
although smaller in value. Notice that the Wt cross section
is proportional to only one of the couplings, which makes
it a very attractive observable—it may allow us to impose
constraints on a single anomalous coupling [102].

It should be noted that single-top production depends also
on the contributions of the four fermion operators. Hence,
even if the branching ratios Br(t → gu(c)) are very small,
there is still the possibility of having a large single-top cross
section with origin in the four fermion couplings. In Fig. 7
we did not consider this possibility, setting the four-fermion
couplings to zero. For a discussion on the four-fermion cou-
plings see [103].

In Fig. 8 the cross sections for pp → t + Z and pp →
t + γ via a u quark, versus the branching ratio Br(t → gu)

are plotted. The equivalent plot with an internal c quark is
similar, but the values for the cross section are much smaller.
In this plot we can see that both cross sections are very small
in the range of {αβ} considered. These results imply that
their contribution will hardly be seen at the LHC, unless the
values for the branching ratio are peculiarly large.

7Both α/Λ2 and β/Λ2 were varied between 10−6 and 1 TeV−2.
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Fig. 7 Cross sections for the
processes pp → t + jet (crosses)
and pp → t + W (stars) via an
u quark, as a function of the
branching ratio Br(t → gu)

Fig. 8 Cross sections for the
processes pp → t + Z (upper
line) and pp → t + γ (lower
line) via a u quark, as a function
of the branching ratio
Br(t → gu)

The same, in fact, could be said for pp → t + h. Even
for the smallest allowed SM Higgs mass, the values of the
cross section for associated top and Higgs production are
very small. The same holds true for the processes involving
the anomalous couplings of the c quark.

The smallness of the effects of these operators in the sev-
eral cross sections holds true, as well, for the top–antitop
channel. In this case, even for a branching ratio Br(t →
gu) � 10−4, the contributions to the cross section σ(pp →
t t̄ ) do not exceed, in absolute value, one picobarn.

In conclusion, the strong FCNC effective operators are
constrained in their impact on several channels of top quark
production. Namely, Figs. 7 and 8 illustrate that, if there are
indeed strong FCNC effects on the decays of the top quark,

their impact will be more significant in the single-top plus jet
production channel. It is possible, according to these results,
to have an excess in the cross section σ(pp → t + jet) aris-
ing from new physics described by the operators we have
considered here, at the same time obtaining results for the
production of a top quark alongside a gauge and Higgs bo-
son, or for t t̄ production, which are entirely in agreement
with the SM predictions. This reinforces the conclusion that
the cross section for single-top plus jet production is an im-
portant probe for the existence of new physics beyond the
SM. It is a channel extremely sensitive to the presence of that
new physics, and boasts a significant excess in its cross sec-
tion, whereas many other channels involving the top quark
remain unchanged. Nevertheless, it may still be possible to
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use some of these unchanged channels, such as top plus W

production, to constrain the β parameters, through the study
of asymmetries such as σ(pp → tW−) − σ(pp → t̄W+).

2.3.2 Higgs boson FCNC decays into top quark in
a general two-Higgs doublet model

The branching ratios for FCNC Higgs boson decays are at
the level of 10−15, for Higgs boson masses of a few hun-
dred GeV. In this section, the FCNC decays of Higgs bosons
into a top quark in a general two-Higgs doublet model
(2HDM) are considered. In this model, the Higgs FCNC
decay branching ratios can be substantially enhanced and
perhaps can be pushed up to the visible level, particularly
for h0 which is the lightest CP-even spinless state in these
models [105]. We compute the maximum branching ratios
and the number of FCNC Higgs boson decay events at the
LHC. The most favorable mode for production and subse-
quent FCNC decay is the lightest CP-even state in the type II
2HDM, followed by the other CP-even state, if it is not very
heavy, whereas the CP-odd mode can never be sufficiently
enhanced. The present calculation shows that the branching
ratios of the CP-even states may reach 10−5, and that several
hundred events could be collected in the highest luminosity
runs of the LHC. Some strategies to use these FCNC decays
as a handle to discriminate between 2HDM and supersym-
metric Higgs bosons are also pointed out.

Some work in relation with the 2HDM Higgs bosons FC-
NCs has already been performed in [15, 16], and, in the con-
text of the MSSM, in [106–109]. In this work the production
of any 2HDM Higgs boson (h = h0,H 0,A0) at the LHC is
computed and analyzed, followed by the one-loop FCNC
decay h → tc. The maximum production rates of the com-
bined cross section,

σ(pp → h → tc) ≡ σ(pp → hX)Br(h → tc),

Br(h → tc) ≡ Γ (h → t c̄ + t̄ c)
∑

i Γ (h → Xi)
,

(13)

takes into account the restrictions from the experimen-
tal determination of the b → sγ branching ratio (mH± �
350 GeV [110]), from perturbativity arguments (0.1 �
tanβ � 60, where tanβ is the ratio of the vacuum expec-
tation values of each doublet), from the custodial symmetry
(|δρ2HDM| � 0.1%) and from unitarity of the Higgs cou-
plings. In this section a summarized explanation of the nu-
merical analysis is given. For further details see [16, 111].

The full one-loop calculation of Br(h → tc) in the type
II 2HDM, as well as of the LHC production rates of these
FCNC events were included. It is considered that Br(h →
tc) in the type I 2HDM is essentially small (for all h), and
that these decays remain always invisible. The basic defini-
tions in the general 2HDM framework can be found in [105].

The calculations were performed with the help of the
numeric and algebraic programs FeynArts, FormCalc
and LoopTools [112–114]. A parameter scan of the
production rates over the 2HDM parameter space in the
(mH± ,mh0) plane was done, keeping tanβ fixed.

In Fig. 9a–b, the Br(h0 → tc) for the lightest CP-even
state (type II 2HDM) is shown. The Br is sizable, up to
10−5, for the range allowed from b → sγ . In Fig. 9c the
production cross sections explicitly separated (the gluon–
gluon fusion at one-loop and the h0qq̄ associated produc-
tion at the tree level [115, 116]) are presented. The control
over δρ2HDM is displayed in Fig. 9d.

In practice, to better assess the possibility of detection
at the LHC, one has to study the production rates of the
FCNC events. A systematic search of the regions of para-
meter space with the maximum number of FCNC events for
the light CP-even Higgs is presented in the form of contour
lines in Fig. 9e. The dominant FCNC region for h0(H 0) de-
cay is where tanα (α is the rotation angle which diagonal-
izes the matrix of the squared masses of the CP-even scalars)
is large (small), tanβ is large and mh  mA0 , with a max-
imum value up to few hundred events. As for the CP-odd
state A0, it plays an important indirect dynamical role on
the other decays through the trilinear couplings, but its own
FCNC decay rates never get a sufficient degree of enhance-
ment due to the absence of the relevant trilinear couplings.

One should notice that in many cases one can easily
distinguish whether the enhanced FCNC events stem from
the dynamics of a general, unrestricted, 2HDM model, or
rather from some supersymmetric mechanisms within the
MSSM. In the 2HDM case the CP-odd modes A0 → tc

are completely hopeless, whereas in the MSSM they can
be enhanced [106, 107, 117, 118]. Nevertheless, differ-
ent ways to discriminate these rare events are discussed
in [16].

The FCNC decays of the Higgs bosons into top quark
final states are a potentially interesting signal, exceeding
1 fb for mH+ up to 400 GeV (Fig. 9e). This however, is a
small cross section once potentially important backgrounds
are considered, such as Wjj and SM single-top production.
A careful study of the backgrounds for this process should
be carried out. If it were possible to fully reconstruct the
top, then there might be hope to observe a distinctive Higgs
bump in the tc channel [89].

2.3.3 single-top production by direct SUSY FCNC
interactions

FCNC interactions of top quarks can provide an important
indirect probe for new SUSY processes. For instance, the
MSSM Higgs boson FCNC decay rates into top quark fi-
nal states, e.g. H 0,A0 → t c̄ + t̄ c, can be of order 10−4 (see
Sect. 2.3.2 and [107, 117–120]), while in the SM Br(H →
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Fig. 9 (a) Br(h0 → tc) versus
mH± for type II 2HDM.
(b) Idem, versus mh0 . (c) the
production cross section (in pb)
of h0 at the LHC versus its
mass. (d) δρ2HDM versus mh0 ,
for a fixed value of the other
parameters. (e) Contour lines in
the (mH± ,mh0 ) plane for the
maximum number of light
CP-even Higgs FCNC events
h0 → tc produced at the LHC
for 100 fb−1 of integrated
luminosity

t c̄) ∼ 10−13–10−16 (depending on the Higgs mass) [111].
There also exists the possibility to produce t c̄ and t̄ c final
states without Higgs bosons or any other intervening par-
ticle [100, 121]. In this section it will be shown that the
FCNC gluino interactions in the MSSM can actually be
one efficient mechanism for direct FCNC production of top
quarks [100].

In general, in the MSSM we expect terms of the form
gluino–quark–squark or neutralino–fermion–sfermion, with
the quark and squark having the same charge but belong-
ing to different flavors. In the present study only the first
type of terms, which are expected to be dominant, are con-
sidered. A detailed Lagrangian describing these general-
ized SUSY–QCD interactions mediated by gluinos can be
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found, e.g. in [106]. The relevant parameters are the fla-
vor mixing coefficients δij . In contrast to previous stud-
ies [122], in the present work, these parameters are only
allowed in the LL part of the 6 × 6 sfermion mass matri-
ces in flavor-chirality space. This assumption is also sug-
gested by RG arguments [123, 124]. Thus, if MLL is the LL
block of a sfermion mass matrix, δij (i �= j) is defined as
follows: (MLL)ij = δij m̃im̃j , where m̃i is the soft SUSY-
breaking mass parameter corresponding to the LH squark of
ith flavor [106]. The parameter δ23 is the one relating the
2nd and 3rd generations (therefore involving the top quark
physics) and it is the less restricted one from the phenom-
enological point of view, being essentially a free parame-
ter (0 < δ23 < 1). Concretely, we have two such parameters,
δ
(t)LL
23 and δ

(b)LL
23 , for the up-type and down-type LL squark

mass matrices respectively. The former enters the process
under study whereas the latter enters Br(b → sγ ), observ-
able that we use to restrict our predictions on t c̄ + t̄ c pro-
duction. Notice that δ

(b)LL
23 is related to the parameter δ

(t)LL
23

because the two LL blocks of the squark mass matrices are
precisely related by the CKM rotation matrix K as follows:
(M2

ũ
)LL = K(M2

d̃
)LLK† [125, 126].

The calculation of the full one-loop SUSY–QCD cross
section σtc ≡ σ(pp → t c̄) using standard algebraic and nu-
merical packages for this kind of computations [114, 127]
has been performed. The typical diagrams contributing are
gluon–gluon triangle loops [100]. In order to simplify the
discussion it will be sufficient to quote the general form of
the cross section:

σtc ∼ (
δ
(t)LL
23

)2 m2
t (At − μ/ tanβ)2

M4
SUSY

1

m2
g̃

. (14)

Here At is the trilinear top quark coupling, μ the hig-
gsino mass parameter, mg̃ is the gluino mass and MSUSY

stands for the overall scale of the squark masses [100].
The computation of σtc together with the branching ratio
Br(b → sγ ) in the MSSM was performed, in order to re-
spect the experimental bounds on Br(b → sγ ). Specifically,
Br(b → sγ ) = (2.1–4.5) × 10−4 at the 3σ level is consid-
ered [53].

In Figs. 10, 11 and 12 the main results of this analysis
are presented. It can be seen that σtc is very sensitive to At

and that it decreases with MSUSY and mg̃ . As expected, it in-

creases with δLL
23 ≡ δ

(t)LL
23 . At the maximum of σtc, it prefers

δLL
23 = 0.68. The reason stems from the correlation of this

maximum with the Br(b → sγ ) observable. At the maxi-
mum, 2σtc � 0.5 pb, if we allow for relatively light gluino
masses mg̃ = 250 GeV (see Fig. 12). For higher mg̃ the cross
section falls down fast; at mg̃ = 500 GeV it is already 10
times smaller. The total number of events per 100 fb−1 lies
between 104–105 for this range of gluino masses. The fixed
values of the parameters in these plots lie near the values that
provide the maximum of the FCNC cross section. The de-
pendence on μ is not shown, but it should be noticed that it
decreases by ∼40% in the allowed range μ = 200–800 GeV.
Values of μ > 800 GeV are forbidden by Br(b → sγ ). Large
negative μ is also excluded by the experimental bound con-
sidered for the lightest squark mass, mq̃1 � 150 GeV; too
small |μ| � 200 GeV is ruled out by the chargino mass
bound mχ±

1
≤ 90 GeV. The approximate maximum of σtc

in parameter space has been computed using an analytical
procedure as described in [100].

Finally, it should be noticed that t c̄ final states can also
be produced at one-loop by the charged-current interac-
tions within the SM. This one-loop cross section at the
LHC was computed, with the result σ SM(pp → t c̄ + t̄ c) =
7.2 × 10−4 fb. It amounts to less than one event in the entire
lifetime of the LHC. Consequently, evidence for such signal

Fig. 10 σtc (in pb) and number of events per 100 fb−1 of integrated luminosity at the LHC, as a function of tanβ (left) and At (right) for the
given parameters. The shaded region is excluded by the experimental limits on Br(b → sγ )
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Fig. 11 σtc (in pb) and number of events per 100 fb−1 of integrated luminosity at the LHC, as a function of MSUSY (left) and δLL
23 (right)

Fig. 12 σtc (in pb) and number of events per 100 fb−1 of integrated
luminosity at the LHC, as a function of mg̃

above the background would have to be interpreted as new
physics.

The full one-loop SUSY–QCD cross section for the pro-
duction of single top quark states t c̄ + t̄ c at the LHC were
computed. This direct production mechanism is substan-
tially more efficient (typically a factor of 100) than the
production and subsequent FCNC decay [109, 128] (h →
t c̄ + t̄ c) of the MSSM Higgs bosons h = h0,H 0,A0. It is
important to emphasize that the detection of a significant
number of t c̄ + t̄ c states could be interpreted as a distinctive
SUSY signature. It should be noticed however that a care-
ful background study must be done for this channel since,
unlike the Higgs decay studied in the previous section, the
kinematic distributions of the signal are not likely to have
a very distinctive shape compared to Wjj or SM single-top
production.

2.3.4 ATLAS and CMS sensitivity to FCNC top decays

Due to the high production rate for t t̄ pairs and single top,
the LHC will allow one either to observe top FCNC decays
or to establish very stringent limits on the branching ratios
of such decays. In this section the study of ATLAS and CMS
sensitivity to top FCNC decays is presented. A detailed de-
scription of the analysis can be found in [129, 130].

Both the CMS and ATLAS collaborations have investi-
gated the t → qγ and t → qZ decay channels. Analyses
have been optimized for searching FCNC decays in the t t̄

signal, where one of the top quarks is assumed to decay
through the dominant SM decay mode (t → bW ) and the
other is assumed to decay via one of the FCNC modes. The
t t̄ final states corresponding to the different FCNC top decay
modes lead to different topologies, according to the number
of jets, leptons and photons. Only leptonic decay channels of
Z and W bosons are considered in the analysis developed by
the CMS collaboration. The ATLAS collaboration has also
studied the channel corresponding to the hadronic Z decay,
which is discussed elsewhere [129].

The signal is generated with TopReX [46], while
PYTHIA [47] is used for background generation and model-
ing of quark and gluon hadronization. The generated events
are passed through the fast (for ATLAS) and full (for CMS)
detector simulation. Several SM processes contributing as
background are studied: t t̄ production, single-top quark pro-
duction, ZW/ZZ/WW + jets, Z/W/γ ∗ + jets, Zbb̄ and
QCD multi-jet production.

Although ATLAS and CMS analyses differ in some de-
tails of selection procedure, they obtain the same order of
magnitude for the FCNC sensitivity. In both analyses, the
signal is preselected by requiring the presence of, at least,
one high pT lepton (that can be used to trigger the event)
and missing energy above 20 GeV for the ATLAS analysis
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and above 25 GeV for the CMS analysis. Additionally, two
energetic central jets from t and t̄ decays are required. The
slight differences in CMS and ATLAS thresholds reflect the
differences in their sub-detectors, simulation code and re-
construction algorithms.

The CMS analysis strongly relies on b-tagging capabil-
ity to distinguish the b jet from SM decay and the light
jet from the anomalous one. A series of cascade selec-
tions are applied to reduce the background. For the t → qγ

channel, the W boson is reconstructed requiring the trans-
verse mass of the neutrino and hard lepton to be less than
120 GeV and the b jet is used to form a window mass
110 < mbW < 220 GeV. The invariant mass of the light jet
and a single isolated photon with pT > 50 GeV is bounded
in the range [150,200] GeV. A final selection of top back-
to-back production (cosφ(t t̄) < −0.95) reduces the dibo-
son background. The t → qZ channel is extracted with the
search of one Z (using same flavor-opposite charge lep-
tons, which serve as trigger and are bound to a 10 GeV
window around the Z mass) and a MbW in the top mass
region, with the same cuts of the previous case. One hard

light jet is extracted and combined with the Z, to reveal the
FCNC decay of a top recoiling against the one with SM de-
cay (cosφ(t t̄) < 0). The reconstructed FCNC top invariant-
mass distributions for both channels are shown in Fig. 13.

The ATLAS collaboration has developed a probabilis-
tic analysis for each of the considered top FCNC de-
cay channels. In the t → qZ channel, preselected events
with a reconstructed Z, large missing transverse energy
and the two highest pT jets (one b-tagged) are used
to build a discriminant variable (likelihood ratio) LR =
ln(

∏n
i=1 P S

i /
∏n

i=1 P B
i ), where P

B(S)
i are the signal and

background p.d.f., evaluated from the following physical
distributions: the minimum invariant mass of the three pos-
sible combinations of two leptons (only the three highest
pT leptons were considered); the transverse momentum of
the third lepton (with the leptons ordered by decreasing pT )
and the transverse momentum of the most energetic non-b
jet. The discriminant variables obtained for the FCNC sig-
nal and the SM background are shown in Fig. 14 (left). For
the t → qγ channel, preselected events are required to have
one b-tag (amongst the two highest pT jets) and at least one

Fig. 13 Invariant mass plot of the FCNC top t → qZ (left) and
t → qγ (right), as obtained in CMS after sequential cuts. Data are fit
with a Breit–Wigner shape and the central value is in agreement with

the top mass. The signal distributions obtained from reconstructed lep-
tons and jets matched to the corresponding generated objects are also
shown (Matched MC True)

Fig. 14 Signal and background likelihood ratios, LR = ln(LS/LB), obtained in ATLAS analysis for the t → qZ (left) and t → qγ (right)
channels. The SM background (shadow region) is normalized to L = 10 fb−1 and the signal (line) is shown with arbitrary normalization



Eur. Phys. J. C (2008) 57: 183–307 203

Table 6 ATLAS and CMS results for described analysis: efficiency, SM background and expected branching ratios for top FCNC decays, assuming
a 5σ significance discovery (L = 10 fb−1)

t → qZ t → qγ

εS NB Br (5σ ) εS NB Br (5σ )

ATLAS 1.30% 0.37 13.0 × 10−4 1.75% 3.13 1.6 × 10−4

CMS 4.12% 1.0 11.4 × 10−4 2.12% 54.6 5.7 × 10−4

photon with transverse momentum above 75 GeV. For this
channel, the likelihood ratio is built using the p.d.f. based on
the following variables: invariant mass of the leading photon
and the non-b jet; transverse momentum of the leading pho-
ton and the number of jets. The signal and background dis-
criminant variables are shown in Fig. 14 (right). For compar-
ison with the CMS sequential analysis, a cut on the discrimi-
nant variable (corresponding to the best S/

√
NB ) is applied.

Once the signal efficiency (εS ) and the number of se-
lected background events (NB ) have been obtained, branch-
ing ratio sensitivities for a signal discovery corresponding
to a given significance can be evaluated. Table 6 reports the
results of the two experiments, assuming an integrated lu-
minosity of 10 fb−1, 5σ discovery level and the statistical
significance S = 2(

√
NB + S − √

NB) (a different defini-
tion for S can be found in [129]).

Having these two independent analyses, a preliminary
combination of ATLAS and CMS results was performed, in
order to estimate the possible LHC sensitivity to top FCNC
decays. As a first attempt, the modified frequentest likeli-
hood method (see for example [131]) is used to combine
the expected sensitivity to top FCNC decays from both ex-
periments under the hypothesis of signal absence8 and an
extrapolation to the high luminosity phase (100 fb−1) is per-
formed. These results are showed in Table 7 and indicate
that a sensitivity at the level of the predictions of some new
physics models (such as SUSY) can be achieved. The com-
parison with the current experimental limits is also shown in
Fig. 15. As shown, a significant improvement on the present
limits for top FCNC decays is expected at the LHC. Both
collaborations have plans to assess in detail the impact of
systematic uncertainties and improve the understanding of
the detectors through updated simulation tools. Preliminary
results indicate that the effect of theoretical systematics (as
top mass, σ(t t̄) and parton distribution functions) and exper-
imental ones (such as jet/lepton energy scale and b-tagging)
have an impact on the limits smaller than 30%. Thus, the
order of magnitude of the results is not expected to change.

A study of the ATLAS sensitivity to FCNC t → qg decay
was also presented in [129]. In this analysis, the t t̄ produc-
tion is considered, with one of the top quarks decaying into

8For the CMS analysis a counting experiment is used, while for the
ATLAS analysis the full shape of the discriminant variables was also
taken into account.

Table 7 LHC 95% CL expected limits on t → qZ and t → qγ

branching ratios (ATLAS and CMS preliminary combination under the
hypothesis of signal absence)

Luminosity Br(t → qZ) Br(t → qγ )

10 fb−1 2.0 × 10−4 3.6 × 10−5

100 fb−1 4.2 × 10−5 1.0 × 10−5

Fig. 15 The present 95% CL limits on the Br(t → qγ ) versus
Br(t → qZ) plane are shown [75, 77, 132, 133]. The expected sensi-
tivity at HERA (L = 630 pb−1) [75], Tevatron (run II) [134] and LHC
(ATLAS and CMS preliminary combination) is also represented

qg and the other decays through the SM decay t → bW .
Only the leptonic decays of the W were taken into account,
otherwise the final state would be fully hadronic and the sig-
nal would be overwhelmed by the QCD background. This fi-
nal state is characterized by the presence of a high pT gluon
and a light jet from the FCNC decay, a b-tagged quark, one
lepton and missing transverse momentum from the SM de-
cay. As in this topology the FCNC top decay corresponds
to a fully hadronic final state, a more restrictive event selec-
tion is necessary. As for the qZ and qγ channels, a proba-
bilistic type of analysis is adopted, using the following vari-
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Fig. 16 Signal and background
likelihood ratios obtained in
ATLAS analysis for the t → qg

channel. The SM background
(shadow region) is normalized
to L = 10 fb−1 and the signal
(line) is shown with arbitrary
normalization

ables to build the p.d.f.: the invariant mass of the two non-b
jets with highest pT ; the b	ν invariant mass; the transverse
momenta of the b jet and of the second highest pT non-b
jet and the angle between the lepton and the leading non-b
jet. The discriminant variables obtained for signal and back-
ground are shown in Fig. 16. The expected 95% CL limit
on Br(t → qg) for L = 10 fb−1 for L = 10 fb−1 was found
to be 1.3 × 10−3. A significant improvement on this limit
should be achieved by combining the results from t t̄ produc-
tion (with t → qg FCNC decay) and single-top production
(see Sect. 2.3.1).

2.4 New physics contributions to top quark production

It is generally believed that the top quark, due to its large
mass, can be more sensitive to new physics beyond the SM
than other fermions. In particular, new processes contribut-
ing to t t̄ and single-top production may be relevant. Single-
top processes are expected to be sensitive to some SM ex-
tensions, such as SUSY. Another characteristic new process
could be the production in pp collisions of an s-channel res-
onance decaying to t t̄ . Examples of this resonance are (i) a
spin-1 leptophobic Z′ boson, which would be undetectable
in leptonic decay channels; (ii) Kaluza–Klein (KK) excita-
tions of gluons or gravitons; (iii) neutral scalars. If these res-
onances are narrow they could be visible as a mass peak over
the SM t t̄ background. In such case, the analysis of t , t̄ po-
larizations (in a suitable window around the peak) could pro-
vide essential information about the spin of the resonance.
If the resonance is broad, perhaps the only way to detect it
could be a deviation in t t̄ spin correlations with respect to
the SM prediction. More generally, new contributions to t t̄

production which do not involve the exchange of a new par-
ticle in the s-channel (including, but not limited to, those
mediated by anomalous couplings to the gluon) do not show
up as an invariant-mass peak. In this case, the analysis of
the measurement of spin correlations might provide the only
way to detect new physics in t t̄ production.

2.4.1 Potential complementary MSSM test in single-top
production

At LHC, it will be possible to perform measurements of the
rates of the three different single-top production processes,

usually defined as t-channel, associated tW and s-channel
production, with an experimental accuracy that varies with
the process. From the most recent analyses one expects,
qualitatively, a precision of the order of 10% for the t-
channel [135], and worse accuracies for the two remaining
processes. Numerically, the cross section of the t-channel is
the largest one, reaching a value of approximately 250 pb
[136]; for the associated production and the s-channel one
expects a value of approximately 60 pb and 10 pb [137]
respectively. For all the processes, the SM NLO QCD ef-
fect has been computed [26, 138], and quite recently also
the SUSY QCD contribution has been evaluated [137].
Roughly, one finds for the t-channel a relative ∼6% SM
QCD effect and a negligible SUSY QCD component; for the
associated tW production a relative ∼10% SM QCD and a
relative ∼6% SUSY QCD effect; for the s-channel, a rela-
tive ∼50% SM QCD and a negligible SUSY QCD compo-
nent. As a result of the mentioned calculations, one knows
the relative NLO effects of both SM and SUSY QCD. The
missing part is the NLO electroweak effect. This has been
computed for the two most relevant processes, i.e. the t -
channel and the associated production. The NLO calculation
for the s-channel is, probably, redundant given the small size
of the related cross section. It is, in any case, in progress.
In this section some of the results of the complete one-
loop calculation of the electroweak effects in the MSSM are
shown for the two processes. More precisely, eight different
t-channel processes (four for single top and four for single
antitop production) were considered. These processes are
defined in [139]. For the associated production, the process
bg → tW− (the rate of the second process b̄g → t̄W+ is the
same) was considered [140]. These calculations have been
performed using the program LEONE, which passed three
severe consistency tests described in [139, 140]. For the aim
of this preliminary discussion, in this section only the ob-
tained values of the integrated cross sections are shown, ig-
noring the (known) QCD effects. The integration has been
performed from threshold to the effective center of mass en-
ergy (

√
ŝ), allowed to vary up to a reasonable upper limit of

approximately 1 TeV. Other informations are contained in
[139, 140].

Figures 17 and 18 show the obtained numerical results.
In Fig. 18 (right) the discussed NLO electroweak effect was
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Fig. 17 Integrated cross
sections for the overall
t -channel production of a single
top or antitop quark

Fig. 18 Integrated cross
sections for the associated
production of a single top quark

added to the NLO SUSY QCD effect taken from [137].
From the figures the following main conclusions can be
drawn:

1. The genuine SUSY effect in the t-channel is modest. In
the most favorable case, corresponding to the ATLAS
DC2 point SU6 [141], it reaches a value of approximately
two percent.

2. The one-loop electroweak SM effect in the t-channel rate
is large (∼13%). It is definitely larger than the NLO SM
QCD effect. Its inclusion in any meaningful computa-
tional program appears to be mandatory.

3. The genuine SUSY effect in the associated production,
if one limits the cross section observation to relatively

low (and experimentally safe from t t̄ background) ener-
gies (400–500 GeV), can be sizable. In the SU6 point,
the combined (same sign) SUSY QCD and electroweak
effects can reach a relative ten percent effect.

4. The pure electroweak SM effect in the associated produc-
tion is negligible.

From the previous remarks, one can reach the final state-
ment that, for what concerns the virtual NLO effects of the
MSSM, the two processes t-channel and associated produc-
tion appear to be, essentially, complementary. In this spirit, a
separate experimental determination of the two rates might
lead to non-trivial tests of the model.
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2.4.2 Anomalous single-top production in warped extra
dimensions

Randall and Sundrum have proposed the use of a non-
factorizable geometry in five dimensions [142] as a solution
of the hierarchy problem. The extra dimension is compact-
ified on an orbifold S1/Z2 of radius r so that the bulk is a
slice of anti-de Sitter space between two four dimensional
boundaries. The metric depends on the five dimensional co-
ordinate y and is given by

ds2 = e−2σ(y)ημν dxμ dxν − dy2, (15)

where xμ are the four dimensional coordinates, σ(y) = k|y|,
with k ∼ MP characterizing the curvature scale. This metric
generates two effective scales: MP and MP e−kπr . In this
way, values of r not much larger than the Planck length
(kr � (11–12)) can be used in order to generate a scale
Λr � MP e−kπr � O (TeV) on one of the boundaries.

In the original Randall–Sundrum (RS) scenario, only
gravity was allowed to propagate in the bulk, with the SM
fields confined to one of the boundaries. The inclusion of
matter and gauge fields in the bulk has been extensively
treated in the literature [143–150]. The Higgs field must
be localized on or around the TeV brane in order to gen-
erate the weak scale. As it was recognized in [147], it
is possible to generate the fermion mass hierarchy from
O(1) flavor breaking in the bulk masses of fermions. Since
bulk fermion masses result in the localization of fermion
zero modes, lighter fermions should be localized toward
the Planck brane, where their wave functions have an expo-
nentially suppressed overlap with the TeV-localized Higgs,
whereas fermions with order one Yukawa couplings should
be localized toward the TeV brane. This constitutes a theory
of fermion masses, and it has a distinct experimental signal
at the LHC, as discussed below.

Since the lightest KK excitations of gauge bosons are lo-
calized toward the TeV brane, they tend to be strongly cou-
pled to zero-mode fermions localized there. Thus, the flavor-
breaking fermion localization leads to flavor-violating inter-
actions of the KK gauge bosons, particularly with third gen-
eration quarks. For instance, the first KK excitation of the
gluon, will have flavor-violating neutral couplings such as
G

a(1)
μ (tγ μT aq̄), where q = u, c.
In this section, results of a study of the flavor-violating

signals of the top at the LHC are presented, following the
work described in [151]. The localization of fermions in the
extra dimension, and therefore their 4D masses and their
couplings to the KK gauge bosons, are determined by their
bulk masses. We choose a range of parameters that is con-
sistent with the observed fermion masses and quark mixing,
as well as low energy flavor and electroweak constraints.
The implications for low energy flavor physics were consid-
ered in [152–154]. The bulk masses of the third generation

quark doublet is fixed, as well as that of the right handed
top. The following ranges were considered: c3

L = [0.3,0.4]
and ct

R = [−0.4,0.1], where the fermion bulk masses c
f
L,R

are expressed in units of the inverse AdS radius k. Since the
latter is of the order of the Planck scale, the fermion bulk
mass parameters must be naturally of order one.

The only couplings that are non-universal in practice are
those of the tR , tL and bL with the KK gauge bosons. All
other fermions, including the right handed b quark must
have localizations toward the Planck brane in order to get
their small masses. The non-universality of the KK gauge
boson couplings leads to tree-level flavor violation. The di-
agonalization of the quark mass matrix requires a change
of basis for the quarks fields. In the SM, this rotation leads
to the CKM matrix in the charged current, but the univer-
sality of the gauge interactions results in the GIM mecha-
nism in the neutral currents. However, since the KK excita-
tions of the gauge bosons are non-universal, tree-level GIM-
violating couplings will appear in the physical quark basis.

The dominant non-universal effect is considered as com-
ing from the couplings of tR , tL and bL to the first KK
excitation of the gluon: gtR , gtL and gbL

respectively. The
SU(2)L bulk symmetry implies gtL = gbL

. For the consid-
ered range of c3

L and ct
R , the following results were obtained:

gtL = gbL
= [1.0,2.8]gs (16)

and

gtR = [1.5,5]gs, (17)

where gs is the usual 4D SU(3)c coupling. The light quarks
as well as the right handed b quark have

g
q
L = g

q
R = gb

R � −0.2gs, (18)

so they are, in practice, universally coupled, as mentioned
above.

Computing the width of the intermediate KK gluon with
the range of couplings obtained above, results in a range of
Γmin. � 0.04MG and Γmax. � 0.35MG. Then, it can be seen
that the range of values for the couplings allow for rather
narrow or rather broad resonances, two very different sce-
narios from the point of view of the phenomenology. This
strong coupling of the KK gluon to the top, will also produce
a t t̄ resonance. Here we concentrate on the flavor-violating
signal, since the presence of a t t̄ resonance will not consti-
tute proof of the flavor theory due to the difficulty in identi-
fying resonances in the light quark channels.

In the quark mass eigenbasis the left handed up-type
quarks couple to the KK gluon through the following cur-
rents: Utt

L (t̄LT aγμtL), Utc
L (t̄LT aγμcL) and Utu

L (t̄LT aγμuL).
Similarly, the right handed up-type quarks couple through
Utt

R (t̄RT aγμtR), Utc
R (t̄RT aγμcR) and Utu

R (t̄RT aγμuR).
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Here, UL and UR are the left handed and right handed up-
type quark rotation matrices responsible for the diagonaliza-
tion of the Yukawa couplings of the up-type quarks. In what
follows

Utu
L � Vub � 0.004, (19)

will be conservatively assumed, and Utc
R and Utu

R will be
taken as free parameters. Since no separation of charm from
light jets is assumed, we define

U
tq
R ≡

√(
Utc

R

)2 + (
Utu

R

)2
, (20)

and the sensitivity of the LHC to this parameter for a given
KK gluon mass is studied.

These flavor-violating interactions could be directly ob-
served by the s-channel production of the first KK excitation
of the gluon with its subsequent decay to a top and a charm
or up quark. For instance, at the LHC we could have the
reaction

pp → Ga(1)
μ → tq, (21)

with q = u, c. Thus, the Randall–Sundrum scenario with
bulk matter predicts anomalous single-top production at a
very high invariant mass, which is determined by the mass
of the KK gluon.

In order to reduce the backgrounds, only the semileptonic
decays of the top quarks were considered: pp → t q̄(t̄q) →
b	+ν	q̄(b̄	−ν̄	q), where 	 = e or μ, and q = u, c. There-
fore, this signal exhibits one b jet, one light jet, a charged
lepton and missing transverse energy. There are many SM
backgrounds for this process. The dominant one is pp →
W±jj → 	±νjj where one of the light jets is tagged as a
b jet. There is also W±bb̄ → 	±νbb̄ where one of the b

jets is mistagged; single-top production via W -gluon fusion
and s-channel W ∗, and t t̄ production at high invariant mass,
mostly dominated by the flavor-conserving KK gluon de-
cays.

Initially, the following jet and lepton acceptance cuts
were imposed: p

j
T > 20 GeV, |yj | < 2.5, p	

T ≥ 20 GeV,

|y	| ≤ 2.5, �R	j ≥ 0.63, �R		 ≥ 0.63, where j can be ei-
ther a light or a b jet. In order to further reduce the back-
ground the following additional cuts were also imposed:

1. The invariant mass of the system formed by the lepton,
the b-tagged jet and the light jet was required to be within
a window

MG(1) − Δ ≤ Mbj	 ≤ MG(1) + Δ (22)

around the first KK excitation of the gluon mass. This
cut ensures that the selected events have large invariant
masses, as required by the large mass of the s-channel
object being exchanged. The values of Δ used in this
study are presented in Table 8.

2. The transverse momentum of the light jet was required to
be larger than pcut, i.e.,

pj light ≥ pcut. (23)

Since the light jet in the signal recoils against the top
forming with it a large invariant mass, it tends to be
harder than the jets occurring in the background. We
present in Table 8 the values for pcut used in our analysis.

3. The invariant mass of the charged lepton and the b-
tagged jet was also required to be smaller than 250 GeV:

Mb	 ≤ 250 GeV. (24)

This requirement is always passed by the signal, but elim-
inates a sizable fraction of the Wjj background. It sub-
stitutes for the full top reconstruction when the neutrino
momentum is inferred, which is not used here.

In Table 9 the cross sections for signal and backgrounds
for MG = 1 TeV and 2 TeV are presented. The main sources

Table 8 Cuts used in the analysis (see text for details)

MG(1) (TeV) Δ (GeV) pcut (GeV)

1 120 350

2 250 650

Table 9 Signal and background cross sections for a KK gluon of MG = 1 TeV and 2 TeV, after the successive application of the cuts defined in
(22), (23) and (24). Efficiencies and b-tagging probabilities have already been included. U

tq
R = 1 was used

Process MG = 1 TeV MG = 2 TeV

σ − (22) σ − (23) σ − (24) σ − (22) σ − (23) σ − (24)

pp → tj 148 fb 103 fb 103 fb 5.10 fb 2.18 fb 2.18 fb

pp → Wjj 243 fb 42.0 fb 21.0 fb 25.4 fb 3.79 fb 0.95 fb

pp → Wbb 11.1 fb 4.07 fb 3.19 fb 0.97 fb 0.45 fb 0.06 fb

pp → tb 1.53 fb 0.70 fb 0.61 fb 0.04 fb 0.02 fb 0.02 fb

pp → t t̄ 44.4 fb 15.1 fb 14.2 fb 1.60 fb 0.29 fb 0.24 fb

Wg fusion 32.0 fb 5.23 fb 5.23 fb 1.20 fb 0.10 fb 0.10 fb
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Table 10 Reach in U
tq
R for various integrated luminosities

MG [TeV] 30 fb−1 100 fb−1 300 fb−1

1 0.24 0.18 0.14

2 0.65 0.50 0.36

of backgrounds are Wjj and t t̄ production. The signal is
obtained for U

tq
R = 1 and neglecting the contributions from

left handed final states, corresponding to U
tq
L = 0. Regard-

ing the choice of bulk masses, these are fixed to obtain the
minimum width which, as mentioned above, can be as small
as ΓG � 0.04MG.

In order to evaluate the reach of the LHC, a significance
of 5σ for the signal over the background is required. For
a given KK gluon mass and accumulated luminosity, this
can be translated into a reach in the flavor-violating parame-
ter U

tq
R defined above. This is shown in Table 10. It can be

seen that the LHC will be sensitive to tree-level flavor vio-
lation for KK gluon masses of up to at least 2 TeV, probing
a very interesting region of values for U

tq
R . The reach can

be somewhat better if we allow for the reconstruction of the
momentum of the neutrino coming from the W decay, which
typically reduces the Wjj background more drastically.

Finally, we should point out that a very similar signal
exists in Topcolor-assisted Technicolor [87], where the KK
gluon is replaced by the Topgluon, which has FCNC interac-
tions with the third generation quarks [88]. The main differ-
ence between these two is that the latter is typically a broad
resonance, whereas the KK gluon could be a rather narrow
one, as was shown above.

2.4.3 Non-standard contributions to t t̄ production

In t t̄ events the top quarks are produced unpolarized at the
tree level. However, the t and t̄ spins are strongly corre-
lated, which allows one to construct asymmetries using the
angular distributions of their decay products. These spin
asymmetries are dependent on the top spin. For the de-
cay t → W+b → 	+νb, qq̄ ′b, the angular distributions of
X = 	+, ν, q, q̄ ′,W+, b, in the top quark rest frame are
given by

1

Γ

dΓ

d cos θX

= 1

2
(1 + αX cos θX) (25)

with θX being the angle between the three-momentum of
X in the t rest frame and the top spin direction. In the SM
the spin analysing power (αX) of the top decay products are
α	+ = αq̄ ′ = 1, αν = αq = −0.32, αW+ = −αb = 0.41 at the
tree level [155] (q and q ′ are the up- and down-type quarks,
respectively, resulting from the W decay). For the decay of a
top antiquark the distributions are the same, with αX̄ = −αX

as long as CP is conserved in the decay. One-loop cor-
rections modify these values to α	+ = 0.998, αq̄ ′ = 0.93,
αν = −0.33, αq = −0.31, αW+ = −αb = 0.39 [156–158].
We point out that in the presence of non-vanishing VR ,
gL or gR couplings the numerical values of the constants
αX are modified, but the functional form of (25) is main-
tained. We have explicitly calculated them for a general CP-
conserving Wtb vertex within the narrow width approxima-
tion. Explicit expressions can be found in [43]. Working in
the helicity basis the double angular distribution of the de-
cay products X (from t) and X̄′ (from t̄) can be written as
a function of the relative number of like helicity minus op-
posite helicity of the t t̄ pairs (C) [159] that measures the
spin correlation between the top quark and antiquark. Its ac-
tual value depends to some extent on the PDFs used and the
Q2 scale at which they are evaluated. Using the CTEQ5L
PDFs [48] and Q2 = ŝ, (where ŝ is the partonic center of
mass energy), we find C = 0.310. At the one loop level,
C = 0.326 ± 0.012 [158].

Using the spin analysers X, X̄′ for the respective decays
of t , t̄ , one can define the asymmetries

AXX̄′ ≡ N(cos θX cos θX̄′ > 0) − N(cos θX cos θX̄′ < 0)

N(cos θX cos θX̄′ > 0) + N(cos θX cos θX̄′ < 0)
,

(26)

whose theoretical value is

AXX̄′ = 1

4
CαXαX̄′ . (27)

The angles θX , θX̄′ are measured using as spin axis the par-
ent top (anti)quark momentum in the t t̄ CM system. If CP is
conserved in the decay, for charge conjugate decay channels
we have αX′αX̄ = αXαX̄′ , so the asymmetries AX′X̄ = AXX̄′
are equivalent. Therefore, we can sum both channels and
drop the superscripts indicating the charge, denoting the
asymmetries by A		′ , Aν	′ , etc. In semileptonic top decays
we can select as spin analyser the charged lepton, which
has the largest spin analysing power, or the neutrino, as pro-
posed in [160]. In hadronic decays the jets corresponding to
up- and down-type quarks are very difficult to distinguish,
and one possibility is to use the least energetic jet in the top
rest frame, which corresponds to the down-type quark 61%
of the time, and has a spin analysing power αj = 0.49 at the
tree level. An equivalent possibility is to choose the d jet by
its angular distribution in the W− rest frame [161]. In both
hadronic and leptonic decays the b (b̄) quarks can be used
as well.

In the lepton + jets decay mode of the t t̄ pair, t t̄ →
	νbjj b̄ we choose the two asymmetries A	j , Aνj , for which
we obtain the SM tree-level values A	j = −0.0376, Aνj =
0.0120. With the precision expected at LHC [50, 162], the
measurements A	j � −0.0376 ± 0.0058, Aνj � 0.0120 ±
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0.0056 are feasible (L = 10 fb−1). The dependence of these
asymmetries on anomalous Wtb couplings is depicted in
Fig. 19 from [43]. In the dilepton channel t t̄ → 	νb	′νb̄

the asymmetries A		′ , Aν	′ , whose SM values are A		′ =
−0.0775, Aν	′ = 0.0247, are selected. The uncertainty in
their measurement can be estimated from [50, 162], yield-

ing A		′ = −0.0775 ± 0.0060 and Aν	′ = 0.0247 ± 0.0087.
Their variation when anomalous couplings are present is
shown in Fig. 19. We also plot the asymmetries Alb , Abb ,
which can be measured either in the semileptonic or dilep-
ton channel. Their SM values are Alb = 0.0314, Abb =
−0.0128, but the experimental sensitivity has not been es-

Fig. 19 Dependence of several spin correlation asymmetries on the couplings gR , gL and VR , for the CP-conserving case
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timated. It is expected that it may be of the order of 10% for
Alb , and worse for Abb . The determination of the correlation
factor C from these asymmetries would eventually give

A		′ → C = 0.310 ± 0.024(exp)+0.
−0.0043

× (δVR)+1×10−5

−3×10−6(δgL)+7×10−6

−0.0004 (δgR),

(28)
A	j → C = 0.310 ± 0.045(exp)+0.

−0.0068

× (δVR)+0.0001
−0.0008(δgL)+0.0004

−0.0009(δgR).

The first error quoted corresponds to the experimental sys-
tematic and statistical uncertainty. The other ones are the-
oretical uncertainties obtained varying the anomalous cou-
plings, one at a time. The confidence level corresponding
to the intervals quoted is 68.3%. The numerical comparison
of the different terms in (28) also shows that A	j and A		′
are much less sensitive to non-standard top couplings than
observables independent of the top spin (see Sect. 2.2.1).

It is also interesting to study the relative distribution of
one spin analyser from the t quark and other from the t̄ . Let
ϕXX̄′ be the angle between the three-momentum of X (in
the t rest frame) and of X̄′ (in the t̄ rest frame). The angular
distribution can be written as [158]:

1

σ

dσ

d cosϕXX̄′
= 1

2
(1 + DαXαX̄′ cosϕXX̄′), (29)

with D a constant defined by this equality. From simula-
tions, the tree-level value D = −0.217 is obtained, while at
one loop D = −0.238 [158], with a theoretical uncertainty
of ∼4%. Corresponding to these distributions, the following
asymmetries can be built:

ÃXX̄′ ≡ N(cosϕXX̄′ > 0) − N(cosϕXX̄′ < 0)

N(cosϕXX̄′ > 0) + N(cosϕXX̄′ < 0)

= 1

2
DαXαX̄′ . (30)

For charge conjugate decay channels the distributions can
be summed, since αX′αX̄ = αXαX̄′ provided CP is con-
served in the decay. The dependence of these asymmetries
ÃXX̄′ on anomalous couplings is (within the production
× decay factorization approximation) exactly the same as
for the asymmetries AXX̄′ defined above. Simulations are
available for A	j and A		′ , whose theoretical SM values
are A	j = 0.0527, A		′ = 0.1085. The experimental preci-
sion expected [50, 162] is A	j � 0.0554 ± 0.0061, A		′ �
0.1088 ± 0.0056. This precision is better than for A	j and
A	j , respectively, but still not competitive in the determina-
tion of the Wtb vertex structure.9 Instead, we can use them

9Except for the case of fine-tuned cancellations, see [51].

to test top spin correlations. From these asymmetries one
can extract the value of D, obtaining

A		′ → D = −0.217 ± 0.011(exp)+0.0031
−0.

× (δVR)+2×10−6

−8×10−6(δgL)+0.0003
−0. (δgR),

(31)
A	j → D = −0.217 ± 0.024(exp)+0.0047

−0.

× (δVR)+0.0006
−9×10−6(δgL)+0.0004

−6×10−5(δgR).

The errors quoted correspond to the experimental system-
atic and statistical uncertainties, and the variation when one
of the anomalous couplings is allowed to be nonzero. From
(28) and (31) it is clear that the measurement of spin cor-
relations is a clean probe for new t t̄ production processes,
independently of possible anomalous Wtb couplings. This
is possible because the sensitivity of spin correlation asym-
metries to top anomalous couplings is much weaker than
for helicity fractions and related observables, discussed in
Sect. 2.2.1.

3 Flavor violation in supersymmetric models10

3.1 Introduction

The SM explains successfully the observed flavor-violating
phenomena except that for the observation in the neutrino
sector one has to extend it by introducing either right handed
neutrinos or additional scalars. This implies that extensions
of the SM with additional flavor structures are severely con-
strained by the wealth of existing data in the flavor sec-
tor. Supersymmetry contains, as we shall see below, various
sources of additional flavor structures. Therefore, the ques-
tion arises if there can still be large flavor-violating effects
in the production and decays of supersymmetric particles
despite the stringent existing constraints.

Every supersymmetric model is characterized by a Käh-
ler potential, the superpotential W and the corresponding
soft SUSY breaking Lagrangian (see e.g. [163] and ref-
erences therein). The first describes the gauge interactions
and the other two Yukawa interactions and flavor violation.
As the Kähler potential in general does not contain flavor-
violating terms we shall not discuss it further. The most
general superpotential containing only the SM fields and be-
ing compatible with its gauge symmetry GSM = SU(3)c ×
SU(2)L × U(1)Y is given as [164, 165]:

W = WMSSM + W/Rp
, (32)

10Section coordinators: M. Klasen, N. Krasnikov, T. Lari, W. Porod,
and A. Tricomi.
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WMSSM = hE
ij L̂iĤdÊc

j + hD
ij Q̂iĤdD̂c

j

+ hU
ij ĤuQ̂iÛ

c
j − μĤdĤu, (33)

W/Rp
= 1

2
λijkL̂iL̂j Ê

c
k + λ′

ijkL̂iQ̂j D̂
c
k

+ 1

2
λ′′

ijkÛ
c
i D̂c

j D̂
c
k + εiL̂iĤu, (34)

where i, j, k = 1,2,3 are generation indices. L̂i (Q̂i ) are
the lepton (quark) SU(2)L doublet superfields. Êc

j (D̂c
j , Û

c
j )

are the electron (down- and up-quark) SU(2)L singlet su-
perfields. hE

ij , hD
ij , hU

ij , λijk , λ′
ijk , and λ′′

ijk are dimensionless
Yukawa couplings, whereas the εi are dimensionful mass
parameters. Gauge invariance implies that the first term in
W/Rp

is antisymmetric in {i, j} and the third one is antisym-
metric in {j, k}. Equation (34) thus contains 9+27+9+3 =
48 new terms beyond those of the minimal supersymmetric
standard model (MSSM). At the level of the superpotential
one can actually rotate the (Ĥd , L̂i) by an SU(4) transfor-
mation, so that the εi can be set to zero. However, as dis-
cussed below, this cannot be done simultaneously for the
corresponding soft SUSY breaking terms and, thus, we keep
them for the moment as free parameters. The soft SUSY
breaking potential is given by

Vsoft = VMSSM,soft + V/Rp,soft, (35)

VMSSM = M2
L,ij L̃i L̃

∗
j + M2

E,ij ẼiẼ
∗
j

+ M2
Q,ij Q̃iQ̃

∗
j + M2

U,ij Ũi Ũ
∗
j + M2

D,ij D̃iD̃
∗
j

+ M2
dHdH ∗

d + M2
uHuH

∗
u − (μBHdHu + h.c.)

+ (
T E

ij L̃iHdẼj + T D
ij Q̃iHdD̃j

+ T U
ij HuQ̃iŨj + h.c.

)
, (36)

V/R,soft = 1

2
T λ

ijkL̃iL̃j Ẽ
∗
k + T λ′

ijkL̃iQ̃j D̃
∗
k

+ 1

2
T λ′′

ijkŨiD̃j D̃k + εiBiL̃iHu + h.c. (37)

The mass matrices M2
F (F = L,E,Q,U,D) are 3 × 3 her-

mitian matrices, whereas the T F are general 3 × 3 and
3×3×3 complex tensors. Obviously, the T λ

ijk (T λ′′
ijk) have to

be antisymmetric in the first (last) two indices due to gauge
invariance. In models, where the flavor-violating terms are
neglected, the T F

ij terms are usually decomposed into the

following products: T F
ij = AF

ijh
F
ij , and analogously for the

trilinear terms.
The simultaneous appearance of lepton and baryon num-

ber breaking terms leads in general to a phenomenological
catastrophe if all involved particles have masses of the or-
der of the electroweak scale: rapid proton decay [164, 165].
To avoid this problem a discrete multiplicative symmetry,

called R-parity (Rp), had been invented [166] which can be
written as

Rp = (−1)3B+L+2S, (38)

where S is the spin of the corresponding particle. For all su-
perfields of MSSM, the SM field has Rp = +1 and its super-
partner has Rp = −1, e.g. the electron has Rp = +1 and the
selectron has Rp = −1. In this way all terms in (34) are for-
bidden and one is left with the superpotential given in (33).
To prohibit proton decay it is not necessary to forbid both
type of terms but it is sufficient to forbid either the lepton
or the baryon number violating terms (see e.g. [167, 168]),
e.g. the baryon number terms can be forbidden by baryon
triality [169]. Another possibility would be to break lepton
number and thus R-parity spontaneously as discussed be-
low. This requires, however, an enlargement of the particle
content.

3.1.1 The MSSM with R-parity conservation

The existence of the soft SUSY breaking terms implies that
fermions and sfermions cannot be rotated by the same rota-
tion matrices from the electroweak basis to the mass eigen-
basis. It is very convenient to work in the super-CKM basis
for the squarks and to assume that hE is diagonal and real
which can be done without loss of generality. In this way the
additional flavor violation in the sfermion sector is most ap-
parent. In this way, the additional flavor violation is encoded
in the mass matrices of the sfermions which reads (see also
section 16 of [170]):

M2
f̃

=
(

M2
LL M

2†
RL

M2
RL M2

RR

)

, (39)

where the entries are 3 × 3 matrices. They are given by

M2
LL = K†M̂2

QK + m2
u + DuLL, (40)

M2
RL = vd T̂ U − μ∗mu cotβ, (41)

M2
RR = M̂2

U + m2
u + DuRR (42)

for u-type squarks in the basis (ũL, c̃L, t̃L, ũR, c̃R, t̃R). K is
the CKM matrix and we have defined

M̂2
Q ≡ V

†
d M2

Q̃
Vd (43)

where Vd is the mixing matrix for the left d-quarks. T̂ U and
M̂2

U are given by a similar transformation involving the mix-
ing matrix for left- and right handed u-quarks. The same
type of notation will be kept below for d squarks and slep-
tons. Finally, the D-terms are given by

Df LL,RR = cos 2βM2
Z

(
T 3

f − Qf sin2 θW

)
1. (44)
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The entries for d-type squarks in the basis (d̃L, s̃L, b̃L, d̃R,

s̃R, b̃R) read

M2
LL = M̂2

Q + m2
d + DdLL, (45)

M2
RL = vuT̂

D − μ∗md tanβ, (46)

M2
RR = M̂2

D + m2
d + DdRR. (47)

For the charged sleptons one finds in the basis (ẽL, μ̃L, τ̃L,

ẽR, μ̃R, τ̃R)

M2
LL = M̂2

L + m2
l + DlLL, (48)

M2
RL = vuT̂

E − μ∗ml tanβ, (49)

M2
RR = M̂2

E + m2
l + DlRR. (50)

Assuming that there are only left-type sneutrinos one finds
for them in the basis (ν̃eL, ν̃μL, ν̃τL) the mass matrix

M2
LL = M̂2

L + DνLL. (51)

For sleptons the relevant interaction Lagrangian, e.g. not
considering the slepton Higgs or slepton gauge boson in-
teractions, for the studies below is given in terms of mass
eigenstates by

L = 	̄i

(
cL
ikmPL + cR

ikmPR

)
χ̃0

k 	̃m

+ 	̄i

(
dL
iljPL + dR

iljPR

)
χ̃−

l ν̃j + ν̄ie
R
ikjPRχ̃0

k ν̃j

+ ν̄if
R
ilmPRχ̃+

l 	̃m + h.c. (52)

The specific forms of the couplings cL
ikm, cR

ikm, dL
ilj , dR

ilj , eR
ikj

and f R
ilm can be found in [171]. The first two terms in (52)

give rise to the LFV signals studied here, whereas the last
one will give rise to the SUSY background because the neu-
trino flavor cannot be discriminated in high energy collider
experiments. In particular the following decays are of pri-
mary interest:

l̃j → li χ̃
0
k , (53)

χ̃0
k → l̃j li , (54)

χ̃0
k → lj li χ̃

0
r . (55)

Several studies for these decays have been performed as-
suming either specific high-scale models or specifying the
LFV parameters at the low scale (see for instance [118, 125,
172–194]).

Performing Monte Carlo studies on the parton level it has
been shown that LHC can observe SUSY LFV by studying
the LFV decays of the second neutralino χ̃0

2 arising from
cascade decays of gluinos and squarks, i.e. χ̃0

2 → 	̃	′ →
	′	′′χ̃0

1 : signals of SUSY LFV can be extracted despite con-
siderable backgrounds and stringent experimental bounds on

flavor-violating lepton decays in case of two generation mix-
ing in either the right or left slepton sector in the mSUGRA
model [195–197]. The ẽR–μ̃R mixing case was studied in
[195, 197] and the μ̃L–τ̃L mixing case in [196].

In the (s)quark sector one has decays analogue to the
ones given in (53)–(55). In addition there are decays into
charginos and gluinos if kinematically allowed. Flavor ef-
fects in these decays have first been discussed in [198].
There it has been shown that one can have large effects
in squark and gluino decays despite stringent constraints
from B-meson physics as discussed in the “B , D and K de-
cays” chapter. In addition, flavor mixing in the squark sec-
tor can induce flavor-violating decays of Higgs bosons as
e.g. H 0 → bs [119].

In the discussion so far we have considered models where
the parameters are freely given at the electroweak scale. The
fact that no flavor violation in the quark sector has been
found beyond SM expectations has led to the development
of the concept of minimal flavor violation (MFV). The ba-
sic idea is that at a given scale the complete flavor infor-
mation is encoded in the Yukawa couplings [199], e.g. that
in a GUT theory the parameters at the GUT scale are given
by M2

F = M2
01 and TF = A0hU with M0 and A0 being a

real and a complex number, respectively. In such models it
has been shown that the branching ratios for flavor-violating
squark decays are very small and most likely not observ-
able at LHC [200]. A similar concept has been developed
for (s)leptons [201, 202]. In contrast to the squark sector
one has large mixing effects in the neutrino sector which
can lead to observable effects in the slepton sector at future
collider experiments (see also [203] and Sect. 5.2.3 of the
“Flavor physics of leptons and dipole moments” article of
this volume).

3.1.2 The MSSM with broken R-parity

Recent neutrino experiments have shown that neutrinos are
massive particles which mix among themselves (for a re-
view see e.g. [204]). In contrast to leptons and quarks, neu-
trinos need not be Dirac particles but can be Majorana parti-
cles. In the latter case the Lagrangian contains a mass term
which violates explicitly lepton number by two units. This
motivates one to allow for the lepton number breaking terms
in the superpotential, as they automatically imply the exis-
tence of massive neutrinos without the need of introducing
right handed neutrinos and explaining their mass hierarchies
[205]. The λ′′ terms can still be forbidden by a discrete sym-
metry such as baryon triality [206].

Let us briefly comment on the number of free parameters
before discussing the phenomenology in more detail. The
last term in (34), L̂iĤu, mixes the lepton and the Higgs su-
perfields. In supersymmetry L̂i and Ĥd have the same gauge
and Lorentz quantum numbers and we can redefine them by
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a rotation in (Ĥd , L̂i). The terms εiL̂iĤu can then be rotated
to zero in the superpotential [205]. However, there are still
the corresponding terms in the soft supersymmetry breaking
Lagrangian

V/R,soft = BiεiL̃iHu (56)

which can only be rotated away if Bi = B and M2
Hd

= M2
L,i

[205]. Such an alignment of the superpotential terms with
the soft breaking terms is not stable under the renormaliza-
tion group equations [207]. Assuming an alignment at the
unification scale, the resulting effects are small [207] except
for neutrino masses [207–211] . Models containing only bi-
linear terms do not introduce trilinear terms as can easily be
seen from the fact that bilinear terms have dimension of a
mass whereas the trilinear ones are dimensionless. For this
reason we shall keep in the following explicitly the bilinear
terms in the superpotential. These couplings induce decays
of the LSP violating lepton number, e.g.

ν̃ → qq̄, l+l−, νν̄,

l̃ → l+ν, qq̄ ′,

χ̃0
1 → W±l∓,Zνi,

χ̃0
1 → l±qq̄ ′, qq̄νi, l

+l−νi .

(57)

How large can the branching ratio for those decay modes
be? To answer this question one has to take into account ex-
isting constraints on R-parity violating parameters from low
energy physics. As most of them are given in terms of tri-
linear couplings, we shall work for this particular considera-
tions in the “ε-less” basis, e.g. rotate away the bilinear terms
in the superpotential (34). Therefore, the trilinear couplings
get additional contributions. Assuming, without loss of gen-
erality, that the lepton and down-type Yukawa couplings are
diagonal, the trilinear couplings are given to leading order
in εi/μ as [206, 212, 213]:

λ′
ijk → λ′

ijk + δjkhdk

εi

μ
(58)

and

λijk → λijk + δλijk,

δλ121 = he

ε2

μ
, δλ122 = hμ

ε1

μ
, δλ123 = 0,

δλ131 = he

ε3

μ
, δλ132 = 0, δλ133 = hτ

ε1

μ
,

δλ231 = 0, δλ232 = hμ

ε3

μ
, δλ233 = hτ

ε2

μ
,

(59)

where we have used the fact that neutrino physics requires
|εi/μ|  1 [211]. An essential point to notice is that the ad-
ditional contributions in (58) and (59) follow the hierarchy

dictated by the down quark and charged lepton masses of
the SM.

A comprehensive list of bounds on various R-parity vi-
olating parameters can be found in [214]. However, there
the recent data from neutrino experiments like Super-
Kamiokande [215], SNO [216] and KamLAND [217] are
not taken into account. These experiments yield strong
bounds on trilinear couplings involving the third genera-
tion [218, 219]. In addition also the sneutrino vacuum ex-
pectation values (VEVs) are constrained by neutrino data
[211, 218]. Most of the trilinear couplings have a bound of
the order (10−2–10−1) × m

f̃
/(100 GeV) where m

f̃
is the

mass of the sfermion in the process under considerations.
The cases with stronger limits are |λ′

111| � O(10−4) due
to neutrino-less double beta decay and |λi33| � 5|λ′

i33| �
O(10−4) due to neutrino oscillation data. Moreover, neu-
trino oscillation data imply |μ2(v2

1 +v2
2 +v2

3)/det(Mχ0)| �
10−12 where vi are the sneutrino VEVs and det(Mχ0) is the
determinant of the MSSM neutralino mass matrix.

There exists a vast literature on the effects of R-parity vi-
olation at LHC [220–226]. However, in most of these stud-
ies, in particular those considering trilinear couplings only,
very often the existence of a single coupling has been as-
sumed. However, such an assumption is only valid at a given
scale as renormalization effects imply that additional cou-
plings are present when going to a different scale via renor-
malization group evolution (RGE). Moreover, very often the
bounds stemming from neutrino physics are not taken into
account or are out-dated (e.g. assuming an MeV tau neu-
trino). Last but not least one should note that also in this
class of models there are potential dark matter candidates,
e.g. a very light gravitino [227–230].

Recently another class of models with explicitly broken
R-parity has been proposed where the basic idea is that the
existence of right handed neutrino superfields is the source
of the μ-term of the MSSM as well as the source of neutrino
masses [231]. In this case the superpotential contains only
trilinear terms. Beside the usual Yukawa couplings of the
MSSM the following couplings are present:

WνC = hν
ij ĤuL̂i ν̂

c
j − λi ν̂

c
i ĤdĤu + 1

3
κijkν̂c

i ν̂
c
j ν̂

c
k . (60)

Note that the second and third term break R-parity and
that the sneutrino fields play the role of the gauge singlet
field of the next to minimal supersymmetric standard model
(NMSSM) [232–235].

3.1.3 Spontaneous R-parity violation

Up to now we have only considered explicit R-parity vi-
olation keeping the particle content of the MSSM. In the
case that one enlarges the spectrum by gauge singlets one
can obtain models where lepton number and, thus, R-parity,
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are broken spontaneously together with SU(2)⊗U(1) [236–
240]. A second possibility to break R-parity spontaneously
is to enlarge the gauge symmetry [241].

The most general superpotential terms involving the
MSSM superfields in the presence of the SU(2) ⊗ U(1)

singlet superfields (ν̂c
i , Ŝi , Φ̂) carrying a conserved lep-

ton number assigned as (−1,1,0), respectively, is given
as [242]

W = εab

(
h

ij
U Q̂a

i Ûj Ĥ
b
u + h

ij
DQ̂b

i D̂j Ĥ
a
d + h

ij
EL̂b

i Êj Ĥ
a
d

+ hij
ν L̂a

i ν̂
c
j Ĥ

b
u − μ̂Ĥ a

d Ĥ b
u − h0Ĥ

a
d Ĥ b

u Φ̂
)

+ hij Φ̂ν̂c
i Ŝj + M

ij
R ν̂c

i Ŝj + 1

2
MΦΦ̂2 + λ

3! Φ̂
3. (61)

The first three terms together with the μ̂ term define the R-
parity conserving MSSM, the terms in the second line only
involve the SU(2) ⊗ U(1) singlet superfields (ν̂c

i , Ŝi , Φ̂),
while the remaining terms couple the singlets to the MSSM
fields. For completeness we note that lepton number is fixed
via the Dirac-Yukawa hν connecting the right handed neu-
trino superfields to the lepton doublet superfields. For sim-
plicity we assume in the discussion below that only one gen-
eration of (ν̂c

i , Ŝi) is present.
The presence of singlets in the model is essential in

order to drive the spontaneous violation of R-parity and
electroweak symmetries in a phenomenologically consistent
way. As in the case of explicit R-parity violation all sneutri-
nos obtain a VEV beside the Higgs bosons as well as the S̃

field and the singlet field Φ . For completeness, we want to
note that in the limit where all sneutrino VEVs vanish and
all singlets carrying lepton number are very heavy one ob-
tains the NMSSM as an effective theory. The spontaneous
breaking of R-parity also entails the spontaneous violation
of total lepton number. This implies that one of the neutral
CP-odd scalars, which we call majoron J and which is ap-
proximately given by the imaginary part of

∑
i v

2
i

V v2

(
vuH

0
u − vdH 0

d

) +
∑

i

vi

V
ν̃i + vS

V
S − vR

V
ν̃c (62)

remains massless, as it is the Nambu–Goldstone boson as-
sociated to the breaking of lepton number. vR and vS are the

VEVs of ν̃c and S̃, respectively and V =
√

v2
R + v2

S . Clearly,
the presence of these additional singlets enhances further the
number of neutral scalar and pseudo-scalar bosons. Explicit
formulas for the mass matrices of scalar and pseudo-scalar
bosons can be found e.g. in [243].

The case of an enlarged gauge symmetry can be obtained
for example in left–right symmetric models, e.g. with the
gauge group SU(2)L × SU(2)R × U(1)B−L [241]. The cor-

responding superpotential is given by

W = hφQQ̂T
Liτ2φ̂Q̂c

R + hχQQ̂T
Liτ2χ̂Q̂c

R + hφLL̂T
Liτ2φ̂L̂c

R

+ hχLL̂T
Lîτ2χ̂ L̂c

R + hΔL̂cT
R iτ2Δ̂L̂c

R

+ μ1 Tr
(
iτ2φ̂

T iτ2χ̂
) + μ2 Tr(Δ̂δ̂), (63)

where the Higgs sector consists of two triplet and two
bidoublet Higgs superfields with the following SU(2)L ×
SU(2)R × U(1)B−L quantum numbers:

Δ̂ =
(

Δ̂−/
√

2 Δ̂0

Δ̂−− −Δ̂−/
√

2

)

∼ (1,3,−2),

δ̂ =
(

δ̂+/
√

2 δ̂++

δ̂0 −δ̂+/
√

2

)

∼ (1,3,2),

φ̂ =
(

φ̂0
1 φ̂+

1

φ̂−
2 φ̂0

2

)

∼ (2,2,0),

χ̂ =
(

χ̂0
1 χ̂+

1

χ̂−
2 χ̂0

2

)

∼ (2,2,0).

(64)

Looking at the decays of the Higgs bosons, one has to distin-
guish two scenarios. (i) Lepton number is gauged and thus
the majoron becomes the longitudinal part of an additional
neutral gauge boson. (ii) The majoron remains a physical
particle in the spectrum. In the case of the enlarged gauge
group there are additional doubly charged Higgs bosons
H−−

i which have lepton number violating couplings. In
e−e− collisions they can be produced according to

e−e− → H−−
i (65)

and have decays of the type

H−−
i → H−

j H−
k , (66)

H−−
i → l−j l−k , (67)

H−−
i → l̃−j l̃−k . (68)

In addition there exist doubly charged charginos which can
have lepton flavor-violating decays:

χ̃−−
i → l̃−j l−k . (69)

3.1.4 Study of supersymmetry at the LHC

If supersymmetry exists at the electroweak scale, it could
hardly escape detection at the LHC. In most R-parity con-
serving models, the production cross section is expected
to be dominated by the pair production of colored states
(squarks and gluinos). These decay to lighter SUSY parti-
cles and ultimately to the LSP (lightest supersymmetric par-
ticle). If this is stable and weakly interacting, as implied by
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R-parity conservation and cosmological arguments, it leaves
the experimental apparatus undetected. The supersymmet-
ric events are thus expected to show up at the LHC as an
excess over SM expectations of events with several hard
hadronic jets and missing energy. The LHC center of mass of
14 TeV extends the search for SUSY particles up to squark
and gluino masses of 2.5 to 3 TeV [3, 244].

If squarks and gluinos are lighter than 1 TeV, as im-
plied by naturalness arguments, this signature would be
observed with high statistical significance already during
the first year of running at the initial LHC luminosity of
2 × 1033 cm−2 s−1 [245]. In practice, discovery would be
achieved as soon as a good understanding of the systematics
on SM rates at the LHC is obtained.

A significant part of the efforts in preparation for the
LHC startup is being spent in the simulations of the new
physics potential. We give below a brief overview of these
studies, dividing them in three categories: inclusive searches
of the non-SM physics, measurement of SUSY particle
masses, and measurements of other properties of SUSY par-
ticles, such as their spin or the flavor structure of their de-
cays.

3.1.5 Inclusive searches

In these studies, the typical discovery strategy consists in
searching for an excess of events with a given topology.
A variety of final state signatures has been considered. Inclu-
sive searches have mainly be carried out in the framework of
mSUGRA, which has five independent parameters specified
at a high energy scale: the common gaugino mass m1/2, the
common scalar mass m0, the common trilinear coupling A0,
the ratio of the vacuum expectation values of the two Higgs
doublets tanβ and the sign of the Higgsino mixing parame-
ter μ. The masses and decay branching ratios of the SUSY
particles are then computed at the electroweak scale using
the renormalization group equations, and used as input to
the LHC simulation codes.

For each point of a grid covering the mSUGRA parame-
ter space, signal events are generated at parton level and
handed over to the parametrized detector simulation. The
main SM background sources are simulated, where the most
relevant are processes with an hard neutrino in the final state
(t t̄ , W + jets, Z + jets). Multi jet QCD is also relevant be-
cause its cross section is several orders of magnitude larger
than SUSY. However, it is strongly suppressed by the re-
quirement of large transverse missing energy and it gives a
significant contribution only to the final state search chan-
nels without isolated leptons. The detailed detector simu-
lation, much more demanding in terms of computing CPU
power, validates the results with parametrized detector sim-
ulations for the SM backgrounds and selected points in the
mSUGRA parameter space.

Fig. 20 CMS 5σ discovery potential using multi jets and missing
transverse energy final state [5]

Cuts on missing transverse energy, the transverse mo-
mentum of jets, and other discriminating variables are op-
timized to give the best statistical significance for the (sim-
ulated) observed excess of events. For each integrated lu-
minosity the regions of the parameter space for which the
statistical significance exceeds the conventional discovery
value of 5σ are then displayed. An example is shown in
Fig. 20 for the CMS experiment [5] with similar results for
ATLAS [245]. A slice of the mSUGRA parameter space is
shown, for fixed tanβ = 10, A = 0 and μ > 0. The area of
parameter space favored by naturalness arguments can be
explored with an integrated luminosity of only 1 fb−1.

Although these results were obtained in the context of
mSUGRA, the overall SUSY reach in terms of squark and
gluino masses is very similar for most R-parity conserving
models, provided that the LSP mass is much lower than
the squark and gluino masses. This has been shown to be
the case for GMSB and AMSB models [246] and even the
MSSM [247].

3.1.6 Mass measurement

A first indication of the mass scale of the SUSY particles
produced in the pp interaction will probably be obtained
measuring the “effective mass”, which is the scalar sum
of transverse missing energy and the pT of jets and lep-
tons in the event. Such a distribution is expected to have a
peak correlated with the SUSY mass scale. The correlation
is strong in mSUGRA, and still usable in the more general
MSSM [245].

The reconstruction of the mass spectrum of supersym-
metric particles will be more challenging. Since SUSY par-
ticles would be produced in pairs, there are two undetected
LSP particles in the final state, which implies that mass
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peaks can not be reconstructed from invariant-mass combi-
nations, unless the mass of the LSP itself is already known.

The typical procedure consists in choosing a particular
decay chain, measuring invariant-mass combinations and
looking for kinematical minima and maxima. Each kinemat-
ical end point is a function of the masses of the SUSY par-
ticles in the decay chain. If enough end points can be mea-
sured, the masses of all the SUSY particles involved in the
decay chain can be obtained. Once the mass of the LSP is
known, mass peaks can be reconstructed.

After reducing the SM background very effectively
through hard missing transverse energy cuts, the main back-
ground for this kind of measurements usually comes from
supersymmetric events in which the desired decay chain is
not present or was not identified correctly by the analysis.
For this reason, these studies are made using data simulated
for a specific point in SUSY parameter space, for which all
supersymmetric production processes are simulated.

The two body decay chain χ0
2 → l̃±l± → l±l±χ0

1 is par-
ticularly promising, as it leads to a very sharp edge in the
distribution of the invariant mass of the two leptons, which
measures:

m2
edge(		) =

(m2
χ̃0

2
− m2

	̃i
)(m2

	̃i
− m2

χ̃0
1
)

m2
	̃i

. (70)

The basic signature of this decay chain are two opposite-
sign, same-flavor (OSSF) leptons; but two such leptons can
also be produced by other processes. If the two leptons are
independent of each other, one would expect equal amounts
of OSSF leptons and opposite-sign, opposite-flavor (OSOF)
leptons (i.e combinations e+μ−, e−μ+). Their distributions
should also be identical, and this allows one to remove the
background contribution for OSSF by subtracting the OSOF
events.

Figure 21 shows the invariant mass of the two leptons
obtained for SPS1A point [248] with 100 fb−1 of simulated
ATLAS data [249]. The SM background is clearly negligi-
ble. The real background consists of other SUSY processes,
which are effectively removed by the OSOF subtraction.

Several other kinematical edges can be obtained using
various invariant-mass combinations involving jets and lep-
tons. Two of such distributions are reported in Fig. 22 for the
point SPS1a and 100 fb−1 of ATLAS simulated data [249].
Five end points, each providing a constraints on the mass
of four particles, can be measured. The masses of the su-
persymmetric particles present in the decay chain (the left
handed squark, the right handed sleptons, and the two light-
est neutralinos) can thus be measured with an error between
3% (for the squark) and 12% (for the lightest neutralino) for
100 fb−1 of integrated luminosity.

For lepton pairs with an invariant mass near the kinemat-
ical end point, the relation

pμ

(
χ̃0

2

) =
(

1 −
mχ̃0

1

mll

)
pμ(ll) (71)

can be used to get the four-momentum of the χ0
2 , pro-

vided that the mass of the lightest neutralino has already
been measured. This four-vector can then be combined with
that of hadronic jets to measure the gluino and squark
masses. In Fig. 23 the gluino and squark mass peaks ob-
tained with CMS parametrized simulation are reported for
another mSUGRA benchmark point, called point B [250],
which is defined by m0 = 100 GeV, m1/2 = 250 GeV, A = 0,
μ > 0, tanβ = 10.

Several other techniques to reconstruct the masses of su-
persymmetric particles have been investigated by the AT-
LAS and CMS collaborations. Here we shall only mention a
few other possibilities:

Fig. 21 Effect of subtracting background leptons, for the mSUGRA
benchmark point SPS1a and an integrated luminosity of 100 fb−1. In
the left plot: the curves represent opposite-sign, same-flavor (OSSF)
leptons, opposite-sign, opposite- flavor (OSOF) leptons and the SM

contribution. In the right plot, the flavor subtraction OSSF-OSOF has
been plotted: the triangular shape of the theoretical expectation is re-
produced
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Fig. 22 Invariant mass distributions with kinematical end points, for an integrated luminosity of 100 fb−1. In the left plot for qll combination, in
the right plot for the maximum of ql combination

Fig. 23 Invariant mass peaks for squark (left), sbottom (middle) and gluino (right) at point B. The picture has been obtained using the parametrized
simulation of the CMS detector. The integrated luminosity is 1 fb−1 for the squarks and 10 fb−1 for the other mass peaks

− At large tanβ the decays into third generation leptons are
dominant. The τ+τ− kinematic end point is still mea-
surable using the invariant mass of the tau visible decay
products, but the expected precision is worse than that
achievable with electrons and muons.

− The right handed squark often decays directly into the
LSP. q̃Rq̃R → qχ0

1 qχ0
1 events can be used to reconstruct

the mass of this squark. A similar technique can be used
to measure the mass of left handed sleptons which decay
directly into the LSP.

For the point SPS1a and an integrated luminosity of
300 fb−1 ATLAS expects to be able to measure at least 13
mass relations [249]. The constraints which can be put on
the SUSY parameter space and on the relic density of neu-
tralinos using these measurements are discussed in [251].

3.1.7 Flavor studies

Most studies by the LHC collaborations have focused on the
discovery strategies and the measurement of the masses of
SUSY particles. However, the possibility to measure other
properties of the new particles, such as their spin or the
branching ratios of flavor-violating decays, has also been in-
vestigated.

The measurement of the spin is interesting because it al-
lows one to confirm the supersymmetric nature of the new
particles. This measurement was investigated in [252, 253]
and it is also discussed later in this article.

In the hadronic sector, the experiments are not able to
discriminate the flavor of quarks of the first two genera-
tions. Hence the only possibility for flavor studies relies on



218 Eur. Phys. J. C (2008) 57: 183–307

b-tagging techniques. In this report, the possibility to mea-
sure kinematical end points involving the scalar top is dis-
cussed. The scalar bottom masses may also be measured at
the LHC.

The leptonic sector is more favorable from the experi-
mental point of view, as the flavor of the three charge leptons
can be identified accurately by the detectors with relatively
low backgrounds. This allows for the possibility to test the
presence of decays violating lepton flavor. This possibility
was already discussed in early studies [196, 254, 255] and it
is investigated in a few contributions to this report.

3.2 Effects of lepton flavor violation on dilepton
invariant-mass spectra

In this section we discuss the effect of lepton flavor violation
(LFV) on dilepton invariant-mass spectra in the decay chains

χ̃0
2 → 	̃+

i 	−
j → 	+

k 	−
j χ̃0

1 . (72)

In these events one studies the invariant dilepton mass spec-
trum dN/dm(		) with m(		)2 = (p	+ + p	−)2. Its kine-
matical end point is used in combination with other observ-
ables to determine masses or mass differences of sparticles
[256–258].

Details on the parameter dependence of flavor-violating
decays can be found for example in [260]. As an exam-
ple, the study point SPS1a′ [259] is considered. It has a
relatively light spectrum of charginos/neutralinos and slep-
tons, with the three lighter charged sleptons being mainly

	̃R : mχ̃0
1

= 97.8 GeV, mχ̃0
2

= 184 GeV, mẽ1 = 125.3 GeV,
mμ̃1 = 125.2 GeV, mτ̃1 = 107.4 GeV. The underlying pa-
rameters are given in Table 11, where M1 and M2 are the
U(1) and SU(2) gaugino mass parameters, respectively.
In this example the flavor off-diagonal elements of M2

E,αβ

(α �= β) in (50) are expected to give the most important
contribution to the LFV decays of the lighter charginos,
neutralinos and sleptons. We therefore discuss LFV only
in the right slepton sector. To illustrate the effect of LFV
on these spectra, in Fig. 24 we present invariant-mass distri-
butions for various lepton pairs taking the following LFV
parameters: M2

E,12 = 30 GeV2, M2
E,13 = 850 GeV2 and

M2
E,23 = 600 GeV2, for which we have (m

	̃1
,m

	̃2
,m

	̃3
) =

(106.4,125.1,126.2) GeV. These parameters are chosen
such that large LFV χ̃0

2 decay branching ratios are possi-
ble consistently with the experimental bounds on the rare
lepton decays, for which we obtain: Br(μ− → e−γ ) =
9.5 × 10−12, Br(τ− → e−γ ) = 1.0 × 10−7 and Br(τ− →
μ−γ ) = 5.2 × 10−8. We find for the χ̃0

2 decay branching
ratios: Br(eμ) = 1.7%, Br(eτ ) = 3.4%, Br(μτ) = 1.8%,
Br(e+e−) = 1%, Br(μ+μ−) = 1.2%, Br(τ+τ−) = 51%
with Br(	i	j ) ≡ Br(χ̃0

2 → 	i	j χ̃
0
1 ). Note that we have

summed here over all contributing sleptons.
In Fig. 24a we show the flavor-violating spectra

(100/Γtot) dΓ (χ̃0
2 → 	±

i 	∓
j χ̃0

1 )/dm(	±
i 	∓

j ) versus m(	±
i 	∓

j )

for the final states μτ , eτ and eμ. In cases where the final
state contains a τ -lepton, one finds two sharp edges. The
first one at m � 59.4 GeV is due to an intermediate 	̃1(∼ τ̃R)

and the second one at m � 84.6 GeV is due to intermediate
states of the two heavier sleptons 	̃2 (∼ μ̃R) and 	̃3 (∼ ẽR)

Table 11 Relevant on-shell
parameters for the SPS1a′ [259]
scenario

tanβ 10 ML,11 = ML,22 184 GeV ME,33 111 GeV

M1 100.1 GeV ML,33 182.5 GeV A11 −0.013 GeV

M2 197.4 GeV ME,11 117.793 GeV A22 −2.8 GeV

μ 400 GeV ME,22 117.797 GeV A33 −46 GeV

Fig. 24 Invariant mass spectra 100Γ −1
tot dΓ (χ̃0

2 → 	i	j χ̃
0
1 )/dm(	i	j )

versus m(	i	j ). In (a) we show the “flavor-violating” spectra summed
over charges in the LFV case for the SPS1a′ scenario: e±μ∓ (full line),
e±τ∓ (dashed dotted line) and μ±τ∓ (dashed line) and in (b) we

show the “flavor-conserving” spectra: e+e− (dashed line) and μ+μ−
(dashed line) are for the LFC case in the SPS1a′ scenario, and e+e−
(dashed dotted line) and μ+μ− (full line) are for the LFV case in the
SPS1a′ scenario
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with m
	̃2

� m
	̃3

. The position of the edges can be expressed
in terms of the neutralino and intermediate slepton masses
[256], see (70). In the case of the eμ spectrum the first edge
is practically invisible because the branching ratios of χ̃0

2
into 	̃1e and 	̃1μ are tiny for this example [260]. Note that
the rate for the eτ final state is largest in this case because
|M2

E,13| is larger than the other LFV parameters.
In Fig. 24b we show the “flavor-conserving” spectra for

the final states with e+e− and μ+μ−. The dashed line cor-
responds to the flavor-conserving case where M2

E,ij = 0 for
i �= j . LFV causes firstly a reduction of the height of the
end point peak. Secondly, it induces a difference between
the μ+μ− and e+e− spectra because the mixings among the
three slepton generations are in general different from each
other. The peaks at m � 59.4 GeV in the μ+μ− and e+e−
spectra are invisible as in the eμ spectrum as the branch-
ing ratios of the corresponding flavor-violating decays are
small. As for the τ+τ− spectrum we remark that the height
of the peak (due to the intermediate 	̃1 (∼τ̃R)) in the τ+τ−
spectrum gets reduced by about 5% and that the contribu-
tions due to the intermediate 	̃2,3 are invisible. Moreover,
the peak position gets shifted to a smaller value by about
2.7 GeV since the mass of the intermediate 	̃1 gets reduced
by 1 GeV compared to the flavor-conserving case.

It is interesting to note that in the LFV case the rate of
the channel eτ can be larger than those of the channels with
the same flavor, e+e− and μ+μ−. Moreover, by measuring
all dilepton spectra for the flavor-violating as well as flavor-
conserving channels, one can make an important cross check
of this LFV scenario: the first peak position of the lepton
flavor-violating spectra (except the eμ spectrum) must coin-
cide with the end point of the τ+τ− spectrum and the sec-
ond peak must coincide with those of the e+e− and μ+μ−
spectra.

Up to now, only the dilepton mass spectra for the SPS1a′
benchmark point have been investigated in detail. Which re-
quirements must other scenarios fulfill to obtain observable
double edge structures? Obviously the kinematic condition
mχ̃0

s
> m

	̃i ,	̃j
> mχ̃0

r
must be fulfilled and sufficiently many

χ̃0
s must be produced. In addition there should be two slep-

tons contributing in a sizable way to the decay χ̃0
s → 	′	′′χ̃0

r

and, of course, the corresponding branching ratio has to be
large enough to be observed. For this the corresponding LFV
entries in the slepton mass matrix have to be large enough.
Moreover, also the mass difference between the two con-
tributing sleptons has to be sufficiently large so that the dif-
ference of the positions of the two peaks is larger than the
experimental resolution. In mSUGRA-like scenarios, which
are characterized by a common mass m0 for the scalars and a
common gaugino mass m1/2 at the GUT scale, the kinematic
requirements (including the positions of the peaks) are ful-
filled in the regions of parameter space where m2

0 � 0.4 m2
1/2

and tanβ � 8. The first condition provides for right sleptons

lighter than the χ̃0
2 and the second condition ensures that the

mass difference between τ̃1 and the other two right sleptons
is sufficiently large. In the region where m2

0 � 0.05 m2
1/2 also

the left sleptons are lighter than χ̃0
2 , giving the possibility of

additional structures in the dilepton mass spectra.
Details on background processes will be presented in

the subsequent sections, where studies by the two exper-
iments ATLAS and CMS are presented. Here we give a
brief summary of the expected dominant background. The
largest SM background is due to t t̄ production. There is
also SUSY background due to uncorrelated leptons stem-
ming from different squark and gluino decay chains. The re-
sulting dilepton mass distributions will, however, be smooth
and decrease monotonically with increasing dilepton invari-
ant mass as was explicitly shown in a Monte Carlo analysis
in [196, 197]. It was also shown that the single edge structure
can be observed over the smooth background in the eμ and
μτ invariant-mass distributions. Therefore, the novel distri-
butions as shown in Fig. 24, in particular the characteris-
tic double edge structures in the eτ and μτ invariant-mass
distributions, should be clearly visible on top of the back-
ground. Note that the usual method for background suppres-
sion, by taking the sum N(e+e−)+N(μ+μ−)−N(e±μ∓),
is not applicable in the case of LFV searches. Instead one has
to study the individual pair mass spectra. Nevertheless, one
can expect that these peaks will be well observable [261].

3.3 Lepton flavor violation in the long lived stau NLSP
scenario

Supersymmetric scenarios can be roughly classified into two
main classes, depending on the nature of the lightest super-
symmetric particle (LSP). The most popular choice for the
LSP is the neutralino, although scenarios with superweakly
interacting LSP, such as the gravitino or the axino, are also
compatible with all the collider experiments and cosmology.
Here, we would like to concentrate on the latter class of sce-
narios, focusing for definiteness on the case with gravitino
LSP.

Under the assumption of universality of the soft-breaking
scalar, gaugino and trilinear soft terms at a high energy scale,
the so-called constrained MSSM, the next-to-LSP (NLSP)
can be either the lightest neutralino or the stau. If R-parity
is conserved, the NLSP can only decay into the gravitino
and SM particles, with a decay rate very suppressed by the
gravitational interactions. As a result, the NLSP can be very
long lived, with lifetimes that could be as long as seconds,
minutes or even longer, mainly depending on the gravitino
mass. When the NLSP is the lightest neutralino, the sig-
natures for LFV are identical to the case with neutralino
LSP, which have been extensively discussed in the litera-
ture [181–185, 188, 192, 195]. On the other hand, when the
NLSP is a stau, the signatures could be very different. In



220 Eur. Phys. J. C (2008) 57: 183–307

this note we discuss possible signatures and propose strate-
gies to look for LFV in future colliders in scenarios where
the gravitino (or the axino) is the LSP and the stau is the
NLSP [189, 262].

Motivated by the spectrum of the constrained MSSM we
shall assume that the NLSP is mainly a right handed stau, al-
though it could have some admixture of left handed stau or
other leptonic flavors, and will be denoted by τ̃1. We shall
also assume that next in mass in the supersymmetric spec-
trum are the right handed selectron and smuon, denoted by
ẽR and μ̃R respectively, also with a very small admixture
of left handed states and some admixture of stau. Finally,
we shall assume that next in mass are the lightest neutralino
and the rest of SUSY particles. Schematically, the spectrum
reads

m3/2 < mτ̃1 < mẽR,μ̃R
< mχ0

1
,mẽL,μ̃L

,mτ̃2 , . . . . (73)

In this class of scenarios, staus could be long lived
enough to traverse several layers of the vertex detector be-
fore decaying, thus being detected as a heavily ionizing
charged track. This signature is very distinctive and is not
produced by any SM particle, hence the observation of heav-
ily ionizing charged tracks would give strong support to this
scenario and would allow for the search for LFV essentially
without SM backgrounds.

Long lived staus could even be stopped in the detec-
tor and decay at late times, producing very energetic par-
ticles that would spring from inside the detector. Recently,
prospects of collecting staus and detecting their decay prod-
ucts in future colliders have been discussed [263, 264]. At
the LHC, cascade decays of squarks and gluinos could pro-
duce of the order of 106 staus per year if the sparticle masses
are close to the present experimental limits [265]. Among
them, O(103–104) staus could be collected by placing 1–
10 kton massive material around the LHC detectors. On the
other hand, at the ILC up to O(103–105) staus could be col-
lected and studied.

If there is no LFV, the staus could only decay into taus
and gravitinos, τ̃ → τψ3/2. If on the contrary LFV exists
in nature, some of the staus could decay into electrons and
muons. Therefore, the detection of very energetic electrons
and muons coming from inside the detector would constitute
a signal of lepton flavor violation.

There are potentially two sources of background in this
analysis. First, in certain regions of the SUSY parameter
space selectrons or smuons could also be long lived, and
the electrons and muons from their flavor-conserving de-
cays could be mistaken for electrons and muons coming
from the lepton flavor-violating decay of the stau. However,
if flavor violation is large enough to be observed in these
experiments, the selectron decay channel ẽ → τ̃ ee is very
efficient. Therefore, selectrons (and similarly, smuons) are
never long lived enough to represent an important source of

background. It is remarkable the interesting double role that
flavor violation plays in this experiment, both as object of
investigation and as crucial ingredient for the success of the
experiment itself.

A second source of background for this analysis are
the muons and electrons from tau decay, which could be
mistaken for muons and electrons coming from the lepton
flavor-violating decays τ̃ → μψ3/2, τ̃ → eψ3/2. Neverthe-
less, this background can be distinguished from the signal by
looking at the energy spectrum: the leptons from the flavor-
conserving tau decay present a continuous energy spectrum,
in stark contrast with the leptons coming from the two body
gravitational decay, whose energies are sharply peaked at
E0 = (m2

τ̃ ,ẽ
+m2

μ,e −m2
3/2)/(2mτ̃,ẽ). It is easy to check that

only a very small fraction of the electrons and muons from
the tau decay have energies close to this cut-off energy. For
instance, for the typical energy resolution of an electromag-
netic calorimeter, σ � 10%/

√
E(GeV), only 2 × 10−5 of

the taus with energy E0 ∼ 100 GeV will produce electrons
with energy �E0, within the energy resolution of the detec-
tor, which could be mistaken for electrons coming from the
LFV stau decay. Therefore, for the number of NLSPs that
can be typically trapped at the LHC or the ILC, the number
of electrons or muons from this source of background turns
out to be negligible in most instances.

Using this technique, we have estimated that at the LHC
or at the future Linear Collider it would be possible to probe
mixing angles in the slepton sector down to the level of ∼3×
10−2 (9×10−3) at 90% confidence level if 3×103 (3×104)

staus are collected [189]. A different technique, that does not
require to stop the staus, was proposed in [262] for the case
of an e+e− or e−e− linear collider.

3.4 Neutralino decays in models with broken R-parity

In supersymmetric models neutrino masses can be explained
intrinsically supersymmetric, namely by the breaking of R-
parity. The simplest way to realize this idea is to add the
bilinear terms of W/R to the MSSM superpotential WMSSM

(see (33) and (34)):

W = WMSSM + εiL̂iĤu. (74)

For consistency one has also to add the corresponding bilin-
ear terms to soft SUSY breaking (see (36) and (37)) which
induce small VEVs for the sneutrinos. These VEVs in turn
induce a mixing between neutrinos and neutralinos, giving
mass to one neutrino at tree level. The second neutrino mass
is induced by loop effects (see [211, 266, 267] and refer-
ences therein). The same parameters that induce neutrino
masses and mixings are also responsible for the decay of
the lightest supersymmetric particle (LSP). This implies that
there are correlations between neutrino physics and LSP de-
cays [213, 268–271].
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In particular, the neutrino mixing angles

tan2 θatm �
(

Λ2

Λ3

)2

,

U2
e3 � |Λ1|√

Λ2
2 + Λ2

3

,

tan2 θsol �
(

ε̃1

ε̃2

)2

(75)

can be related to ratios of couplings and branching ratios,
for example

tan2 θatm �
∣
∣∣∣
Λ2

Λ3

∣
∣∣∣

2

� Br(χ̃0
1 → μ±W∓)

Br(χ̃0
1 → τ±W∓)

� Br(χ̃0
1 → μ±q̄q ′)

Br(χ̃0
1 → τ±q̄q ′)

, (76)

in the case of a neutralino LSP. Here Λi = εivd + μvi , vi

are the sneutrino VEVs and vd is the VEV of H 0
d ; ε̃i = Vij εj

where Vij is the neutrino mixing matrix at tree level which is
given as a function of the Λi . Details on the neutrino masses
and mixings can be found in [211, 267].

The smallness of the R-parity violating couplings which
is required by the neutrino data implies that the production
and decays of the SUSY particles proceed as in the MSSM
with conserved R-parity except that the LSP decays. There
are several predictions for the LSP properties discussed in
the literature above. Here we discuss various important ex-
amples pointing out generic features. The first observation
is that the smallness of the couplings can lead to finite de-
cay lengths of the LSP which are measurable at LHC. As
an example we show in Fig. 25a the decay length of a neu-
tralino LSP as a function of its mass. The SUSY parameters
have been varied such that collider constraints as well as
neutrino data are fulfilled. This is important for LHC as a
secondary vertex for the neutralino decays implies that the
neutralino decay products can be distinguished from the re-
maining leptons and jets within a cascade of decays. A first
attempt to use this to establish the predicted correlation be-
tween neutralino decays and neutrino mixing angles has
been presented in [272]. The finite decay length can also
be used to enlarge the reach of colliders for SUSY searches
as has been shown in [273] for the Tevatron and in [274] for
the LHC. The fact that the decay products of the neutralino
can be identified via a secondary vertex is important for the

Fig. 25 Various neutralino properties: (a) Neutralino decay length and
(b) invisible neutralino branching ratio summing over all neutrinos as
a function of mχ̃0

1
; (c) Br(χ̃0

1 → μq ′q̄)/Br(χ̃0
1 → τq ′q̄) scanning over

the SUSY parameter and (d) Br(χ̃0
1 → μq ′q̄)/ Br(χ̃0

1 → τq ′q̄) for
10% variations around a fixed SUSY point as a function of tan2(θatm)
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check if the predicted correlations indeed exist. As an ex-
ample we show in Fig. 25c and d the ratio Br(χ̃0

1 → μq ′q̄)/

Br(χ̃0
1 → τq ′q̄) as a function of the atmospheric neutrino

mixing angle tan2(θatm). In Fig. 25c a general scan is per-
formed over the SUSY parameter space yielding a good cor-
relation whereas in Fig. 25d the situation is shown if one
assumes that the underlying SUSY parameters are known
with an accuracy of 10%. The branching ratios themselves
are usually of order 10%.

It is usually argued that broken R-parity implies that the
missing energy signature of the MSSM is lost. This is not en-
tirely correct if R-parity is broken via lepton number break-
ing as in the model discussed here. The reason is that neu-
trinos are not detected at LHC or ILC. This implies that the
missing energy signature still is there although somewhat re-
duced. However, there are still cases where the LSP can de-
cay completely invisible: χ̃0

1 → 3ν or ν̃i → νj νk . In Fig. 25b
we see that the decay branching ratio for χ̃0

1 → 3ν can go
up to several per-cent. In the sneutrino case it is at most per-
mille [213]. If one adds trilinear R-parity breaking couplings
to the model, then these branching ratios will be reduced. In
models with spontaneous breaking of R-parity the situation
can be quite different, e.g. the invisible modes can have in
total nearly 100% branching ratio [275].

As a second example, we present in Fig. 26a the decay
lengths of slepton LSPs as motivated in GMSB models. Also
in this case we have performed a generous scan of the SUSY
parameter space. One sees that the sleptons have different
decay lengths which is again useful to distinguish the vari-
ous ‘flavors’. However, at LHC it might be difficult to sep-
arate smuons from staus in this scenario. Provided this is
possible, one could measure for example the correlation be-
tween stau decay modes and the solar-neutrino mixing angle
as shown in Fig. 26b.

3.5 Reconstructing neutrino properties from collider
experiments in a Higgs triplet neutrino mass model

In the previous section the neutrino masses are solely due to
R-parity violation and the question arises how the situation

changes if there are additional sources of neutrino masses.
Therefore, a model is considered where Higgs triplets give
additional contributions to the neutrino masses. It can ei-
ther be obtained as a limit of spontaneous R-parity breaking
models discussed in Sect. 3.1.3 or as the supersymmetric ex-
tension of the original triplet model of neutrino mass [276]
with additional bilinear R-parity breaking terms [205, 237,
277]. The particle content is that of the MSSM augmented
by a pair of Higgs triplet superfields, Δ̂u and Δ̂d , with hy-
percharges Y = +2 and Y = −2, and lepton number L = −2
and L = +2, respectively. The superpotential of this model
is then given by a sum of three terms,

W = WMSSM + εiL̂iĤu + WΔ, (77)

WΔ = μΔΔ̂uΔ̂d + hij L̂i L̂j Δ̂u. (78)

Additional details of the model can be found in [278]. From
the analytical study of the Higgs sector, it is possible to show
that the Higgs triplet VEVs are suppressed by two powers of
the BRPV parameters, as already emphasized in [279].

The nonzero VEVs of this model (vu ≡ 〈H 0
u 〉, vd ≡

〈H 0
d 〉, vi ≡ 〈ν̃i〉, 〈Δ0

u〉 and 〈Δ0
u〉) produce a mixing between

neutrinos, gauginos and higgsinos. For reasonable ranges
of parameters, atmospheric neutrino physics is determined
by the BRPV parameters, whereas the solar-neutrino mass
scale depends mostly on the triplet Yukawa couplings and
the triplet mass. This situation is different from the one
in the model with only BRPV, where the solar-neutrino
mass scale is generated by radiative corrections to neutrino
masses, thus requiring ε2/Λ ∼ O(0.1–1). Now, as the solar-
neutrino mass scale is generated by the Higgs triplet, εi can
be smaller. Using the experimentally measured values of
tan2 θatm � 1 and sin2 2θCHOOZ  1 one can find a simple
formula for the solar angle in terms of the Yukawa couplings
hij of the triplet Higgs boson to the doublet leptons, which
is approximately given by

tan(2θsol) � −2
√

2(h12 − h13)

−2h11 + h22 + h33 − 2h23
≡ x. (79)

Fig. 26 Various slepton
properties: (a) decay lengths as
a function of m

l̃
and

(b) Br(τ̃1 → eν)/ Br(τ̃1 → μν)

as a function of tan2(θsol)
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One of the characteristic features of the triplet model
of neutrino mass is the presence of doubly charged Higgs
bosons Δ−−

u . At the LHC, the doubly charged Higgs bo-
son can be produced in different processes, such as: (a) sin-
gle production via vector boson fusion or fusion of a singly
charged Higgs boson with either a vector boson or another
singly charged Higgs boson; (b) pair production via a Drell–
Yan process, with γ /Z exchange in the s-channel; (c) sin-
gle production with a charged Higgs boson, with the ex-
change of W in the s-channel. In case (a) the production
cross section is σ(WW,WH,HH → Δ) = (10–1.5) fb for
a triplet mass of MΔ = (300–800) GeV, assuming the triplet
VEV to be 9 GeV [280, 281]. However, the triplet VEV is
of order eV in this model, thus suppressing this produc-
tion mechanism. For (b), the production cross section is
σ(qq̄ → γ /Z → ΔΔ) = (5–0.05) fb for a triplet mass of
MΔ = (300–800) GeV [282]. The production cross section
for the process (c) is σ(qq̄ ′ → W → ΔH) = (35–0.3) fb for
a triplet mass of MΔ = (300–800) GeV, where some split-
ting among the masses of the doubly and singly charged
Higgs bosons is allowed [282, 283]. Assuming a lumi-
nosity of L = 100 (fb year)−1 for the LHC, the number
of events for the above mentioned production processes is
O(103–101) per year, depending on the Higgs triplet mass.

The most remarkable feature of the present model is that
the decays of the doubly charged Higgs bosons can be a per-
fect tracer of the solar-neutrino mixing angle. Considering
(79) and taking into account that the leptonic decays of the
doubly charged Higgs boson are proportional to h2

ij , we con-
struct the following ratio:

xexp ≡ −2
√

2(
√

Br12 − √
Br13)

−2
√

2Br11 + √
2Br22 + √

2Br33 − 2
√

Br23
(80)

with Brij denoting the measured branching ratio for the
process (Δ−−

u → l−i l−j ). Figure 27 shows the ratio yexp of
the leptonic decay branching ratios of the doubly charged
Higgs boson versus the solar-neutrino mixing angle. The ra-

Fig. 27 Ratio of doubly charged Higgs boson leptonic decay branch-
ing ratios (assuming a 10% uncertainty) indicated by the variable yexp
of (81) and (80) versus the solar-neutrino mixing angle. The vertical
band indicates current 3σ allowed range

tio of doubly charged Higgs boson decay branching ratios is
specified by the variable

yexp ≡ tan2
(

arctan(xexp)

2

)
(81)

where, for the determination of xexp, a 10% uncertainty in
the measured branching ratios has been assumed and the
triplet mass has been fixed at MΔu = 500 GeV. As can
be seen from the figure, there is a very strong correlation
between the pattern of Higgs triplet decays and the solar-
neutrino mixing angle. The 3σ range permitted by current
solar and reactor neutrino data (indicated by the vertical
band in Fig. 27) fixes a minimum value for yexp, thus re-
quiring minimum values for the off-diagonal leptonic decay
channels of the doubly charged Higgs triplet. If BR23 = 0,
at least either BR12 or BR13 must be larger than 0.5. On the
other hand, if BR23 �= 0, then at least one of the off-diagonal
branching ratios must be larger than 0.2.

As in Sect. 3.4, the decay pattern of a neutralino LSP is
predicted in terms of the atmospheric neutrino mixing an-
gle The main difference is that the εi can be smaller in this
model compared to the previous one. This implies that the
main decay mode Br(χ̃0

1 → νbb̄) gets reduced [269] and
the branching ratios into the final states lqq ′ (l = e,μτ ) in-
crease.

3.6 SUSY (s)lepton flavor studies with ATLAS

In this section main features of Monte Carlo studies for slep-
ton masses and spin measurements are presented as well as
a study of slepton non-universality. As a reference model
the SPS1a point is taken [249], which is derived from the
following high-scale parameters: m0 = 100 GeV, m1/2 =
250 GeV, A0 = −100 GeV, tanβ = 10 and sign(μ) = +,
where m0 is a common scalar mass, m1/2 a common gaug-
ino mass, A0 a common trilinear coupling, tanβ the ratio of
the Higgs vacuum expectation values.

Sleptons are produced either directly in pairs l̃+ l̃− or
indirectly from decays of heavier charginos and neutrali-
nos (typical mode χ̃0

2 → l̃Rl). They can decay according
to: l̃R → lχ̃0

1 , l̃L → lχ̃0
1 , l̃L → lχ̃0

2 , l̃L → νχ̃±
1 . At the

end of every SUSY decay chain there is the undetectable
lightest neutralino χ̃0

1 , and rather than mass peaks one only
measures kinematic end points in the invariant-mass dis-
tributions. Kinematic end points are a function of SUSY
masses, which can then be extracted from the set of end
point measurements. Fast simulation studies of left squark
cascade decays q̃L → χ̃0

2 q → l̃±R l∓q → l+l−qχ̃0
1 (l = e,μ)

were performed in [249, 284]. Events with two same-
flavor and opposite-sign (SFOS) leptons, at least four jets
with pT > 150,100,50,50 GeV, effective mass Meff =∑4

i=1 pT (jet) + /ET > 600 GeV and missing transverse en-
ergy /ET > max(100 GeV, 0.2Meff) were selected. Flavor
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subtraction e+e− + μ+μ− − e±μ∓ was applied. After the
event selection, the SM background becomes negligible and
a significant part of the SUSY background is removed. Few
kinematic end points were reconstructed and fit [284]: the
maximum of the distribution of the dilepton invariant mass
Mmax

ll , the maximum and the minimum of the distribution of
the M(llq) invariant mass Mmax

llq and Mmin
llq , the maximum

of the distribution of the lower of the two l+q, l−q invariant
masses (M low

lq )max and the maximum of the distribution of

the higher of the two l+q, l−q invariant masses (M
high
lq )max.

From this set of end point measurements and by taking into
account the statistical fit error and the systematic error on
the energy scale (1% for jets and 0.1% for leptons), SUSY
masses mq̃L

= 540 GeV, mχ̃0
2

= 177 GeV, m
l̃R

= 143 GeV
and mχ̃0

1
= 96 GeV were extracted with a 6 GeV resolution

for squarks and 4 GeV for non-squarks (L = 300 fb−1).
Few experimentally challenging points in the mSUGRA

parameter space constrained by the latest experimental
data [285] were recently selected and studied by using a
full Geant-4 simulation. Preliminary full simulation studies
of left squark cascade decay for the bulk point, the coanni-
hilation point and the focus point have been reported [286].
Events with two SFOS leptons are selected and flavor sub-
traction e+e− + μ+μ− − e±μ∓ was applied. The bulk
point (m0 = 100 GeV, m1/2 = 300 GeV, A0 = −300 GeV,
tanβ = 6, sign(μ) = +) is a typical mSUGRA point where
easy SUSY discovery is expected. The end points Mmax

ll ,

Mmax
llq , Mmin

llq , (Mhigh
lq )max and (M low

lq )max were reconstructed

for integrated luminosity L = 5 fb−1. The coannihila-
tion point (m0 = 70 GeV, m1/2 = 350 GeV, A0 = 0 GeV,
tanβ = 10, sign(μ) = +) is challenging due to the soft
leptons present in the final state. The decay of the sec-
ond lightest neutralino to both left and right sleptons is
open: χ̃0

2 → l̃L,Rl. The end points Mmax
ll , Mmax

llq , (M
high
lq )max

and (M low
lq )max were reconstructed for integrated luminos-

ity L = 20 fb−1. The focus point (m0 = 3550 GeV, m1/2 =
300 GeV, A0 = 0 GeV, tanβ = 10, sign(μ) = +) predicts
multi-TeV squark and slepton masses. Neutralinos decay di-
rectly to leptons: χ̃0

3 → l+l−χ̃0
1 , χ̃0

2 → l+l−χ̃0
1 and dilepton

end points Mmax
ll were reconstructed for L = 7 fb−1. All re-

constructed end points are at the expected positions.
In the case of direct slepton production where both

sleptons decay to lepton and the first lightest neutralino
l̃Ll̃L/l̃Rl̃R → l+l−χ̃0

1 χ̃0
1 , there are no end points in the

invariant-mass distributions because of two missing final
state particles. It is possible to estimate the slepton mass
by using the so-called stransverse mass [287] variable,
MT 2 = minEmiss

T =Emiss
T 1 +Emiss

T 2
{max{m2

T (pl1
T ,Emiss

T 1 ),m2
T (pl2

T ,

Emiss
T 2 )}}. The end point of the stransverse mass distribution

is a function of mass difference between slepton and the
first lightest neutralino χ̃0

1 . In the case of mSUGRA point

SPS1a, fast simulation studies [249] show that, by using the
stransverse mass, the left slepton mass m

l̃L
= 202 GeV can

be estimated with the resolution of 4 GeV (L = 100 fb−1).
Left squark cascade decays q̃L → χ̃0

2 q → l̃±L,Rlnear(∓)q →
lfar(±)lnear(∓)qχ̃0

1 are very convenient for the supersym-
metric particles’ spin measurement [252]. Due to slepton
and squark spin-0 and neutralino χ̃0

2 spin-1/2, the invari-
ant mass of the quark and of the first emitted (‘near’)
lepton M(qlnear(±)) is charge asymmetric. The asymme-
try is defined as A = (s+ − s−)/(s+ + s−), s± = (dσ )

(dM(qlnear(±))). Asymmetry measurements are diluted by
the fact that it is usually not possible to distinguish the
first emitted (‘near’) from the second emitted (‘far’) lep-
ton. Also, squark and antisquark have opposite asymme-
tries and are experimentally indistinguishable, but LHC is
a proton–proton collider and more squarks than antisquarks
will be produced. Fast simulation studies of few points in
the mSUGRA space [252, 288] show asymmetry distribu-
tions not consistent with zero, which is the direct proof of
the neutralino spin-1/2 and slepton spin-0. In the case of
point SPS1a, a non-zero asymmetry may be observed with
30 fb−1.

For some of the points in mSUGRA space, mixing
between left and right smuons is not negligible. Left–
right mixing affects decay branching ratios χ̃0

2 → l̃Rl and
charge asymmetry of invariant-mass distributions from left
squark cascade decay. For the point SPS1a with modified
tan(β) = 20, fast simulation studies [288] show that differ-
ent decay branching ratios for selectrons and smuons can be
detected at LHC for 300 fb−1.

Fast simulation studies show that SUSY masses can be
extracted by using kinematic end points and stransverse
mass. Preliminary full simulation analysis show that large
number of mass relations can be measured for leptonic sig-
natures with few fb−1 in different mSUGRA regions. What
still needs to be studied more carefully is: acceptances and
efficiencies for electrons and muons, calibration, trigger, op-
timization of cuts against SM background and fit to dis-
tributions. The asymmetry distributions are consistent with
neutralino spin-1/2 and slepton spin-0. Different branching
ratios for selectron and smuon, caused by smuon left–right
mixing, can be detected by ATLAS.

3.7 Using the l+l− + /ET + jet veto signature for slepton
detection

The aim of this section, which is based on [289], is to study
the possibility of detecting sleptons at CMS. Note the previ-
ous related papers where the sleptons detection was studied
at the level of a toy detector [254, 290–293], whereas we
perform a full detector simulation.
ISASUSY 7.69 [294] was used for the calculation of cou-

pling constants and cross sections in the leading order ap-
proximation for SUSY processes. For the calculation of the
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next-to-leading order corrections to the SUSY cross sections
the PROSPINO code [295] was used. Cross sections of the
background events were calculated with PYTHIA 6.227 [47]
and CompHEP 4.2pl [296]. For the considered backgrounds,
the NLO corrections are known and were used. Data sets
from the official production were used for the study of CMS
test point LM1 and for the backgrounds t t̄ , ZZ, WW , Wt ,
Zbb̄, DY2e, DY2τ , where DY denotes Drell–Yan processes.
For WZ, DY2μ and W + jet backgrounds the events were
generated with PYTHIA 6.227. The detector simulation and
hits production were made with full CMS simulation [297],
digitized and reconstructed [298]. The DY2μ and W+jet
backgrounds were simulated with fast simulation [299].

Jets were reconstructed using an iterative cone algorithm
with cone size 0.5 and their energy was corrected with the
GammaJet calibration. The events are required to pass the
Global Level 1 Trigger (L1), the High Level Trigger (HLT)
and at least one of the following triggers: single electron,
double electron, single muon, double muon. The CMS fast
simulation was used for the determination of the sleptons
discovery plot.

As discussed in the previous section, sleptons can be ei-
ther produced at LHC directly via the Drell–Yan mecha-
nism or in cascade decays of squarks and gluinos. The slep-
ton production and decays described previously lead to the
signature with the simplest event topology: two leptons +
/ET + jet veto. This signature arises for both direct and in-
direct slepton pair production. In the case of indirectly pro-
duced sleptons not only the event topology with two leptons
but with single, three and four leptons is possible. Further-
more, indirect slepton production from decays of squarks
and gluinos through charginos and neutralinos, can lead to
an event topology with two leptons + /ET + (n ≥ 1) jets.

Cut-optimization led to the following selection criteria:

a. for leptons:

− pT —cut on leptons (plept
T > 20 GeV, |η| < 2.4) and

lepton isolation within a �R < 0.3 cone containing
calorimeter cells and tracker;

− effective mass of two opposite-sign and the same-
flavor leptons outside the (MZ − 15 GeV, MZ +
10 GeV) interval;

− Φ(l+l−) < 140◦ cut on angle between two leptons;

b. for /ET :

− /ET > 135 GeV cut on missing ET ;
− Φ(/ET , ll) > 170◦ cut on relative azimuthal angle be-

tween dilepton and /ET ;

c. for jets:

− jet veto cut: Njet = 0 for a E
jet
T > 30 GeV (corrected

jets) threshold in the pseudorapidity interval |η| <

4.5.

The SM backgrounds are t t̄ , WW , WZ, ZZ, Wt , Zbb̄,
DY , W + jet. The main contributions come from WW and
t t̄ backgrounds. There are also internal SUSY backgrounds
which arise from q̃q̃ , g̃g̃ and q̃g̃ productions and subse-
quent cascade decays with jets outside the acceptance or
below the threshold. Note that when we are interested in
new physics discovery we have to compare the calculated
number of SM background events NSMbg with new physics
signal events Nnew physics = Nslept + NSUSYbg , so SUSY
background events increase the discovery potential of new
physics.

For the point LM1 with the set of cuts for an integral
luminosity L = 10 fb−1 the number of signal events (direct
sleptons plus sleptons from chargino/neutralino decays) is
NS = 60, whereas the number of SUSY background events
is NSUSYbg = 4 and the number of SM background events
is NSMbg = 41. The total signal efficiency is 1.16 × 10−4

and the background composition is 1.32 × 10−6 of the total
ttbar, 1.37 × 10−5 of the total WW , 4 × 10−6 of the total
WZ, 4.4 × 10−5 of the total ZZ, 8.1 × 10−6 of the total
Wt , 0 of the total Zbb,DY,W + jet.

The SUSY background is rather small compared to the
signal, so we can assume NS = Ndirect sleptons +
Nchargino/neutralino + NSUSYbg = 64. This corresponds to sig-
nificances Sc12 = 7.7 and ScL = 8.3 where the quantity Sc12

is defined in [300] and ScL in [301, 302]. Taking into ac-
count the systematic uncertainty of 23% related to the in-
exact knowledge of backgrounds leads to the decrease of
significance Sc12 from 7.7 to 4.3. The ratio of the num-
bers of background events from two different channels
N(e+e− + μ+μ−)/N(e±μ∓) = 1.37 will be used to keep
the backgrounds under control. The CMS discovery plot for
two leptons+ /ET + jet veto signature is presented in Fig. 28.

Fig. 28 Discovery plot (tanβ = 10, sign(μ) = +,A = 0) for final
states with l+l−, missing transverse energy and a jet veto
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3.8 Using the e±μ∓ + /ET signature in the search for
supersymmetry and lepton flavor violation in
neutralino decays

The aim of this section based on [303] is the study of the
possibility to detect SUSY and LFV using the e±μ∓ + /ET

signature at CMS. The details concerning the simulations
are the same as described in Sect. 3.7.

The SUSY production pp → q̃q̃ ′, g̃g̃, q̃g̃ with subse-
quent decays leads to the event topology e±μ∓ + /ET . The
main backgrounds contributing to the e±μ∓ events are t t̄ ,
ZZ, WW , WZ, Wt , Zbb̄, DY2τ,Z + jet. It has been found
that t t background is the biggest one and it gives more than
50% contribution to the total background.

Our set of cuts is the following:

− pT —cut on leptons (plept
T > 20 GeV, |η| < 2.4) and lep-

ton isolation within ΔR < 0.3 cone.
− /ET > 300 GeV cut on missing ET .

For integrated luminosity L = 10 fb−1 the number of back-
ground events with this set of cuts is NB = 93. The results
for various CMS study points at this luminosity are pre-
sented in Table 12.

At point LM1 the signal over background ratio is 3 and
the signal efficiency is 6 × 10−4. The background composi-
tion is 9.5 × 10−6 of the total ttbar, 3.4 × 10−6 of the total
WW , 4 × 10−6 of the total WZ, 3.2 × 10−6 of the total
Wt , 2.2 × 10−6 of the total Z + jet, 0 of the total ZZ, Zbb̄,
DY2τ .

The CMS discovery plot for the e±μ∓ + /ET signature is
presented in Fig. 29.

It has been shown in [192, 304, 305] that it is possible
to look for lepton flavor violation at supercolliders through
the production and decays of the sleptons. For LFV at the
LHC one of the most promising processes is the LFV de-
cay of the second neutralino [195, 197] χ̃0

2 → l̃l → χ̃0
1 ll′,

where the non-zero off-diagonal component of the slepton
mass matrix leads to the different flavors for the leptons in

Table 12 Number of signal events and significances Sc12 [300] and
ScL [301, 302] for L = 10 fb−1

Point N events Sc12 ScL

LM1 329 21.8 24.9

LM2 94 8.1 8.6

LM3 402 25.2 29.2

LM4 301 20.4 23.1

LM5 91 7.8 8.3

LM6 222 16.2 18.0

LM7 14 1.4 1.4

LM8 234 16.9 18.8

LM9 137 11.0 11.9

Fig. 29 Discovery plot (tanβ = 10, sign(μ) = +, A = 0) for the lu-
minosities L = 1, 10, 30 fb−1 for the e±μ∓ + /ET signature

the final state. By using the above mode, LFV in ẽ–μ̃ mix-
ing has been investigated in [195, 197] at the parton model
level and with a toy detector simulation. Here we study the
prospects for LFV detection in CMS on the basis of a full
simulation of both signal and background. To be specific,
we study the point LM1. We assume that the LFV is due
to nonzero mixing of right handed smuon and selectron.
The signal of the LFV χ̃0

2 decay is two opposite-sign lep-
tons (e+μ− or e−μ+) in the final state with a characteristic
edge structure. In the limit of lepton flavor conservation, the
process χ̃0

2 → l̃l → llχ̃0
1 has an edge structure for the dis-

tribution of the lepton-pair invariant mass mll and the edge
mass mmax

ll is expressed by the slepton mass m
l̃

and the neu-
tralino masses mχ̃0

1,2
as follows:

(
mmax

ll

)2 = m2
χ̃0

2

(
1 −

m2
l̃

m2
χ̃0

2

)(
1 −

m2
χ̃0

1

m2
l̃

)
. (82)

The SUSY background for the LFV comes from uncorre-
lated leptons from different squark or gluino decay chains.
The SM background comes mainly from

t t̄ → bWbW → blbl′νν′. (83)

The Drell–Yan background from pp → ττ → eμX is negli-
gible. It should be stressed that, for the signature with e±μ∓,
in absence of LFV there is no edge structure for the distri-
bution on the invariant mass minv(e

±μ∓). This is present,
on the other hand, with LFV, providing a clear kinematical
signature. The rate for a flavor-violating decay is

Br
(
χ̃0

2 → e±μ∓χ̃0
1

)

= κBr
(
χ̃0

2 → e+e−χ̃0
1 ,μ+μ−χ̃0

1

)
, (84)

where:

Br
(
χ̃0

2 → e+e−χ̃0
1 ,μ+μ−χ̃0

1

)

= Br
(
χ̃0

2 → e+e−χ̃0
1

) + Br
(
χ̃0

2 → μ+μ−χ̃0
1

)
, (85)
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κ = 2x sin2 θ cos2 θ, (86)

x = �m2
ẽμ̃

�m2
ẽμ̃

+ Γ 2
, (87)

Br
(
χ̃0

2 → e±μ∓)

= Br
(
χ̃0

2 → e+μ−) + Br
(
χ̃0

2 → e−μ+)
. (88)

Here θ is the mixing angle between ẽR and μ̃R and Γ

is the sleptons decay width. The parameter x is the measure
of the quantum interference effect. There are some limits
on ẽ–μ̃ mass splitting from lepton flavor-violating processes
but they are not very strong.

For κ = 0.25, κ = 0.1 the distributions of the number
of e±μ∓ events on the invariant mass minv(e

±μ∓) (see
Fig. 30) clearly demonstrates the existence of the edge struc-
ture [306], i.e. the existence of the lepton flavor violation in
neutralino decays. It appears that for the point LM1 the use
of an additional cut

minv
(
e±μ∓)

< 85 GeV (89)

reduces both the SM and SUSY backgrounds and increases
the discovery potential in the LFV search. For the point LM1
we found that in the assumption of exact knowledge of the
background (both the SM and SUSY backgrounds) for the
integrated luminosity L = 10 fb−1 it would be possible to
detect LFV at 5σ level in χ̃0

2 decays for κ ≥ 0.04.

3.9 Neutralino spin measurement with ATLAS

Charge asymmetries in invariant-mass distributions contain-
ing leptons can be used to prove that the neutralino spin
is 1/2. This is based on a method [252] which allows one
to choose between different hypotheses for spin assignment,
and to discriminate SUSY from a universal extra dimensions
(UED) model mimicking low energy SUSY [307, 308]. For
this the decay chain

q̃L → χ̃0
2 q → l̃±L,Rl∓q → l+l−qχ̃0

1 (90)

will be used. In the following, the first lepton (from χ̃0
2 de-

cay) is called near, and the one from slepton decay is called
far.

Squarks and sleptons are spin-0 particles and their decays
are spherically symmetric, differently from the χ̃0

2 which
has spin 1/2. A charge asymmetry is expected in the invari-
ant masses m(qlnear(±)) formed by the quark and the near
lepton. Also m(qlfar) shows some small charge asymmetry
[307, 308], but it is not always possible to distinguish ex-
perimentally near from far lepton, thus leading to dilution
effects when measuring the m(qlnear(±)) charge asymme-
try.

In the cascade decay (90), the asymmetry in the cor-
responding m(q̄l) charge distributions is the same as the
asymmetry in m(ql) from q̃L decay, but with the opposite
sign [309]. Though it is not possible to distinguish q from q̄

Fig. 30 The distribution of dilepton invariant mass after selection of
two isolated e±μ∓ leptons with p

lept
T > 20 GeV and /ET > 300 GeV

for flavor violation parameter k = 0.25 (left) and k = 0.1 (right). The
superimposed curves are fits to the invariant-mass distribution for the
case of 100% LFV
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at a pp collider like the LHC, more squarks than antisquarks

will be produced. Here only electrons and muons are consid-

ered for analysis.

Two mSUGRA points were selected for the analy-

sis [310]: SU1, in the stau coannihilation region (m0 =
70 GeV, m1/2 = 350 GeV, A0 = 0 GeV, tanβ = 10,

sgnμ = +) and SU3, in the bulk region (m0 = 100 GeV,

m1/2 = 300 GeV, A0 = −300 GeV, tanβ = 6, sgnμ = +).

In SU1 (SU3) the LO cross section for all SUSY processes is

7.8 pb (19.3 pb), and the observability of charge asymmetry

is enhanced by ∼5 (∼2.5) in q̃/ ¯̃q production yield.

In the SU1 point, owing to a small mass difference be-

tween χ̃0
2 and l̃L (264 and 255 GeV, respectively), the

near lepton has low pT in the χ̃0
2 → l̃Ll decay, while the

small mass difference between l̃R and χ̃0
1 (155 GeV and

137 GeV, respectively), implies low values for far lepton’s

pT in χ̃0
2 → l̃Rl decay. As a consequence, near and far

leptons are distinguishable. Decay (90) represents ∼1.6%

of all SUSY production. From the three detectable par-

ticles l+, l−, q (where the quark hadronizes to a jet) in

the final state of the q̃L decay (90) four invariant masses

are formed: m(ll), m(qll), m(qlnear) and m(qlfar). Their

kinematic maxima are given by m(ll)max = 56 GeV (l̃L),

98 GeV (l̃R), m(qll)max = 614 GeV (l̃L, l̃R), m(qlnear)max =
181 GeV (l̃L), 583 GeV (l̃R) and m(qlfar)max = 329 GeV

(l̃R), 606 GeV (l̃L). In the SU3 point, only the decay χ̃0
2 →

l̃±R l∓ is allowed (3.8% of all SUSY production). The end

points for m(ll), m(qll), m(qlnear) and m(qlfar) are 100,

503, 420 and 389 GeV, respectively.

Events were generated with HERWIG 6.505 [311]. SUSY

samples corresponding to integrated luminosities of 100 fb−1

for SU1 and 30 fb−1 for SU3 were analyzed. Also the

most relevant SM processes have been also studied, i.e.

t t̄ + jets, W + jets and Z + jets backgrounds were produced

with Alpgen 2.0.5 [312]. Events were passed through a

parametrized simulation of the ATLAS detector, ATLFAST

[313].

In order to separate SUSY signal from SM background

these preselection cuts were applied:

• missing transverse energy Emiss
T > 100 GeV,

• four or more jets with transverse momentum pT (j1) >

100 GeV and pT (j2, j3, j4) > 50 GeV,
• exactly two SFOS leptons (plepton

T > 6 GeV for SU1, and

p
lepton
T > 10 GeV for SU3).

At this selection stage, few invariant masses are formed: the
dilepton invariant mass m(ll), the lepton-lepton jet invariant
mass m(jll), and the lepton jet invariant masses m(jl+) and
m(jl−), where l± are the leptons and j is one of the two
most energetic jets in the event. Subsequently, we require:

• m(ll) < 100 GeV, m(jll) < 615 GeV (for SU1) or
m(jll) < 500 GeV (for SU3).

In SU1, the decays (90) with l̃L or l̃R are distinguished
asking for m(ll) < 57 GeV or 57 < m(ll) < 100 GeV, re-
spectively. For SU1, in the decay (90) with l̃L, the near
(far) lepton is identified as the one with lower (higher) pT ,
and vice versa for the decay (90) with l̃R . The efficien-
cies and signal/background ratios after all the cuts described
so far, when applied on SUSY and SM events, are shown
in Table 13. Further background reduction is applied by
subtracting statistically in the invariant-mass distributions
events with two opposite-flavor opposite-sign (OFOS) lep-
tons: e+e− + μ+μ− − e±μ∓ (SFOS-OFOS subtraction).
This reduces the SUSY background by about a factor of 2
and makes SM events with uncorrelated leptons compatible
with zero.

Charge asymmetries of m(jl) distributions have been
computed after SFOS-OFOS subtraction in the ranges
[0,220] GeV for SU1 (only for the decay (90) with l̃L and
near lepton) and [0,420] GeV for SU3. Two methods have
been applied to detect the presence of a non-zero charge
asymmetry:

• A non-parametric χ2 test with respect to a constant 0
function, giving confidence level CLχ2 .

• A Run Test method [314] providing a confidence level
CLRT for the hypothesis of a zero charge asymmetry.

The two methods are independent and are not influenced
by the actual shape of the charge asymmetry. Their prob-
abilities can be combined [314] providing a final confidence
level CLcomb. In Fig. 31 charge asymmetries are reported for
m(jlnear)L in SU1 and for m(jl) in SU3. With 100 fb−1,

Table 13 Efficiencies and S/B
ratios for SUSY signal and
background (SU1, SU3) and for
SM background

Efficiency (SU1) S/B (SU1) Efficiency (SU3) S/B (SU3)

Signal (17.0 ± 0.3)% (20.0 ± 0.3)%

SUSY background (0.94 ± 0.01)% 0.33 (0.75 ± 0.01)% 1

t t̄ (2.69 ± 0.02) 10−4 0.18 (3.14 ± 0.02) 10−4 0.9

W (1.4 ± 0.9) 10−5 ∼16 (0.4 ± 0.4) 10−5 ∼300

Z (1.1 ± 0.3) 10−5 ∼12 (0.9 ± 0.2) 10−5 ∼100
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Fig. 31 Charge asymmetries for lepton jet invariant masses after same-flavor–opposite-sign—opposite-flavor–opposite-sign subtraction. Left:
using the near lepton from the chain involving l̃L for the SU1 point. Right: using both near and far leptons for the SU3 point

Table 14 Confidence levels for the two methods described in the text, separately and combined, obtained on m(jl) distributions for the final
selected samples and for various sources of background/systematics

Analyzed SU1 selection SU3 selection

sample CLχ2 CLRT CLcomb CLχ2 CLRT CLcomb

a. SUSY SFOS-OFOS 19.1% 0.234% 0.390% 4.22 × 10−9 0.621% 6.64 × 10−10

b. SUSY OFOS 57.1% 92.1% 86.4% 19.3% 93.3% 48.9%

c. SUSY SFOS bkg 30.7% 24.0% 26.6% 53.5% 30.9% 46.2%

d. SM SFOS bkg 21.4% 24.0% 20.3% 61.3% 84.1% 85.7%

e. SM OFOS bkg 73.8% 50.0% 73.7% 95.5% 30.9% 65.5%

f. SUSY wrong jet 62.8% 50.0% 67.8% 19.7% 15.9% 14.0%

in SU1 CLcomb is well below 1%, while for SU3 30 fb−1

are enough to get a CLcomb ∼ 10−9. Different sources of
background and possible systematic effects have been in-
vestigated for SU1 and SU3 samples and the obtained con-
fidence levels are reported in Table 14 (letters b. to f.), com-
pared to the final SUSY selected sample (letter a.). They re-
fer to: selected OFOS lepton pairs (b.), SFOS background
SUSY events (c.), SFOS and OFOS selected SM back-
ground events (d. and e., respectively) and events with m(jl)

formed with a wrong jet (f.). Anyway, confidence levels are
much higher than the final selected SUSY sample.

It is observed that the evidence with a 99% confidence
level for a charge asymmetry needs at least 100 fb−1 in the
case of SU1, while even less than 10 fb−1 would be needed
for SU3 [310].

3.10 SUSY Higgs boson production and decay

FCNC interactions of neutral Higgs bosons are extremely
suppressed in the SM. In the SM, one finds Br(HSM →

bs) ≈ 4 × 10−8 for mHSM = 114 GeV.11 For the neu-
tral MSSM Higgs bosons the ratios could be of O(10−4–
10−3). Constraints from b → sγ data reduce these rates,
though [107, 109, 119, 128]. The FCNC decays t → HSMc

or HSM → tc have branching ratios of the order of 10−14

or less [16, 85, 107, 111], hence 10 orders of magnitude be-
low other more conventional (and relatively well measured)
FCNC processes like b → sγ [53]. The detection of Higgs
FCNC interactions would be evidence of new physics. The
MSSM introduces new sources of FCNC interactions me-
diated by the strongly-interacting sector.12 They are pro-
duced by the misalignment of the quark mass matrix with
the squark mass matrix, and the main parameter characteriz-
ing these interactions is the non-flavor-diagonal term in the
squark-mass matrix, which we parametrize in the standard
fashion [125, 126] as (M2)ij = δij m̃im̃j (i �= j), m̃i being

11In the following, Br(H → bs) denotes the sum of the Higgs branch-
ing ratios into bs̄ and b̄s. The Higgs boson H stands for that of the SM,
HSM, or one of those of the MSSM, H 0 or A0.
12For description of these interactions see e.g. [106, 125, 126] and ref-
erences therein.
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the flavor-diagonal mass-term of the i-flavor squark. Since
there are squarks of different chiralities, there are different
δij parameters for the different chirality mixings.

3.10.1 SUSY Higgs boson flavor-changing neutral currents
at the LHC

Some work in relation with the MSSM Higgs boson FCNCs
has already been performed [14, 106–109, 117–120, 127,
128, 315, 316]. Here, we compute and analyze the produc-
tion of any MSSM Higgs boson (h = h0, H 0, A0) at the
LHC, followed by the one-loop FCNC decay h → bs or
h → tc, and we find the maximum production rates of the
combined cross section

σ(pp → h → qq ′) ≡ σ(pp → hX)Br(h → qq ′),

Br(h → qq ′) ≡ Γ (h → qq̄ ′ + q̄q ′)
∑

i Γ (h → Xi)
,

(91)

qq ′ being a pair of heavy quarks (qq ′ ≡ bs or tc), taking
into account the restrictions from the experimental deter-
mination of Br(b → sγ ) [53]. For other signals of SUSY
FCNC at the LHC, without Higgs boson couplings, see
Sect. 2.3.3 and [100]. For comparison of the same signal
in non-SUSY models see Sect. 2.3.2 and [16, 111]. Here
we assume flavor mixing only among the left squarks, since
these mixing terms are expected to be the largest ones by
renormalization group analysis [123].

In the following we give a summarized explanation of
the computation [107, 109]. We include the full one-loop
SUSY-QCD contributions to the FCNC partial decay widths
Γ (h → qq ′) in the observable of (91). The Higgs sector pa-
rameters (masses and CP-even mixing angle α) have been
treated using the leading mt and mb tanβ approximation to
the one-loop result [317–320]. The Higgs boson total decay
widths Γ (h → X) are computed at leading order, includ-
ing all the relevant channels. The MSSM Higgs boson pro-
duction cross sections have been computed using the pro-
grams HIGLU 2.101 and PPHTT 1.1 [116, 321, 322].
We have used the leading order approximation for all chan-
nels. The QCD renormalization scale is set to the default
value for each program. We have used the set of CTEQ4L
PDF [323]. For the constraints on the FCNC parameters, we
use Br(b → sγ ) = (2.1–4.5) × 10−4 as the experimentally
allowed range within three standard deviations [53]. We also
require that the sign of the b → sγ amplitude is the same
as in the SM [324].13 Running quark masses mq(Q) and
strong coupling constants αs(Q) are used throughout, with
the renormalization scale set to the decaying Higgs boson
mass in the decay processes. These computations have been

13This constraint automatically excludes the fine-tuned regions of
[107].

implemented in the computer code FchDecay [325] (see
also Sect. 5.5). Given this setup, we have performed a Monte
Carlo maximization [326] of the cross section in (91) over
the MSSM parameter space, keeping the parameter tanβ

fixed and under the simplification that the squark and gluino
soft-SUSY-breaking parameter masses are at the same scale,
mq̃L,R

= mg̃ ≡ MSUSY.
It is enlightening to look at the approximate leading ex-

pressions to understand the qualitative trend of the results.
The SUSY–QCD contribution to the b → sγ amplitude can
be approximated by

ASQCD(b → sγ ) ∼ δ23mb(μ − Ab tanβ)/M2
SUSY, (92)

whereas the MSSM Higgs boson FCNC effective couplings
behave as

ghqq̄ ′ ∼ δ23
−μmg̃

M2
SUSY

⎧
⎨

⎩

sin(β − αeff) (H 0),

cos(β − αeff) (h0),

1 (A0).

(93)

The different structure of the amplitudes in (92) and (93)
allows us to obtain an appreciable FCNC Higgs boson decay
rate, while the prediction for Br(b → sγ ) stays inside the
experimentally allowed range.

For the analysis of the bottom-strange production chan-
nel, we study first the Higgs boson branching ratio in (91).
Figure 32 (left) shows the maximum value of Br(h → bs)

as a function of the pseudoscalar Higgs boson mass mA0 .
We observe that fairly large values of Br(h0 → bs) ∼ 0.3%
are obtained. Table 15 (top) shows the actual values of the
maximum branching ratios and the parameters that provide
them for each Higgs boson. Let us discuss first the gen-
eral trend, which is valid for all studied processes: the max-
imum is attained at large MSUSY and moderate δ23. The
SUSY–QCD contribution to b → sγ in (92) decreases with
MSUSY, therefore to keep Br(b → sγ ) in the allowed range
when MSUSY is small, it has to be compensated with a low
value of δ23, providing a small FCNC effective coupling in
(93). On the other hand, at large MSUSY the second factor
in (92) decreases, allowing for a larger value of δ23. Thus,
the first factor in (93) grows, but the second factor in (93)
stays fixed (provided that |μ| ∼ MSUSY), providing overall
a larger value of the effective coupling. On the other hand,
a too large value of δ23 has to be compensated by a small
value of |μ|/MSUSY in (92), provoking a reduction in (93).
In the end, the balance of the various interactions involved
produces the results of Table 15 (top).

The maximum value of the branching ratio for the light-
est Higgs boson channel is obtained in the small αeff sce-
nario [327, 328]. In this scenario the coupling of bottom
quarks to h0 is extremely suppressed. The large value of
Br(h0 → bs) is obtained because the total decay width
Γ (h0 → X) in the denominator of (91) tends to zero
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Fig. 32 Left: The maximum value of Br(h → bs) as a function of
mA0 for tanβ = 50. Centre: Maximum SUSY-QCD contributions to
σ(pp → h → bs) as a function of mA0 for tanβ = 50. Right: Maxi-

mum SUSY-QCD contributions to σ(pp → h → tc) as a function of
mA0 for tanβ = 5

Table 15 Top: Maximum
values of Br(h → bs) and
corresponding SUSY
parameters for mA0 = 200 GeV
and tanβ = 50. Center:
Maximum value of
σ(pp → h → bs) and
corresponding SUSY
parameters for mA0 = 200 GeV
and tanβ = 50. Bottom:
Maximum value of
σ(pp → h → tc) and
corresponding SUSY
parameters for mA0 = 300 GeV
and tanβ = 5

h H 0 h0 A0

Br(h → bs) 9.1 × 10−4 3.1 × 10−3 9.1 × 10−4

Γ (h → X) 11.2 GeV 1.4 × 10−3 GeV 11.3 GeV

δ23 10−0.43 10−0.8 10−0.43

MSUSY 1000 GeV 975 GeV 1000 GeV

Ab −1500 GeV −1500 GeV −1500 GeV

μ −460 GeV −1000 GeV −460 GeV

Br(b → sγ ) 4.49 × 10−4 4.48 × 10−4 4.49 × 10−4

σ(pp → h → bs) 0.45 pb 0.34 pb 0.37 pb

events/100 fb−1 4.5 × 104 3.4 × 104 3.7 × 104

Br(h → bs) 9.3 × 10−4 2.1 × 10−4 8.9 × 10−4

Γ (h → X) 10.9 GeV 1.00 GeV 11.3 GeV

δ23 10−0.62 10−1.32 10−0.44

mq̃ 990 GeV 670 GeV 990 GeV

Ab −2750 GeV −1960 GeV −2860 GeV

μ −720 GeV −990 GeV −460 GeV

Br(b → sγ ) 4.50 × 10−4 4.47 × 10−4 4.39 × 10−4

σ(pp → h → tc) 2.4 × 10−3 pb 5.8 × 10−4 pb

events/100 fb−1 240 58

Br(h → tc) 1.9 × 10−3 5.7 × 10−4

Γ (h → X) 0.41 GeV 0.39 GeV

δ23 10−0.10 10−0.13

mq̃ 880 GeV 850 GeV

At −2590 GeV 2410 GeV

μ −700 GeV −930 GeV

Br(b → sγ ) 4.13 × 10−4 4.47 × 10−4

(Fig. 32, top), and not because of a large FCNC partial decay
width in its numerator [107].

The leading production channel of h0 at the LHC at
high tanβ is the associated production with bottom quarks,

and therefore the h0 production will be suppressed when
Br(h0 → bs) is enhanced. We have to perform a combined
analysis of the full process in (91) to obtain the maximum
production rate of FCNC Higgs boson meditated events at
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the LHC. Figure 32 (center) shows the result of the max-
imization of the production cross section (91). The cen-
tral column of Table 15 (center) shows that when perform-
ing the combined maximization Γ (h0 → X) has a much
larger value, and therefore the maximum of the combined
cross section is not obtained in the small αeff scenario. The
number of expected events at the LHC is around 50,000
events/100 fb−1. While it is a large number, the huge b-
quark background at the LHC will most likely prevent its
detection. Note, however, that the maximum FCNC branch-
ing ratios are around 10−4–10−3, which is at the same level
as the already measured Br(b → sγ ).

The numerical results for the tc channel are similar to
the bs channel, so we focus mainly on the differences. Fig-
ure 32 (right) shows the maximum value of the produc-
tion cross section σ(pp → h → tc) as a function of mA0 .
Only the heavy neutral Higgs bosons contribute to this chan-
nel and we obtain a maximum of σ max(pp → h → tc) �
10−3 − 10−2 pb, which means several hundreds events per
100 fb−1 at the LHC. Due to the single-top quark signature
they should be easier to detect than the bs channel, provid-
ing the key to a new door to study physics beyond the SM. It
is now an experimental challenge to prove that these events
can be effectively separated from the background.

The single-top quark FCNC signature can also be pro-
duced in other processes, like the direct production (see
Sect. 2.3.3 and [100]), or other models, like the two-Higgs
doublet model (see Sect. 2.3.2 and [16, 111]). In Table 16
we make a schematic comparison of these different modes.
The two modes available in SUSY models probe different
parts of the parameter space. While the maximum of the di-
rect production is larger, it decreases quickly with the mass:
at MSUSY = mg̃ ∼ 800 GeV both channels have a simi-
lar production cross section. As for the comparison with
the two-Higgs doublet model, the maximum for this model
is obtained in a totally different parameter set-up than the
SUSY model: large tanβ , large mA0 , large splitting among
the Higgs boson masses, and extremal values of the CP-even
Higgs mixing angle α (large/small tanα for h0/H 0). The
first two conditions would produce a small value for the pro-
duction in SUSY models, while the last two conditions are

not possible in the SUSY parameter space. Then, the detec-
tion of a FCNC tc channel at the LHC, together with some
other hint on the parameter space (large/small tanβ , mA0 )
would give a strong indication (or confirmation) of the un-
derlying physics model (SUSY/non-SUSY) chosen by na-
ture.

3.10.2 H → bs̄ and B-physics in the MSSM with NMFV

Here we summarize the results from a phenomenological
analysis of the general constraints on flavor-changing neu-
tral Higgs decays H → bs̄, sb̄, set by bounds from b → sγ

on the flavor mixing parameters in the squark mass matrices
of the MSSM with non-minimal flavor violation (NMFV)
and compatible with the data from B → Xsμ

+μ−, assum-
ing first one and then several types of flavor mixing con-
tributing at a time [127]. Details of the part of the soft-
SUSY-breaking Lagrangian responsible for the non-minimal
squark family mixing and of the parametrization of the
flavor-non-diagonal squark mass matrices are given in [114,
127] (see also Sect. 5.6 for a brief description). Previous
analyses of bounds on SUSY flavor mixing parameters from
b → sγ [329–331] have shown the importance of the inter-
ference effects between the different types of flavor viola-
tion [125, 126].

We define the dimensionless flavor-changing parameters
(δu

ab)23 (ab = LL,LR,RL,RR) from the flavor-off-diagonal
elements of the squark mass matrices in the following
way [114, 127]:

Δu
LL ≡ (

δu
LL

)
23ML̃,c

M
L̃,t

,

Δu
LR ≡ (

δu
LR

)
23ML̃,c

M
R̃,t

,

Δu
RL ≡ (

δu
RL

)
23MR̃,c

M
L̃,t

,

Δu
RR ≡ (

δu
RR

)
23MR̃,c

M
R̃,t

,

(94)

and analogously for the down sector ({u, c, t} → {d, s, b}).
For simplicity, we take the same values for the flavor mixing
parameters in the up- and down-squark sectors: (δab)23 ≡
(δu

ab)23 = (δd
ab)23. The expression for the branching ratio

Table 16 Comparison of
several FCNC top-charm
production cross sections at the
LHC, for σ SUSY(pp → h → tc)

[this work, and [107, 109]],
direct production
σ SUSY(pp → tc) (Sect. 2.3.3
and [100]), and two-Higgs
doublet model
σ 2HDM(pp → h → tc)

(Sect. 2.3.2 and [16, 111])

Parameter SUSY h → tc Direct production 2HDM h → tc

Maximum cross section 10−2–10−3 pb 1 pb 5 × 10−3 pb

tanβ Decreases fast Insensitive Increases fast

mA0 Decreases fast Insensitive Prefers large

MSUSY Prefers large Decreases fast –

At Insensitive Very sensitive –

δ23 Moderate Moderate –

Preferred channel H 0 – H 0/h0

Higgs mass splitting Given (small) – Prefers large
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Br(B → Xsγ ) to NLO is taken from [332, 333]. Besides, we
assume a common value for the soft SUSY-breaking squark
mass parameters, MSUSY, and all the various trilinear pa-
rameters to be universal, A ≡ At = Ab = Ac = As [127].
These parameters and the δs will be varied over a wide
range, subject only to the requirements that all the squark
masses be heavier than 100 GeV, |μ| > 90 GeV and M2 >

46 GeV [53]. We have chosen as a reference the following
set of parameters:

MSUSY = 800 GeV, M2 = 300 GeV,

M1 = 5

3

s2
W

c2
W

M2,

A = 500 GeV, mA = 400 GeV,

tanβ = 35, μ = −700 GeV.

(95)

We have modified the MSSM model file of FeynArts to
include general flavor mixing, and added 6 × 6 squark mass
and mixing matrices to the FormCalc evaluation. Both ex-
tensions are publicly available [113, 114, 334, 335]. The
masses and total decay widths of the Higgs bosons were
computed with FeynHiggs [336–339].

Next we derive the maximum values of Br(H 0 → bs)

compatible with Br(B → Xsγ )exp = (3.3 ± 0.4) × 10−4

[340, 341] within three standard deviations by varying the
flavor-changing parameters of the squark mass matrices.
The results for the A0 boson are very similar and we do not
show them separately.

As a first step, we select one possible type of flavor
violation in the squark sector, assuming that all the oth-

ers vanish. The interference between different types of fla-
vor mixing is thus ignored. We found that the flavor-off-
diagonal elements are independently constrained to be at
most (δab)23 ∼ 10−3–10−1. As expected [125, 126, 329–
331], the bounds on (δLR)23 are the strongest, (δLR)23 ∼
10−3–10−2. The data from B → Xsμ

+μ− further constrain
the parameters (δLL)23 and (δLR)23, the others remaining un-
touched. The allowed intervals for the corresponding flavor
mixing parameters thus obtained are given in [127]. For our
reference point (95) we find that the largest allowed value
of Br(H 0 → bs), of O(10−3) or O(10−5), is induced by
(δRR)23 or (δLL)23, respectively (see Fig. 33). These are the
flavor-changing parameters least stringently constrained by
the b → sγ data. Br(H 0 → bs) can reach O(10−6) if in-
duced by (δLR)23 or by (δRL)23, the most stringently con-
strained flavor-changing parameter. Because of the restric-
tions imposed by b → sγ , Br(H 0 → bs) depends very little
on (δLR)23 and (δRL)23.

Then, we investigate the case when two off-diagonal ele-
ments of the squark mass matrix contribute simultaneously.
Indeed, we performed the analysis for all possible combi-
nations of two of the four dimensionless parameters (94).
The full results are given in [127]. Figure 34 displays part of
the results for our parameter set (95). Contours of constant
Γ (H 0 → bs) ≡ Γ (H 0 → bs̄) + Γ (H 0 → sb̄) are drawn
for various combinations (δab)23–(δcd)23 of flavor mixing
parameters, which we shall refer to as “ab–cd planes” for
short in the following. The colored bands represent re-
gions experimentally allowed by B → Xsγ . The red bands
are regions disfavored by B → Xsμ

+μ−. The bounds on
(δLR)23, the best constrained for only one non-zero flavor-
off-diagonal element, are dramatically relaxed when other

Fig. 33 Br(H 0 → bs) as a function of (δLL,RR)23. The allowed intervals of these parameters determined from b → sγ are indicated by shaded
areas. The left-most are, labeled a, is disfavored by B → Xsμ

+μ−
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Fig. 34 Contours of constant Γ (H 0 → bs) in various planes of (δab)23. The shaded bands indicate regions experimentally allowed by B → Xsγ .
The red (darker) bands show regions disfavored by B → Xsμ

+μ−

flavor-changing parameters contribute simultaneously. Val-
ues of (δLR)23 ∼ 10−1 are allowed. As shown in Fig. 34,
large although fine-tuned values of (δLL)23 and (δLR)23 com-
bined are not excluded by b → sγ , yielding e.g. Γ (H 0 →
bs)max = 0.25 GeV for (δLR)23 = −0.22, (δLL)23 = −0.8.
This translates to branching ratios compatible with exper-
imental data of Br(H 0 → bs)max ∼ 10−2.14 It also occurs
for the RL–RR case. The combined effects of RR–LL lead to
Γ (H 0 → bs)max = 0.12 GeV for (δRR)23 = 0.65, (δLL)23 =
±0.14, leading to Br(H 0 → bs)max ∼ 10−2.

3.11 Squark/gaugino production and decay

Non-minimal flavor violation (NMFV) arises in the MSSM
from a possible misalignment between the rotations diag-
onalizing the quark and squark sectors. It is conveniently
parametrized in the super-CKM basis by non-diagonal en-
tries in the squared squark mass matrices M2

Q̃
, M2

Ũ
, and M2

D̃

and the trilinear couplings Au and Ad . Squark mixing is ex-
pected to be the largest for the second and third generations
due to the large Yukawa couplings involved. In addition,
stringent experimental constraints for the first generation are
imposed by precise measurements of K0–K̄0 and D0–D̄0

mixing. Furthermore, direct searches of flavor violation de-
pend on the possibility of flavor tagging, established experi-
mentally only for heavy flavors. We therefore consider here
only mixings of second- and third generation squarks and
follow the conventions of [120].

3.11.1 Flavor-violating squark and gaugino production at
the LHC

We impose mSUGRA [m0, m1/2, A0, tanβ , and sgn(μ)]
parameters at a large (grand unification) scale and use

14Here we have used the total width of Γ (H → X) ≈ 26 GeV, H =
H 0, A0, for the point (95) in the MSSM with MFV.

two-loop renormalization group equations and one-loop fi-
nite corrections as implemented in the computer program
SPheno 2.2.2 [342] to evolve them down to the electroweak
scale. At this point, we generalize the squark mass ma-
trices by including non-diagonal terms Δij . The scaling
of these terms with the SUSY-breaking scale MSUSY im-
plies a hierarchy ΔLL � ΔLR,RL � ΔRR [343]. We there-
fore take ΔLR,RL = ΔRR = 0, while Δt

LL = λtM
L̃t

M
L̃c

and

Δb
LL = λbM

L̃b
M

L̃s
, and assume for simplicity λ = λt = λb .

The squark mass matrices are then diagonalized, and con-
straints from low energy and electroweak precision mea-
surements are imposed on the corresponding theoretical ob-
servables, calculated with the computer program Feyn-
Higgs 2.5.1 [337].

FCNC B decays and B0–B̄0 mixing arise in the SM only
at the one-loop level. These processes are therefore particu-
larly sensitive to non-SM contributions entering at the same
order in perturbation theory and have been intensely stud-
ied at B-factories. The most stringent constraints on SUSY-
loop contributions in minimal and non-minimal flavor vi-
olation come today from the inclusive b → sγ decay rate
as measured by BaBar, Belle, and CLEO, Br(b → sγ ) =
(3.55 ± 0.26) × 10−4 [344], which affects directly the al-
lowed squark mixing between the second and third genera-
tion [127].

Another important consequence of NMFV in the MSSM
is the generation of large splittings between squark-mass
eigenvalues. The splitting within isospin doublets influ-
ences the Z- and W -boson self-energies at zero-momentum
ΣZ,W (0) in the electroweak ρ parameter �ρ = ΣZ(0)/

M2
Z − ΣW(0)/M2

W and consequently the W -boson mass
MW and the squared sine of the weak mixing angle sin2 θW .
The latest combined fits of the Z-boson mass, width, pole
asymmetry, W -boson and top quark mass constrain new
physics contributions to �ρ to T = −0.13 ± 0.11 or �ρ =
−αT = 0.00102 ± 0.00086 [344].
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A third observable sensitive to SUSY loop contributions
is the anomalous magnetic moment aμ = (gμ − 2)/2 of the
muon, for which recent BNL data and the SM prediction dis-
agree by �aμ = (22±10)×10−10 [344]. In our calculation,
we take into account the SM and MSSM contributions up to
two loops [345, 346].

For cosmological reasons, we require the lightest SUSY
particle (LSP) to be electrically neutral. We also calculate,
albeit for minimal flavor violation (λ = 0) only, the cold
dark matter relic density using the computer program Dark-
SUSY [347] and impose a limit of 0.094 < Ωch

2 < 0.136
at 95% (2σ ) confidence level. This limit has recently been
obtained from the three-year data of the WMAP satellite,
combined with the SDSS and SNLS survey and Baryon

Acoustic Oscillation data and interpreted within a more gen-
eral (11-parameter) inflationary model [348]. This range
is well compatible with the older, independently obtained
range of 0.094 < Ωch

2 < 0.129 [285].
Typical scans of the mSUGRA parameter space with

tanβ = 10, A0 = 0 and μ > 0 and all experimental lim-
its imposed at the 2σ level are shown in Fig. 35. Note that
μ < 0 is disfavored by gμ−2 data, while Δρ only constrains
the parameter space outside the mass regions shown here. In
minimal flavor-violation, light SUSY scenarios such as the
SPS 1a benchmark point (m0 = 100 GeV, m1/2 = 250 GeV)
[248] are favored gμ − 2 data. The dependence on the tri-
linear coupling A0 (−100 GeV for SPS 1a, 0 GeV in our
scenario) is extremely weak.

Fig. 35 Regions of mSUGRA parameter space in minimal (λ = 0) and non-minimal (λ > 0) flavor violation: favored by aμ (medium grey) and
WMAP (black); and excluded by b → sγ (blue/dark grey) and charged LSP (orange/light grey)
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In Fig. 36 we show for our (slightly modified) SPS 1a
benchmark point the dependence of the electroweak pre-
cision variables and the lightest SUSY particle masses on
the NMFV parameter λ, indicating by dashed lines the
ranges allowed experimentally within two standard devia-
tions. It is interesting to see that for this benchmark point,
not only the region close to minimal flavor violation (λ <

0.1) is allowed, but that there is a second allowed region at
0.4 < λ < 0.5.

Next, we study in Fig. 37 the chirality and flavor decom-
position of the light (1,2) and heavy (4,6) squarks, which
changes mostly in a smooth way, but sometimes dramati-
cally in very small intervals of λ. In particular, the second
allowed region at larger λ has a quite different flavor and
chirality mixture than the one at small λ.

The main result of our work is the calculation of all elec-
troweak (and strong) squark and gaugino production chan-
nels in NMFV SUSY [349]. We show in Fig. 38 a small,
but representative sample of these production cross sections:
charged squark–antisquark pair production, non-diagonal
squark–squark pair production, as well as chargino–squark
and neutralino–squark associated production. The two b →

sγ allowed regions (λ < 0.1 and 0.4 < λ < 0.5) are indi-
cated by vertical lines. Note that NMFV allows for a top-
flavor content to be produced from non-top initial quark den-
sities and for right handed chirality content to be produced
from strong gluon or gluino exchanges. The cross sections
shown here are all in the fb range and lead mostly to exper-
imentally identifiable heavy-quark (plus missing transverse
energy) final states.

In conclusion, we have performed a search in the NMFV-
extended mSUGRA parameter space for regions allowed
by electroweak precision data as well as cosmological con-
straints. In a benchmark scenario similar to SPS 1a, we
find two allowed regions for second and third generation
squark mixing, λ < 0.1 and 0.4 < λ < 0.5, with distinct fla-
vor and chirality content of the lightest and heaviest up- and
down-type squarks. Our calculations of NMFV production
cross sections at the LHC demonstrate that the correspond-
ing squark (anti)squark pair production channels and the as-
sociated production of squarks and gauginos are very sensi-
tive to the NMFV parameter λ. For further details see [350].

Fig. 36 Dependence of the precision variables Br(b → sγ ), Δρ, and aμ and the lightest SUSY particle masses on the NMFV parameter λ
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Fig. 37 Decomposition of the chirality (L,R) and flavor (c, t and s, b) content of the lightest (q̃1, q̃2) and heavier (q̃4, q̃6) up- (q = u) and
down-type (q = d) squarks on the NMFV parameter λ

3.11.2 Flavor-violating squark and gluino decays

In the study of squark decays two general scenarios can be
distinguished depending on the hierarchy within the SUSY
spectrum:

• mg̃ > mq̃i
(q = d,u; i = 1, . . . ,6): In this case the gluino

will mainly decay according to

g̃ → dj d̃i , g̃ → uj ũi (96)

with dj = (d, s, b) and uj = (u, c, t) followed by squark
decays into neutralino and charginos

ũi → uj χ̃
0
k , dj χ̃

+
l , d̃i → dj χ̃

0
k , uj χ̃

−
l . (97)

In addition there can be decays into gauge- and Higgs
bosons if kinematically allowed:

ũi → Zũk,H
0
r ũk,W

+d̃j ,H
+d̃j , (98)

d̃i → Zd̃k,H
0
r d̃k,W

−ũj ,H
−ũj (99)

where H 0
r = (h0,H 0,A0), k < i, j = 1, . . . ,6. Due to the

fact that there is left–right mixing in the sfermion mixing,
one has flavor-changing neutral decays into Z-bosons at
tree level.

• mg̃ < mq̃i
(q = d,u; i = 1, . . . ,6): in this case the squarks

decay mainly into a gluino:

ũi → uj g̃, d̃i → dj g̃ (100)

and the gluino decays via three body decays and loop-
induced two body decays into charginos and neutralinos

g̃ → djdiχ̃
0
k , ujuiχ̃

0
k ,

g̃ → ujdiχ̃
±
l , g̃ → gχ̃0

k

(101)

with i, j = 1,2,3, l = 1,2 and k = 1,2,3,4. The first two
decay modes contain states with quarks of different gen-
erations.

Obviously, the flavor mixing final states of the decays listed
above are constrained by the fact that all observed phenom-
ena in rare meson decays are consistent with the SM predic-
tions. Nevertheless, one has to check how large the branch-
ing ratios for the flavor mixing final states can be. One also
has to study the impact of such final states on the discov-
ery of SUSY as well as the determination of the underlying
model parameters.

For simplicity we restrict ourselves to the mixing be-
tween second and third generation of (s)quarks. We shall
take the so-called SPA point SPS1a′ [259] as a specific ex-
ample which is specified by the mSUGRA parameters m0 =
70 GeV, m1/2 = 250 GeV, A0 = −300 GeV, tanβ = 10
and sign(μ) = 1. We have checked that main features dis-
cussed below are also present in other study points, e.g. I ′′
and γ of [351]. At the electroweak scale (1 TeV) one gets
the following data with the SPA1a′ point: M2 = 193 GeV,
μ = 403 GeV, mH+ = 439 GeV and mg̃ = 608 GeV. We
have used the program SPheno [342] for the calculation.
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Fig. 38 Representative sample of squark and gaugino production cross sections at the LHC in NMFV

It has been shown that in minimal flavor violating scenar-
ios the flavor-changing decay modes are quite small [200].
To get sizable flavor-changing decay branching ratios, we
have added the flavor mixing parameters as given in Ta-
ble 17; the resulting up-squark masses in GeV are in ascend-
ing order: 315, 488, 505, 506, 523 and 587 [GeV] whereas
the resulting down-squark masses are 457, 478, 505, 518,
529, 537 [GeV]. This point is a random, but also typical
one out of 20000 points fulfilling the constraints derived
from the experimental measurements of the following three
key observables of the b → s sector: b → sγ , �MBs and
b → sl+l−. For the calculation we have used the formula

Table 17 Flavor-violating parameters in GeV2 which are added to the
SPS1a′ point. The corresponding values for the low energy observables
are Br(b → sγ ) = 3.8 × 10−4, |Δ(MBs )| = 19.6 ps−1 and Br(b →
sμ+μ−) = 1.59 × 10−6

M2
Q,23 M2

D,23 M2
U,23 vuAu

23 vuA
u
32 vdAd

23 vdAd
32

−18429 −37154 −32906 28104 16846 981 −853

given in [352, 353], for b → sγ , the formula for �MBs

given in [354] and the formula for b → sl+l− given in [352,
355]. Note that we have included all contributions mediated
by chargino, neutralino and gluino loops as we depart here
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Table 18 Branching ratios (in %) for squark and gluino decays for the point specified in Table 17. Only branching ratios larger than 1% are shown

χ̃0
1 c χ̃0

1 t χ̃0
2 c χ̃0

2 t χ̃+
1 s χ̃+

1 b χ̃+
2 b ũ1Z

0 ũ1h
0

ũ1 1.4 16.8 81.1

ũ2 9.1 21.0 3.6 42.9 14.3 5.3 1.3

ũ3 20.9 21.9 47.5 1.1 1.9 5.5

ũ6 1.5 2.7 1.6 3.7 4.0 14.1 14.2 39.2 5.2

χ̃0
1 s χ̃0

1 b χ̃0
2 s χ̃0

2 b χ̃0
3 b χ̃0

4 b χ̃−
1 c χ̃−

1 t ũ1W
−

d̃1 1.4 5.7 2.7 2.8 6.5 28.1 27.3

d̃2 4.2 2.9 6.3 17.8 13.4 18.8 34.8

d̃4 1.8 23 3.7 41.5 5.8 20.0

d̃6 77.3 15.9 4.6 3.7 2.4 2.4 7.7 5.1 40.0

d̃1s d̃1b d̃2s d̃2b d̃3d d̃4s d̃5d d̃6s d̃6b

g̃ 3.4 12.8 5.5 7.5 8.2 5.8 5.1 2.1 2.2

ũ1c ũ1t ũ2c ũ3c ũ4u ũ5u

1.2 14 8.8 7.9 8.2 5.5

considerably from minimal flavor violation. The most im-
portant branching ratios for gluino and squark decays are
given in Table 18. In addition the following branching ra-
tios are larger than 1%, namely Br(ũ6 → d̃1W) = 8.9% and
Br(ũ6 → d̃2W) = 1.8%. We have not displayed the branch-
ing ratios of the first generation nor the ones of the gluino
into first generation.

It is clear from Table 18 that all listed particles have large
flavor-changing decay modes. This clearly has an impact on
the discovery strategy of squarks and gluinos as well as on
the measurement of the underlying parameters. For exam-
ple, in mSUGRA points without flavor mixing one finds
usually that the left-squarks of the first two generations as
well as the right squarks have similar masses. Large flavor
mixing implies that there is a considerable mass splitting as
can be seen by the numbers above. Therefore, the assump-
tion of nearly equal masses should be reconsidered if sizable
flavor-changing decays are discovered in squark and gluino
decays.

An important part of the decay chains considered for
SPS1a′ and nearby points are g̃ → bb̃j → bb̄χ̃0

k which are
used to determine the gluino mass as well as the sbottom
masses or at least their average value if these masses are
close. In the analysis the existence of two b jets has been
assumed, which need not to be the case as shown in the ex-
ample above. Therefore, this class of analysis should be re-
done requiring only one b jet + one additional non-b jet to
study the impact of flavor mixing on the determination of
these masses.

Similar conclusions hold for the variable Mw
tb defined

in [356]. For this variable one considers final states contain-
ing bχ̃+

1 . In our example, three u-type squarks contribute
with branching ratios larger than 10% in contrast to assump-
tion that only the two stops contribute. The influence of the

additional state requires for a sure a detailed Monte Carlo
study which should be carried out in the future.

3.12 Top squark production and decay

Supersymmetric scenarios with a particularly light stop have
been recently considered as potential candidates to provide
a solid explanation of the observed baryon asymmetry of the
Universe [357]. Independently of this proposal, measure-
ments of the process of stop–chargino associated produc-
tion at LHC have been considered as a rather original way
of testing the usual assumptions about the supersymmetric
CKM matrix [358]. In a very recent paper [359], the lat-
ter associated production process has been studied in some
detail for different choices of the SUSY benchmark points,
trying to find evidence for and to understand an apparently
strong tanβ dependence of the production rates. As a gen-
eral feature of that study, the values of the various rates ap-
peared, typically, smaller than one pb, to be compared with
the (much) bigger rates of the stop–antistop process (see
e.g. [360]).

3.12.1 Associated stop–chargino production at LHC:
a light stop scenario test

Given the possible relevance of an experimental determina-
tion, it might be opportune to perform a more detailed study
of the production rate size in the special light stop scenario,
where one expects that the numerical value is as large as pos-
sible. Here we present the results of this study, performed at
the simplest Born level given the preliminary nature of the
investigation.
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Fig. 39 Integrated cross
sections for the process
pp → t̃1χ

−
1 + X at the four

MSSM points SU1, SU6, LS1,
LS2

The starting point is the expression of the differential
cross section, estimated at Born level in the c.m. frame
of the incoming pair of the partonic process bg → χ−

i t̃j .
Its detailed expression has been derived and discussed
in [359]. The associated c.m. energy distribution (at this
Born level identical to the final invariant-mass distribution)
is

dσ(pp → t̃aχ
−
i + X)

dŝ

= 1

S

∫ cos θmax

cos θmin

d cos θ Lbg(τ, cos θ)
dσbg→t̃aχ−

i

d cos θ
(ŝ), (102)

where
√

ŝ and
√

S are the parton and total pp c.m. energies,
respectively, τ = ŝ/S, and Lbg is the parton process lumi-
nosity that we have evaluated using the parton distribution
functions from the heavy-quark CTEQ6 set [361]. The ra-
pidity and angular integrations are performed after imposing
a cut pT ≥ 10 GeV.

For a preliminary analysis, we have considered the total
cross section (for producing the lightest stop–chargino pair),
defined as the integration of the distribution from threshold
to a final energy

√
s left as free variable, generally fixed

by experimental considerations. To have a first feeling of
the size of this quantity, we have first estimated it for two
pairs of sensible MSSM benchmark points. The first pair are
the ATLAS Data Challenge-2 points SU1, SU6 whose de-
tailed description can be found in [141]. The second pair
are the points LS1, LS2 introduced in [140]. These points
are typical light SUSY scenarios and in particular share a
rather small threshold energy mt̃ + mχ which appears to be
a critical parameter for the observability of the considered
process. The main difference between SU1 and SU6 or LS1
and LS2 is the value of tanβ (larger in SU6 and LS2). The

results are shown in Fig. 39. As one sees, the various rates
are essentially smaller than a pb, well below the expected
stop–antistop values.

In the previous points, no special assumptions about the
value of the stop mass were performed, hence keeping a
conservative attitude. One sees, as expected, that the bigger
rate values correspond to the lighter stop situations (LS1 and
LS2). In this spirit, we have therefore considered a different
MSSM point where the final stop is particularly light. More
precisely, we have concentrated our analysis on the point
LST2, introduced and discussed in Sect. 3.12.2 and charac-
terized by the MSSM parameters (we list the relevant ones
at Born level)

M1 = 5

3
tan2 θWM2 = 110 GeV,

μ = 300 GeV, tanβ = 7,

t̃1 � t̃R, mt̃1
= 150 GeV,

(103)

and consistent with the cosmological experimental bounds
on the relic density. Now the threshold energy is even
smaller than in the previous examples. The integrated cross
section, shown in Fig. 40 reaches a maximum of about
2 pb, which might be detected by a dedicated experimental
search.

3.12.2 Exploiting gluino-to-stop decays in the light stop
scenario

To achieve a strong first-order electroweak phase transition
in the MSSM, the lighter of the two stops, t̃1, has to be
lighter than the top quark [362–366]. Assuming a stable χ̃0

1
LSP, there hence exists a very interesting parameter region
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Fig. 40 Distribution dσ/ds and
integrated cross sections for the
process pp → t̃1χ

−
1 + X at the

point LST2

with a small χ̃0
1 –t̃1 mass difference, for which (i) coannihila-

tion with t̃1 [367, 368] leads to a viable neutralino relic den-
sity and (ii) the light stop decays dominantly into cχ̃0

1 [369].
In this case, stop pair production leads to 2 c jets + /ET ,

a signal which is of very limited use at the LHC. One can,
however, exploit [370] gluino-pair production followed by
gluino decays into stops and tops: since gluinos are Majo-
rana particles, they can decay either into t t̃∗1 or t̄ t̃1; pair pro-
duced gluinos therefore give same-sign top quarks in half
of the gluino-to-stop decays. Here note that in the light stop
scenario, g̃ → t t̃∗1 (or t̄ t̃1) has practically 100% branching
ratio. With t̃1 → cχ̃0

1 , t → bW , and the W s decaying lep-
tonically, this leads to a signature of two b jets plus two
same-sign leptons plus jets plus missing transverse energy:

pp → g̃g̃ → bbl+l+
(
or b̄b̄l−l−

) + jets + /ET . (104)

In [370] we performed a case study for the ‘LST1’ parameter
point with mχ̃0

1
= 105 GeV, mt̃1

= 150 GeV, mg̃ = 660 GeV
and showed that the signature (104) is easily extracted from
the background. In this contribution, we focus more on the
stop coannihilation region and discuss some additional is-
sues.

We define a benchmark point ‘LST2’ in the stop coanni-
hilation region by taking the parameters of LST1 and low-
ering the stop mass to mt̃1

= 125 GeV. We generate signal
and background events equivalent to 30 fb−1 of integrated
luminosity and perform a fast simulation of a generic LHC
detector as described in [370]. The following cuts are then
applied to extract the signature of (104):

− Require two same-sign leptons (e or μ) with p
lep
T >

20 GeV.
− Require two b-tagged jets with p

jet
T > 50 GeV;

− Missing transverse energy /ET > 100 GeV.

Table 19 Number of events at LST2 left after cumulative cuts for
30 fb−1 of integrated luminosity. “2lep, 2b” means two leptons with
p

lep
T > 20 GeV plus two b jets with p

jet
T > 50 GeV. “2t” is the require-

ment of two tops (i.e. mbl < 160 GeV), and “SS” that of two same-sign
leptons

Cut 2lep, 2b /ET 2t SS

Signal: g̃g̃ 1091 949 831 413

Background: SM 34224 8558 8164 53

SUSY 255 209 174 85

− Demand two combinations of the two hardest leptons and
b jets that give invariant masses mbl < 160 GeV, consis-
tent with a top quark.

This set of cuts emphasizes the role of the same-sign top
quarks in our method, and ignores the detectability of the
jets initiated by the t̃1 decay. Table 19 shows the effect of
the cuts on both the signal and the backgrounds. Detecting in
addition the (soft) c jets from the t̃1 → cχ̃0

1 decay, together
with the excess in events with 2 c jets + /ET from stop pair
production, can be used to strengthen the light stop hypothe-
sis. A reasonable c-tagging efficiency would be very helpful
in this case.

To demonstrate the robustness of the signal, we show in
Fig. 41 (left) contours of 3σ , 5σ and 10σ significance15

in the (mg̃ , mt̃1
) plane. For comparison we also show as

a dotted line the result of a CMS study [5], which found
a reach down to 1 pb in terms of the total cross section
for same-sign top production. In Fig. 41 (right), we show
the decreasing significance for mg̃ = 900 GeV, as the stop–
neutralino mass difference goes to zero. To be conservative,

15We define significance as S/
√

B , where S and B are the numbers of
signal and background events.
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Fig. 41 Reach for the signature of (104) in the gluino–stop mass plane (left) and significance as a function of stop–neutralino mass difference
with mg̃ = 900 GeV (right)

both panels in Fig. 41 assume that all squarks other than the
t̃1 are beyond the reach of the LHC; q̃q̃ and g̃q̃ production
would increase the signal through q̃ → g̃q decays (provided
mq̃ > mg̃) while adding only little to the background; see
[370, 371] for more detail.

The usual way to determine SUSY masses in cascade de-
cays is through kinematic end points of the invariant-mass
distributions of the SM decay products, see e.g. [257, 258,
372, 373]. In our case, there are four possible end points:
mmax

bl , mmax
bc , mmax

lc and mmax
blc , of which the first simply gives

a relationship between the masses of the W and the top,
and the second and third are linearly dependent, so that we
are left with three unknown masses and only two equations.
Moreover, because of the information lost with the escaping
neutrino the distributions of interest all fall very gradually to
zero.

In order to nevertheless get some information on the χ̃0
1 ,

t̃1 and g̃ masses, we fit the whole mbc and mlc distribu-
tions [370, 374] and not just the end points. This requires,
of course, the detection of the jets stemming from the t̃1 de-
cay. For small mt̃1

− mχ̃0
1

these are soft, so we demand two

jets with p
jet
T < 50 GeV in addition to the cuts listed above.

The results of the fits for LST2, assuming 20% c-tagging ef-
ficiency,16 are shown in Fig. 42. The combined result of the
two distributions is mmax

bc = 305.7 ± 4.3, as compared to the
nominal value of mmax

bc � 299 GeV.
As mentioned above, the gluino-pair production leads to

50% same-sign (SS) and 50% opposite-sign (OS) top quark

16When one or none of the remaining jets are c-tagged we pick the c

jets as the hardest jets with p
jet
T < 50 GeV.

pairs, and hence R = N(SS)/N(SS + OS) � 0.5 with N de-
noting the number of events. In contrast, in the SM one has
R � 0.01. This offers a potential test of the Majorana nature
of the gluino. The difficulty is that the number of OS lep-
tons is completely dominated by the t t̄ background. This can
easily be seen from the last two rows of Table 19: R ∼ 0.5
(0.02) for the signal (backgrounds) as expected; signal and
backgrounds combined, however, give R ∼ 0.06. A subtrac-
tion of the t t̄ background as described in Sect. 3.12.3 may
help to extract R(g̃g̃).

3.12.3 A study on the detection of a light stop squark with
the ATLAS detector at the LHC

We present here an exploratory study of a benchmark model
in which the stop quark has a mass of 137 GeV, and the
two body decay of the stop squark into a chargino and a b

quark is open. We address in detail the ability of the ATLAS
experiment to separate the stop signal from the dominant
SM backgrounds.

For the model under study [170] all the masses of the first
two generation squarks and sleptons are set at 10 TeV, and
the gaugino masses are related by the usual gaugino mass
relation M1 : M2 = α1 : α2. The remaining parameters are
thus defined:

M1 = 60.5 GeV, μ = 400 GeV,

tanβ = 7, M3 = 950 GeV,

m(Q3) = 1500 GeV, m(t̃R) = 0 GeV,

m(b̃R) = 1000 GeV, At = −642.8 GeV.
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Fig. 42 Invariant-mass
distributions mbc (left) and mlc

(right) with 20% c-tagging
efficiency after b-tagging (black
with error bars) and best fit (full
black line) for LST2. The
shaded (green) area is the SM
background and the (blue)
histogram the SUSY
background

The resulting relevant masses are m(t̃1) = 137 GeV,
m(χ̃±

1 ) = 111 GeV, m(χ̃0
1 ) = 58 GeV. The t̃1 decays with

100% branching ratio (BR) into χ̃±
1 b, and χ̃±

1 decays with
100% BR into an off-shell W and χ̃0

1 . The final state sig-
nature is therefore similar to the one for t t̄ production: two
b jets, Emiss

T and either 2 leptons (e,μ) (4.8% BR) or one
lepton and two light jets (29% BR).

The signal cross section, calculated at NLO with the
PROSPINO [360] program is 412 pb.

We analyze here the semileptonic channel, where only
one of the two t̃1 legs has a lepton in the final state. We
apply the standard cuts for the search of the semileptonic
top channel as applied in [3], but with softer requirements
on the kinematics:

− One and only one isolated lepton (e, μ), pl
T > 20 GeV.

− Emiss
T > 20 GeV.

− At least four jets PT (J1, J2) > 35 GeV, PT (J3, J4) >

25 GeV.
− Exactly two jets in the events must be tagged as b jets,

they both must have pT > 20 GeV. The standard ATLAS
b-tagging efficiency of 60% for a rejection factor of 100
on light jets is assumed.

A total of 600k SUSY events were generated using HER-
WIG 6.5 [311, 375], 1.2 M t t̄ events using PYTHIA 6.2 [376].
The only additional background considered for this ex-
ploratory study was the associated production of a W boson
with two b jets and two non-b jets, with the W decaying into
e or μ. This is the dominant background for top searches
at the LHC. For this process, we generated 60k events us-
ing Alpgen [312]. The number of events generated corre-
sponds to ∼1.8 fb−1. The generated events are then passed
through ATLFAST, a parametrized simulation of the AT-
LAS detector [49].

After the selection cuts the efficiency for the t t̄ back-
ground is 3.3%,17 for Wbbjj 3.1%, and for the signal

17The emission of additional hard jets at higher orders in the QCD
interaction can increase the probability that the t t̄ events satisfy the

0.47%, yielding a background which is ∼15 times higher
than the signal.

An improvement of the signal/background ratio can be
obtained using the minimum invariant mass of all the non-
b jets with pT > 25 GeV. This distribution peaks near the
value of the W mass for the top background, whereas the
invariant mass for the signal should be smaller than 54 GeV,
which is the mass difference between the χ̃± and the χ̃0

1 .
Requiring m(jj) < 60 GeV improves the signal/background
ratio to 1/10, with a loss of a bit more than half the signal.
We show in the left plot of Fig. 43 after this cut the distri-
butions for the variable m(bjj)min, i.e. the invariant mass
for the combination a b-tagged jet and the two non-b jets
yielding the minimum invariant mass. If the selected jets are
from the decay of the stop, this invariant mass should have
an end point at ∼79 GeV, whereas the corresponding end-
point should be at 175 GeV for the top background. The
presence of the stop signal is therefore visible as a shoulder
in the distribution as compared to the pure top contribution.
A significant contribution from Wbbjj is present, without
a particular structure. Likewise, the variable m(bl)min has
an end point at ∼66 GeV for the signal and at 175 GeV for
the top background, as shown in Fig. 43, and the same shoul-
der structure is observable. We need therefore to predict pre-
cisely the shape of the distributions for the top background
in order to subtract it from the experimental distributions
and extract the signal distributions.

The top background distributions can be estimated from
the data themselves by exploiting the fact that we select
events where one of the W from the top decays into two
jets and the other decays into lepton plus neutrino. One can
therefore select two pure top samples, with minimal contri-
bution from non-top events by applying separately hard cuts
on each of the two legs.

requirement of four jets. The cut efficiency is observed to increase by
about 20% if MCNLO is used to generate the t t̄ background. We do not
expect such an effect to change the conclusions of the present analysis,
but future studies should take it into account.
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Fig. 43 Study of the stop quark signal in the minimum bjj invariant-mass distribution (left) and in the minimum bl invariant mass (right). The
signal is the dashed (red) line, the top background the solid (black) line, and the Wbb background the dot-dashed (blue) line

− Top sample 1: the best reconstructed blν invariant mass
is within 15 GeV of 175 GeV, and (m	b)min > 60 GeV
in order to minimize the contribution from the stop sig-
nal. The neutrino longitudinal momentum is calculated
by applying the W mass constraint.

− Top sample 2: the best reconstructed bjj mass is within
10 GeV of 175 GeV.

We assume here that we shall be able to predict the Wbb

background through a combination of Monte Carlo and
the study of Zbb production in the data, and we subtract
this background both from the observed distributions and
from the Top samples. More work is required to assess
the uncertainty on this subtraction. Given the fact that this
background is smaller than the signal, and it has a signifi-
cantly different kinematic distribution, we expect that a 10–
20% uncertainty on it will not affect the conclusions of the
present analysis.

For Top sample 1, the top selection is performed by ap-
plying severe cuts on the lepton leg, it can therefore be ex-
pected that the minimum bjj invariant-mass distribution,
which is built from jets from the decay of the hadronic side
be essentially unaffected by the top selection cuts. This has
indeed be verified to be the case [170]. The m(bjj) dis-
tribution from Top sample 1 is then normalized to the ob-
served distribution in the high mass region, where no signal
is expected, and subtracted from it. A similar procedure is
followed for the m(bl) distribution: the top background is
estimated using Top sample 2, normalized to the observed
distribution in the high mass region, and subtracted from it.
The results are shown in Fig. 44, with superimposed the cor-
responding distributions for the signal. As discussed above,
we have subtracted the Wbb background from the observed
distributions.

For both variables the true and measured distributions
for the signal are compatible, showing the goodness of the
background subtraction technique, and the expected kine-
matic structure is observable, even with the very small statis-
tics generated for this analysis, corresponding to little more
than one month of data taking at the initial luminosity of
1033 cm−1 s−1.

Further work, outside the scope of this initial exploration,
is needed on the evaluation of the masses of the involved
sparticles through kinematic studies of the selected sample.

A preliminary detailed analysis of a SUSY model with
a stop squark lighter than the top quark decaying into a
chargino and a b jet was performed. It was shown that
for this specific model after simple kinematic cuts a sig-
nal/background ratio of ∼1/10 can be achieved. A new
method, based on the selection of pure top samples to sub-
tract the top background was demonstrated. Through this
method it is possible to observe the kinematic structure of
the stop decays, and thence to extract a measurement of the
model parameters. This analysis can yield a clear signal for
physics beyond the SM for just 1–2 fb−1, and is therefore an
excellent candidate for early discovery at the LHC.

3.12.4 Stop decay into right handed sneutrino LSP

Right handed neutrinos offer the possibility to accommodate
neutrino masses. In supersymmetric models this implies the
existence of right handed sneutrinos. Right handed sneutri-
nos are expected to be as light as other supersymmetric par-
ticles [377, 378] if the neutrinos are either Dirac fermions
or if the lepton number breaking scale is at (or below) the
SUSY breaking scale, assumed to be around the electroweak
scale. Depending on the mechanism of SUSY breaking, the
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Fig. 44 Left: distribution of the minimum bjj invariant mass after the
subtraction procedure (points with errors) superimposed to the origi-
nal signal distribution (full line). Right: distribution of the minimum

bl invariant mass after the subtraction procedure (points with errors)
superimposed to the original signal distribution (full line)

lightest right handed sneutrino ÑR may be the lightest su-
persymmetric particle (LSP). We consider in the following
such a scenario focusing on the case where the right handed
stop is the next to lightest SUSY particle assuming R-parity
conservation. Details on the model and other scenarios can
be found in [377, 378].

As the right handed neutrino has a mass around 100 GeV,
the neutrino Yukawa couplings YN must be very small to ac-
commodate neutrino data: YN ∼ 10−6 (YN ∼ 10−12) in the
case of Majorana neutrinos (Dirac neutrinos). This has as
immediate consequence that if the SUSY breaking sneutrino
trilinear “A-term” is also proportional to YN , the left handed
and right handed sneutrinos hardly mix independent of neu-
trino physics because the left–right mixing term is propor-
tional to YN . Decays into ÑR will give tiny decay widths as
YN is the only coupling of ÑR . For this reason, all decays
of supersymmetric particles are as in the usual MSSM, but
for the NLSP whose life-time can be long since it can only
decay into the ÑR . In the case of a stop NLSP the dominant
decay mode is t̃1 → b	+ÑR , followed by CKM suppressed
ones into s and d quarks. In the limit where mixing effects
for stops and charginos are neglected the corresponding ma-
trix element squared in the rest frame of the stop reads as:

|Tf i |2 ∼
4|Yt |2|YN |2M2

t̃R
EbEl

((pt̃R
− kb)2 − M2

H̃
)2

(1 + cos θb	)

2
, (105)

where we have assumed that the right handed stop t̃R is the
lightest stop and H̃ is the higgsino, Eb (E	) is the energy of
the b-quark (lepton), θb	 is the angle between the fermions.
The complete formula can be found in [378]. The last fac-
tor in (105) implies that the b-quark and the lepton have a
tendency to go in the same direction.

In the following we summarize the results of a Monte
Carlo study at the parton level [378] using PYTHIA 6.327
[379]. We have taken Mt̃R

= 225 GeV, M
ÑR

= 100 GeV,

M
H̃

= 250 GeV and YN = 4 × 10−6 resulting in a mean
decay length of 10 mm. Note that the stop will hadronize
before decaying. However, we have neglected the related
effects in this study. We have only considered direct stop
pair production, and neglected stops from cascade decays,
e.g. g̃ → t t̃R . The signal is pp(p̄) → t̃R t̃∗R → b	+b̄	− +
Emiss

T . The dominant physics background is top quark pair
production: pp(p̄) → t t̄ → bW+b̄W− → b	+b̄	− + Emiss

T ,
where the missing energy is due to neutrinos in the fi-
nal state. We have imposed the following “Level 1” cuts:
(i) fermion rapidities: |η	| < 2.5, |ηb| < 2.5, (ii) pT cuts
pT 	 > 20 GeV, pT b > 10 GeV and (iii) isolation cut Rb	 ≡
(φb − φ	)

2 + (ηb − η	)
2 > 0.4.

Figure 45 shows various distributions for stop and top
decays. Figure 45a depicts the resulting transverse displace-
ment after including the boost of the stop. If it decays before
exiting the tracking subsystem, a displaced vertex may be
reconstructed through the stop decay products’ 3-momenta
meeting away from the primary interaction point. On each
side, the b-quark itself leads to an additional displaced ver-
tex, and its 3-momentum vector can be reconstructed from
its decay products. In combination with the 3-momentum
of the lepton, the stop displaced vertex can be determined.
In order to reveal the displaced vertex, one must require ei-
ther the b-quark or the charged lepton 3-momentum vec-
tor to miss the primary vertex. Since a pair of stops is pro-
duced, we would expect to discern two displaced vertices
in the event (not counting the displaced vertices due to the
b-quarks). Such an event with two displaced vertices, from
each of which originates a high pT 	 and b-quark might
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Fig. 45 Distributions of stop and top decays: (a) the transverse displacement of the stop (in mm), (b) pT of the b-quark, (c) pT of the charged
lepton and (d) cos θb	, the angle between the 3-momenta kb and k	

prove to be the main distinguishing characteristics of such a
scenario. A cut on the displaced vertex will be very effective
to separate stop events from the top background provided
one can efficiently explore such cuts. We anticipate that
NLSP stop searches may turn out to be physics-background
free in such a case.

If the stop displaced vertex cannot be efficiently resolved,
one will have to resort to more conventional analysis meth-
ods. In the remainder we explore various kinematical dis-
tributions for both the signal (t̃R pair production) and the
physics background (t pair production), obtained after im-
posing the level 1 cuts given above. Figures 45b and c de-
pict the pT spectra of the produced fermions. The pT of the
b-quark from the 225 GeV stop peaks at a lower value com-
pared to the top quark background, and therefore accepting
them at high efficiency for pT � 40 GeV will be very helpful
in maximizing the signal acceptance. The signal and back-
ground shapes are quite similar and no simple set of pT cuts
can be made in order to significantly separate signal from
background.

Figure 45d depicts the distribution of cos θb	, the an-
gle between the 3-momenta kb and k	, for both the signal
and background. It is important to appreciate that, by de-
fault, PYTHIA generates stop decays into the three body
final state according only to phase space, ignoring the an-
gular dependence of the decay matrix element. We have
reweighted PYTHIA events to include the correct angular
dependence in the decay matrix element. Consistent with the
expectation from (105), we see for the signal that the distri-

bution peaks for the b-quark and charged lepton 3-momenta
aligned, unlike the background. It is unfortunate that the iso-
lation level 1 cut on the leptons removes more signal events
than background events. Relaxing this constraint as much as
is practical would help in this regard. Additional work will
be necessary to include also the effect of spin correlations in
top production and top decays so that information from the
quantities kb · kb̄ and k	+ · k	− can be exploited.

Assuming efficiencies of εb = 0.5 and εl = 0.9 for b-
quark and lepton identification, respectively, it has been
shown in [378] that stops with masses up to 500 GeV can
be detected at the 5σ level for an integrated luminosity of
10 fb−1 if 	 = e,μ even if the displaced vertex signature is
not used. Clearly, the situation will be worse in the case of
	 = τ . Provided one can exploit the displaced vertex infor-
mation, we expect a considerable improvement as we could
not identify any physics background. Further studies are
planned to investigate the questions we have touched upon
here.

3.13 SUSY Searches at
√

s = 14 TeV with CMS

This section summarizes the recent results on SUSY search-
es reported in [61]. In the context of this work we refer to
the generalized classification of models of new physics ac-
cording to how they affect flavor physics:

− CMFV: Constrained minimal flavor violation [380] mod-
els: in these models the only source of quark flavor vio-
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lation is the CKM matrix. Examples include minimal su-
pergravity models with low or moderate tanβ , and mod-
els with a universal large extra dimension.

− MFV: Minimal flavor violation [199] models: a set of
CMFV models with some new relevant operators that
contribute to flavor transitions. Examples include SUSY
models with large tanβ .

− NMFV: Next-to-minimal flavor violation [381] models:
they involve third generation quarks and help to solve the
flavor problems that appear in frameworks such as little
Higgs, topcolor, and RS models.

− GFV: General Flavor Violation [382] models, which pro-
vide new sources of flavor violation. These include most
of the MSSM parameter space, and almost any BSM
model before flavor constraints are considered.

A useful discussion on these models can be found
in [383]. The SUSY searches that are summarized here fall
in the category of MFV (mSUGRA specifically) and all re-
sults are obtained with the detailed Geant-4 based CMS sim-
ulation. In the context of this workshop and in collaboration
with the theory community we try to also move towards
interpretation within NMVF models. Note that since the
squarks and sleptons can have significant flavor-changing
vertices and be complex, the connection to collider physics
can be subtle indeed, the main implication being that the
superpartners cannot be too heavy and that larger tanβ is
favored—with no direct signature in general. For interpreta-
tions of recent Tevatron and B-factory results the interested
reader can refer for example to [384–387].

The SUSY search path has been described in the past
years as a successive approximation of serial steps that move
from inclusive to more exclusive measurements as follows:

− Discovery: using canonical inclusive searches.
− Characterization: putting together a picture given the

channels that show excess and ratios of the observed ob-
jects (e.g. multi-leptons, photons (GMSB), ratio of same
sign leptons to opposite ones, ratios of positive pairs to
negative, departure from lepton universality, third gener-
ation excesses).

− Reconstruction: in canonical dark matter LSP SUSY the
final state contains two neutralinos hence there is no di-
rect mass peak due to the missing transverse energy in
the event. The kinematics of the intermediate decays pro-
vide however a multitude of end points and edges that
might provide mass differences and help orient towards
the right mass hierarchy.

− Measurement of the underlying theory: the classical
SUSY solving strategy involves more mass combina-
tions, more decay chains, mass peaks and once the LSP
mass is known the determination of the mass hierarchies,
particles’ spins, and eventually the model parameters.
An outstanding question remains as to how many simple

measurements do we need to “nail” the theory? Remem-

ber that we did not need to measure all the SM particles

and their properties in order to measure the SM.

In the past three years the “inclusive” and “exclusive”

modus quaestio questio have been approached in coinci-

dence and in many works that range in exploitation strategy

from statistical methods to fully on-shell description of un-

known models and inclusion of cosmological considerations

such as in [251, 388–391], to mention but a few.

It is rather safe to claim that the program of discovery

and characterization will be (much) more convoluted than

the one described in the serial steps above. Realistic studies

of kinematic edges across even the “simple” mSUGRA pa-

rameter space show that this is a difficult job and it will take

a lot of work and wisdom to do it right. Endpoint analyses

by definition involve particles which are very soft in some

reference frame and non-trivial issues of acceptance need to

be considered.

Some of most recent SUSY searches at CMS [61], pro-

ceed in the following channels:

− Canonical inclusive

– Multijets + /ET

– μ + jets + /ET

– Same-sign dimuon + /ET

– Opposite-sign same-flavor dielectron and dimuon +
/ET

– Opposite-sign same-flavor hadronic ditau + /ET

– Trileptons at high m0

− Higher reconstructed object inclusive

– Z0 + /ET

– Hadronic top + /ET

– h(→ bb̄) + /ET

− Flavor-violating

– Opposite-sign different-flavor eμ FV neutralino de-

cays

The attempt is to have a signature based search strat-

egy, with educated input from theory, which as model-

independent as possible. The interpretation of the search

results are given in the context and parameter space of

mSUGRA but re-interpreting them in different models is

possible. All of the searches are including detector system-

atic uncertainties and a scan that provides the 5σ reach in the

mSUGRA parameter space is derived for 1 and 10 fb−1 as

shown in Fig. 46. The details of the analyses and individual

search results can be found in [61].
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Fig. 46 5σ reach for 1 and
10 fb−1 at CMS in different
channels

4 Non-supersymmetric standard model extensions18

4.1 Introduction

Although the SM has seemingly survived many stringent
tests offered by both precision measurements and direct
searches, it has a number of shortcomings. The most un-
pleasant one is the “instability” of the Higgs boson mass
with respect to radiative corrections, known as the hierar-
chy problem. If the SM is assumed valid up to a high scale
Λ of the order of the Planck mass, radiative corrections to
Mh from top quark loops are of order δM2

h ∼ Λ2, i.e. much
larger than Mh which is expected to be of the order of the
electroweak scale. The requirement that Mh and δMh are

18Section coordinators: J.A. Aguilar Saavedra and G. Ünel.

of the same order would imply a cut-off (and hence new
physics at) Λ ∼ 1–2 TeV. Some other aspects of the SM that
make it unappealing as the ultimate theory of fundamental
interactions (excluding gravity) are

− The lack of simplicity of the gauge structure,
− The unexpected hierarchy of fermion masses and quark

mixings, and the large number of apparently free para-
meters necessary to describe them,

− The source of baryogenesis, which cannot be explained
by the amount of CP violation present in the SM,

− The unknown mechanism behind the neutrino mass gen-
eration (neutrinos can have Dirac masses simply with
the introduction of right handed fields, but present limits
mν ∼ 1 eV require unnaturally small Yukawa couplings).

Therefore, the SM is believed to be the low energy limit
of a more fundamental theory. Several arguments suggest
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that this theory may manifest itself at energies not much
higher than the electroweak scale, and give support to the
hope that LHC will provide signals of new physics beyond
the SM.

This section deals with non-supersymmetric extensions
of the SM. Among the most popular ones, we shall consider
here the following ones:

1. Grand unified theories (GUTs). In these models the SM
gauge group SU(3)c ×SU(2)L ×U(1)Y is embedded into
a larger symmetry group, which is recovered at a high
scale. They predict the existence of new fermions (e.g.
Q = −1/3 singlets) and new gauge bosons (especially
Z′), which may be within the reach of the LHC.

2. Little Higgs models. They address the hierarchy problem
with the introduction of extra gauge symmetries and ex-
tra matter which stabilize the Higgs mass up to a higher
scale Λ ∼ 10 TeV. In particular, the top quark loop con-
tribution to the Higgs mass is partially canceled with the
introduction of a Q = 2/3 quark singlet T .

3. Theories with extra dimensions. The various extra di-
mensional models avoid the hierarchy problem by lower-
ing the Planck scale in the higher dimensional theory, and
some of them can explain the large hierarchies between
fermion masses. The observable effect of the additional
dimension is the appearance of “towers” of Kaluza–Klein
(KK) excitations of fermions and bosons, with increasing
masses. Depending on the model, the lightest modes can
have a mass around the TeV scale and thus be produced
at LHC.

It should be stressed that these SM extensions, sometimes
labeled as “alternative theories” do not exclude supersym-
metry (SUSY). In fact, SUSY in its minimal versions does
not address some of the open questions of the SM. One ex-
ample is the motivation behind the apparent gauge coupling
unification. The renormalization group evolution of the cou-
pling constants strongly suggests that they unify at a very
high scale MGUT ∼ 1015 GeV, and that the SM gauge group
is a subgroup of a larger one, e.g. SO(10), E6 or other possi-
bilities. Thus, SUSY can naturally coexist with GUTs. An-
other example of complementarity is SUSY + little Higgs
models. If SUSY is broken at the TeV scale or below, it
may give dangerous contributions to FCNC processes and
electric dipole moments (EDMs). These contributions must
be suppressed with some (well justified or not) assumption,
like minimal supergravity (MSUGRA) with real parame-
ters. These problems are alleviated if SUSY is broken at a
higher scale and, up to that scale, the Higgs mass is stabi-
lized by another mechanism, as happens in the little Higgs
theories.

With the forthcoming LHC, theories beyond the SM will
be tested directly via searches for new particles, and, indi-
rectly, with measurements of the deviations from SM pre-

cision variables. Instead of studying the different SM ex-
tensions and their additional spectra separately, we follow
a phenomenological/experimental approach. Thus, this sec-
tion is organized according to the new particles that are ex-
pected to be produced. Section 4.2 reviews the searches for
the new quarks and Sect. 4.3 for new heavy neutrinos. Stud-
ies for new gauge bosons are collected in Sects. 4.4 and 4.5,
and in Sect. 4.6 some new scalar signals are presented. We
do not include detailed information about the SM extensions
discussed here, but refer to the original papers and dedicated
reviews (see for instance [392–396]). The observation of
these new particles would prove, or at least provide evidence
for, the proposed theories. In this case, the identification of
the underlying theory might be possible with the measure-
ment of the couplings, production and decay modes of the
new state(s). Alternatively, the non-observation of the pre-
dicted signals would disprove the models or impose lower
bounds for their mass scales.

4.2 New quarks

At present, additional quarks are not required neither by
experimental data nor by the consistency of the SM. But
on the other hand they often appear in grand unified the-
ories [63, 397], little Higgs models [394, 398, 399], Fla-
vor Democracy [400] and models with extra dimensions
[28, 396, 401]. Their existence is not experimentally ex-
cluded but their mixing, mainly with the lightest SM fermi-
ons, is rather constrained. They can lead to various indi-
rect effects at low energies, and their presence could ex-
plain experimental deviations eventually found, for instance
in CP asymmetries in B decays. They can also enhance
flavor-changing processes, especially those involving the top
quark. These issues have been dealt with in other articles of
this volume. Here we are mainly concerned with their direct
production and detection at LHC.

New quarks share the same electromagnetic and strong
interactions of standard quarks, and thus they can be pro-
duced at LHC by qq̄ annihilation and gluon fusion in the
same way as the top quark, with a cross section which only
depends on their mass, plotted in Fig. 47. Depending on
their electroweak mixing with the SM fermions, they can
be produced singly as well [402–404]. Their decay always
takes place through electroweak interactions or interactions
with scalars, and the specific decay modes available depend
on the particular SM extension. Let us consider an example
with N “standard” chiral generations (left handed doublets
and right handed singlets under SU(2)L), plus nu up-type
and nd down-type singlets under this group.19 While (left

19Anomaly cancellation requires that the number of lepton generations
is also N . For N > 3 this implies additional neutrinos heavier than
MZ/2 to agree with the Z invisible width measurement at LEP. On the
other hand, quark singlets can be introduced alone, since they do not
contribute to anomalies [397].
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Fig. 47 Tree-level cross section for pair production of heavy quarks
Q in pp collisions at

√
s = 14 TeV, gg,qq̄ → QQ̄. CTEQ5L PDFs

are used

handed) SU(2)L doublets couple to the W± and W 3 bosons,
singlet fields do not. The Lagrangian in the weak eigenstate
basis reads

LW = − g√
2

[
ū′

Lγ μd ′
L

]
W †

μ + h.c.,

LZ = − g

2cW

[
ū′

Lγ μu′
L − d̄ ′

Lγ μd ′
L − 2s2

WJEM
]
Zμ,

(106)

where (u′, d ′)L are the N doublets under SU(2)L and JEM

is the electromagnetic current which includes all (charged)
quark fields. The number of mass eigenstates with charges
2/3 and −1/3 is Nu ≡ N + nu, Nd ≡ N + nd , respec-
tively. The resulting weak interaction Lagrangian in the
mass eigenstate basis is

LW = − g√
2

[
ūLγ μV dL

]
W †

μ + h.c.,

LZ = − g

2cW

[
ūLγ μXuuL − d̄Lγ μXddL − 2s2

WJEM
]
Zμ,

(107)

where uL,R , dL,R are column vectors of dimensions Nu,
Nd , and JEM is the electromagnetic current (including all
mass eigenstates). The Nu × Nd matrix V (not necessarily
square) is the generalization of the 3 × 3 CKM matrix. The
matrices Xu = V V †, Xd = V †V have dimensions Nu × Nu

and Nd × Nd , respectively. In case that nu > 0, the up-type
mass eigenstates are mixtures of weak eigenstates with dif-
ferent isospin, and thus the matrix Xu is not necessarily di-
agonal. In other words, V is not unitary (but its 3 × 3 sub-
matrix involving SM quarks is almost unitary), what pre-
vents the GIM mechanism from fully operating. Analogous
statements hold for the down sector. Therefore, models with
quark singlets can have tree-level FCNC couplings to the Z

boson. These couplings are suppressed by the mass of the
new mass eigenstates, e.g. Xtc ∼ mtmc/m2

T (with T a new

charge-2/3 quark), what forbids dangerous FCNCs in the
down sector but allows for observable effects in top physics.

As within the SM, its extensions with extra quarks typi-
cally have one Higgs doublet which breaks the electroweak
symmetry and originates the fermion masses. The surviving
scalar field h couples to the chiral fields (through Yukawa
couplings) but not to the weak eigenstate isosinglets. In the
mass eigenstate basis, the scalar-quark interactions read

Lh = − g

2MW

[
ūR MuXuuL + d̄R MdXddL

]
h + h.c., (108)

with Mu, Md the diagonal mass matrices, of dimensions
Nu ×Nu and Nd ×Nd , respectively. SM extensions with ex-
tra quarks usually introduce further scalar fields, e.g. in E6

additional scalar singlets are present, but with VEVs typ-
ically much higher than the mass scale of the new quarks
and small mixing with h. Also, in supersymmetric versions
of E6 there are two Higgs doublets, in which case the gen-
eralization of (108) involves two scalar fields and the ratio
of their VEVs tanβ . However, the main phenomenological
features of these models can be described with the minimal
scalar sector and the Lagrangian in (108). (Of course, this
does not preclude that with appropriate but in principle less
natural choices of parameters one can build models with a
completely different behavior.) In particular, from (108) it
follows that FCNC interactions with scalars have the same
strength as the ones mediated by the Z boson, up to mass
factors. Note also that (108) does not contradict the fact
that new heavy mass eigenstates, which are mainly SU(2)L

singlets, have small Yukawa couplings. For example, with
an extra Q = 2/3 singlet the Yukawa coupling of the new
mass eigenstate T is proportional to mT XTT � mT |VT b|2 ∼
mt/m2

T (see also Sect. 4.2.1 below).
More general extensions of the SM quark sector include

right handed fields transforming non-trivially under SU(2)L.
The simplest of such possibilities is the presence of ad-
ditional isodoublets (T ,B)L,R . Their interactions are de-
scribed with the right handed analogous of the terms in (107)
and a generalization of (108). From the point of view of
collider phenomenology, their production and decay takes
place through the same channels as fourth generation or
singlet quarks (with additional gauge bosons there would
be additional modes). However, the constraints from low
energy processes are much more stringent, since mixing
with a heavy isodoublet (T ,B)L,R can induce right handed
charged currents among the known quarks, which are absent
in the SM. An example of this kind is a WtRbR interaction,
which would give a large contribution to the radiative decay
b → sγ (see Sect. 2.2.1.1).

A heavy quark Q of either charge can decay to a lighter
quark q ′ via charged currents, or to a lighter quark q of the
same charge via FCNC couplings. The partial widths for
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these decays are [405]

Γ
(
Q → W+q ′)

= α

16s2
W

|VQq ′ |2 mQ

M2
W

λ(mQ,mq ′ ,MW)1/2

×
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]
,

Γ (Q → Zq)

= α

32s2
Wc2

W

|XQq |2 mQ

M2
Z
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Γ (Q → hq)

= α
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]
,

with

λ(mQ,m,M) ≡ (
m4

Q + m4 + M4 − 2m2
Qm2

− 2m2
QM2 − 2m2M2) (110)

a kinematical function. (The superscripts u, d in the FCNC
couplings XQq may be dropped when they are clear from the
context.) Since QCD and electroweak production processes
are the same for the fourth generation and exotic quarks,
their decays provide the way to distinguish them. For quark
singlets the neutral current decays Q → Zq are possi-
ble, and kinematically allowed (see below). Moreover, for
a doublet of SM quarks (q, q ′) of the same generation
one has Γ (Q → Zq) � 1/2Γ (Q → Wq ′), for mQ �
mq,mq ′ ,MZ,MW . Depending on the Higgs mass, decays
Q → hq may be kinematically allowed as well, with a par-
tial width Γ (Q → hq) � 1/2Γ (Q → Wq ′) for mQ much
larger than the other masses involved. Both FCNC decays,
absent for a fourth generation of heavy quarks,20 provide
clean final states in which new quark singlets could be dis-
covered, in addition to the charged-current decays present
in all cases. If the new quarks mix with the SM sector
through right handed interactions with the SM gauge and
Higgs bosons, the decays are the same as in (109) but re-
placing VQq ′ and XQq by their right handed analogues. If
the new quarks are not too heavy, the chirality of their inter-
actions can be determined by measuring angular or energy

20For 4th generation quarks neutral decays can take place radiatively,
and can have sizable branching ratios if tree-level charged-current de-
cays are very suppressed, see Sect. 4.2.4.1.

distributions of the decay products. For instance, in a decay
T → W+b → 	νb the charged lepton angular distribution in
W rest frame (or its energy distribution in T rest frame) can
be used to probe the WT b interaction (see the discussion
after (112) below, and also Sect. 2.2.1.2).

Searches at Tevatron have placed the 95% CL limits
mB ≥ 128 GeV [344] (in charged-current decays, assum-
ing 100% branching ratio), mb′ ≥ 199 GeV [406] (assum-
ing Br(b′ → Zb) = 1), where b′ is a charge −1/3 quark.
If a priori assumptions on b′ decays are not made, limits
can be found on the branching ratios of these two chan-
nels [407–409]. In particular, it is found that for b′ quarks
with masses ∼100 GeV near the LEP kinematical limit
there are some windows in parameter space where b′ could
have escaped discovery. For a charge 2/3 quark T , the
present Tevatron bound is mT ≥ 258 GeV [410] in charged-
current decays T → W+b, very close to the kinematical
limit mt +MZ where decays T → Zt are kinematically pos-
sible. The prospects for LHC are reviewed in the following.

4.2.1 Singlets: charge 2/3

A new up-type singlet T is expected to couple preferably
to the third generation, due to the large mass of the top
quark. The CKM matrix element VT b is expected to be of
order mt/mT , although for T masses at the TeV scale or
below the exact relation VT b = mt/mT enters into conflict
with latest precision electroweak data. In particular, the most
stringent constraint comes from the T parameter [27]. The
most recent values [344] T = −0.13 ± 0.11 (for U arbi-
trary), T = −0.03 ± 0.09 (setting U = 0) imply the 95%
CL bounds T ≤ 0.05, T ≤ 0.117, respectively. The result-
ing limits on |VT b| are plotted in Fig. 48, including for com-
pleteness the limit from Rb (plus other correlated observ-
ables like Rc, the FB asymmetries and coupling parame-
ters) and the bound on mT from direct searches. The mix-
ing values obtained from the relation VT b = λmt/mT are

Fig. 48 95% CL bounds on |VT b| from the T parameter and from Rb ,
and values derived from the relation VT b = mt/mT
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also displayed, for λ = 1 (continuous line) and λ = 0.5–2
(gray band). In this class of models the new contributions
to the parameter U are very small, so it is sensible to use
the less restrictive bound T ≤ 0.117. Even in this case, mix-
ing angles VT b = mt/mT seem too large for T lighter than
1.7 TeV. Of course, the importance of the bound T ≤ 0.117,
and indirect bounds in general, must not be neither overem-
phasized nor neglected. Additional new particles present in
these models also contribute to T and can cancel the contri-
bution from the new quark. But this requires fine-tuning for
lower T masses and/or larger VT b mixings.

The main decays of the new quark are T → W+b, T →
Zt , T → ht , with partial widths given by (109). Their char-
acteristic features are

(i) T → W+b: The decays W → 	+ν, 	 = e,μ originate
very energetic charged leptons, not only due to the large
T mass but also to spin effects [411]: for large mT the
charged leptons are emitted more towards the W flight
direction.

(ii) T → Zt : The leptonic decays Z → 	+	− produce a
very clean final state, although with a small branching
ratio.

(iii) T → ht : For a light Higgs, its decay h → bb̄ and the
decay of the top quark give a final state with three b

quarks, which can be tagged to reduce backgrounds.
They have an additional interest as they can produce
Higgs bosons with a large cross section [405, 412].

4.2.1.1 Discovery potential In T pair production the larg-
est mT reach is provided by the mode T T̄ → W+bW−b̄

and subsequent semileptonic decay of the W+W− pair,
plus additional contributions from other decay modes giv-
ing the same signature plus additional jets or missing energy
[73, 411]

T T̄ → W+bW−b̄ → 	+νbq̄q ′b̄,

T T̄ → W+bht̄/htW−b̄ → W+bW−b̄h

→ 	+νbq̄q ′b̄bb̄/cc̄,
(111)

T T̄ → W+bZt̄/ZtW−b̄

→ W+bW−b̄Z → 	+νbq̄q ′b̄q ′′q̄ ′′/νν̄.

These signals are characterized by one energetic charged
lepton, two b jets and at least two additional jets. Their
main backgrounds are top pair and single-top production
and W/Zbb̄ plus jets. Charged leptons originating from
T → Wb → 	νb decays are much more energetic than those
from t → Wb → 	νb, as has been stressed above. The
charged lepton energy distribution in T (t) rest frame reads

1

Γ

dΓ

dE	

= 1

(Emax
	 − Emin

	 )3

[
3
(
E	 − Emin

	

)2
FR

+ 3
(
Emax

	 − E	

)2
FL

+ 6
(
Emax

	 − E	

)(
E	 − Emin

	

)
F0

]
, (112)

with Fi the W helicity fractions (see Sect. 2.2.1.2), which
satisfy FL + FR + F0 = 1. For the top quark they are
F0 = 0.703, FL = 0.297, FR � 0, while for T with a mass
of 1 TeV they are F0 = 0.997, FL = 0.013, FR � 0. It must
be pointed out that for large mT , F0 � 1 even when right
handed WT b interactions are included; thus, the chirality
of this vertex cannot be determined from these observables.
The maximum and minimum energies depend on the mass
of the decaying fermion, and are Emin

	 = 18.5 GeV, Emax
	 =

87.4 GeV for t , and Emin
	 = 3.2 GeV, Emax

	 = 500 GeV for
T (with mT = 1 TeV). The resulting energy distributions are
presented in Fig. 49 (left) for the same T mass of 1 TeV. The
larger mean energy in the rest frame of the parent quark is
reflected in a larger transverse momentum p

lep
T in the labo-

ratory frame, as can be observed in Fig. 49 (right). For the
second and third decay channels in (111), denoted by (h)

and (Z) respectively, the tail of the distribution is less pro-
nounced. This is so because the charged lepton originates
from T → Wb → 	νb only half of the times, and the rest
comes from t → Wb → 	νb and is less energetic.

Background is suppressed by requiring large transverse
momenta of the charged lepton and the jets, and with the
heavy quark mass reconstruction. The reconstructed masses
of the heavy quarks decaying hadronically (mhad

T ) and semi-

leptonically (mlep
T ) are shown in Fig. 50. For the leading de-

cay mode T T̄ → W+bW−b̄ these distributions have a peak
around the true mT value, taken here as 1 TeV, but for the
additional signal contributions the events spread over a wide
range. Thus, kinematical cuts on p

lep
T , mhad

T and m
lep
T con-

siderably reduce the extra signal contributions.
The estimated 5σ discovery limits for 300 fb−1 can be

summarized in Fig. 51. They also include the results from
Tj (plus T̄ j ) production, where the decay T → W+b (or
T̄ → W−b̄) also gives the highest sensitivity for large T

masses [413]. The mT reach in T T̄ production is indepen-
dent of VT b , but the Tj cross section scales with |VT b|2,
and thus the sensitivity of the latter process depends on VT b .
T masses on the left of the vertical line can be seen with
5σ in T T̄ production. Values of mT and VT b over the
solid curve can be seen in Tj production. The latter dis-
covery limits have been obtained by rescaling the results for
mT = 1 TeV in [413, 414]. The 95% CL bounds from the
T parameter (for U = 0 and U arbitrary) are represented
by the dashed and dotted lines, respectively. Then, the yel-
low area (light grey in print) represents the parameter region
where the new quark cannot be discovered with 5σ , and the
orange triangle (dark gray) the parameters for which it can
be discovered in single but not in pair production.

Several remarks are in order. The limits shown for T T̄

and Tj only include the channel T → W+b (with additional
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Fig. 49 Left: Normalized energy distributions of the charged lepton from t and T semileptonic decays, in t (T ) rest frame, taking mT = 1 TeV.
Right: the resulting transverse momentum distribution in laboratory frame for the processes in (111) (right)

Fig. 50 Reconstructed masses of the heavy quarks decaying hadronically (left) and semileptonically (right), for the processes in (111) with
mT = 1 TeV, and their main background t t̄

signal contributions giving the same final state in the former
case). In both analyses the evaluation of backgrounds, e.g.
t t̄ , does not include higher-order processes with extra hard
jet radiation: t t̄j , t t̄2j , etc. These higher-order t t̄nj contri-
butions may be important in the large transverse momenta
region where the new quark signals are searched. System-
atic uncertainties in the background are not included either,
and they lower the significance with respect to the values
presented here. On the other hand, additional T decay chan-
nels can be included and the event selection could be refined,
e.g. by a probabilistic method, so that the limits displayed in
Fig. 51 are not expected to be significantly degraded when
all of these improvements are made in the analysis.

4.2.1.2 Higgs discovery from T decays Apart from the di-
rect observation of the new quark, another exciting possibil-
ity is to discover the Higgs boson from T decays [405, 412].

Fig. 51 Estimated 5σ discovery limits for a new charge 2/3 quark T

in T T̄ and Tj production
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Very recent results from CMS have significantly lowered the
expectations for the discovery of a light Higgs boson in t t̄h

production, with h → bb̄. This decrease is due to a more
careful calculation of the t t̄nj background, and to the in-
clusion of systematic uncertainties [61]. As a result, a light
Higgs is impossible to see in this process, with a statistical
significance of only ∼0.47σ for 30 fb−1 of luminosity and
Mh = 115 GeV. But if a new quark T exists with a moderate
mass, its pair production and decays,

T T̄ → W+bht̄/htW−b̄ → W+bW−b̄h

→ 	+νbq̄q ′b̄bb̄/cc̄,

T T̄ → htht̄ → W+bW−b̄hh

→ 	+νbq̄q ′b̄bb̄/cc̄bb̄/cc̄, (113)

T T̄ → Ztht̄/htZt̄ → W+bW−b̄hZ

→ 	+ν′bq̄q ′b̄bb̄/cc̄q ′′q̄ ′′/νν̄,

provide an additional source of Higgs bosons with a large
cross section (see Fig. 47) and a total branching ratio close
to 1/2. The final state is the same as in t t̄h production with
semileptonic decay: one charged lepton, four or more b-
tagged jets and two non-tagged jets. The main backgrounds
are t t̄nj production with two b mistags and t t̄bb̄ produc-
tion. The inclusion of higher-order (n > 2) contributions is
relevant because of their increasing efficiency for larger n

(the probability to have two b mistags grows with the jet
multiplicity). The larger transverse momenta involved for
larger n also make higher-order processes more difficult to
suppress with respect to the T T̄ signal. Lower order contri-
butions (n < 2) are important as well, due to pile-up. The
method followed to evaluate top pair production plus jets
is to calculate t t̄nj for n = 0, . . . ,5 with Alpgen [312] and
use PYTHIA 6.4 [415] to include soft jet radiation, using the
MLM matching prescription [416] to avoid double counting.

Background suppression is challenging because the
higher-order t t̄nj backgrounds are less affected by large
transverse momentum requirements. Moreover, the signal
charged leptons are not so energetic, and cannot be used to
discriminate signal and background as efficiently as in the
previous final state. Background is suppressed with a like-
lihood method. Signal and background likelihood functions
LS , LB can be built. using as variables several transverse
momenta and invariant mass, as those shown in Fig. 52, as
well as angles and rapidities of final state particles. (Ad-
ditional details can be found in [405].) Performing cuts on
these and other variables greatly improves the signal ob-
servability. For a luminosity of 30 fb−1, the statistical sig-
nificances obtained for the Higgs signals in final states with

four, five and six b jets are [405]

4 b jets: 6.43σ,

5 b jets: 6.02σ,

6 b jets: 5.63σ,

(114)

including a 20% uncertainty in the background. Additional
backgrounds like electroweak t t̄bb̄ production, t t̄cc̄ (QCD
and electroweak) and W/Zbb̄ plus jets are smaller but have
also been included. The combined significance is 10.45σ ,
a factor of 25 larger than in t t̄h production alone. Then, this
process offers a good opportunity to quickly discover a light
Higgs boson (approximately with 8 fb−1) in final states con-
taining a charged lepton and four or more b quarks. These
figures are conservative, since additional signal processes
T T̄ nj have not been included in the signal evaluation. The
decay channels in (113) also provide the best discovery po-
tential for mT relatively close to the electroweak scale. For
mT = 500 GeV, as assumed here, 5σ discovery of the new
quark could be possible with 7 fb−1.

4.2.2 Singlets: charge −1/3

Down-type isosinglet quark arise in the E6 GUT mod-
els [63]. These models postulate that the group structure
of the SM, SUC(3) × SUW(2) × UY (1), originates from
the breaking of the E6 GUT scale down to the electroweak
scale, and thus extend each SM family by the addition of one
isosinglet down-type quark.

Following the literature, the new quarks are denoted by
letters D, S, and B . The mixings between these and SM
down-type quarks is responsible for the decays of the new
quarks. In this study, the intra-family mixings of the new
quarks are assumed to be dominant with respect to their
inter-family mixings. In addition, as for the SM hierarchy,
the D quark is taken to be the lightest one. For simplicity,
we assume the usual CKM mixings, represented by super-
script θ , to be in the up sector (an assumption that does not
affect the results). The Lagrangian relevant for the down-
type isosinglet quark, D, is obtained from (107), explicitly
giving

L D =
√

4παem

2
√

2 sin θW

[
ūθ γα(1 − γ5)d cosφ

+ ūθ γα(1 − γ5)D sinφ
]
Wα

−
√

4παem

4 sin θW

[
sinφ cosφ

cos θW

d̄γα(1 − γ5)D

]
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−
√

4παem

12 cos θW sin θW

× [
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4 sin2 θW − 3 sin2 φ(1 − γ5)
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D
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−
√

4παem

12 cos θW sin θW
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Fig. 52 Several useful variables to discriminate between heavy quark
signals and background for T T̄ production in 4b final states: heavy
quark reconstructed masses (mhad

T , m
lep
T ), missing energy ( /ET ), and

maximum pt of the b-tagged jets (pb,max
t ). The main signal processes

(first two ones in (113)) are denoted by Wh, hh, respectively

× [
d̄γα

(
4 sin2 θW − 3 cos2 φ(1 − γ5)

)
d
]
Zα

+ h.c. (115)

The measured values of Vud , Vus , Vub constrain the d and
D mixing angle φ to | sinφ| ≤ 0.07, assuming the squared
sum of row elements of the new 3 × 4 CKM matrix equal
unity (see [53] and references therein for CKM matrix re-
lated measurements). The total decay width and the contri-
bution by neutral and charged currents were already esti-
mated in [417]. As reported in this work, the D quark de-
cays through a W boson with a branching ratio of 67% and
through a Z boson with a branching ratio of 33%. If the
Higgs boson exists, in addition to these two modes, the D

quark might also decay via the D → hd channel which is
available due to D–d mixing. The branching ratio of this
channel for the case of mh = 120 GeV and sinφ = 0.05 is
calculated to be about 25%, reducing the branching ratios of
the neutral and charged channels to 50% and 25%, respec-
tively [418, 419].

4.2.2.1 The discovery potential The discovery potential of
the lightest isosinglet quark has been investigated using the
pair production channel which is quasi-independent of the
mixing angle φ. The main tree-level Feynman diagrams for
the pair production of D quarks at LHC are gluon fusion,
and q–q annihilation. The gDD and γDD vertices are the
same as their SM down quark counterparts. The modifica-
tion to the Zdd vertex due to d–D mixing can be neglected
due to the small value of sinφ.

The Lagrangian in (115) was implemented into tree-
level event generators, CompHEP 4.3 [420] and MadGraph
2.3 [421]. The impact of uncertainties in parton distribu-
tion functions (PDFs) [135] is calculated, by using differ-
ent PDF sets, to be less than 10% for D quark mass val-
ues from 400 to 1400 GeV. For example at mD = 800 GeV
and Q2 = m2

Z , the cross section values are 450 fb (Com-
pHEP, CTEQ6L1) and 468 fb (CompHEP, CTEQ5L) versus
449 fb (MadGraph, CTEQ6L1) and 459 fb (MadGraph,
CTEQ5L) with an error of about one percent in each calcula-
tion. The largest contribution to the total cross section comes
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from the gluon fusion diagrams for D quark masses below
1100 GeV, while for higher D quark masses, contributions
from s-channel qq̄ annihilation subprocesses becomes dom-
inant. For these computations, qq̄ are assumed to be only
from the first quark family since the contribution to the total
cross section from ss̄ is about 10 times smaller and the con-
tribution from cc̄ and bb̄ are about 100 times smaller. The t-
channel diagrams mediated by Z and W bosons, which are
suppressed by the small value of sinφ (for example 0.4 fb
at mD = 800 GeV) were also included in the signal gener-
ation. The very heavy isosinglet quarks are expected to im-
mediately decay into SM particles. The cleanest signal can
be obtained from both Ds decaying via a Z boson. Although
it has the smallest branching ratio, the 4-lepton and 2-jet fi-
nal state offers the possibility of reconstructing the invari-
ant mass of Z bosons and thus of both D quarks. The high
transverse momentum of the jets coming from the D quark
decays can be used to distinguish the signal events from the
background.

The D quarks in signal events were made to decay in
CompHEP into SM particles. The final state particles for
both signal and background events were fed into PYTHIA
version 6.218 [47] for initial and final state radiation, as
well as hadronization using the CompHEP to PYTHIA and
MadGraph to PYTHIA interfaces provided by ATHENA
9.0.3 (the ATLAS offline software framework). To incorpo-
rate the detector effects, all event samples were processed
through the ATLAS fast simulation tool, ATLFAST [422],
and the final analysis has been done using physics objects
that it produced. The cases of four muons, four electrons and
two electrons plus two muons were separately treated to get
the best reconstruction efficiency. As an example, Table 20
gives the selection efficiencies for the mixed lepton case at
mD = 800 GeV.

Using the convention of defining a running accelerator
year as 107 seconds, one LHC year at the design lumi-
nosity corresponds to 100 fb−1. All the signal events for
this luminosity are summed and compared to the SM back-
grounds, as shown in Fig. 53. It is evident that for the low-
est of the considered masses, the studied channel gives an
easy detection possibility, whereas for the highest mass case
(MD = 1200 GeV) the signal to background ratio is of the
order of unity. For each D quark mass value that was con-
sidered, a Gaussian is fit to the invariant-mass distribution
around the D signal peak and a polynomial to the back-
ground invariant-mass distribution. The number of accepted

signal (S) and background (B) events are integrated using
the fit functions in a mass window whose width is equal to
2σ around the central value of the fit Gaussian. The signif-
icance is then calculated at each mass value as S/

√
B , us-

ing the number of integrated events in the respective mass
windows. The expected signal significance for three years
of nominal LHC luminosity running is shown in Fig. 54 left
hand side. The shaded band in the same plot represents the
systematic errors originating from the fact that for each sig-
nal mass value, a finite number of Monte Carlo events was
generated at the start of the analysis and the surviving events
were selected from this event pool. For MD = 600 GeV, AT-
LAS could observe the D quark with a significance more
than 3σ before the end of the first year of low luminosity
running (10 fb−1/year) whereas to claim discovery with 5σ

significance, it would need about 20 fb−1 integrated lumi-
nosity. For MD = 1000 GeV, about 200 fb−1 integrated lu-
minosity is necessary for a 3σ signal observation claim.

4.2.2.2 The mixing angle to SM quarks This section ad-
dresses the discovery of the isosinglet quarks via their jet
associated single production at the LHC and the measure-
ments of the mixing angle between the new and the SM
quarks. The current upper limit on φ is | sinφ| < 0.07, al-
lowed by the known errors on the CKM matrix elements as-
suming unitarity of its extended version [423]. However, in
this work, a smaller thus a more conservative value, sinφ =
0.045, was considered for the calculation of the cross sec-
tions and decay widths. For other values of sinφ, both of
these two quantities scale like sin2 φ. For both the signal and
the background studies, the contributions from sea quarks
were included. The parton distribution function CTEQ6L1
was used, and the QCD scale was set to be the mass of
the D quark for both signal and background processes. The
cross section for single production of the D quark for its
mass up to 2 TeV and for various mixing angles is given in
Fig. 55. The main tree-level signal processes are originating
from the valance quarks exchanging W or Z bosons via the
t-channel. The remaining processes originating from the sea
quarks contribute about 20 percent to the total signal cross
section.

Although the work in this section is at the generator level,
various parameters of the ATLAS detector [424] such as the
barrel calorimeter geometrical acceptance, minimum angu-
lar distance for jet separation and minimum transverse mo-
mentum for jets [425] were taken into account. Five mass

Table 20 The individual
selection cut efficiencies ε for
one Z → ee and one Z → μμ

sub-case. The subscript 	

represents both electron and
muon cases

Channel N	 MZ PT,	 Njet PT,jet εcombined

Cut =4 =90 ± 20 GeV μ(e) > 40(15) GeV ≥2 ≥100 GeV

ε signal 0.44 0.94 0.71 1 0.93 0.28

ε background 0.35 0.97 0.34 0.95 0.10 0.011
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Fig. 53 Combined results for possible signal observation at MD =
600, 800, 1000, 1200 GeV. The reconstructed D quark mass and the
relevant SM background are plotted for a luminosity of 100 fb−1 which

corresponds to one year of nominal LHC operation. The dark line
shows the signal and background added, the dashed line is for signal
only and the light line shows the SM background

values (400, 800, 1200, 1500 and 2000 GeV) were studied to
investigate the mass dependence of the discovery potential
for this channel. The cuts common to all considered mass
values are

PTp > 15 GeV,

|ηp| < 3.2,

|ηZ| < 3.2,

Rp > 0.4,

MZp = MD ± 20 GeV,

where p stands for any parton; R is the cone separation an-
gle between two partons; ηp and ηZ are pseudorapidities
of a parton and Z boson respectively; and PTp is the par-
ton transverse momentum. For each mass case, the optimal
cut value is found by maximizing the significance (S/

√
B)

and it is used for calculating the effective cross sections pre-
sented in Table 21. To obtain the actual number of events
for each mass value, the e+e− and μ+μ− decays of the Z

boson were considered. The last three rows of the same ta-
ble contain the expected number of reconstructed events for
both signal and background for 100 fb−1 of data taking. Al-
though the lepton identification and reconstruction efficien-
cies are not considered, one can note that the statistical sig-
nificance at mD = 1500 GeV, is above 5σ after a one year at
nominal luminosity.

The single production discovery results given in Table 21
can be used to investigate the mixing angle. In the event of
a discovery in the single production case, the mixing angle
can be obtained directly. If no discoveries are made, then
the limit on the cross section can be converted to a limit
curve in the D quark mass vs mixing angle plane. There-
fore the angular reach for a 3σ signal is calculated by ex-
trapolating to other sinφ values. Figure 56 gives the mixing
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Fig. 54 On the left: the expected statistical significance after three
years of running at nominal LHC luminosity assuming Gaussian sta-
tistics. The vertical line shows the limit at which the event yield drops
below 10 events. On the right: the integrated luminosities for 3σ ob-

servation and 5 sigma discovery cases as a function of D quark mass.
The bands represent uncertainties originating from finite MC sample
size

Fig. 55 Cross section in single D production as a function of D quark
mass for different sinφ values

angle versus D-quark mass plane and the 3σ reach curves
for different integrated luminosities ranging from 10 fb−1 to
1000 fb−1, which correspond to one year of low luminosity
LHC operation and one year of high luminosity super-LHC
operation respectively. The hashed region in the same plot
is excluded using the current values of the CKM matrix ele-
ments. One should note that, this channel allows for reduc-
ing the current limit on sinφ by half in about 100 fb−1 run
time. The process of single production of the E6 isosinglet
quarks could essentially enhance the discovery potential if

sinφ exceeds 0.02. For example, with 300 fb−1 integrated
luminosity, the 3σ discovery limit is mD = 2000 GeV, if
sinφ = 0.03. It should also be noted that for pair production
the 3σ discovery limit was found to be about 900 GeV, inde-
pendent of sinφ. If ATLAS discovers an 800 GeV D quark
via pair production, single production will give the opportu-
nity to confirm the discovery and measure the mixing angle
if sinφ > 0.03. The FCNC decay channel analyzed in this
paper is specific for isosinglet down-type quarks and gives
the opportunity to distinguish it from other models also in-
volving additional down-type quarks, for example the fourth
SM family.

4.2.2.3 The impact on the Higgs searches The origin of
the masses of SM particles is explained by using the Higgs
Mechanism. The Higgs mechanism can also be preserved
in E6 group structure as an effective theory, although other
alternatives such as dynamical symmetry breaking are also
proposed [426, 427]. On the other hand, the origin of the
mass of the new quarks (D,S,B) should be due to another
mechanism since these are isosinglets. However, the mixing
between d and D quarks will lead to decays of the latter
involving h after spontaneous symmetry breaking (SSB). To
find these decay channels, the interaction between the Higgs
field and both down-type quarks of the first family should
be considered before SSB. After SSB, the Lagrangian for
the interaction between d,D quarks, and the Higgs boson
becomes:

Lh = mD

ν
sin2 φLD̄Dh
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Table 21 The signal and
background effective cross
sections before the Z decay and
after the optimal cuts, obtained
by maximizing the S/

√
B ,

together with the D quark width
in GeV for each considered
mass. The number of signal and
background events also the
signal significance were
calculated for an integrated
luminosity of 100 fb−1

MD (GeV) 400 800 1200 1500 2000

Γ (GeV) 0.064 0.51 1.73 3.40 8.03

Signal (fb) 100.3 29.86 10.08 5.09 1.92

Background (fb) 2020 144 18.88 6.68 1.36

Optimal pT cut 100 250 450 550 750

Signal events 702 209 71 36 13.5

Background events 14000 1008 132 47 9.5

Signal significance (σ ) 5.9 6.6 6.1 5.2 4.37

Fig. 56 3σ exclusion curves for 10, 100, 300, 1000 fb−1 integrated
luminosities are shown from top to down

− sinφL cosφL

2ν
D̄

[(
1 − γ 5)mD + (

1 + γ 5)md

]
dh

− sinφL cosφL

2ν
d̄
[(

1 + γ 5)mD + (
1 − γ 5)md

]
Dh

+ md

ν
cos2 φLd̄dh (116)

where ν = η/
√

2 and η = 246 GeV is the vacuum expecta-
tion value of the Higgs field. It is seen that the D quark has
a narrow width and becomes even narrower with decreasing
values of φ since it scales through a sin2 φ-dependence. The
relative branching ratios for the decay of the D quark de-
pend on both the D quark and the Higgs mass values. For
example, at the values of the D quark mass around 200 GeV
and of the Higgs mass around 120 GeV one finds Br(D →
Wu) ∼ 60%, Br(D → hd) ∼ 12%, Br(D → Zd) ∼ 28%,
whereas as the D quark mass increases the same ratios as-
ymptotically reach 50%, 25% and 25% respectively. As the
Higgs mass increases from 120 GeV, these limit values are
reached at higher D quark masses.

Depending on the masses of the D quark and the Higgs
boson itself, the E6 model could boost the overall Higgs
production at the LHC. This boost is particularly interest-

Fig. 57 Pair production of D quarks at LHC computed at tree level
with CTEQ6L1 and QCD scale set at the mass of the D quark

ing for the Higgs hunt, one of the main goals of the LHC
experiments. For example, if the D quark mass is as low
as 250 GeV, the pair production cross section at the LHC
becomes as high as 105 fb−1, which is enough to compen-
sate for the relatively small Higgs branching ratio of 17%,
as can be seen in Fig. 57. In the low mass range consid-
ered in this section (from 115 up to 135 GeV), the branch-
ing ratio h → bb is about 70% [424]. Table 22 lists the de-
cays involving at least one Higgs boson and the expected
final state particles associated with each case. Although the
case involving the Z is more suitable from the event recon-
struction point of view, the focus will be on the last row,
which has the highest number of expected Higgs events per
year.

The full Lagrangian also involving the Higgs interaction
has been implemented in a tree-level event generator, Com-
pHEP 4.4.3 [420], to investigate the possibility of detecting
the Higgs particle and reconstructing it from b jets. Assum-
ing a light Higgs boson of mass 120 GeV, four mass val-
ues for the D quark have been taken as examples: 250 GeV,
500 GeV, 750 GeV, and 1000 GeV. 10000 signal events were
produced for each mass value under consideration with the
Whjj final states using the CTEQ6L1 PDF set [135]. The
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Table 22 For pair production of D quarks, the decay channels involving the Higgs particle. The branching ratios and the number of expected
Higgs particles are calculated assuming mh = 120 GeV and mD = 250 (500) GeV

D1 D2 Br #expected Higgs/100 fb−1 Expected final state

D → hj D → hj 0.029 (0.053) 0.58 × 106 (2.65 × 104) 2j4jb

D → hj D → Zj 0.092 (0.120) 0.92 × 106 (3.01 × 104) 2j2jb2	

D → hj D → Wj 0.190 (0.235) 1.9 × 106 (6.04 × 104) 2j2jb	ET,miss

generator level cuts on the partons, guided by the perfor-
mance of the ATLAS detector, are given by

|ηp| ≤ 3.2,

pTp ≥ 15 GeV,

Rp > 0.4,

where ηp is the pseudorapidity for the partons giving rise to
jets, pT,p is the transverse momentum of the partons, and
Rp is the angular separation between the partons. The im-
posed maximum value of η requires the jets to be in the
central region of the calorimeter where the jet energy resolu-
tion is optimal. The imposed lower value of pT ensures that
no jets that would eventually go undetected along the beam
pipe are generated at all. The imposed lower value of R pro-
vides good separation between the two jets in the final state.
Using the interface provided by CPYTH 2.3 [428], the gen-
erated particles are processed with ATHENA 11.0.41, which
uses PYTHIA [47] for hadronization and ATLFAST [422]
for fast detector response simulation. However, one should
note that the reconstructed b jet energy and momenta were
re-calibrated like in [424] to have a good match between the
mean value of the reconstructed Higgs mass and its parton
level value.

As for the background estimations, all the SM interac-
tions giving the W±bbjj final state have been computed
in another tree-level generator, MadGraph 2.1. [421], us-
ing the same parton level cuts and parton distribution func-
tions. The SM background cross section is calculated to be
520 ±11 pb. The reasons for using two separate event gen-
erators, their compatibility, and their relative merits have
been discussed elsewhere [423]. The generated 40000 back-
ground events were also processed in the same way using
ATLFAST for hadronization and calculation of detector ef-
fects.

The selection cuts for a D quark mass of 500 GeV, and h

boson mass of 120 GeV, are given in Table 23. The invariant-
mass distributions after the selection cuts are presented in
Fig. 58 for 30 fb−1 of integrated luminosity. The signal
window for D is defined as MD ± 50 GeV and for h as
Mh ± 30 GeV. The number of events for the signal (S) and
the background (NB ) are summed in the signal windows for
both signal and background to calculate the statistical sig-
nificance σ = S/

√
S + NB . For this set of parameters, it is

Table 23 Optimized event selection cuts and their efficiencies for
mD = 500 GeV

Cut ε signal ε background

N-leptons =1 0.83 0.79

N-jets ≥4 0.99 0.99

N-b jets ≥2 0.33 0.36

PT -b jet ≥1 GeV 1.00 1.00

PT -lepton ≥15 GeV 0.95 0.94

PT -jet ≥100 GeV 0.83 0.69

cos θbjbj ≥−0.8 0.97 0.89

Mjj ≥90 GeV 0.99 0.65

HT ≥800 GeV 0.90 0.55

|mD1 − mD2| ≤100 GeV 0.59 0.37

found that the D quark can be observed with a significance
of 13.2σ and at the same time the Higgs boson with a sig-
nificance of about 9.5σ . One should note that, in the SM
Higgs searches, such a high statistical significance can only
be reached with more than three times more data, namely
with about 100 fb−1 of integrated luminosity.

A similar analysis was performed for the other three D

quark masses: of 250, 750 and 1000 GeV. For each mass,
the cut values were re-optimized to get the best statistical
significance in the Higgs boson search. Figure 59 contains
the 3σ and the 5σ signal significance reaches of the Higgs
boson and the D quark as a function of their masses. It can
be seen that, a light Higgs boson could be discovered with
a 5σ statistical significance using the DD̄ → hWjj chan-
nel within the first year of low luminosity data taking (in-
tegrated luminosity of 10 fb−1) if mD < 500 GeV. Under
the same conditions but with one year of design luminosity
(integrated luminosity of 100 fb−1), the 5σ Higgs discov-
ery can be reached if mD ≤ 700 GeV. This is to be com-
pared with the studies from the ATLAS Technical Design
Report, where the most efficient channel to discover such a
light Higgs is the h → γ γ decay. This search yields about
8σ signal significance with 100 fb−1 integrated luminos-
ity. The presently discussed model could give the same sig-
nificance (or more) with the same integrated luminosity if
mD < 630 GeV. Therefore, if the isosinglet quarks exist and
their masses are suitable, they will provide a considerable
improvement for the Higgs discovery potential.
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Fig. 58 Reconstructed invariant
masses for the D quark (left)
and the Higgs boson (right)
regions, for 10 fb−1 of
integrated luminosity. The
signals are given by the red
(grey) crosses, the full SM
backgrounds by the dotted lines.
The mass of the D quark was
set to 500 GeV and that of the
Higgs boson to 120 GeV

Fig. 59 The reach of ATLAS in the Higgs search for increasing D

quark mass values. The dashed lines show the 3σ and the solid lines
show the 5σ reaches of Higgs boson (triangles) and D quark (circles)
searches

4.2.3 Quarks from extra dimensions: charges −1/3 and
5/3

Heavy quarks of charges (−1/3, 2/3, 5/3) (denoted q̃) are
well motivated in Randall–Sundrum (RS) models with a
custodial symmetry [429–433]. They are partners of the SM
right handed top quark and have a mass between 500 and
1500 GeV. Their presence can be attributed to the heavi-
ness of the top quark. This section studies the pair produc-
tion of heavy Q = −1/3 and Q = 5/3 quarks, which takes
place through standard QCD interactions with a cross sec-
tion ∼O(10) pb for masses of several hundreds of GeV.

The focus is on the 4-W events, which are characteris-
tic of the decay of new charge −1/3 singlets coupling
to the (t, b)L doublet, in contrast with the preceding sec-
tion in which the singlet D is assumed to couple to the d

quark. The process under consideration is gg,qq → q̃q̃ →
W−tW+t → W−W+bW+W−b. A straightforward trigger
criterion for these events is that of a single, isolated lepton
with missing ET originating from the leptonic decay of one
of the W bosons. The remaining W bosons can be recon-
structed using dijet pairs. The goal in this analysis is to in-
vestigate the feasibility of multi-W reconstruction and there-
fore identify q̃ at the LHC. A simulation of this signal and its
main background has been performed, and an analysis strat-
egy outlined which distinguishes the signal from the sizable
SM backgrounds [434].

There can be several q̃-type KK quarks in the class of
composite Higgs models under consideration, leading to
the same signature. Typically, in the minimal models, there
is one heavy quark with electric charge 5/3 as well as a
Q = −1/3 quark, decaying into tW+ and tW− respectively,
both with branching ratio essentially equal to 1. In addition,
there is another bottom-type quark with tW− branching ra-
tio ∼1/2. All these q̃ quarks are almost degenerate in mass.
For the present model analysis, the mass of q̃ is taken as
mq̃ = 500 GeV. The Lagrangian of the model [434] has been
implemented into CalcHep 2.4.3 [435] for the simulation
of q̃ pair production and decay through the tW channel. The
actual number of 4W events coming from the pair produc-
tion and decay of the other Q = −5/3 KK quarks, in a typi-
cal model, is taken into account by a multiplying factor.

t tWW events from q̃ pair production are generated with
CalcHep, and they are further processed with PYTHIA
6.401 [415]. The following “trigger”, applied to the gener-
ated events, is based on the lepton criteria for selecting W →
	ν events: at least one electron or muon with pT > 25 GeV
must be found within the pseudorapidity range |η| < 2.4;
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then, the “missing ET ”, calculated by adding all the neutrino
momenta in the event and taking the component transverse
to the collision axis, must exceed 20 GeV. Hadronic jets are
reconstructed as they might be observed in a detector: sta-
ble charged and neutral particles within |η| < 4.9 (the range
of the ATLAS hadronic calorimeter), excluding neutrinos,
are first ranked in pT order. Jets are seeded starting with
the highest pT tracks, with pT > 1 GeV; softer tracks are
added to the nearest existing jet, as long as they are within
�R < 0.4 of the jet centroid, where �R = √

�φ2 + �η2.
The number of jets with pT > 20 GeV is shown in Fig. 60a.
The signal is peaked around eight jets.

The two main backgrounds considered come from t t and
t th production. t t leads to two W s + two bs, with four extra
jets misinterpreted as coming from hadronic W decays. t th

however, can lead exactly to 4W s and 2bs when the Higgs
mass is large enough. In this work, the Higgs mass is taken
as mh = 115 GeV. The background sample is dominated by
t t events generated using TopReX (version 4.11) [46] and
PYTHIA 6.403, with CTEQ6L parton distribution functions.
The small t th contribution to the background has been mod-
eled with PYTHIA. As expected, the background has fewer
high-pT jets than the signal, peaking around five jets.

The number of W/Z → jj candidates (N ) is counted,
ensuring that jets are used only once in each event. In the

heavy Higgs case with a q̃ mass of 500 GeV, the following
sources dominate:

N = 1: SMW/Z processes,

N = 2: SM single h, WW/WZ, tt,

N = 3: q̃q̃ → tWbZ → WWZbb,

N = 4: q̃q̃ → tWtW/tWbh/bhbh.

In order to suppress the most common (t t) SM back-
ground, the single hadronic W is eliminated by searching
for a combination of two high-pT jets whose mass falls be-
tween 70 and 90 GeV. The jets are combined in order of
decreasing pT . If a pair is found, it and the preceding pairs
are removed; the dijet mass combinations of the subsequent
pairs are shown in Fig. 60d. This procedure has been tested
on W + jet simulation to ensure that it does not sculpt the
combinatorial background distribution. Detailed results of
the W reconstructions and consequences for q̃ identifica-
tion are presented in [434]. The peak obtained in the dijet
mass distribution suggests that it is possible to reach a sig-
nal significance beyond the 5σ level. Further investigation
with more detailed simulation is required to map the discov-
ery potential for this signal at an LHC experiment such as
ATLAS, or at the ILC, and to connect the observable signal
to the production cross section.

Fig. 60 Top left (a): Number of jets with pT > 20 GeV. Top right (b): Scalar sum of ET ; Bottom left (c): number of W s decaying hadronically in
the event. All distributions are normalized to unit area. Bottom right (d): Dijet mass distribution after eliminating the first hadronic W candidate
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4.2.4 Fourth sequential generation

The measurement of the Z invisible width implies well
known constraints on the number of SM families with light
neutrinos. However the discovery of neutrino masses and
mixings show that the lepton sector is richer than the tra-
ditional SM. Moreover, some recent hints for new physics,
mainly in CP violation effects in b → s transitions, might
be accommodated with a fourth standard model family [38].
A phenomenological motivation for the existence of a fourth
SM family might be attributed to the non-naturalness of
the SM Yukawa couplings which vary by orders of mag-
nitude even among the same type fermions. This considera-
tion hints in the direction of accepting the SM as an effective
theory of fundamental interactions rather than of fundamen-
tal particles. However, the electroweak theory (or SM be-
fore spontaneous symmetry breaking) itself is a theory of
massless fermions where fermions with the same quantum
numbers are indistinguishable. Therefore, there is no par-
ticular reason why the Yukawa couplings of a given type
(t = u,d, l, ν) should be different across families. If one
starts with such a unique coupling coefficient per type t , for
a case of n families the resulting spectrum becomes n − 1
massless families and a single family where all particles are
massive with m = natη where η is the vacuum expectation
value of the Higgs field. In the most simple model, where
all fermions acquire mass due to a Higgs doublet, it is nat-
ural to also assume that the Yukawa couplings (therefore the
masses) for different types should be comparable to each
other and lie somewhere between the other couplings of EW
unification:

ad ≈ au ≈ al ≈ aν ≈ a,

e = gW sin θW < a/
√

2 < gZ = gW/ cos θW .

The measured fermion spectrum gives us a consistency
check, quickly proving that the 3rd SM family can not be the
singled out heavy family since mt � mb � mτ � mντ ≈ 0.
Therefore if the above presented naturalness assumptions
are true, not only the reason behind the total number of fam-
ilies and the lightness of the SM neutrinos is obtained but
also a set of predictions for the masses and mixings of the
heavy fourth family are made through the parameterizations
and fits to the extended (4 × 4) CKM matrix elements.

4.2.4.1 Search scenarios A recent detailed study [436] of
b′ and t ′ decay has updated old results done almost 20
years ago [437–440]. It was found that, the fourth generation
while greatly enhancing FCNC top decays (see Sect. 4.2.1.1
for heavy top searches), especially t → cZ and ch, can only
bring these into the borderline (10−6–10−7) of observabil-
ity at the LHC. But the direct search for b′ and t ′ looks far
more interesting. Since t ′ → bW always dominates t ′ de-
cay (unless the t ′–b′ mass difference is large), hence it can

be straightforwardly discovered by a “heavy top” search, the
focus will be on b′. The search scenarios are roughly sepa-
rated by kinematics, i.e. whether b′ → tW is allowed, and
by pattern of quark mixing, i.e. whether b′ → cW is sup-
pressed with respect to the neutral decay mode.

4.2.4.2 Case mb′ < mt + MW With b′ → tW kinemati-
cally forbidden, it was pointed out long ago that the phe-
nomenology is rather rich [437, 438], with the possibility of
FCNC b′ → bZ decay dominance, as well as the bonus that
a light Higgs could be discovered via b′ → bh [439, 440].
This can happen for light enough b′ when Vcb′ is small
enough, and has been searched for at the Tevatron. How-
ever, if the b → s CP violation indications are taken seri-
ously, then Vcb′ ∼ 0.12 [441] is not small. Therefore, the
b′ → cW channel should be kept open. In this case, one has
three scenarios:

1. b′ → cW dominance—signature of cc̄W+W−: for Vcb′
sizable, the lack of “charm-tagging” methods that also
reject b makes this rather difficult.

2. b′ → cW , bZ (and bh) comparable—signature of
c̄W+bZ (and c̄W+bh, b̄b̄Zh): this can occur for |Vcb′/
Vt ′bVt ′b′ | � 0.005. The measurements on the b′ → bg

and b′− > bγ neutral decays [407] can motivate this
choice for the CKM matrix elements ratio. The signa-
ture of c̄W+bZ has never been properly studied, but
shouldn’t be difficult at the LHC as long as the b′ → bZ

branching ratio is not overly suppressed. The possible
bonus of finding the Higgs makes this scenario quite at-
tractive.

3. b′ → tW ∗ and cW , bZ (and bh) comparable: b′ → tW ∗
cannot be ignored above 230 GeV or so. This scenario
is the most complicated, but the signature of t̄W ∗+bZ

is still quite tantalizing. Again, one could also expect an
enhancement to Higgs searches. One should not forget
that t c̄W+W− should also be considered.

Scenarios 1 and 2 form a continuum, depending on Br(b′ →
bZ).

4.2.4.3 Case mb′ > mt +MW The b′ → tW decay should
dominate over all other modes, except when one is still
somewhat restricted by kinematics while Vcb′/Vtb′ is very
sizable. Therefore, the two available scenarios are

4. b′ → tW—with a signature of t t̄W+W−, or
bb̄W+W−W+W−: with four W bosons plus two b jets,
the signature could be striking.

5. b′ → Wu or b′ → Wc—with a W+W−jj signature: the
indistinguishability of the first and second family quarks
in the light jets makes this signature benefit from the full
b′ branching ratio. Such a case is investigated in the fol-
lowing subsection.



264 Eur. Phys. J. C (2008) 57: 183–307

It should be stressed that the standard sequential gener-
ation is considered, hence b′ and t ′ masses should be be-
low 800 GeV from partial wave unitarity constraints, and the
mass difference between the two should be smaller or com-
parable to MW . Scenario 4 and 5, together with the top-like
t ′ → bW decay, could certainly be studied beyond 500 GeV.
With such high masses, one starts to probe strong couplings.
Whether there is an entirely new level of strong dynam-
ics [72] related to the Higgs sector and what the Yukawa
couplings would be, is also a rather interesting and different
subject.

4.2.4.4 A case study If the fourth family is primarily mix-
ing with the first two families, the dominant decay chan-
nels will be t ′ → W+s(d) and b′ → W−c(u). In this case,
since the light quark jets are indistinguishable, the signa-
ture will be W+W−jj for both t ′ t̄ ′ and b′b̄′ pair produc-
tion. According to flavor democracy, the masses of the new
quarks have to be within few GeV of each other. This is
also experimentally hinted by the value of the ρ parame-
ter’s value which is close to unity [53]. For such a mixing,
both up- and down-type new quarks should be considered
together since distinguishing between t ′ and b′ quarks with
quasi-degenerate masses in a hadron collider seems to be a
difficult task. Moreover, the tree-level pair production and
decay diagrams of the new b′ quarks are also valid for the
t ′ quark, provided c,u is replaced by s, d . As the model
is not able to predict the masses of the new quarks, three
mass values (250, 500 and 750 GeV) are considered as a
mass scan. The widths of the b′ and t ′ quarks are propor-
tional to |Vb′u|2 + |Vb′c|2 and |Vt ′d |2 + |Vt ′s |2 respectively.
Current upper limits for corresponding CKM matrix ele-
ments are |Vb′u| < 0.004, |Vb′c| < 0.044, |Vt ′d | < 0.08, and
|Vt ′s | < 0.11. For the present case study, the common value
0.001 is used for all four elements. As the widths of the new
quarks are much smaller than 1 GeV, this selection of the
new CKM elements has no impact on the calculated cross
sections. Table 24 gives the cross section for the b′b̄′ or t ′ t̄ ′
production processes which are within 1% of each other as
expected. For this reason, from this point on, the b′ will be
considered and the results will be multiplied by two to cover
both t ′ and b′ cases. Therefore, in the final plots, the notation
q4 is used to cover both t ′ and b′.

To estimate the discovery possibility of the fourth family
quarks, the model was implemented into a well known tree-
level generator, CompHEP 4.3.3 [420]. This tool was used to

Table 24 The considered quark mass values and the associated width
and pair production cross sections at LHC

Md4 250 500 750

Γ (GeV) 1.00 × 10−5 8.25 × 10−5 2.79 × 10−4

σ (pb) 99.8 2.59 0.25

simulate the pair production of the b′ quarks at the LHC and
their subsequent decay into SM particles. The QCD scale
was set to the mass of the b′ quark under study and the par-
ton distribution function was chosen as CTEQ6L1 [135].
The generated events were fed into the ATLAS detector
simulation and event reconstruction framework, ATHENA
11.0.41, using the interface program CPYTH 2.0.1 [428].
The partons were hadronized by PYTHIA 6.23 [47] and the
detector response was simulated by the fast simulation soft-
ware, ATLFAST [422]. The decay of the pair produced b′
quarks result in two light jets (originating from the quarks
and/or antiquarks of the first two SM families) and two W

bosons. For the final state particles, the hadronic decay of
one W boson and the leptonic (e, μ) decays of the other one
are considered to ease the reconstruction.

The direct background to the signal is from SM events
yielding the same final state particles. These can originate
from all the SM processes which give two W s and two
non-b-tagged jets. The contributions from same sign W

bosons were calculated to be substantially small. Some of
the indirect backgrounds are also taken into account. These
mainly included the t t̄ pair production where the b jets from
the decay of the top quark could be mistagged as a light
jet. Similarly the jet associated top quark pair production
(t t̄j → W−W+bb̄j ) substantially contributes to the back-
ground events as the production cross section is comparable
to the pair production and only one mistagged jet would be
sufficient to fake the signal events. The cross section of the
next order process, namely pp → t t̄2j , was also calculated
and has been found to be four times smaller than t t̄j case:
therefore it was not further investigated.

The first step of the event selection was the requirement
of a single isolated lepton (e or μ) of transverse momentum
above 15 GeV, and at least four jets with transverse momenta
above 20 GeV. The leptonically decaying W boson was re-
constructed by attributing the total missing transverse mo-
mentum in the event to the lost neutrino, and using the nom-
inal mass of the W as a constraint. The two-fold ambiguity
in the longitudinal direction of the neutrino was resolved by
choosing the solution with the lower neutrino energy. The
four-momenta of the third and fourth most energetic jets in
the event were combined to reconstruct the hadronically de-
caying W boson. The invariant mass of the combination of
these jets was required to be less than 200 GeV. The sum-
mary of the event selection cuts and their efficiencies for
both signal and background events are listed in Table 25 for
a quark mass of 500 GeV.

The surviving events were used to obtain the invariant
mass of the new quark. The W jet association ambiguity
was resolved by selecting the combination giving the small-
est mass difference between the two reconstructed quarks in
the same event. The results of the reconstruction for quark
masses of 500 GeV and 750 GeV are shown in Fig. 61 to-
gether with various backgrounds for integrated luminosities
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of 5 and 10 fb−1 respectively. The bulk of the background
in both cases is due to gg → t t̄g events as discussed before.

In order to extract the signal significance, an analytical
function consisting of an exponential term to represent the
background and a Breit–Wigner term to represent the signal
resonance was fit to the total number of events in the invari-
ant plots of Fig. 61. In both cases, the fit function is shown
with the solid line, whereas the background and signal com-
ponents are plotted with dashed blue and red lines, respec-
tively. For the case of md4 = 500 GeV, it can be noticed that
the signal function extracted from the fit slightly underes-
timates the true distribution. However, using the same fit
functions and with 5 fb−1 of data, the signal significance
is found to be 4.7σ . The significance is calculated after the
subtraction of the estimated background: the integral area
around the Breit–Wigner peak and its error are a measure of
the expected number of signal events, and thus of the signal
significance. A similar study with the higher mass value of
750 GeV, and with 10 fb−1 of data gives results with a sig-
nificance of 9.4σ . This analysis has shown that the fourth
family quarks with the studied mass values can be observed
at the LHC with an integrated luminosity of 10 fb−1. Al-
though these results were obtained with a fast simulation,

Table 25 Efficiencies of the selection criteria, as applied in the order
listed, for the mq = 500 GeV signal and the SM background

Criterion ε-signal (%) ε-background (%)

Single e/μ, p	
T > 15 GeV 32 29.1

At least four jets, p
j
T > 20 GeV 88.3 94.2

Possible neutrino solution 71.3 73.7

mW
jj < 200 GeV 63.5 76.0

the simplistic approach in the analysis should enhance their
validity.

4.2.4.5 Other possible studies The study of c̄W+bZ is a
relatively easy one. Due to the cleanness of the Z → 	+	−
signature, one does not need to face c jet tagging issues, and
one can either have W → jj or W → 	ν. For the latter, the
offshoot is to search for c̄W+bh by a Mbb̄ scan with Z as
standard candle. A second effort would be t̄W ∗+bZ, with a
similar approach as above. Once experience is gained in fac-
ing c as well as W ∗ (relatively soft leptons or jets, or missing
ET ), one could also consider t c̄WW ∗ before moving on, to
the challenge of cc̄W+W−. The t t̄W+W− search for heavy
b′ could also be pursued.

4.3 New leptons: heavy neutrinos

Models with extended matter multiplets predict additional
leptons, both charged and neutral. While heavy neutral lep-
tons (neutrinos) can be introduced to explain the smallness
of the light neutrino masses in a natural way and the ob-
served baryon asymmetry in the universe, the charged ones
are not required by experiment. Here we concentrate on the
neutral ones.

Heavy neutrinos with masses mN > MZ appear in the-
ories with extra dimensions near the TeV scale and lit-
tle Higgs models, in much the same way as vector-like
quarks, and in left–right models. For example, in the sim-
plest little Higgs models [442], the matter content belongs
to SU(3) multiplets, and the SM lepton doublets must be
enlarged with one extra neutrino N ′

	L per family. These
extra neutrinos can get a large Dirac mass of the order
of the new scale f ∼ 1 TeV if the model also includes

Fig. 61 Reconstructed signal and SM backgrounds for a quark of mass 500 GeV (left) and 750 GeV (right). The colored solid lines show SM
backgrounds from various processes, the uppermost solid black like represents the fit to the sum of background and signal events
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right handed neutrinos transforming as SU(3) singlets [443].
This mechanism provides a natural way of giving masses
to the SM neutrinos, and in this framework the mixing be-
tween the light leptons and the heavy neutrinos is of order
v/

√
2f , with v = 246 GeV the electroweak VEV. But be-

sides their appearance in several specific models, heavy Ma-
jorana neutrinos are often introduced to explain light neu-
trino masses via the seesaw mechanism [444–447].21 They
give contributions to light neutrino masses mν of the order
Y 2v2/2mN , where Y is a Yukawa coupling. In the minimal
seesaw realization this is the only source for light neutrino
masses, and the Yukawa couplings are assumed of order
unity without any particular symmetry. Therefore, having
mν ∼ Y 2v2/2mN requires heavy masses mN ∼ 1013 GeV
to reproduce the observed light neutrino spectrum. Addi-
tionally, the light-heavy mixing is predicted to be V	N ∼√

mν/mN . These ultra-heavy particles are unobservable,
and thus the seesaw mechanism is not directly testable. Nev-
ertheless, non-minimal seesaw models can be built, with
mN ∼ 1 TeV or smaller, if some approximate flavor symme-
try suppresses the ∼Y 2v2/2mN contribution from the see-
saw [448–450]. These models can also provide a success-
ful leptogenesis (see, for instance, [451–454]). Heavy neu-
trinos with masses near the electroweak scale can be pro-
duced at the next generation of colliders (see [455] for a
review) if their couplings to the SM fermions and gauge
bosons is not too small, or through new non-standard in-
teractions. The most conservative point of view is to assume
that heavy neutrinos are singlets under the SM gauge group
and no new interactions exist, which constitutes a “minimal”
scenario in this sense. On the other hand, with an extended
gauge structure, for example SU(2)L × SU(2)R × U(1)B−L

in models with left–right symmetry, additional production
processes are possible, mediated by the new W ′ and/or Z′
gauge bosons. We shall discuss these possibilities in turn.

4.3.1 Production of heavy neutrino singlets

Heavy neutrino singlets couple to the SM fields through
their mixing with the SM neutrino weak eigenstates. The
Lagrangian terms describing the interactions of the lightest
heavy neutrino (in the mass eigenstate basis) are

LW = − g√
2

(
	̄γ μV	NPLNWμ + N̄γ μV ∗

	NPL	W †
μ

)
,

LZ = − g

2cW

(
ν̄	γ

μV	NPLN + N̄γ μV ∗
	NPLν	

)
Zμ, (117)

21This mechanism, with heavy neutrino singlets under the SM gauge
group, is often referred to as seesaw type I. Other possibilities to gen-
erate light neutrino masses are to introduce a scalar triplet (type II see-
saw, see Sect. 4.6) or a lepton triplet (type III). In this section, heavy
neutrinos are always assumed to be SM singlets.

Lh = − gmN

2MW

(
ν̄	V	NPRN + N̄V ∗

	NPLν	

)
h,

with N the heavy neutrino mass eigenstate and V the ex-
tended MNS matrix. For Majorana N , the last terms in the
Z and h interactions can be rewritten in terms of the con-
jugate fields. These interactions determine the N produc-
tion processes, as well as its decays. The latter can happen
in the channels N → W	, N → Zν, N → hν. The par-
tial widths can be straightforwardly obtained from (109) ne-
glecting charged lepton and light neutrino masses,

Γ
(
N → W+	−)

= Γ
(
N → W−	+)

= g2

64π
|V	N |2 m3

N

M2
W

[
1 − 3

M4
W

m4
N

+ 2
M6

W

m6
N

]
,

ΓD(N → Zν	) (118)

= g2

128πc2
W

|V	N |2 m3
N

M2
Z

[
1 − 3

M4
Z

m4
N

+ 2
M6

Z

m6
N

]
,

ΓM(N → Zν	) = 2ΓD(N → Zν	),

ΓD(N → hν	) = g2

128π
|V	N |2 m3

N

M2
W

[
1 − 2

M2
h

m2
N

+ M4
h

m4
N

]
,

ΓM(N → hν	) = 2ΓD(N → hν	).

The subscripts M , D refer to Majorana and Dirac heavy neu-
trinos, respectively, and the lepton number violating (LNV)
decay N → W−	+ is only possible for a Majorana N .

In the minimal seesaw the mixing angles V	N are of
order

√
mν/mN (and then of order 10−5 or smaller for

mN > MZ), but in models with additional symmetries
the light–heavy mixing can be decoupled from mass ra-
tios [456]. Nevertheless, V	N are experimentally constrained
to be small (this fact has already been used in order to sim-
plify the Lagrangian above). Defining the quantities

Ω		′ ≡ δ		′ −
3∑

i=1

V	νi
V ∗

	′νi
=

3∑

i=1

V	Ni
V ∗

	′Ni
(119)

(assuming three heavy neutrinos), limits from universality
and the invisible Z width imply [457, 458]

Ωee ≤ 0.0054, Ωμμ ≤ 0.0096,

Ωττ ≤ 0.016,
(120)

with a 90% confidence level (CL). In the limit of heavy neu-
trino masses in the TeV range, limits from lepton flavor-
violating (LFV) processes require [456]

|Ωeμ| ≤ 0.0001, |Ωeτ | ≤ 0.01,

|Ωμτ | ≤ 0.01.
(121)
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Additionally, for heavy Majorana neutrinos there are con-
straints on (VeN ,mN) from the non-observation of neutri-
noless double beta decay. These, however, may be evaded
e.g. if two nearly degenerate Majorana neutrinos with oppo-
site CP parities form a quasi-Dirac neutrino.

Heavy Dirac or Majorana neutrinos with a significant
coupling to the electron can be best produced and seen at
e+e− colliders in e+e− → Nν, which has a large cross sec-
tion and whose backgrounds have moderate size [459–462].
On the other hand, a Majorana N mainly coupled to the
muon or tau leptons is easier to discover at a hadronic ma-
chine like the LHC, namely in the process qq̄ ′ → W ∗ →
	+N (plus the charge conjugate), with subsequent decay
N → 	W → 	qq̄ ′. Other final states, for instance with de-
cays N → Zν, N → hν, or in the production process pp →
Z∗ → Nν have much larger backgrounds. Concentrating
ourselves on 	N production with N → 	W , it is useful to
classify the possible signals according to the mixing and the
character of the lightest heavy neutrino.

1. For a Dirac N mixing with only one lepton flavor, the
decay N → 	−W+ yields a 	+	−W+ final state, with a
huge SM background.

2. For a Dirac N coupled to more than one charged lepton
one has also N → 	

′−W+ with 	′ �= 	, giving the LFV
signal 	+	

′−W+, which has much smaller backgrounds.
3. For a Majorana N , in addition to LNC signals, one has

LNV ones arising from the decay N → 	(′)+W−, which
also have small backgrounds.

In the following we concentrate on the case of a Majo-
rana N coupling to the muon, which is the situation in which
LHC has better discovery prospects than ILC. The most in-
teresting signal is [463–466]

pp → μ±N → μ±μ±jj, (122)

with two same-sign muons in the final state, and at least two
jets. SM backgrounds to this LNV signal involve the pro-
duction of additional leptons, either neutrinos or charged
leptons (which may be missed by the detector, thus giv-
ing the final state in (122)). The main ones are W±W±nj

and W±Znj , where nj stands for n = 0, . . . additional jets
(processes with n < 2 are also backgrounds due to the ap-
pearance of extra jets from pile-up). The largest reducible
backgrounds are t t̄nj , with semileptonic decay of the t t̄

pair, and Wbb̄nj , with leptonic W decay. In these cases,
the additional same-sign muon results from the decay of
a b or b̄ quark. Only a tiny fraction of such decays pro-
duce isolated muons with sufficiently high transverse mo-
mentum but, since the t t̄nj and Wbb̄nj cross sections are
so large, these backgrounds are much larger than the two
previous ones. An important remark here is that the corre-
sponding backgrounds t t̄nj,Wbb̄nj → e±e±X are one or-
der of magnitude larger than the ones involving muons. The

reason is that b decays produce “apparently isolated” elec-
trons more often than muons, due to detector effects. A re-
liable evaluation of the e±e±X background resulting from
these processes seems to require a full simulation of the de-
tector. Other backgrounds like Wh and Zh are negligible,
with cross sections much smaller than the ones considered,
W/Zbb̄, WZ, ZZ, which give the same final states. Note
also that for this heavy neutrino mass bb̄nj , which is huge,
has very different kinematics and can be eliminated. How-
ever, for mN < MW the heavy neutrino signal and bb̄nj are
much alike, and thus this background is the largest and most
difficult to reduce. Further details can be found in [466].

Signals and backgrounds have been generated using
Alpgen (the implementation in Alpgen of heavy neu-
trino production is discussed in Sect. 5). Events are passed
through PYTHIA 6.4 (using the MLM prescription for jet–
parton matching [416] to avoid double counting of jet radia-
tion) and a fast simulation of the ATLAS detector. The pre-
selection criteria used are (i) two same-sign isolated muons
with pseudorapidity |η| ≤ 2.5 and transverse momentum pT

larger than 10 GeV; (ii) no additional isolated charged lep-
tons nor non-isolated muons; (iii) two jets with |η| ≤ 2.5
and pT ≥ 20 GeV. It should be noted that requiring the ab-
sence of non-isolated muons reduces backgrounds involving
Z bosons almost by a factor of two.

It must be emphasized that SM backgrounds are about
two orders of magnitude larger than in previous estimations
in the literature [465]. Backgrounds cannot be significantly
suppressed with respect to the heavy neutrino signal using
simple cuts on missing energy and muon-jet separation. In-
stead, a likelihood analysis has been performed [466]. Sev-
eral variables are crucial in order to distinguish the signal
from the backgrounds:

− The missing momentum /ET (the signal does not have
neutrinos in the final state).

− The separation between the second muon and the clos-
est jet, �Rμ2j . For backgrounds involving b quarks this
separation is rather small.

− The transverse momentum of the two muons p
μ1
T , p

μ2
T ,

ordered from higher (μ1) to lower (μ2) pT . Backgrounds
involving b quarks have one muon with small pT .

− The b tag multiplicity (backgrounds involving b quarks
often have b-tagged jets).

− The invariant mass of μ2 and the two jets which best
reconstruct a W boson, mWμ2 .

The distribution of these variables is presented in Fig. 62,
distinguishing three likelihood classes: the signal, back-
grounds with one muon from b decays, and backgrounds
with both muons from W/Z decays. The bb̄ background
can be suppressed for mN � 100 GeV, and it is not shown.
Additional variables like jet transverse momenta, the μμ in-
variant mass, etc. are useful, and included in the analysis.
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Fig. 62 Several useful variables to discriminate between the heavy neutrino signal and the backgrounds, as explained in the text

Assuming a 20% systematic uncertainty in the backgrounds
(which still has to be precisely evaluated), and taking the
maximum allowed mixing by low energy data, the following
5σ discovery limits are found. (i) A heavy neutrino coupling
only to the muon with |VμN |2 = 0.0096 can be discovered
up to masses mN = 200 GeV. (ii) A heavy neutrino coupling
only to the muon with |VeN |2 = 0.0054 can be discovered
up to masses mN = 145 GeV. Limits for other masses and
mixing scenarios can be found in [466].

4.3.2 Heavy neutrino production from WR decays

Models with left–right symmetry have an extended gauge
structure SU(2)L × SU(2)R × U(1)B−L and, in addition to
three new gauge bosons Z′, W±

R (see Sects. 4.4 and 4.5)
they introduce three right handed neutrinos as partners of
the charged leptons in SU(2)R doublets (N	, 	)R . The min-
imal scalar sector consists of a bidoublet and two triplets.
The measurement of the T parameter and the present lower
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bounds on the masses of the new bosons and their mix-
ing with the W and Z imply the hierarchy vL  (|k1|2 +
|k2|2)1/2  vR among the VEVs of the bidoublet k1,2 and
the triplets vL,R . In this situation the neutrino mass matrix
exhibits a seesaw structure, heavy neutrino eigenstates N

are mostly right handed and the following hierarchy is found
among the couplings of the light and heavy neutrinos to the
gauge bosons:

(i) 	νW and 	NWR are of order unity; 	NW and 	νWR

are suppressed.
(ii) ννZ and NNZ′ are of order unity; νNZ, νNZ′, NNZ

and ννZ′ are suppressed.

At hadron colliders the process qq̄ ′ → WR → 	N [467]
involves mixing angles of order unity and only one heavy
particle in the final state. The best situation happens where
N is lighter than WR , so that WR can be on its mass shell and
the cross section is not suppressed by an s-channel propaga-
tor either. This is in sharp contrast with the analysis in the
previous subsection, in which the process qq̄ ′ → W ∗ → 	N

is suppressed by mixings and the off-shell W propagator.
Heavy neutrino production from on-shell WR decays has

been previously described in [468], and studied in detail
for the ATLAS detector in [469]. Here we summarize the
expectations for the CMS detector [470, 471]. Production
cross sections and decay branching ratios depend on sev-
eral parameters of the model. The new coupling constant gR

of SU(2)R is chosen to be equal to gL, as happens e.g. in
models with spontaneous parity breaking. Mixing between
gauge bosons can be safely neglected. An additional hy-
pothesis is that the right handed CKM matrix equals the left
handed one. The heavy neutrino N is assumed to be lighter
than WR (the other two are assumed heavier) and coupling
only to the electron, with a mixing angle of order unity.

For the signal event generation and calculation of cross
sections, PYTHIA 6.227 is used with CTEQ5L parton dis-
tribution functions, and the model assumptions mentioned
above. The analysis is focused on the WR mass region above
1 TeV. The signal cross section, defined as the product of the
total WR production cross section times the branching ratio
of WR decay into eN , is shown in Fig. 63 as a function of
mN , for several WR masses. For the value MWR

= 2 TeV,
the dashed line illustrates the decrease of the total cross sec-
tion (due to the smaller branching ratio for WR → eN ) for
the case of three degenerated heavy neutrinos N1−3, mix-
ing with e, μ, τ respectively. The values MWR

= 2 TeV,
mN = 500 GeV are selected as a reference point for the de-
tailed analysis.

The detection of signal events is studied using the full
CMS detector simulation and reconstruction chain. For de-
tails see [471]. The analysis proceeds through the following
steps.

− Events with two isolated electrons are selected (standard
isolation in the tracker is required).

Fig. 63 Dependence of σ(pp → WR) × Br(WR → e±N) on the
heavy neutrino mass, for different values of MWR

− Events with at least two jets are selected. From these jets,
the two ones with the maximum pT are chosen.

− Using the 4-momenta of the signal jet pair and the 4-
momentum of a lepton, the invariant mass Mejj = mcand

Ne

is calculated. Since there are two electrons, the two ejj

combinations are considered. This distribution is plot-
ted in Fig. 64. The tail above 500 GeV corresponds to
a wrong choice of the electron.

− From the 4-momenta of the jet pair and the electrons, the
invariant mass Meejj = Mcand

WR
is calculated.

Background is constituted by SM processes giving a lep-
ton pair plus jets. The production of a Z boson plus jets has
a large cross section, about 5 orders of magnitude larger than
the signal. In a first approximation, this process can be simu-
lated with PYTHIA. This background is suppressed by a cut
on the lepton pair invariant mass Mee > 200 GeV. In order to
reduce the number of simulated events, it is required that the
Z transverse momentum is larger than 20 GeV during the
simulation, and events with sufficiently high Mee are pre-
selected at the generator level. Another background is t t̄ pro-
duction with dileptonic W+W− decay. It has been checked
that other decay modes do not contribute significantly. Its
cross section is about two orders of magnitude larger than
the signal. It must be pointed out that the Majorana nature
of the heavy neutrino allows one to single out the LNV fi-
nal state with two like-sign leptons. This does not improve
the sensitivity because, although backgrounds are smaller in
this case, the signal is reduced to one half. However, in case
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Fig. 64 Distribution of the invariant mass mcand
Ne

for signal events with
a heavy neutrino with mN = 500 GeV. The two possible electron as-
signments are shown. The normalization is arbitrary

of discovery comparing events with leptons having the same
and opposite charges will be an excellent cross check.

For the values MWR
= 2 TeV, mN = 500 GeV selected

the reconstructed N mass peak is well visible, though the
background is significant (comparable to the peak height).
However, if an invariant mass Meejj > 1 TeV is required,
the background under the heavy neutrino peak drops dra-
matically, resulting in the mass distribution shown in Fig. 65
(left). The reconstructed WR mass peak is shown in Fig. 65
(right).

The discovery potential is calculated using the criterion
[300]

S = 2
(√

NS + NB − √
NB

) ≥ 5, (123)

where NS and NB are the numbers of signal and background
events respectively. The discovery limits in the (MWR

,mN)

plane are shown in Fig. 66, for luminosities of 1, 10 and
30 fb−1. After three years of running at low luminosity
(30 fb−1) this process would allow one to discover WR and
N with masses up to 3.5 and 2.3 TeV, respectively. For
MWR

= 2 TeV and mN = 500 GeV discovery could be pos-
sible already after one month of running at low luminosity.

The influence of background uncertainties in these results
is small since the background itself is rather small and the
discovery region is usually limited by the fast drop of the
signal cross section at high ratios mN/MWR

or by the fast
drop of efficiency at small mN/MWR

. Signal cross section
uncertainties from PDFs have been estimated by taking dif-
ferent PDF sets, finding changes of about 6% in the discov-
ery region. No change of acceptance has been observed. As-
suming a rather pessimistic value of 6% as the PDF uncer-
tainty, it is easy to estimate from Fig. 63 that the uncertainty
for the upper boundary of the discovery region is of 1–2%,
and for the lower boundary of 2–3%.

4.3.3 Heavy neutrino pair production

New heavy neutrinos can be produced in pairs by the ex-
change of an s-channel neutral gauge boson. Since ZNN

couplings are quadratically suppressed, NN production is
only relevant when mediated by an extra Z′ boson. For ex-
ample, in E6 grand unification both new Z′ bosons and
heavy neutrinos appear. If MZ′ > 2mN , like-sign dilepton
signals from Z′ production and subsequent decay Z′ →
NN → 	±W∓	±W∓ can be sizable. As it has been re-
marked before, like-sign dilepton signals have moderate (al-
though not negligible) backgrounds. These are further re-
duced for heavier neutrino masses, when the charged lep-
tons from the signal are more energetic and background can
be suppressed demanding a high transverse momentum for
both leptons.

Fig. 65 Left: reconstructed
heavy neutrino mass peak
including the SM background
(textithistogram) and
background only (shaded
histogram). Right: the same for
the WR mass peak. In both cases
an eejj invariant mass above
1 TeV is required. The
integrated luminosity is 30 fb−1
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Fig. 66 CMS discovery potential for heavy Majorana neutrinos from
WR decays for integrated luminosities of 30 fb−1 (red, outer contour),
10 fb1 (blue, middle) and 1 fb−1 (green, inner contour)

A striking possibility happens when the new Z′ boson is
leptophobic (see also the next section). If the new Z′ does
not couple to light charged leptons the direct limits from
pp̄ → Z′ → 	+	− searches at Tevatron do not apply, and
the Z′ could be relatively light, MZ′ � 350 GeV. A new lep-
tophobic Z′ boson in this mass range could lead to like-sign
dilepton signals observable already at Tevatron. For LHC,
the 5σ sensitivity reaches MZ′ = 2.5 TeV, mN = 800 GeV
for a luminosity of 30 fb−1 [472].

To conclude this section a final comment is in order. In
the three heavy neutrino production processes examined we
have considered heavy Majorana neutrinos which are sin-
glets under the SM group (seesaw type I), produced through
standard or new interactions. Majorana neutrinos lead to
the relatively clean LNV signature of two like-sign dilep-
tons, but it should be pointed out that like-sign dilepton
signals arise also in the other seesaw scenarios: from the
single production of doubly charged scalar triplets (seesaw
type II) [281], and in pair production of lepton triplets (see-
saw type III) [473]. For this reason, like-sign dileptons con-
stitute an interesting final state in which to test seesaw at
LHC. Of course, additional multi-lepton signatures are char-
acteristic of type-II (see Sect. 4.6 for a discussion on scalar
triplets) and type-III seesaw, and they might help reveal the
nature of seesaw at LHC.

4.4 New neutral gauge bosons

Many models beyond the SM introduce new neutral gauge
bosons, generically denoted by Z′. GUTs with groups larger

than SU(5) always predict the existence of at least one Z′
boson. Their mass is not necessarily of the order of the
unification scale MGUT ∼ 1015 GeV, but on the contrary,
one (or some) of these extra bosons can be “light”, that
is, at the TeV scale or below. Well-known examples are
E6 grand unification [63] and left–right models [474] (for
reviews see also [344, 475]). Theories with extra dimen-
sions with gauge bosons propagating in the bulk predict
an infinite tower of KK excitations Z(n) = Z(1),Z(2), . . . ,
γ (n) = γ (1), γ (2), . . . The lightest ones Z(1), γ (1), can have
a mass at the TeV scale, and a phenomenology similar to
Z′ gauge bosons [476, 477]. Little Higgs models enlarge
the SU(2)L × U(1)Y symmetry and introduce new gauge
bosons as well, e.g. in the littlest Higgs models based on
[SU(2) × U(1)]2 two new bosons ZH , AH appear, with
masses expected in the TeV range.

The production mechanisms and decay modes of Z′
bosons depend on their coupling to SM fermions.22 These
couplings are not fixed even within a class of models. For
example, depending on the breaking pattern of E6 down to
the SM, the lightest Z′ has different couplings to quarks and
leptons or, in other words, quarks and leptons have different
U(1)′ hypercharges. Three common breaking patterns are
labeled as ψ , χ and η, and the corresponding “light” Z′ as
Z′

ψ , Z′
χ , Z′

η. Thus, the constraints on Z′ bosons, as well as
the discovery potential for future colliders refer to particular
Z′ models.

Present limits on Z′ bosons result from precise measure-
ments at the Z pole and above at LEP, and from the non-
observation at Tevatron. Z pole measurements constrain the
Z–Z′ mixing, which would induce deviations in the fermion
couplings to the Z. For most popular models the mixing
is required to be of order of few 10−3 [344] (as empha-
sized above, limits depend on the values assumed for the
Z′ couplings). Measurements above the Z pole in fermion
pair and W+W− production set constraints on the mass
and mixing of the Z′. The non-observation at Tevatron in
uū, dd̄ → Z′ → 	+	− sets lower bounds on MZ′ . For most
common models they are of the order of 700–800 GeV
[478], with an obvious dependence on the values assumed
for the coupling to u, d quarks and charged leptons. LHC
will explore the multi-TeV mass region and might discover
a Z′ with very small luminosity, for masses of the order of
1 TeV. Below we summarize the prospects for “generic” Z′
bosons (for example those arising in E6 and left–right mod-
els), which couple to quarks and leptons without any particu-
lar suppression. In this case, uū, dd̄ → Z′ → e+e−,μ+μ−
gives very clean signals and has an excellent sensitivity to

22Decays to new fermions and bosons, if any, are also possible but usu-
ally ignored in most analyses. When included they decrease the branch-
ing ratio to SM fermions, and then they lower the signal cross sections
and discovery potential in the standard modes.
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Fig. 67 Resonance signal
(white histograms) and
Drell–Yan background (shaded
histograms) for KK Z(1)/γ (1)

boson production with
M = 4.0 TeV (left), and Z′

SM
with M = 3.0 TeV (right), with
an integrated luminosity of
30 fb−1 (from CMS full
simulation)

search for Z′ bosons [479–482]. Then we examine the situ-
ation when lepton couplings are suppressed, in which case
other Z′ decay channels must be explored.

4.4.1 Z′ bosons in the dilepton channel

4.4.1.1 Discovery potential The dilepton decay channel
provides a clean signature of a Z′ boson. The presence of
this heavy particle would be detected by the observation of
a resonance peak in the dilepton mass spectrum over the
SM background, the largest one coming from the Drell–Yan
process qq̄ → γ /Z → 	+	−. Reducible backgrounds like
QCD jets and γ jets can be suppressed mainly by applying
isolation cuts and requirements on the energy deposited in
the hadronic calorimeter. This is illustrated in Fig. 67 for
KK excitations of the Z/γ and a “reference” Z′

SM (some-
times denoted as Z′

SSM as well) with the same couplings as
the Z, in the e+e− decay channel. These distributions have
been obtained with a full simulation of the CMS detector.
More details of the analyses can be found in [483] for the
e+e− channel and in [484, 485] for the μ+μ− channel.

The discovery potential is obtained using likelihood esti-
mators [302] suited for small event samples. The e+e− and
μ+μ− channels provide similar results, with some advan-
tage for e+e− at lower Z′ masses. A comparison between
both is given in Fig. 68 for the E6 Z′

ψ and the reference Z′
SM.

For masses of 1 TeV, a luminosity of 0.1 fb−1 would suffice
to discover the Z′ bosons in most commonly used scenar-
ios, such as Z′

ψ , Z′
χ , Z′

η mentioned above, left–right models

and KK Z(1)/γ (1). For a luminosity of 30 fb−1, 5σ signifi-
cance in the e+e− channel can be achieved for masses rang-
ing up to 3.3 TeV (Z′

ψ ) and 5.5 TeV (Z(1)/γ (1)). ATLAS
studies obtain a similar sensitivity [486]. Theoretical uncer-
tainties result from the poor knowledge of PDFs in the high
x and high Q2 domain, and from higher-order QCD and EW
corrections (K factors), and they amount to 10–20%. Nev-
ertheless, measurements of real data outside the mass peak
regions will reduce this uncertainty to a large extent.

Fig. 68 5σ discovery limit as a function of the resonance mass for
two examples of Z′ bosons, in the e+e− (red, dashed lines) and μ+μ−
(blue, solid lines) channels (from CMS full simulation)

4.4.1.2 Z′ and implications on new physics Once a new
resonance decaying to 	+	− (	 = e,μ) is found, informa-
tion about the underlying theory can be extracted with the
study of angular distributions and asymmetries. The first
step is the determination of the particle spin, what can be
done with the help of the 	− distribution in the 	+	− rest
frame [487]. Let us denote by θ∗ the angle between the final
	− and the initial quark.23 The cos θ∗ distribution is obvi-

23In pp collisions the quark direction is experimentally ambiguous be-
cause the quark can originate from either proton with equal probability.
The sign ambiguity in cos θ∗ can be resolved assuming that the overall
motion of the 	+	− system is in the direction of the initial quark (which
gives a good estimation because the fraction of proton momentum car-
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Fig. 69 Angular distributions for a 3 TeV graviton (left) and Z′ boson
(right) in the dimuon decay channel. Open histograms correspond to
generated-level data, while colored histograms show events after full

CMS detector simulation and reconstruction. Theoretical fits to Monte
Carlo data are overlayed

ously flat for a scalar particle. For a spin-1 particle (γ , Z or
Z′) it is given by

dσ

d cos θ∗ = 3

8

[
1 + cos2 θ∗] + AFB cos θ∗

(γ,Z,Z′), (124)

where the coefficient of the cos θ∗ term AFB depends on the
Z′ couplings to quarks and leptons. (The cos θ∗ forward–
backward asymmetry is equal to this coefficient, hence our
choice of notation.) For a spin-2 graviton G the correspond-
ing distribution is

dσ

d cos θ∗ = 5

8

[
1 − 3εq cos2 θ∗ + (εg − 4εq) cos4 θ∗]

(G). (125)

The constants εq and εg are the relative contributions of the
two processes in which gravitons can be produced, qq̄ → G

and gg → G, which are fixed for a given mass MG and de-
pend on the PDFs. The method in [487] uses only the even

ried by quarks is larger in average) and taking into account the prob-
ability for a “wrong” choice. Additionally, the transverse momenta of
the incoming partons is not known, and it is generally believed that op-
timal results are achieved by using the Collins–Soper angle θ∗

CS [488]
as the estimation for θ∗.

terms in the cos θ∗ distribution (thus avoiding the depen-
dence on the Z′ model and the cos θ∗ sign ambiguity). It
has been applied to the dimuon decay channel in [489]. Fig-
ure 69 shows the cos θ∗ distributions for a 3 TeV graviton
and Z′. Both distributions are rather different, and the two
spin hypotheses can be distinguished already with a rela-
tive small number of events. Table 26 contains, for differ-
ent masses and coupling parameters c (cross sections are
proportional to |c|2), the integrated luminosity required to
discriminate at the 2σ level between the spin-1 and spin-2
hypotheses. The cross sections for Z′ bosons are assumed
to be equal to the ones for gravitons with the given masses
and c values. In the five cases the required signal is in the
range 150–200 events, and larger for a larger number NB of
background events as one may expect. Since the production
cross sections fall steeply with the mass, the integrated lu-
minosity required for spin discrimination increases with M

(and decreases for larger c). Distinguishing from the spin-0
hypothesis (a flat distribution) is harder, and requires signif-
icantly more events than discriminating spin 2 from spin 1,
as discussed in [487].

It should be remarked that, apart from the direct spin de-
termination, a Z′ and a graviton can be distinguished by
their decay modes. Indeed, the latter can decay to γ γ , and
the discovery significance in this final state is equal or bet-
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Table 26 Number of signal events NS required to discriminate at the
2σ level between the spin-1 and spin-2 hypotheses, in the presence of
NB background events (see the text). From full CMS detector simula-
tion

M (TeV) c L (fb−1) NS NB

1.0 0.01 50 200 87

1.0 0.02 10 146 16

1.5 0.02 90 174 41

3.0 0.05 1200 154 22

3.0 0.10 290 154 22

ter than in the electron and muon channels. On the contrary,
Z′ → γ γ does not happen at the tree level.

The various Z′ models are characterized by different
parity-violating Z′ couplings to quarks and leptons, re-
flected in different coefficients of the linear cos θ∗ term in
(124). This coefficient can be measured with a technique
described in [485] for the dimuon decay channel. AFB is ex-
tracted using an unbinned maximum likelihood fit to events
in a suitable window around the μ+μ− invariant-mass peak.
The fit is based on a probability density function built from
several observables, including cos θ∗

CS (as an estimation of
the true cos θ∗). The values obtained for AFB are shown in
Fig. 70 for six different Z′ models: the Z′

ψ , Z′
χ and Z′

η from
E6 unification, a left–right model (LRM) [474], an “alterna-
tive left–right model” (ALRM) [490] and the “benchmark”
Z′

SM. With an integrated luminosity of 400 fb−1 at CMS,
one can distinguish between either a Z′

χ or Z′
ALRM and one

of the four other models with a significance level above 3σ

up to a Z′ mass between 2 and 2.7 TeV. One can distin-
guish among the four other models up to MZ′ = 1−1.5 TeV,
whereas Z′

ALRM and Z′
χ are indistinguishable for MZ′ >

1 TeV.
Additional observables, like rapidity distributions [491]

or the off-peak asymmetries [492] can be used to further
discriminate between Z′ models. We finally point out that in
specific models the Z′ boson may have other characteristic
decay channels, which would then identify the underlying
theory or provide hints towards it. One such example is the
decay ZH ,AH → Zh in little Higgs models [493], which
could be observable [413]. Contrarily, in Z′ models from
GUTs this decay would be generically suppressed by the
small Z–Z′ mixing, and it is unlikely to happen.

4.4.1.3 Z′ and fermion masses In models which address
fermion mass generation, one can go a step further and try to
relate fermion masses with other model parameters. This is
the case, for instance, of extensions of the RS [142] scenario,
where the SM fields (except the Higgs boson) are promoted
to bulk fields. If the SM fermions acquire various localiza-
tions along the extra dimension, they provide an interpreta-
tion for the large mass hierarchies among the different fla-

vors. Within the framework of the RS model with bulk mat-
ter, collider phenomenology and flavor physics are interest-
ingly connected: the effective 4 dimensional couplings be-
tween KK gauge boson modes and SM fermions depend on
fermion localizations along the extra dimension, which are
fixed (non-uniquely) by fermion masses.24 Here we test the
observability of KK excitations of the photon and Z boson
at LHC in the electron channel, pp → γ (n)/Z(n) → e+e−.
Previous estimations for RS models are given in [149], under
the simplifying assumption of a universal fermion location.

The fit of EW precision data typically imposes the bound
MKK � 10 TeV [149, 152]. However, if the EW gauge
symmetry is enlarged to SU(2)L × SU(2)R × U(1)X [429],
agreement of the S, T parameters is possible for MKK �
3 TeV. The localization of the (tL, bL) doublet towards the
TeV brane (necessary to generate the large top quark mass)
in principle generates deviations in the ZbLbL coupling (see
also the next subsection), what can be avoided with a O(3)

custodial symmetry [432]. In the example presented here,
the SM quark doublets are embedded in bidoublets (2,2)2/3

under the above EW symmetry, as proposed in [432] and
in contrast with [429]. Motivated by having gauge represen-
tations symmetric between the quark and lepton sector, the
lepton doublets are embedded into bidoublets (2,2)0. This
guarantees that there are no modifications of the Z	L	L cou-
plings.

The simulation of Z(n)/γ (n) production [494] is obtained
after implementing the new processes in PYTHIA. Only
n = 0,1,2 are considered, since the contributions of KK ex-
citations with n ≥ 3 are not significant. The cross section de-
pends on the fermion localizations which are clearly model-
dependent. In Fig. 71 we show the e+e− invariant-mass dis-
tribution for two different fermion localization scenarios la-
beled as A and B [495], both with MKK = 3 TeV. These
scenarios are in agreement with all present data on quark
and lepton masses and mixings [495], in the minimal SM
extension where neutrinos have Dirac masses. Furthermore,
for both sets FCNC processes are below the experimental
limit if MKK � 1 TeV. In Fig. 71 we observe that the signal
can be easily extracted from the physical SM background as
an excess of Drell–Yan events compared to the SM expecta-
tion.

4.4.2 Z′ in hadronic channels

Z′ bosons with suppressed coupling to leptons (“leptopho-
bic” or “hadrophilic”) have theoretical interest on their own.
They were first introduced some time ago [496–498] on a

24Fermion masses are determined up to a global factor by the fermion
localizations (which generate the large hierarchies) as well as by 3 × 3
matrices in flavor space with entries of order unity. Then, the relation
between masses and couplings is not unique, but involves additional
parameters (four 3 × 3 matrices).
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Fig. 70 Theoretical values Acount
FB (dotted lines and asterisks) and re-

constructed values Arec
FB (triangles) of the AFB coefficient in (124),

obtained for different models (see the text), with MZ′ = 1 TeV (left)
and MZ′ = 3 TeV (right). The solid vertical lines are halfway between

the adjacent values of Acount
FB . The error bars on the Arec

FB triangles show
the 1σ error scaled to 10 fb−1 (for MZ′ = 1 TeV) and 400 fb−1 (for
MZ′ = 3 TeV). Obtained from CMS full detector simulation

Fig. 71 Distribution of the e+e− invariant mass for Z(n)/γ (n) produc-
tion in two scenarios (A and B) for the fermion localizations and the
SM background. The number of events corresponds to an integrated
luminosity of 96.6 fb−1

purely phenomenological basis, in an attempt to explain re-
ported 3.5σ and 2.5σ deviations in Rb and Rc, respectively,
observed by the LEP experiments at the Z pole. In order
to accommodate these deviations without spoiling the good
agreement for the leptonic sector, the Z′ couplings to b, c

were required to be much larger than those to charged lep-
tons, so that the deviations in the Zbb, Zcc couplings in-
duced by a small Z − Z′ mixing were significant for quarks
but not for charged leptons. As a bonus, the introduction of
leptophobic Z′ bosons seemed to explain an apparent excess
of jet events at large transverse momenta measured by CDF.

With more statistics available the deviations in Rb , Rc

have disappeared, and SM predictions are now in good
agreement with experiment. Nevertheless, a 2.7σ discrep-
ancy in Ab

FB has remained until now. This deviation might
well be due to some uncontrolled systematic error. But, if
one accepts the Ab

FB measurement, explaining it with new
physics contributions while keeping the good agreement for
Rb is quite hard. One possibility has recently arisen in the
context of RS models, where the introduction of a custodial
symmetry [432] protects the ZbLbL coupling from correc-
tions due to mixing with the Z(1). ZbRbR , is allowed to re-
ceive a new contribution from mixing, which could explain
the anomaly in Ab

FB. Alternatively, one may allow for de-
viations in ZbLbL and ZbRbR , chosen so as to fit the ex-
perimental values of Rb and Ab

FB [499]. The new Z(1) state
has a mass of 2–3 TeV and suppressed couplings to charged
leptons. Hence, it can be produced at LHC but mainly de-
cays to quark-antiquark pairs. Leptophobic Z′ bosons can
also appear in grand unified theories as E6 [480, 500].

Studies of the CMS sensitivity to narrow resonances in
the dijet final states have been performed [501]. Experimen-
tal searches in the dijet channel are challenging because of
the large QCD background and the limited dijet mass res-
olution. All new particles with a natural width significantly
smaller than the measured dijet mass resolution should all
appear as a dijet mass resonance of the same line shape in the
detector. Thus, a generic analysis search has been developed
to extract cross section sensitivities, which are compared to
the expected cross sections from different models (excited
quarks, axigluons, colorons, E6 diquarks, color octet tech-
nirhos, W ′, Z′, and RS gravitons), to determine the mass
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range for which we expect to be able to discover or exclude
these models of dijet resonances. The size of the cross sec-
tion is a determining factor in whether the model can be dis-
covered, as illustrated in Fig. 72 for a sequential Z′

SM and
other new states. For a luminosity of 10 fb−1 the Z′

SM sig-
nal is about one order of magnitude below the 5σ discovery
limit for all the mass range, and a discovery is not possible.
Conversely, if agreement is found with the SM expectation,
Z′

SM masses between 2.1 and 2.5 TeV can be excluded (see
Fig. 72).

For resonances decaying to t t̄ preliminary studies have
been performed in [502]. With 300 fb−1, a 500 GeV res-
onance could be discovered for a cross section (including
branching ratio to t t̄) of 1.5 pb. For masses of 1 TeV and
3 TeV, the necessary signal cross sections are 650 and 11 fb,
respectively.

4.5 New charged gauge bosons

Extensions of the SM gauge group including an additional
SU(2) factor imply the existence of new bosons W

′± (as
well as an extra Z′ boson, whose phenomenology has been
described in the previous section). Two well-known exam-
ples are left–right models, in which the electroweak gauge
group is SU(2)L × SU(2)R × U(1), and littlest Higgs mod-
els (those with group [SU(2) × U(1)]2). As for the neutral
case, the interactions of new W ′ bosons depend on the spe-
cific model considered. For example, in left–right models
the new charged bosons (commonly denoted as WR) have
purely right handed couplings to fermions, whereas in littlest
Higgs models they are purely left handed, as the ordinary W

boson. Low energy limits are correspondingly different. In
the former case the kaon mass difference sets a limit on the
WR mass of the order of two TeV [503]. This stringent limit

Fig. 72 5σ discovery limits (circles) and 95% upper bounds (squares)
for resonances decaying to two jets, as a function of their mass. The
luminosity is of 10 fb−1 and a full simulation of the CMS detector is
used. The predictions of several models are also shown

is due to an enhancement of the “LR” box diagram contribu-
tion involving W and WR exchange [504], compared to the
“LL” exchange of two charged bosons with left handed cou-
plings. On the other hand, in little Higgs models (especially
in its minimal versions like the littlest Higgs model) preci-
sion electroweak data are quite constraining, and require the
W ′ masses to be of the order of several TeV [505, 506].

4.5.1 Discovery potential

Most studies for W ′ discovery potential have focused on a
W ′ boson with SM-like couplings to fermions and WZ, Wh

decays suppressed. The present direct limit from Tevatron
is mW ′ > 965 GeV with 95% CL [507]. Previous ATLAS
studies have shown that a W ′ boson could be observed in the
leptonic decay channel W ′ → 	ν	, 	 = μ,e, if it has a mass
up to 6 TeV with 100 fb−1 of integrated luminosity [508].
For CMS the expectations are similar [509]. Here the pos-
sible detection of a W ′ signal in the muon decay channel is
investigated, focusing on masses in the range 1–2.5 TeV and
using the full simulation of the ATLAS detector. The signal
has been generated with PYTHIA using CTEQ6L structure
functions. The resulting cross sections times branching ra-
tio, as well as the W ′ width for various masses, are given in
Table 27 (left). The W ′ can be identified as a smeared Ja-
cobian peak in the transverse mass distribution, built with
the muon transverse momentum and the transverse missing
energy /ET . Figure 73 shows the smearing of the edge after
full simulation of the ATLAS detector.

In addition to the signal, there are contributions from
the various SM backgrounds originating from the processes
given in Table 27 (right). The W background is irreducible,
but all the other backgrounds can be reduced applying the
appropriate selections. In Table 28 the selection cuts used
for the background rejection are shown.

Fig. 73 Generated and reconstructed transverse mass distribution for
a simulated 1 TeV W ′, before any detector effects and after full simu-
lation of the ATLAS detector
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Table 27 Left: expected cross section times branching ratio for the W ′ → μν signal, and total W ′ width. Right: cross section times branching
ratio for the main background processes

Signal: pp → W ′ → μνμ + X

mW ′ (TeV) σ×Br(pb) Γtot (GeV)

1.0 3.04 34.7

1.5 0.57 52.6

2.0 0.15 70.5

2.5 0.047 88.5

SM background processes σ×Br(nb)

pp → W → μνμ + X 15

pp → W → τντ → μνμντ + X 2.6

pp → Z → μ−μ+ + X 1.5

pp → Z → τ−τ+ → μ + X 0.25

pp → t t̄ → WbWb̄ → lνl + X 0.46

QCD (all dijet processes) 5 × 105

Table 28 Cross-section times branching ratio to muons and relative efficiencies after each cut. The cuts correspond to: (1) pT > 100 GeV and
/ET > 50 GeV; (2) b jet Veto; (3) JetVeto; (4) muon isolation and quality

Cut 1 TeV W ′ 2 TeV W ′ W (off-shell) t t̄ Z (off-shell)

σ (pb) eff (%) σ (pb) eff (%) σ (pb) eff (%) σ (pb) eff (%) σ (pb) eff (%)

1 2.52 82.8 0.126 84.0 2.04 74.4 8.878 1.93 0.251 9.89

2 2.45 80.7 0.122 81.4 1.99 72.8 1.610 0.35 0.244 9.62

3 2.23 73.3 0.104 69.4 1.95 71.1 0.966 0.21 0.237 9.34

4 2.18 71.6 0.101 67.3 1.91 69.8 0.736 0.16 0.232 9.15

The main signature of the signal is the presence of an en-
ergetic muon together with a significant missing transverse
momentum in the event. When searching for a W ′ with mass
of 1 TeV or heavier, events that contain at least one recon-
structed muon with pT > 100 GeV and missing transverse
momentum /ET > 50 GeV are selected. These cuts mainly
eliminate the t t̄ background, which tends to have less ener-
getic muons, and Z production, which in general does not
have significant missing energy. Muons coming from W ′
decays are isolated, i.e. they do not belong to a jet. Iso-
lated muons are identified by requiring that the calorimetric
energy deposited inside the difference of a small and a big-
ger cone around the muon track is less than E02

cal − E01
cal <

10 GeV, where the cones ‘01’ and ‘02’ are determined, re-
spectively, as the ones which have �R = 0.1,0.2. This dou-
ble cone strategy is adopted because muons from W ′ de-
cays are very energetic and therefore can have significant,
almost collinear radiation. Figure 74 shows the distribu-
tion of calorimetric energy contained in the difference of
the two cones for both signal and background. It is evident
that the above cut reduces mainly the t t̄ background. Events
with exactly one isolated muon are selected. Z background
events contain mostly two isolated muons, except for the
cases where one of the muons lies in a region outside the
muon spectrometer (|η| > 2.7) or is not reconstructed. These
cases account for about the 30% of the high mass Z events
and remain as irreducible background. QCD and t t̄ back-
grounds contain in most cases non-isolated muons coming
from jets. In order to eliminate the QCD dijet background,
which contains one jet misidentified as a muon, events with

additional high energy jets, with pT > 200 GeV, are rejected
(JetVeto). The t t̄ background is further reduced by apply-
ing a b jet veto cut (in ATLAS the jet tagging is done for
jets with pT > 15 GeV). Muons coming from cosmic rays
and b decays are rejected with track quality criteria, what
ensures that the muon track is well reconstructed. Specifi-
cally, cuts are applied on the χ2 probability over the num-
ber of degrees of freedom and the transverse d0 and lon-
gitudinal z0 perigee parameters: Prob(χ2)/DoF > 0.001,
d0/Δ(d0) < 10, z0 < 300 mm.

After the application of all the signal separation require-
ments the transverse mass distribution, shown in Fig. 75, has
been statistically analyzed to determine the significance of
the discovery. First, for each W ′ mass the transverse mass
interval which gives the best discovery significance is deter-
mined. The corresponding number of signal and background
events for 10 fb−1 are presented in Table 29. The minimum
luminosity to have a 5σ significant discovery is also calcu-
lated and shown in Table 30. The significance is calculated
assuming Poisson statistics. The errors in the luminosity cor-
respond to a 5% systematic uncertainty in the signal (mainly
due to the variation of PDFs) and a 20% systematic uncer-
tainty in the background (due to several different contribu-
tions). The uncertainties in the NLO corrections (K factors)
are expected to influence both the signal and the background
in a similar way. The experimental systematic uncertainties
are expected to be reduced only after the first data taking us-
ing the control samples of Z and W events. A control sample
will also be formed in the transverse mass region between
200 and 400 GeV, which will provide the final check for the
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Fig. 74 Distribution of calorimetric energy contained in the difference of two cones with �R = 0.1 and �R = 0.2 for both signal and background
events

Fig. 75 Transverse mass
distribution of the SM
background and W ′ signals
corresponding to different W ′
masses, plotted on top of the
background for an integrated
luminosity of 10 fb−1

systematic uncertainties collectively, concerning the scale as
well as the shape of the background.

A new W ′ boson with SM-like couplings to fermions can
be discovered with low integrated luminosity during the ini-
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Table 29 Number of signal and background events expected for 10 fb−1 of integrated luminosity, for various W ′ masses. The best search windows
in the transverse mass distribution (MT ) are also shown

MW ′ 1.0 TeV 1.5 TeV 2.0 TeV 2.5 TeV

MT (TeV) 0.6–1.7 0.9–2.0 1.2–2.9 1.6–3.2

Signal events 15753 ± 787 3059 ± 153 603 ± 30 225 ± 11

SM Background events 469 ± 94 76 ± 15 22 ± 5 15 ± 3

Table 30 Minimum luminosity required in order to have a 5σ dis-
covery for various W ′ masses. NS , NB stand for the number of sig-
nal and background events, respectively, within the optimal transverse
mass window

MW ′ (TeV) Luminosity (pb−1) NS NB

1.0 3.0 ± 0.3 4.7 0.14

1.5 14.6 ± 1.4 4.5 0.11

2.0 84 ± 9 5.1 0.18

2.5 283 ± 31 6.4 0.42

tial LHC running. With 0.3 fb−1 integrated luminosity, a W ′
can be discovered in the ATLAS experiment with a mass
up to 2.5 TeV. Imposing the additional requirement of ob-
serving at least 10 candidate signal events would rise the
minimum luminosity to 0.5 fb−1.

The present study so far has been performed without pile-
up and cavern background conditions. Both these conditions
are not expected to affect much the results since the initial
run will be at very low luminosity and moreover the majority
of the muons of the signal concentrate in the barrel region.
Nevertheless, studies for the fake reconstruction with both
kinds of background are under way.

Finally, we point out that the experimental resolution for
muons with pT ranging from 0.5 to 1 TeV is about 5–10%,
giving an experimental width larger than the intrinsic width,
shown in Table 27 (left). Therefore, no further attempt has
been made for discriminating the underlying theory based
on the W ′ width. However, following the W ′ discovery, the
muonic decay channel could provide valuable information
concerning the FB asymmetry, which in turn could be used
to discriminate between various theoretical models.

4.6 New scalars

Additional scalars appear in several theories beyond the SM
to address some of the theoretical puzzles left unsolved by
the SM. For example:

− 2-Higgs-doublet models, possibly relevant to the origin
of the CP asymmetry,

− Little Higgs models, introduced to solve the hierarchy
problem,

− Babu–Zee model, providing a source for the neutrino
mass differences.

The 2-Higgs-doublet model (2HDM) contains two Higgs
fields, one to give mass to SM gauge bosons and the other
one remaining with CP violating terms [510]. The additional
two neutral Higgs particles aim to solve the strong CP prob-
lem and explain the observed baryon asymmetry of the uni-
verse with minimum impact to the SM. Such a model can
be easily investigated at LHC via either direct observation
of the non-SM Higgs particles or indirectly via the enhance-
ment to the FCNC Higgs decays involving the top quark.
The details of such a discovery and of possible discrimina-
tion between the models can be found in Sect. 2.3.2.

Little Higgs models [394, 398, 399] aim to solve the
hierarchy problem, without imposing a symmetry between
fermions and bosons. Instead, the unwanted contributions
from the loops are removed via the same spin counterparts
of the involved SM particles: top quark, W and Z bosons
and the Higgs itself. The coupling coefficients of these pre-
dicted particles are connected to their SM counterparts via
the symmetries of the larger group embedding the SM gauge
group. Depending on the selection of the embedding group,
these models predict a variety of new particles. Additional
charge +2/3 quarks (studied in Sect. 4.2.1), a number of
spin 1 bosons and a number of scalars, with masses less than
2, 5 and 10 TeV respectively. The smallest of these symme-
try groups defines the littlest Higgs model which predicts
three nearly degenerate scalar particles with charges 2, 1 and
0. Experimentally, the doubly charged scalar is the most ap-
pealing one, since its manifestation would be two like-sign
leptons or W bosons when produced singly [281, 413, 511],
or two like-sign lepton pairs with equal invariant mass when
produced in pairs [283, 413, 512]. More generally, scalar
triplets appear in various type-II seesaw models. For scalar
triplets in supersymmetric models see Sect. 3.5.

The Babu–Zee model, independently proposed by Zee
[513] and Babu [514], proposes a particular radiative mass
generation mechanism. This mechanism might help un-
derstanding the origin of neutrino masses and mixing an-
gles which are firmly established by the neutrino oscilla-
tion experiments [515–518]. The model introduces two new
charged scalars h+ and k++, both singlets under SU(2)L,
which couple only to leptons. Neutrino masses in this model
arise at the two-loop level. Since present experimental neu-
trino data requires at least one neutrino to have a mass of
the order of O(0.05) eV [204] an estimation for the value
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of neutrino masses in the model indicates that for couplings
f and h of order O(1) (see (135)) the new scalars should
have masses in the range O(0.1–1) TeV [519]. The model is
therefore potentially testable at the LHC.

4.6.1 Scalar triplet seesaw models

An important open issue to be addressed in the context of
little Higgs models [394, 398, 399] is the origin of neu-
trino masses [443, 520, 521]. A neutrino mass generation
mechanism which naturally occurs in these models is type
II seesaw [276, 522, 523], which employs a scalar with the
SU(2)L × U(1)Y quantum numbers Φ ∼ (3,2). The exis-
tence of such a multiplet in some little Higgs models [399,
524] is a direct consequence of the global [SU(2) × U(1)]2

symmetry breaking which makes the SM Higgs light. Al-
though Φ is predicted to be heavier than the SM Higgs bo-
son, the little Higgs philosophy implies that its mass could
be of order O(1) TeV. Due to its specific quantum numbers
the triplet Higgs boson only couples to the left-chiral lepton
doublets Li ∼ (2,−1), i = e,μ, τ , via Yukawa interactions
given by

LΦ = iL̄c
i τ2Yij (τ · Φ)Lj + h.c., (126)

where Yij are Majorana Yukawa couplings. The interac-
tions in (126) induce LFV decays of charged leptons which
have not been observed. The most stringent constraint on the
Yukawa couplings comes from the upper limit on the tree-
level decay μ → eee [281, 525]

YeeYeμ < 3 × 10−5(MΦ++/TeV)2, (127)

with MΦ++ the mass of the doubly charged scalar, con-
strained by direct Tevatron searches to be MΦ++ ≥ 136 GeV
[526, 527]. Experimental bounds on the tau Yukawa cou-
plings are much less stringent.

According to (126), the neutral component of the triplet
Higgs boson Φ0 couples to left handed neutrinos. When it
acquires a VEV vΦ , it induces nonzero neutrino masses mν

given by the mass matrix

(mν)ij = Yij vΦ. (128)

We assume that the smallness of neutrino masses is due to
the smallness of vΦ. In this work the tau Yukawa coupling is
taken to be Yττ = 0.01, and the rest of couplings are scaled
accordingly. In particular, hierarchical neutrino masses im-
ply Yee, Yeμ  Yττ , consistent with present experimental
bounds.

In this framework there is a possibility to perform direct
tests of the neutrino mass generation mechanism at the LHC,
via pair production and subsequent decays of scalar triplets.

Here the Drell–Yan pair production of the doubly charged
component

pp → Φ++Φ−− (129)

is studied, followed by leptonic decays [281, 283, 512, 528–
531]. Notice that in this process (i) the production cross
section only depends on MΦ++ and known SM parameters;
(ii) the smallness of vΦ in this scenario, due to the smallness
of neutrino masses, implies that decays Φ++ → W+W+
are negligible; (iii) the Φ++ leptonic decay branching frac-
tions do not depend on the size of the Yukawa couplings
but only on their ratios, which are known from neutrino os-
cillation experiments. For the normal hierarchy of neutrino
masses and a very small value of the lightest neutrino mass,
the triplet seesaw model predicts Br(Φ++ → μ+μ+) �
Br(Φ++ → τ+τ+) � Br(Φ++ → μ+τ+) � 1/3. This sce-
nario is testable at LHC experiments.

The production of the doubly charged scalar has been
implemented in the PYTHIA Monte Carlo generator [47].
Final and initial state interactions and hadronization have
been taken into account. Four-lepton backgrounds with high
pT leptons arise from three SM processes, namely t t̄ , t t̄Z

and ZZ production. PYTHIA has been used to generate t t̄

and ZZ background, while CompHEP was used to generate
the t t̄Z background via its PYTHIA interface [420, 428].
CTEQ5L parton distribution functions have been used. Ad-
ditional four-lepton backgrounds exist involving b-quarks in
the final state, for example, bb̄ production. Charged leptons
from such processes are very soft, and these backgrounds
can be eliminated [61]. Possible background processes from
physics beyond the SM are not considered.

A clear experimental signature is obtained from the peak
in the invariant mass of two like-sign muons and/or tau lep-
tons:

(
m±

	1	2

)2 = (
p±

	1
+ p±

	2

)2
, (130)

where p±
	1,	2

are the four-momenta of two like-sign leptons

	±
1 , 	±

2 . Since like-sign leptons originate from the decay of
a doubly charged Higgs boson, their invariant-mass peaks
at m±

		′ = MΦ±± . The four-muon final state allows one to
obtain invariant masses directly from (130). In channels in-
volving one or several tau leptons, which are seen as τ jets or
secondary muons (marked as μ′ below), the momenta of the
latter has to be corrected according to the equation system

�pτi
= ki �pjeti /μ

′
i
, (131)

�/pT
=

∑

i

( �pνi
)T , (132)

m+
	1	2

= m−
	1	2

, (133)
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where i counts τ leptons, ( �pνi
)T is the vector of trans-

verse momentum of the produced neutrinos, �/ET is the vec-
tor of missing transverse momentum (measured by the de-
tector) and ki > 1 are positive constants. Equation (131) de-
scribes the standard approximation that the decay products
of a highly boosted τ are collinear. Equation (132) assumes
missing transverse energy only to be comprised of neutrinos
from τ decays. In general, it is not a high-handed simplifica-
tion, because the other neutrinos in the event are much less
energetic and the detector error in missing energy is order
of magnitude smaller [5]. Using the first two equations it is
possible to reconstruct up to two τ leptons per event. The
additional requirement of (133) allows one to reconstruct a
third τ , although very small measurement errors are needed.

A clear signal extraction from the SM background can be
achieved using a set of selection rules imposed on a recon-
structed event in the following order.

− S1: events with at least two positive and two negative
muons or jets which have |η| < 2.4 and pT > 5 GeV are
selected.

− S2: The scalar sum of transverse momenta of the two
most energetic muons or τ jets has to be larger than a
certain value (depending on the Φ++ mass range stud-
ied).

− S3: If the invariant mass of a pair of opposite charge
muons or τ jets is close to the Z boson mass (85–
95 GeV), then the particles are eliminated from the
analysis.

− S4: as Φ±± are produced in pairs, their reconstructed in-
variant masses have to be equal (in each event). The con-
dition

0.8 < m++
	1	2

/m−−
	1	2

< 1.2 (134)

has been used. If the invariant masses are in this range
then they are included in the histograms, otherwise it is
assumed that some muon may originate from τ decay,
and it is attempted to find corrections to their momenta
according to the method described above.

An example of invariant-mass distribution after applying
selection rules is shown in Fig. 76 for MΦ++ = 500 GeV.
A tabulated example is given for MΦ++ = 200, 500 and
800 GeV in Table 31, corresponding to a luminosity
L = 30 fb−1. The strength of the S2 cut is clearly visi-
ble: almost no decrease in signal while the number of the
background events descends close to its final minimum
value. A peculiar behavior of S4—reducing the background,
while also increasing the signal in its peak—is the ef-
fect of applying the τ → μ′ correction method described
above.

As it is seen in Table 31, the SM background can be prac-
tically eliminated. In such an unusual situation the log likeli-
hood ratio (LLR) statistical method [131, 532] has been used

to determine the 5σ discovery potential, demanding a signif-
icance larger than 5σ in 95% of “hypothetical experiments”,
generated using a Poisson distribution. With this criterion,
Φ++ up to 300 GeV can be discovered in the first year of
LHC (L = 1 fb−1) and Φ++ up to 800 GeV can be discov-
ered for the integrated luminosity L = 30 fb−1. Therefore,
the origin of neutrino mass can possibly be directly tested at
LHC.

4.6.2 The discovery potential of the Babu–Zee model

The new charged scalars of the model introduce new gauge
invariant Yukawa interactions, namely

L = fαβεij

(
LT i

α CL
j
β

)
h+ + h′

αβ

(
eT
α Ceβ

)
k++ + h.c. (135)

Here, L are the SM (left handed) lepton doublets, e the
charged lepton singlets, α,β are generation indices and εij

is the completely antisymmetric tensor. Note that f is an-
tisymmetric while h′ is symmetric. Assigning L = 2 to h−
and k−−, the Lagrangian in (135) conserves lepton number.
Lepton number violation in the model resides only in the
following term in the scalar potential:

L = −μh+h+k−− + h.c. (136)

Vacuum stability arguments can be used to derive an up-
per bound for the lepton number violating coupling μ [533],
namely, μ ≤ (6π2)1/4mh. The structure of (135) and (136)
generates Majorana neutrino masses at the two-loop level
[519, 533].

Constraints on the parameter space of the model come
from neutrino physics experimental data and from the ex-
perimental upper bounds on lepton flavor violation (LFV)
processes. Constraints on the antisymmetric couplings fxy

are entirely determined by neutrino mixing angles and de-
pend on the hierarchy of the neutrino mass spectrum, which
in this model can be normal or inverse. Analytical expres-
sions for the ratios ε = f13/f23 and ε′ = f12/f23, as well as
numerical upper and lower bounds, were calculated in [533]
and [519].

The requirement of having a large atmospheric mixing
angle indicates that the symmetric Yukawa couplings hxy

(x, y = μ,τ ) must follow the hierarchy hττ � (mμ/mτ )hμτ

� (mμ/mτ )
2hμμ. The couplings hee , heμ and heτ are con-

strained by LFV of the type la → lblcld and have to be
smaller than 0.4, 4 × 10−3 and 7 × 10−2 [533]. The most
relevant constraint on mk come from the LFV processes
τ → 3μ while for mh is derived from μ → eγ . Lower
bounds for both scalar masses can be found [519], the re-
sults are mk � 770 GeV, mh � 200 GeV (normal hierar-
chy case), and mh � 900 GeV (inverse hierarchy case). In
[533] it has been estimated that at the LHC discovery of
k++ might be possible up to masses of mk ≤ 1 TeV approx-
imately. In the following it will therefore be assumed that
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Fig. 76 Distribution of invariant masses of like-sign pairs after applying selection rules (S1–S4) for scalar mass MΦ++ = 500 GeV and the SM
background (L = 30 fb−1). The histogram in the right panel is a zoom of the left histogram to illustrate the effects of the selection rules S2–S4

Table 31 Effectiveness of the selection rules for the background and
signal. All event numbers in the table are normalized for L = 30 fb−1.
The numbers in brackets mark errors at 95% confidence level for Pois-

son statistics. The signal increases after S4 due to the reconstructed
τ → μ′ decays

Process N of like-sign pairs

N of Φ S1 S2 S3 S4

Energy range 150–250 GeV

MΦ = 200 GeV 4670 1534 1488 1465 1539

t t̄ → 4	 – 1222 (168) 172 (8.5) 134 (6.9) 17.6 (3.7)

t t̄Z – 21.3 (4.0) 15.5 (1.0) 6.3 (1.2) 2.2 (1.1)

ZZ – 95.0 (12.0) 22.5 (0.7) 9.8 (0.5) 1.7 (0.2)

Energy range 375–625 GeV

MΦ = 500 GeV 119.2 48.4 47.5 46.8 49.5

t t̄ → 4	 - 178 (28) 2.1 (0.9) 1.65 (0.87) 0.10 (0.35)

t t̄Z – 6.6 (1.7) 2.3 (1.0) 1.0 (1.0) 0.00 (0.1)

ZZ – 9.4 (2.9) 1.4 (0.2) 0.68 (0.19) 0.08 (0.09)

Energy range 600–1000 GeV

MΦ = 800 GeV 11.67 5.05 5.00 4.92 5.21

t t̄ → 4	 - 77 (12) 0.00 (0.22) 0.00 (0.22) 0.00 (0.07)

t t̄Z – 2.6 (1.2) 0.39 (0.4) 0.39 (0.4) 0.00 (0.1)

ZZ – 2.5 (0.8) 0.34 (0.16) 0.17 (0.09) 0.00 (0.02)

mk ≤ 1 TeV and, in addition, mh ≤ 0.5 TeV. The notation
Br(h+ → lα

∑
β νβ) = Brlαh and Br(k++ → lαlβ) = Br

lαlβ
k

will be used. h+ decays are governed by the parameters ε

and ε′. Using the current 3σ range for neutrino mixing an-
gles [204] it is possible to predict

Breh = [0.13,0.22], Brμh = [0.31,0.50],
Brτh = [0.18,0.35], (137)

Breh = [0.48,0.50], Brμh = [0.17,0.34],
Brτh = [0.18,0.35]. (138)

This is for the normal hierarchy (137) or the inverse hierar-
chy (138).

The doubly charged scalar decay either to two same-sign
leptons or to two h+ final states. Lepton pair final states de-
cays are controlled by the hαβ Yukawa couplings while the
lepton flavor-violating decay k++ → h+h+ is governed by
the μ parameter (see (136)). The hierarchy among the cou-
plings hμμ,hμτ and hττ result in the prediction

Brμτ
k /Brμμ

k � (mμ/mτ )
2,

Brττ
k /Brμμ

k � (mμ/mτ )
4.

(139)
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Fig. 77 Lines of constant Br(k++ → h+h+), assuming to the left
hμμ = 1: Brhh

k = 0.1,0.2,0.3 and 0.4 for dotted, dash dotted, full and
dashed line. The vertical line corresponds to mh = 208 GeV for which
Br(μ → eγ ) = 1.2 × 10−11 and horizontal line to mk = 743 GeV for
which Br(τ → 3μ) = 1.9 × 10−6, i.e. parameter combinations to the

left/below this line are forbidden. Plot on the right assumes hμμ = 0.5.
Lines are for Brhh

k = 0.4,0.5,0.6 and 0.7, dotted, dash dotted, full and
dashed line. Again the shaded regions are excluded by Br(μ → eγ )

and Br(τ → 3μ)

Thus, the leptonic final states of k++ decays are mainly like-
sign muon pairs.

Here it is important to notice that in general the decays
k++ → e+l+ (l = e,μ, τ ) are strongly suppressed due to
the LVF constraints on the hel parameters. However, if the
Yukawa coupling hee saturates its upper limit then electron
pair final states can be possibly observed.

The branching ratio for the process k++ → h+h+ reads

Br
(
k++ → h+h+) � μ2β

m2
kh

2
μμ + μ2β

. (140)

Here β is the usual phase space suppression factor. From
(140) it can be noted that if the process is kinematically
allowed, the lepton violating coupling μ can be extracted
by measuring this branching ratio. For hμμ � 0.2 the cur-
rent limit on Br(μ → eγ ) rules out all mh � 0.5 TeV, thus
this measurement is possible only for hμμ � 0.2. Note that
smaller values of μ lead to smaller neutrino masses, thus up-
per bounds on the branching ratio for Brhh

k can be interpreted
as upper limit on the neutrino mass in this model. Figure 77
shows the resulting branching ratios for two values of hμμ.

5 Tools 25

5.1 Introduction

In this section we review the treatment of flavor aspects in
publicly available calculational tools used in new physics

25Section coordinators: F. Krauss, F. Moortgat, G. Polesello.

studies at colliders. Such tools cover a wide range of appli-
cations; the wide variety of computer programs discussed
here can be divided in broad classes as follows:

− Analytical precision calculations:
the results of analytical precision calculations for spe-
cific observables, often at loop level, are coded and made
available for public use. These observables are usually
sets of single numbers, such as cross sections, decay
widths, branching ratios etc., calculated for a specific
point in the respective models parameter space. Exam-
ples for such tools covered here are HDECAY, SDECAY,
FchDecay and FeynHiggs.

− Tools helping in or performing (mostly) analytical calcu-
lations:
the best-known example of such a tool is the combina-
tion of FeynArts and FormCalc, whose treatment of
flavor aspects is discussed here. FeynArts allows for a
automated construction of Feynman diagrams, including
higher-order effects, and the corresponding amplitude.
FormCalc can then be used to evaluate the loop inte-
grals in a semi-automated fashion.

− RGE codes:
the RGE is solved numerically, to obtain the SUSY pa-
rameters at physical scales from the value of high energy
inputs. These parameters are usually coupling constants,
particle masses and widths and mixing matrices. For this
purpose, a number of codes exist, here SPheno and
SuSpect are presented. It should be noted that many of
these RGE codes also embed a number of relevant cross
sections, branching ratios etc.

− Matrix element generators/parton level generators:
these codes calculate, in a automated fashion, cross sec-
tions for multileg tree-level processes. Usually, they are



284 Eur. Phys. J. C (2008) 57: 183–307

capable of generating weighted or unweighted events at
the parton level, i.e. without showering or hadronization.
This task is usually left for other programs, with the nec-
essary information passed by some standard interface
format [534]. Examples for this type of codes include
CalcHep and HvyN.

− Full-fledged event generators:
these programs provide fully showered and hadronized
events. Primary examples include PYTHIA, HERWIG,
and Sherpa.

In addition interfaces are necessary to transfer data between
the various programs as will be discussed in the next section.

All the programs described in this section are public and
in the corresponding subsections the web pages are given
from which the programs can be obtained. Updated infor-
mation on the availability of the codes and the responsible
persons as well as on additional packages can be found at
http://www.ippp.dur.ac.uk/montecarlo/BSM/.

5.2 A summary of the SUSY Les Houches Accord 2

The states and couplings appearing in the general MSSM
can be defined in a number of ways. Indeed, it is often
advantageous to use different choices for different appli-
cations and hence no unique set of conventions prevails at
present. In principle, this is not a problem; translations be-
tween different conventions can usually be carried out with-
out ambiguity. From the point of view of practical appli-
cation, however, such translations are, at best, tedious, and
at worst they introduce an unnecessary possibility for er-
ror.

To deal with this problem, and to create a more trans-
parent situation for non-experts, the original SUSY Les
Houches Accord (SLHA1) was proposed [535]. This ac-
cord uniquely defines a set of conventions for supersym-
metric models together with a common interface between
codes. However, SLHA1 was designed exclusively with the
MSSM with real parameters and R-parity conservation in
mind. Some recent public codes [325, 342, 536–542] are ei-
ther implementing extensions to this base model or are an-
ticipating such extensions. We therefore here present exten-
sions of the SLHA1 relevant for R-parity violation (RPV),
flavor violation, and CP-violation (CPV) in the MSSM. We
also consider next-to-minimal models which we shall col-
lectively label by the acronym NMSSM. Full details of the
SLHA2 agreement can be found in [543].

For simplicity, we still limit the scope of the SLHA2 in
two regards: for the MSSM, we restrict our attention to ei-
ther CPV or RPV, but not both. For the NMSSM, we define
one catch-all model and extend the SLHA1 mixing only to
include the new states, with CP, R-parity, and flavor still as-
sumed conserved.

The conventions described here are a superset of those
of the original SLHA1, unless explicitly stated otherwise.
We use ASCII text for input and output, all dimensionful
parameters are taken to be in appropriate powers of GeV, and
the output formats for SLHA2 data BLOCKs follow those of
SLHA1. All angles are in radians. In a few cases it has been
necessary to replace the original conventions. This is clearly
remarked upon in all places where it occurs, and the SLHA2
conventions then supersede the SLHA1 ones.

5.2.1 The SLHA2 conventions

5.2.1.1 Flavor violation The CKM basis is defined to be
the one in which the quark mass matrix is diagonal. In the
super-CKM basis [174] the squarks are rotated by exactly
the same amount as their respective quark superpartners, re-
gardless of whether this makes them (that is, the squarks) di-
agonal or not. Misalignment between the quark and squark
sectors thus results in flavor off-diagonal terms remaining in
the squark sector.

In this basis, the 6 × 6 squark mass matrices are defined
as

Lmass
q̃ = −Φ†

u M2
ũΦu − Φ

†
d M2

d̃
Φd, (141)

where Φu = (ũL, c̃L, t̃L, ũR, c̃R, t̃R)T and Φd = (d̃L, s̃L, b̃L,

d̃R, s̃R, b̃R)T . We diagonalize the squark mass matrices via
6 × 6 unitary matrices Ru,d , such that Ru,d M2

ũ,d̃
R

†
u,d are

diagonal matrices with increasing mass squared values. We
re-define the existing PDG codes for squarks to enumerate
the mass eigenstates in ascending order:

(d̃1, d̃2, d̃3, d̃4, d̃5, d̃6)

= (1000001, 1000003, 1000005, 2000001,

2000003, 2000005),

(ũ1, ũ2, ũ3, ũ4, ũ5, ũ6)

= (1000002, 1000004, 1000006, 2000002,

2000004, 2000006).

The flavor-violating parameters of the model are speci-
fied in terms of the CKM matrix together with five 3×3 ma-
trices of soft SUSY-breaking parameters given in the super-
CKM basis

m̂2
Q̃

, m̂2
ũ, m̂2

d̃
, T̂U , T̂D. (142)

Analogous rotations and definitions are used for the lep-
ton flavor-violating parameters, in this case using the super-
PMNS basis. Below, we refer to the combined basis as the
super-CKM/PMNS basis.

http://www.ippp.dur.ac.uk/montecarlo/BSM/
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5.2.1.2 R-parity violation We write the R-parity violating
superpotential as

WRPV = εab

[
1

2
λ̂ijkL

a
i L

b
j Ēk + λ̂′

ijkL
a
i Q

bx
j D̄kx − κ̂iL

a
i H

b
2

]

+ 1

2
λ̂′′

ijkε
xyzŪixD̄jyD̄kz, (143)

where x, y, z = 1, . . . ,3 are fundamental SU(3)C indices
and εxyz is the totally antisymmetric tensor in three di-
mensions with ε123 = +1. In (143), λ̂ijk, λ̂

′
ijk and κ̂i break

lepton number, whereas λ̂′′
ijk violate baryon number. As in

the previous section, all quantities are given in the super-
CKM/super-PMNS basis. Note that in the R-parity violating
case, the PMNS is an output once lepton number is violated.

The trilinear R-parity violating terms in the soft SUSY-
breaking potential are

V3,RPV = εab

[
1

2
(T̂ )ijkL̃

a
iLL̃b

jLẽ∗
kR + (T̂ ′)ijkL̃

a
iLQ̃b

jLd̃∗
kR

]

+ 1

2
(T̂ ′′)ijkεxyzũ

x∗
iRd̃

y∗
jRd̃z∗

kR + h.c. (144)

Note that we do not factor out the λ̂ couplings (e.g. as in
T̂ijk/λ̂ijk ≡ Aλ,ijk).

When lepton number is broken, additional bilinear soft
SUSY-breaking potential terms can appear,

V2,RPV = −εabD̂iL̃
a
iLHb

2 + L̃
†
iaLm̂2

L̃iH1
Ha

1 + h.c., (145)

and the sneutrinos may acquire vacuum expectation values
(VEVs) 〈ν̃e,μ,τ 〉 ≡ ve,μ,τ /

√
2. The SLHA1 defined the tree-

level VEV v to be equal to 2mZ/

√
g2 + g′2 ∼ 246 GeV; this

is now generalized to

v =
√

v2
1 + v2

2 + v2
e + v2

μ + v2
τ . (146)

For tanβ we maintain the SLHA1 definition, tanβ = v2/v1.
The Lagrangian contains the (symmetric) neutrino/neu-

tralino mass matrix as

Lmass
χ̃0 = −1

2
ψ̃0T Mψ̃0ψ̃

0 + h.c., (147)

in the basis of 2-component spinors ψ̃0 = (νe, νμ, ντ ,−ib̃,

−iw̃3, h̃1, h̃2)
T . We define the unitary 7 × 7 neutrino/

neutralino mixing matrix N (block RVNMIX), such that:

−1

2
ψ̃0T Mψ̃0ψ̃

0 = −1

2
ψ̃0T NT

︸ ︷︷ ︸
χ̃0T

N∗Mψ̃0N
†

︸ ︷︷ ︸
diag(m

χ̃0 )

Nψ̃0
︸ ︷︷ ︸

χ̃0

, (148)

where the 7 (2-component) neutral leptons χ̃0 are defined
strictly mass ordered, i.e. with the 1st ,2nd ,3rd lightest cor-
responding to the mass entries for the PDG codes 12, 14,

and 16, and the four heaviest to the PDG codes 1000022,
1000023, 1000025, 1000035.

Charginos and charged leptons may also mix in the case
of L-violation. The Lagrangian contains

Lmass
χ̃+ = −1

2
ψ̃−T Mψ̃+ψ̃+ + h.c., (149)

in the basis of 2-component spinors ψ̃+ = (e+,μ+, τ+,

−iw̃+, h̃+
2 )T , ψ̃− = (e−,μ−, τ−,−iw̃−, h̃−

1 )T where
w̃± = (w̃1 ∓ w̃2)/

√
2. We define the unitary 5 × 5 charged

fermion mixing matrices U,V , blocks RVUMIX, RVVMIX,
such that

−1

2
ψ̃−T Mψ̃+ψ̃+

= −1

2
ψ̃−T UT

︸ ︷︷ ︸
χ̃−T

U∗Mψ̃+V †

︸ ︷︷ ︸
diag(mχ̃+ )

V ψ̃+
︸ ︷︷ ︸

χ̃+

, (150)

where the generalized charged leptons χ̃+ are defined as
strictly mass ordered, i.e. with the three lightest states cor-
responding to the PDG codes 11, 13, and 15, and the two
heaviest to the codes 1000024, 1000037. For historical
reasons, codes 11, 13, and 15 pertain to the negatively
charged field while codes 1000024 and 1000037 pertain
to the opposite charge. The components of χ̃+ in “PDG
notation” would thus be (−11,−13,−15,1000024,
1000037). In the limit of CP conservation, U and V are
chosen to be real.

R-parity violation via lepton number violation implies
that the sneutrinos can mix with the Higgs bosons. In the
limit of CP conservation the CP-even (-odd) Higgs bosons
mix with real (imaginary) parts of the sneutrinos. We write
the neutral scalars as φ0 ≡ √

2 Re(H 0
1 ,H 0

2 , ν̃e, ν̃μ, ν̃τ )
T ,

with the mass term

L = −1

2
φ0T M2

φ0φ
0, (151)

where M2
φ0 is a 5×5 symmetric mass matrix. We define the

orthogonal 5 × 5 mixing matrix ℵ (block RVHMIX) by

−φ0T M2
φ0φ

0 = −φ0T ℵT

︸ ︷︷ ︸
Φ0T

ℵM2
φ0ℵT

︸ ︷︷ ︸
diag(m2

Φ0 )

ℵφ0
︸︷︷︸
Φ0

, (152)

where Φ0 are the neutral scalar mass eigenstates in strictly
increasing mass order The states are numbered sequen-
tially by the PDG codes (25,35,1000012,1000014,
1000016), regardless of flavor content.

We write the neutral pseudoscalars as φ̄0 ≡√
2 Im (H 0

1 ,H 0
2 , ν̃e, ν̃μ, ν̃τ )

T , with the mass term

L = −1

2
φ̄0T M2

φ̄0 φ̄
0, (153)
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where M2
φ̄0 is a 5×5 symmetric mass matrix. We define the

4 × 5 mixing matrix ℵ̄ (block RVAMIX) by

−φ̄0T M2
φ̄0 φ̄

0 = − φ̄0T ℵ̄T

︸ ︷︷ ︸
Φ̄0T

ℵ̄M2
φ̄0 ℵ̄T

︸ ︷︷ ︸
diag(m2

Φ̄0 )

ℵ̄φ̄0
︸︷︷︸
Φ̄0

, (154)

where Φ̄0 are the pseudoscalar mass eigenstates in increas-
ing mass order. The states are numbered sequentially by the
PDG codes (36,1000017, 1000018,1000019), re-
gardless of flavor composition. The Goldstone boson G0 has
been explicitly left out and the 4 rows of ℵ̄ form a set of or-
thonormal vectors.

If the blocks RVHMIX, RVAMIX are present, they su-
persede the SLHA1 ALPHA variable/block.

The charged sleptons and charged Higgs bosons also mix
in the 8 × 8 mass squared matrix M2

φ± , which we diagonal-
ize by a 7 × 8 matrix C (block RVLMIX):

L = − (H−
1

∗
,H+

2 , ẽ∗
Li

, ẽ∗
Rj

)C†

︸ ︷︷ ︸
Φ+

CM2
φ±C†

︸ ︷︷ ︸
diag(M2

Φ± )

C

⎛

⎜⎜⎜
⎝

H−
1

H+
2

∗

ẽLk

ẽRl

⎞

⎟⎟⎟
⎠

,

(155)

where i, j, k, l ∈ {1,2,3}, α,β ∈ {1, . . . ,6} and Φ+ = Φ−†

are the charged scalar mass eigenstates arranged in increas-
ing mass order. These states are numbered sequentially by
the PDG codes (37,1000011,1000013,1000015,
2000011,2000013,2000015), regardless of flavor
composition. The Goldstone boson G− has been explicitly
left out and the seven rows of C form a set of orthonormal
vectors.

5.2.1.3 CP violation When CP symmetry is broken, quan-
tum corrections cause mixing between the CP-even and
CP-odd Higgs states. Writing the neutral scalar interaction
eigenstates as φ0 ≡ √

2(ReH 0
1 , ReH 0

2 , ImH 0
1 , ImH 0

2 )T we
define the 3 × 4 mixing matrix S (block CVHMIX) by

−φ0T M2
φ0φ

0 = −φ0T ST

︸ ︷︷ ︸
Φ0T

S∗M2
φ0S

†

︸ ︷︷ ︸
diag(m2

Φ0 )

Sφ0
︸︷︷︸
Φ0

, (156)

where Φ0 ≡ (h0
1, h

0
2, h

0
3)

T are the mass eigenstates arranged
in ascending mass order; these states are numbered sequen-
tially by the PDG codes (25,35,36), regardless of flavor
composition.

For the neutralino and chargino mixing matrices, the de-
fault convention in SLHA1 is that they be real matrices. One
or more mass eigenvalues may then have an apparent nega-
tive sign, which can be removed by a phase transformation
on χ̃i as explained in SLHA1 [535]. When going to CPV, the
reason for introducing the negative-mass convention in the

first place, namely maintaining the mixing matrices strictly
real, disappears. We therefore here take all masses real and
positive, with N , U , and V complex. This does lead to a
nominal dissimilarity with SLHA1 in the limit of vanishing
CP violation, but we note that the explicit CPV switch in
MODSEL can be used to decide unambiguously which con-
vention to follow.

For the remaining MSSM parameters we use straightfor-
ward generalizations to the complex case, see Sect. 5.2.2.4.

5.2.1.4 NMSSM We shall here define the next-to-minimal
case as having exactly the field content of the MSSM with
the addition of one gauge singlet chiral superfield. As to
couplings and parameterizations, rather than adopting a par-
ticular choice, or treating each special case separately, be-
low we choose instead to work at the most general level.
Any particular special case can then be obtained by setting
different combinations of couplings to zero. However, we
do specialize to the SLHA1-like case without CP violation,
R-parity violation, or flavor violation. Below, we shall use
the acronym NMSSM for this class of models, but we em-
phasize that we understand it to relate to field content only,
and not to the presence or absence of specific couplings.

In addition to the MSSM terms, the most general CP con-
serving NMSSM superpotential is (extending the notation
of SLHA1):

WNMSSM = WMSSM − εabλSHa
1 Hb

2

+ 1

3
κS3 + μ′S2 + ξF S, (157)

where WMSSM is the MSSM superpotential, in the conven-
tions of [535, (3)]. A non-zero λ in combination with a VEV
〈S〉 of the singlet generates a contribution to the effective μ

term μeff = λ〈S >〉 + μ, where the MSSM μ term is nor-
mally assumed to be zero, yielding μeff = λ〈S〉. The remain-
ing terms represent a general cubic potential for the singlet;
κ is dimensionless, μ′ has dimension of mass, and ξF has
dimension of mass squared. The soft SUSY-breaking terms
relevant to the NMSSM are

Vsoft = V2,MSSM + V3,MSSM + m2
S|S|2

+
(

−εabλAλSHa
1 Hb

2 + 1

3
κAκS3

+ B ′μ′S2 + ξSS + h.c.

)
, (158)

where Vi,MSSM are the MSSM soft terms, in the conventions
of [535, (5) and (7)].

At tree level, there are thus 15 parameters (in addition to
mZ which fixes the sum of the squared Higgs VEVs) that
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are relevant for the Higgs sector:

tanβ, μ, m2
H1

, m2
H2

, m2
3,

λ, κ, Aλ, Aκ, μ′,

B ′, ξF , ξS, λ〈S〉, m2
S.

(159)

The minimization of the effective potential imposes three
conditions on these parameters, such that only 12 of them
can be considered independent. For the time being, we leave
it up to each spectrum calculator to decide on which com-
binations to accept. For the purpose of this accord, we note
only that to specify a general model exactly 12 parameters
from (159) should be provided in the input, including ex-
plicit zeroes for parameters desired “switched off”. How-
ever, since μ = m2

3 = μ′ = B ′ = ξF = ξS = 0 in the major-
ity of phenomenological constructions, for convenience we
also allow for a six-parameter specification in terms of the
reduced parameter list:

tanβ, m2
H1

, m2
H2

, λ, κ,

Aλ, Aκ, λ〈S〉, m2
S.

(160)

To summarize, in addition to mZ , the input to the accord
should contain either 12 parameters from the list given in
(159), including zeroes for parameters not present in the de-
sired model, or it should contain six parameters from the
list in (160), in which case the remaining six “non-standard”
parameters, μ, m2

3, μ′, B ′, ξF , and ξF , will be assumed to
be zero; in both cases the three unspecified parameters (as,
e.g., m2

H1
, m2

H2
, and m2

S ) are assumed to be determined by
the minimization of the effective potential.

The CP-even neutral scalar interaction eigenstates are
φ0 ≡ √

2 Re (H 0
1 ,H 0

2 , S)T . We define the orthogonal 3 × 3
mixing matrix S (block NMHMIX) by

−φ0T M2
φ0φ

0 = −φ0T ST

︸ ︷︷ ︸
Φ0T

SM2
φ0S

T

︸ ︷︷ ︸
diag(m2

Φ0 )

Sφ0
︸︷︷︸
Φ0

, (161)

where Φ0 ≡ (h0
1, h

0
2, h

0
3) are the mass eigenstates ordered in

mass. These states are numbered sequentially by the PDG
codes (25,35,45). The format of BLOCK NMHMIX is
the same as for the mixing matrices in SLHA1.

The CP-odd sector interaction eigenstates are φ̄0 ≡√
2 Im (H 0

1 ,H 0
2 , S)T . We define the 2 × 3 mixing matrix

P (block NMAMIX) by

−φ̄0T M2
φ̄0 φ̄

0 = − φ̄0T P T

︸ ︷︷ ︸
Φ̄0T

P M2
φ̄0P

T

︸ ︷︷ ︸
diag(m2

Φ̄0 )

P φ̄0
︸︷︷︸
Φ̄0

, (162)

where Φ̄0 ≡ (A0
1,A

0
2) are the mass eigenstates ordered in

mass. These states are numbered sequentially by the PDG

codes (36,46). The Goldstone boson G0 has been explic-
itly left out and the two rows of P form a set of orthonormal
vectors.

If NMHMIX, NMAMIX blocks are present, they super-
sede the SLHA1 ALPHA variable/block.

The Lagrangian contains the (symmetric) 5 × 5 neu-
tralino mass matrix as

Lmass
χ̃0 = −1

2
ψ̃0T Mψ̃0ψ̃

0 + h.c., (163)

in the basis of 2-component spinors ψ̃0 = (−ib̃, −iw̃3, h̃1,

h̃2, s̃)T . We define the unitary 5 × 5 neutralino mixing ma-
trix N (block NMNMIX), such that:

−1

2
ψ̃0T Mψ̃0ψ̃

0 = −1

2
ψ̃0T NT

︸ ︷︷ ︸
χ̃0T

N∗Mψ̃0N
†

︸ ︷︷ ︸
diag(m

χ̃0 )

Nψ̃0
︸ ︷︷ ︸

χ̃0

, (164)

where the 5 (2-component) neutralinos χ̃i are defined such
that the absolute value of their masses increase with i,
cf. SLHA1 [535]. These states are numbered sequentially
by the PDG codes (1000022, 1000023,1000025,
1000035,1000045).

5.2.2 Explicit proposals for SLHA2

As in the SLHA1 [535], for all running parameters in the
output of the spectrum file, we propose to use definitions in
the modified dimensional reduction (DR) scheme.

To define the general properties of the model, we propose
to introduce global switches in the SLHA1 model definition
block MODSEL, as follows. Note that the switches defined
here are in addition to the ones in [535].

5.2.2.1 Model selection

BLOCK MODSEL

Switches and options for model selection. The entries in this
block should consist of an index, identifying the particular
switch in the listing below, followed by another integer or
real number, specifying the option or value chosen:

3 : (Default = 0) Choice of particle content. Switches
defined are
0 : MSSM. This corresponds to SLHA1.

1 : NMSSM. As defined here.

4 : (Default = 0) R-parity violation. Switches defined
are
0 : R-parity conserved. This corresponds to the

SLHA1.
1 : R-parity violated.
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5 : (Default = 0) CP violation. Switches defined are
0 : CP is conserved. No information even on the

CKM phase is used. This corresponds to the
SLHA1.

1 : CP is violated, but only by the standard CKM
phase. All other phases assumed zero.

2 : CP is violated. Completely general CP phases
allowed.

6 : (Default = 0) Flavor violation. Switches defined are
0 : No (SUSY) flavor violation. This corresponds

to the SLHA1.

1 : Quark flavor is violated.

2 : Lepton flavor is violated.

3 : Lepton and quark flavor is violated.

5.2.2.2 Flavor violation

− All input SUSY parameters are given at the scale Minput

as defined in the SLHA1 block EXTPAR, except for
EXTPAR 26, which, if present, is the pole pseudoscalar
Higgs mass, and EXTPAR 27, which, if present, is the
pole mass of the charged Higgs boson. If no Minput is
present, the GUT scale is used.

− For the SM input parameters, we take the Particle Data
Group (PDG) definition: lepton masses are all on-shell.
The light quark masses mu,d,s are given at 2 GeV in
the MS scheme, and the heavy quark masses are given
as mc(mc)

MS, mb(mb)
MS and mon−shell

t . The latter two
quantities are already in the SLHA1. The others are
added to SMINPUTS in the following manner:

8 : mν3 , pole mass.

11 : me , pole mass.

12 : mν1 , pole mass.

13 : mμ, pole mass.

14 : mν2 , pole mass.

21 : md(2 GeV)MS. d quark running mass in the
MS scheme.

22 : mu(2 GeV)MS. u quark running mass in the
MS scheme.

23 : ms(2 GeV)MS. s quark running mass in the MS
scheme.

24 : mc(mc)
MS. c quark running mass in the MS

scheme.

The FORTRAN format is the same as that of SMINPUTS
in SLHA1 [535].

− VCKM: the input CKM matrix, in the block VCKMIN in
terms of the Wolfenstein parameterization:

1 : λ

2 : A

3 : ρ̄

4 : η̄

The FORTRAN format is the same as that of SMINPUTS
above.

− UPMNS: the input PMNS matrix, in the block UPMNSIN.
It should have the PDG parameterization in terms of ro-
tation angles [344] (all in radians):

1 : θ̄12 (the solar angle)

2 : θ̄23 (the atmospheric mixing angle)

3 : θ̄13 (currently only has an upper bound)

4 : δ̄13 (the Dirac CP-violating phase)

5 : α1 (the first Majorana CP-violating phase)

6 : α2 (the second CP-violating Majorana phase)

The FORTRAN format is the same as that of SMINPUTS
above.

− (m̂2
Q̃

)DR
ij , (m̂2

ũ
)DR
ij , (m̂2

d̃
)DR
ij , (m̂2

L̃
)DR
ij , (m̂2

ẽ
)DR
ij : the squark

and slepton soft SUSY-breaking masses at the input scale
in the super-CKM/PMNS basis, as defined above. They
will be given in the new blocks MSQ2IN, MSU2IN,
MSD2IN, MSL2IN, MSE2IN, with the same format as
matrices in SLHA1. Only the “upper triangle” of these
matrices should be given. If diagonal entries are present,
these supersede the parameters in the SLHA1 block
EXTPAR.

− (T̂U )DR
ij , (T̂D)DR

ij , and (T̂E)DR
ij : the squark and slepton

soft SUSY-breaking trilinear couplings at the input scale
in the super-CKM/PMNS basis. They will be given in
the new blocks TUIN, TDIN, TEIN, in the same for-
mat as matrices in SLHA1. If diagonal entries are present
these supersede the A parameters specified in the SLHA1
block EXTPAR [535].

For the output, the pole masses are given in block MASS as
in SLHA1, and the DR and mixing parameters as follows:

− (m̂2
Q̃

)DR
ij , (m̂2

ũ
)DR
ij , (m̂2

d̃
)DR
ij , (m̂2

L̃
)DR
ij , (m̂2

ẽ
)DR
ij : the squark

and slepton soft SUSY-breaking masses at scale Q

in the super-CKM/PMNS basis. Will be given in the
new blocks MSQ2Q= . . ., MSU2Q= . . ., MSD2Q= . . .,
MSL2Q= . . ., MSE2Q= . . ., with formats as the corre-
sponding input blocks MSX2IN above.

− (T̂U )DR
ij , (T̂D)DR

ij , and (T̂E)DR
ij : The squark and slep-

ton soft SUSY-breaking trilinear couplings in the super-
CKM/PMNS basis. Given in the new blocks TUQ= . . .,
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TDQ= . . ., TEQ= . . ., which supersede the SLHA1
blocks AD, AU, and AE, see [535].

− (ŶU )DR
ii , (ŶD)DR

ii , (ŶE)DR
ii : the diagonal DR Yukawas in

the super-CKM/PMNS basis, at the scale Q. Given in
the SLHA1 blocks YUQ= . . ., YDQ= . . ., YEQ= . . .,
see [535]. Note that although the SLHA1 blocks provide
for off-diagonal elements, only the diagonal ones will be
relevant here, due to the CKM rotation.

− The DR CKM matrix at the scale Q. It will be given in
the new block(s) VCKMQ= . . ., with entries defined as
for the input block VCKMIN above.

− The new blocks Ru = USQMIX, Rd = DSQMIX, Re =
SELMIX, and Rν = SNUMIX connect the particle codes
(= mass ordered basis) with the super-CKM/PMNS ba-
sis according to the following definitions:

⎛

⎜⎜⎜⎜⎜⎜
⎝

1000001
1000003
1000005
2000001
2000003
2000005

⎞

⎟⎟⎟⎟⎟⎟
⎠

=

⎛

⎜⎜⎜⎜⎜⎜⎜
⎝

d̃1

d̃2

d̃3

d̃4

d̃5

d̃6

⎞

⎟⎟⎟⎟⎟⎟⎟
⎠

massordered

= DSQMIXij

⎛

⎜⎜⎜⎜⎜⎜⎜
⎝

d̃L

s̃L

b̃L

d̃R

s̃R

b̃R

⎞

⎟⎟⎟⎟⎟⎟⎟
⎠

super-CKM

, (165)

⎛

⎜⎜⎜
⎜⎜⎜
⎝

1000002
1000004
1000006
2000002
2000004
2000006

⎞

⎟⎟⎟
⎟⎟⎟
⎠

=

⎛

⎜⎜⎜
⎜⎜⎜
⎝

ũ1

ũ2

ũ3

ũ4

ũ5

ũ6

⎞

⎟⎟⎟
⎟⎟⎟
⎠

massordered

= USQMIXij

⎛

⎜⎜⎜
⎜⎜⎜
⎝

ũL

c̃L

t̃L
ũR

c̃R

t̃R

⎞

⎟⎟⎟
⎟⎟⎟
⎠

super-CKM

, (166)

⎛

⎜⎜⎜⎜⎜⎜
⎝

1000011
1000013
1000015
2000011
2000013
2000015

⎞

⎟⎟⎟⎟⎟⎟
⎠

=

⎛

⎜⎜⎜⎜⎜⎜
⎝

ẽ1

ẽ2

ẽ3

ẽ4

ẽ5

ẽ6

⎞

⎟⎟⎟⎟⎟⎟
⎠

massordered

= SELMIXij

⎛

⎜⎜⎜⎜⎜⎜
⎝

ẽL

μ̃L

τ̃L

ẽR

μ̃R

τ̃R

⎞

⎟⎟⎟⎟⎟⎟
⎠

super-PMNS

, (167)

⎛

⎝
1000012
1000014
1000016

⎞

⎠ =
⎛

⎝
ν̃1

ν̃2

ν̃3

⎞

⎠

massordered

= SNUMIXij

⎛

⎝
ν̃e

ν̃μ

ν̃τ

⎞

⎠

super-PMNS

. (168)

Note! A potential source for inconsistency arises if
the masses and mixings are not calculated in the same
way, e.g. if radiatively corrected masses are used with
tree-level mixing matrices. In this case, it is possible that
the radiative corrections to the masses shift the mass or-
dering relative to the tree level. This is especially rele-
vant when near-degenerate masses occur in the spectrum
and/or when the radiative corrections are large. In these

cases, explicit care must be taken especially by the pro-
gram writing the spectrum, but also by the one reading
it, to properly arrange the rows in the order of the mass
spectrum actually used.

5.2.2.3 R-parity violation The naming convention for in-
put blocks is BLOCK RV#IN, where the ‘#’ character rep-
resents the name of the relevant output block given below.
Default inputs for all R-parity violating couplings are zero.
The inputs are given at scale Minput, as described in SLHA1
(default is the GUT scale) and follow the output format
given below (with the omission of Q= . . .). In addition, the
known fermion masses should be given in SMINPUTS as
defined above.

− The dimensionless couplings λ̂ijk , λ̂′
ijk , and λ̂′′

ijk are
given in BLOCK RVLAMLLE, BLOCK RVLAMLQD,

RVLAMUDD Q = . . . respectively. The output standard
should correspond to the FORTRAN format
(1x,I2,1x,I2,1x,I2,3x,1P,E16.8,0P,3x,’#’,1x,A).

where the first three integers in the format correspond to
i, j , and k and the double precision number is the cou-
pling.

− The soft SUSY-breaking couplings T̂ijk , T̂ ′
ijk , and T̂ ′′

ijk

should be given in BLOCK RVTLLE, RVTLQD, RV-
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Table 32 Summary of R-parity
violating SLHA2 data blocks.
Only three out of the last four
blocks are independent. Which
block to leave out of the input is
in principle up to the user, with
the caveat that a given spectrum
calculator may not accept all
combinations

Input block Output block Data

RVLAMLLEIN RVLAMLLE i j k λ̂ijk

RVLAMLQDIN RVLAMLQD i j k λ̂′
ijk

RVLAMUDDIN RVLAMUDD i j k λ̂′′
ijk

RVTLLEIN RVTLLE i j k T̂ijk

RVTLQDIN RVTLQD i j k T̂ ′
ijk

RVTUDDIN RVTUDD i j k T̂ ′′
ijk

NB: One of the following RV...IN blocks must be left out:

(which one up to user and RGE code)

RVKAPPAIN RVKAPPA i κ̂i

RVDIN RVD i D̂i

RVSNVEVIN RVSNVEV i vi

RVM2LH1IN RVM2LH1 i m̂2
L̃iH1

TUDD Q = . . . , in the same format as the λ̂ couplings
above.

− The bilinear superpotential and soft SUSY-breaking
terms κ̂i , D̂i , and m̂2

L̃iH1
and the sneutrino VEVs are

given in BLOCK RVKAPPA, RVD, RVM2LH1,
RVSNVEV Q = . . . respectively, in the same format as
real-valued vectors in the SLHA1.

− The input/output blocks for R-parity violating couplings
are summarized in Table 32.

− The new mixing matrices that appear are described in
Sect. 5.2.1.2.

As for the R-conserving MSSM, the bilinear terms (both
SUSY-breaking and SUSY-respecting ones, including μ)
and the VEVs are not independent parameters. They become
related by the condition of electroweak symmetry breaking.
This carries over to the RPV case, where not all the para-
meters in the input blocks RV...IN in Table 32 can be
given simultaneously. Specifically, of the last 4 blocks only
three are independent. One block is determined by minimiz-
ing the Higgs sneutrino potential. We do not here insist on a
particular choice for which of RVKAPPAIN, RVDIN, RVS-
NVEVIN, and RVM2LH1IN to leave out, but leave it up to
the spectrum calculators to accept one or more combina-
tions.

5.2.2.4 CP violation When adding CP violation to the
MSSM model parameters and mixing matrices, the SLHA1
blocks are understood to contain the real parts of the rel-
evant parameters. The imaginary parts should be provided
with exactly the same format, in a separate block of the same
name but prefaced by IM. The defaults for all imaginary pa-
rameters will be zero.

One special case is the μ parameter. When the real part
of μ is given in EXTPAR 23, the imaginary part should
be given in IMEXTPAR 23, as above. However, when |μ|

is determined by the conditions for electroweak symmetry
breaking, only the phase ϕμ is taken as an input parameter.
In this case, SLHA2 generalizes the entry MINPAR 4 to
contain the cosine of the phase (as opposed to just sign(μ) in
SLHA1), and we further introduce a new block IMMINPAR
whose entry 4 gives the sine of the phase, that is

BLOCK MINPAR

4 : CP conserved: sign(μ).
CP violated: cosϕμ = Reμ/|μ|.

BLOCK IMMINPAR

4 : CP conserved: n/a.
CP violated: sinϕμ = Imμ/|μ|.

Note that cosϕμ coincides with sign(μ) in the CP-conserv-
ing cases.

The new 3 × 4 block S = CVHMIX connects the parti-
cle codes (= mass ordered basis) with the interaction basis
according to the following definition:

⎛

⎝
25
35
36

⎞

⎠ =
⎛

⎜
⎝

h0
1

h0
2

h0
3

⎞

⎟
⎠

massordered

= CVHMIXij

⎛

⎜⎜⎜⎜
⎝

√
2 ReH 0

1√
2 ReH 0

2√
2 ImH 0

1√
2 ImH 0

2

⎞

⎟⎟⎟⎟
⎠

.

(169)

In order to translate between S and other conventions,
the tree-level angle α may be needed. This should be given
in the SLHA1 output BLOCK ALPHA:
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BLOCK ALPHA

CP conserved: α; precise definition up to spectrum cal-
culator, see SLHA1.
CP violated: αtree. Must be accompanied by the ma-
trix S, as described above, in the block CVHMIX.

5.2.2.5 NMSSM Firstly, as described above, BLOCK
MODSEL should contain the switch 3 with value 1, corre-
sponding to the choice of the NMSSM particle content.

Secondly, for the parameters that are also present in
the MSSM, we re-use the corresponding SLHA1 entries.
That is, mZ should be given in SMINPUTS entry 4 and
m2

H1
,m2

H2
can be given in the EXTPAR entries 21 and 22.

tanβ should either be given in MINPAR entry 3 (default) or
EXTPAR entry 25 (user-defined input scale), as in SLHA1. If
μ should be desired non-zero, it can be given in EXTPAR en-
try 23. The corresponding soft parameter m2

3 can be given in
EXTPAR entry 24, in the form m2

3/(cosβ sinβ), see [535].
Further, new entries in BLOCK EXTPAR have been de-

fined for the NMSSM specific input parameters, as follows.
As in the SLHA1, these parameters are all given at the com-
mon scale Minput, which can either be left up to the spectrum
calculator or given explicitly using EXTPAR 0 [535]:

BLOCK EXTPAR

Input parameters specific to the NMSSM (i.e., in addition to
the entries defined in [535])

61 : λ. Superpotential trilinear Higgs SH2H1 coupling.
62 : κ . Superpotential cubic S coupling.
63 : Aλ. Soft trilinear Higgs SH2H1 coupling.
64 : Aκ . Soft cubic S coupling.
65 : λ〈S〉. Vacuum expectation value of the singlet

(scaled by λ).
66 : ξF . Superpotential linear S coupling.
67 : ξS . Soft linear S coupling.
68 : μ′. Superpotential quadratic S coupling.
69 : m′2

S . Soft quadratic S coupling (sometimes de-
noted μ′B ′).

70 : m2
S . Soft singlet mass squared.

Important note: only 12 of the parameters listed in (159)
should be given as input at any one time (including explicit
zeroes for parameters desired “switched off”), the remain-
ing ones being determined by the minimization of the ef-
fective potential. Which combinations to accept is left up to
the individual spectrum calculator programs. Alternatively,
for minimal models, six parameters of those listed in (160)
should be given.

In the spectrum output, running NMSSM parameters cor-
responding to the EXTPAR entries above can be given in the
block NMSSMRUN Q= . . . :

BLOCK NMSSMRUN Q= . . .

Output parameters specific to the NMSSM, given in the DR
scheme, at the scale Q. As in the SLHA1, several of these
blocks may be given simultaneously in the output, each then
corresponding to a specific scale, but at least one should al-
ways be present. See the corresponding entries in EXTPAR
above for definitions.

1 : λ(Q)DR.

2 : κ(Q)DR.

3 : Aλ(Q)DR.

4 : Aκ(Q)DR.

5 : λ〈S〉(Q)DR.

6 : ξF (Q)DR.

7 : ξS(Q)DR.

8 : μ′(Q)DR.

9 : m′2
S (Q)DR.

10 : m2
S(Q)DR.

The new 3 × 3 block S = NMHMIX connects the particle
codes (= mass ordered basis) for the CP-even Higgs bosons
with the interaction basis according to the following defini-
tion:

⎛

⎝
25
35
45

⎞

⎠ =
⎛

⎜
⎝

h0
1

h0
2

h0
3

⎞

⎟
⎠

massordered

= NMHMIXij

⎛

⎜
⎝

√
2 ReH 0

1√
2 ReH 0

2√
2 ReS

⎞

⎟
⎠ .

(170)

The new 2 × 3 block S = NMAMIX connects the particle
codes (=mass ordered basis) for the CP-odd Higgs bosons
with the interaction basis according to the following defini-
tion:

(
36
46

)
=

(
A0

1

A0
2

)

massordered

= NMAMIXij

⎛

⎜
⎝

√
2 ImH 0

1√
2 ImH 0

2√
2 ImS

⎞

⎟
⎠ .

(171)
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Finally, the new 5 × 5 block NMNMIX gives the neu-
tralino mixing matrix, with the fifth mass eigenstate la-
beled 1000045 and the fifth interaction eigenstate being
the singlino, s̃.

5.3 SuSpect, HDECAY, SDECAY and SUSY-HIT

5.3.1 SuSpect

The Fortran code SuSpect calculates the supersymmet-
ric and Higgs particle spectrum in the MSSM. It deals with
the “phenomenological MSSM” with 22 free parameters de-
fined either at a low or high energy scale, with the pos-
sibility of RGE to arbitrary scales, and with constrained
models with universal boundary conditions at high scales.
These are the minimal supergravity (mSUGRA), the anom-
aly mediated SUSY breaking (AMSB) and the gauge me-
diated SUSY breaking (GMSB) models. The basic assump-
tions of the most general possible MSSM scenario are (a)
minimal gauge group, (b) minimal particle content, (c) mini-
mal Yukawa interactions and R-parity conservation, (d) min-
imal set of soft SUSY breaking terms. Furthermore, (i) all
soft SUSY breaking parameters are real (no CP-violation);
(ii) the matrices for sfermion masses and trilinear couplings
are diagonal; (iii) first and second sfermion generation uni-
versality is assumed. Here and in the following we refer the
reader for more details to the user’s manual [544] .

As for the calculation of the SUSY particle spectrum in
constrained MSSMs, in addition to the choice of the input
parameters, the general algorithm contains three main steps.
These are (i) the RGE of parameters back and forth between
the low energy scales, such as MZ and the electroweak sym-
metry breaking (EWSB) scale, and the high energy scale
characteristic for the various models; (ii) the consistent im-
plementation of (radiative) EWSB; (iii) the calculation of
the pole masses of the Higgs bosons and the SUSY particles,
including the mixing between the current eigenstates and the
radiative corrections when they are important. Here the pro-
gram mainly follows the content and notation of [545], and
for the leading two-loop corrections to the Higgs masses the
results summarized in [546] are taken.

The necessary files for the use in SuSpect are the in-
put file suspect2.in, the main routine suspect2.f,
the routine twoloophiggs.f, which calculates the Higgs
masses, as well as bsg.f for the calculation of the b → sγ

branching ratio. The latter is needed in order to check if
the results are in agreement with the experimental measure-
ments. In the input file one can select the model to be investi-
gated, the accuracy of the algorithm and the input data (SM
fermion masses and gauge couplings). At each run SuS-
pect generates two output files: one easy to read, sus-
pect2.out, and the other in the SLHA format [535].

5.3.2 HDECAY

The Fortran code HDECAY [547] calculates the decay widths
and branching ratios of the SM Higgs boson, and of the neu-
tral and charged Higgs particles of the MSSM according
to the current theoretical knowledge (for reviews see [116,
548–550]). It includes:

− All kinematically allowed decay channels with branch-
ing ratios larger than 10−4; apart from the two body de-
cays also the loop-mediated, the most important three
body decay modes, and in the MSSM the cascade and
SUSY decay channels.

− All relevant higher-order QCD corrections to the decays
into quark pairs and to the quark loop mediated decays
into gluons are incorporated.

− Double off-shell decays of the CP-even Higgs bosons
into massive gauge bosons, subsequently decaying into
four massless fermions.

− All important 3-body decays: with off-shell heavy top
quarks; with one off-shell gauge boson as well as heavy
neutral Higgs decays with one off-shell Higgs boson.

− In the MSSM the complete radiative corrections in the
effective potential approach with full mixing in the stop
and sbottom sectors; it uses the RG improved values of
the Higgs masses and couplings, the relevant NLO cor-
rections are implemented [551, 552].

− In the MSSM, all decays into SUSY particles when kine-
matically allowed.

− In the MSSM, all SUSY particles are included in the
loop mediated γ γ and gg decay channels. In the glu-
onic decay modes the large QCD corrections for quark
and squark loops are also included.

HDECAY has recently undergone a major upgrade. The
SLHA format has been implemented, so that the program
can now read in any input file in the SLHA format and also
give out the Higgs decay widths and branching ratios in this
format. So, the program can now be easily linked to any
spectrum or decay calculator. Two remarks are in order:

(1) HDECAY calculates the higher-order corrections to the
Higgs boson decays in the MS scheme whereas all scale
dependent parameters read in from an SLHA input file
provided by a spectrum calculator are given in the DR
scheme. Therefore, HDECAY translates the input para-
meters from the SLHA file into the MS scheme where
needed.

(2) The SLHA parameter input file only includes the
MSSM Higgs boson mass values, but not the Higgs self-
interactions, which are needed in HDECAY. For the time
being, HDECAY calculates the missing interactions in-
ternally within the effective potential approach. This is
not completely consistent with the values for the Higgs
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masses, since the spectrum calculator does not neces-
sarily do it with the same method and level of accuracy
as HDECAY. The difference is of higher order, though.

5.3.3 SDECAY

The Fortran code SDECAY [553], which has implemented
the MSSM in the same way as is done in SuSpect, cal-
culates the decay widths and branching ratios of all SUSY
particles in the MSSM, including the most important higher-
order effects [554–556]:

− The usual two body decays for sfermions and gauginos
are calculated at tree level.

− A unique feature is the possibility of calculating the
SUSY-QCD corrections to the decays involving colored
particles. They can amount up to several tens of per-cents
in some cases. The bulk of the EW corrections has been
accounted for by taking running parameters where ap-
propriate.

− In GMSB models the two body decays into the lightest
SUSY particle, the gravitino, have been implemented.

− If the two body decays are closed, multibody decays will
be dominant. SDECAY calculates the three body decays
of the gauginos, the gluino, the stops and sbottoms.

− Moreover, loop-induced decays of the lightest stop, the
next-to-lightest neutralino and the gluino are included.

− If the three body decays are kinematically forbidden, four
body decays of the lightest stop can compete with the
loop-induced t̃1 decay and have therefore been imple-
mented.

− Finally, the top decays within the MSSM have been pro-
grammed.

Recently, SDECAY has been updated with some major
changes being (other changes related to SUSY-HIT are
listed below): (i) For reasons of shortening the output file,
only non-zero branching ratios are written out in the new
version. (ii) We have created common blocks for the branch-
ing ratios and total widths of the various SUSY particles.

5.3.4 SUSY-HIT

The previous three programs have been linked together in
a program called SUSY-HIT [557]. Including higher-order
effects in the calculations, the package allows for the consis-
tent calculation of MSSM particle decays with the presently
highest level of precision. The following files are needed to
run SUSY-HIT:
Spectrum files: The spectrum can either be taken from any
input file in the SLHA format or from SuSpect. In the first
case, SUSY-HIT needs an SLHA input file which has to be
named slhaspectrum.in. In the latter case, one needs
the necessary SuSpect routines: suspect2.in, sus-
pect2.f, twoloophiggs.f and bsg.f.

Decay files: SDECAY is the main program and now reads in
susyhit.in and calls HDECAY which is now a subrou-
tine and, in order to keep the package as small as possible,
only one routine calculating the Higgs boson masses and
Higgs self-couplings has been retained in HDECAY to ex-
tract the Higgs self-interaction strengths not provided by the
spectrum calculators; also, HDECAY does not create any out-
put file within the package. SDECAY passes the necessary
parameters from susyhit.in to HDECAY via a newly
created common block called SUSYHITIN. As before, it
calls SuSpect in case the spectrum is taken from there.
The SLHA parameter and spectrum input file slhaspec-
trum.in is read in by both HDECAY and SDECAY. The
output file created by SDECAY at each run is called susy-
hit_slha.out if it is in the SLHA format or simply
susyhit.out if it is in an output format easy to read.
Input file: The HDECAY and SDECAY input files have been
merged into one input file susyhit.in. Here, first of all
the user can choose among two SUSY-HIT related options.

1. The three programs SuSpect, HDECAY, SDECAY are
linked and hence SuSpect provides the spectrum and
the soft SUSY breaking parameters at the EWSB scale.

2. The two programs HDECAY and SDECAY are linked. The
necessary input parameters are taken from a file in the
SLHA format provided by any spectrum calculator.

Furthermore, various options for running the SDECAY pro-
gram can be chosen, such as whether or not to include QCD
corrections to two body decays, the multibody and/or loop
decays, the GMSB decays and the top decays. The scale and
number of loops of the running couplings can be fixed. Fi-
nally, some parameters related to HDECAY can be set, like
the charm and strange quark masses, the W,Z total widths,
some CKM matrix elements etc. All other necessary para-
meters are read in from the slhaspectrum.in input file.
Changes and how the package works: SuSpect, HDECAY
and SDECAY are linked via the SLHA format. Therefore,
the name of the output file provided by SuSpect has to be
the same as the SLHA input file read in by HDECAY and
SDECAY. We called it slhaspectrum.in. This is one of
the changes made in the programs with respect to their orig-
inal version. Further major changes have been made. For the
complete list of changes please refer to the web page given
below.
Web page: We have created a web page at the following url
address: http://lappweb.in2p3.fr/~muehlleitner/SUSY-HIT/
There the user can download all files necessary for the pro-
gram package as well as a makefile for compiling the
programs. The latest versions of the frequently updated pro-
grams are used. Short instructions are given on how to use
the programs. A file with updates and changes is provided.
Finally, some examples of output files are given.

http://lappweb.in2p3.fr/~muehlleitner/SUSY-HIT/
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5.4 FeynHiggs

FeynHiggs is a program for computing Higgs boson
masses and related observables in the (NMFV) MSSM
with real or complex parameters. The observables com-
prise mixing angles, branching ratios, and couplings, includ-
ing state-of-the-art higher-order contributions. The center-
piece is a Fortran library for use with Fortran and C/C++.
Alternatively, FeynHiggs has a command-line, Mathe-
matica, and Web interface. FeynHiggs is available from
www.feynhiggs.de.
FeynHiggs [336–338, 558] is a Fortran code for the

evaluation of the masses, decays and production processes
of Higgs bosons in the (NMFV) MSSM with real or complex
parameters. The calculation of the higher-order corrections
is based on the Feynman-diagrammatic (FD) approach [338,
559–561]. At the one-loop level, it consists of a complete
evaluation, including the full momentum and phase depen-
dence, and as a further option the full 6×6 non-minimal fla-
vor violation (NMFV) contributions [120, 127]. At the two-
loop level all available corrections from the real MSSM have
been included. They are supplemented by the resummation
of the leading effects from the (scalar) b sector including the
full complex phase dependence.

In addition to the Higgs boson masses, the program
also provides results for the effective couplings and the
wave function normalization factors for external Higgs
bosons [562], taking into account NMFV effects from the
Higgs boson self-energies. Besides the computation of the
Higgs boson masses, effective couplings and wave function
normalization factors, the program also evaluates an esti-
mate for the theory uncertainties of these quantities due to
unknown higher-order corrections.

Furthermore FeynHiggs contains the evaluation of all
relevant Higgs boson decay widths.26 In particular, the fol-
lowing quantities are calculated:

− the total width for the neutral and charged Higgs bosons,
− the branching ratios and effective couplings of the three

neutral Higgs bosons to
– SM fermions [563], hi → f̄ f ,
– SM gauge bosons (possibly off-shell), hi → γ γ,

ZZ(∗),WW(∗), gg,
– gauge and Higgs bosons, hi → Z(∗)hj , hi → hjhk ,
– scalar fermions, hi → f̃ †f̃ ,
– gauginos, hi → χ̃±

k χ̃∓
j , hi → χ̃0

l χ̃0
m,

− the branching ratios and effective couplings of the
charged Higgs boson to
– SM fermions, H− → f̄ f ′,
– a gauge and Higgs boson, H− → hiW

−,
– scalar fermions, H− → f̃ †f̃ ′,
– gauginos, H− → χ̃−

k χ̃0
l ,

26The inclusion of flavor changing decays is work in progress.

− the production cross sections of the neutral Higgs bosons
at the Tevatron and the LHC in the approximation where
the corresponding SM cross section is rescaled by the
ratios of the corresponding partial widths in the MSSM
and the SM or by the wave function normalization factors
for external Higgs bosons, see [564] for further details.

For comparisons with the SM, the following quantities are
also evaluated for SM Higgs bosons with the same mass as
the three neutral MSSM Higgs bosons:

− the total decay width,
− the couplings and branching ratios of a SM Higgs boson

to SM fermions,
− the couplings and branching ratios of a SM Higgs boson

to SM gauge bosons (possibly off-shell),
− the production cross sections at the Tevatron and the

LHC [564].

FeynHiggs furthermore provides results for electroweak
precision observables that give rise to constraints on the
SUSY parameter space (see [561] and references therein):

− the quantity Δρ up to the two-loop level that can be used
to indicate disfavored scalar top and bottom mass com-
binations,

− an evaluation of MW and sin2 θeff, where the SUSY con-
tributions are treated in the Δρ approximation (see e.g.
[561]), taking into account at the one-loop level the ef-
fects of complex phases in the scalar top/bottom sector
as well as NMFV effects [120],

− the anomalous magnetic moment of the muon, including
a full one-loop calculation as well as leading and sub-
leading two-loop corrections,

− the evaluation of Br(b → sγ ) including NMFV ef-
fects [127].

Finally, FeynHiggs possesses some further features.

− Transformation of the input parameters from the DR to
the on-shell scheme (for the scalar top and bottom pa-
rameters), including the full O(αs) and O(αt,b) correc-
tions.

− Processing of SUSY Les Houches Accord (SLHA 2)
data [535, 565, 566] including the full NMFV structure.
FeynHiggs reads the output of a spectrum generator
file and evaluates the Higgs boson masses, branching ra-
tios etc. The results are written in the SLHA format to a
new output file.

− Predefined input files for the SPS benchmark scenar-
ios [248] and the Les Houches benchmarks for Higgs
boson searches at hadron colliders [328] are included.

− Detailed information about all the features of Feyn-
Higgs are provided in man pages.

FeynHiggs is available from www.feynhiggs.de.

http://www.feynhiggs.de
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5.5 FchDecay

FchDecay is a computer program to compute the FCNC
decay branching ratios Br(h → bs) and Br(h → tc) in the
flavor violating MSSM. The input/output is performed in the
SUSY Les Houches Accord II (SLHA) [170, 535, 567] con-
vention (using an extension of SLHALib [565]). This pro-
gram is based on the work and results of [106, 107, 109,
128, 316].

The approximations used in the computation are

− the full one-loop SUSY-QCD contributions to the FCNC
partial decay widths Γ (h → bs, tc) is included;

− the Higgs sector parameters (masses and CP-even mix-
ing angle α) have been treated using the leading mt and
mb tanβ approximation to the one-loop result;

− the Higgs bosons total decay widths Γ (h → X) are com-
puted at leading order, including all the relevant chan-
nels;

− a leading order computation of Br(b → sγ ) (to check the
parameter space) is also included.

The code implements the flavor violating MSSM, it allows
for complete intergenerational mixing in the Left-Left and
Right-Right squark sector (but it does not allow for inter-
generational mixing in the Left-Right sector).

The program includes a (simplified) computation of the
Higgs boson masses and total decay widths, and it will write
them to the output file. However:

− if the input file contains the Higgs sector parameters
(masses and CP-even mixing angle α) it will use those
values instead;

− if the input file contains Higgs boson decay tables, it will
just add the FCNC decays to that table (instead of com-
puting the full table).

This setup allows one to use the computations of more so-
phisticated programs for the Higgs boson parameters and/or
total decay widths, and then run the FchDecay program
on the resulting output file to obtain the FCNC partial decay
widths.

The program is available from the web page, http://
fchdecay.googlepages.com, and comes with a complete
manual (detailing the included physics models, and run-
ning instructions). The authors can be reached at fchde-
cay@gmail.com.

5.6 MSSM NMFV in FeynArts and FormCalc

In the presence of non-minimal flavor violation (NMFV) the
2 × 2 mixing of the squark within each family is enlarged to
a full 6 × 6 mixing among all three generations, such that

the mixed states are

ũi = (Ru)ij
(
ũL c̃L t̃L ũR c̃R t̃R

)T

j
,

d̃i = (Rd)ij
(
d̃L s̃L b̃L d̃R s̃R b̃R

)T

j
.

(172)

The matrices Rq diagonalize the mass matrices

M2
q =

(
M2

LL,q M2
LR,q

(M2
LR,q)∗ M2

RR,q

)

+ Δq,

M2
AA,q

A=L,R

= diag
(
M2

A,q1
,M2

A,q2
,M2

A,q3

)
, (173)

M2
LR,q = diag(mq1Xq1 ,mq2Xq2,mq3Xq3)

where q = {u,d}, {q1, q2, q3} = u, c, t for the up- and d, s, b

for the down-squark mass matrix and

M2
L,qi

= M2
Q̃,qi

+ m2
qi

+ cos 2β
(
T

q

3 − Qqs2
W

)
m2

Z,

M2
R,ui

= M2
Ũ ,ui

+ m2
ui

+ cos 2βQus
2
Wm2

Z,

M2
R,di

= M2
D̃,di

+ m2
di

+ cos 2βQds2
Wm2

Z,

X{u,d}i = A{u,d}i − μ{cotβ, tanβ}.

(174)

The actual dimensionless input quantities δ are

Δq =
(

N2
LL,q N2

LR,q

(N2
LR,q)∗ N2

RR,q

)

δq,

N2
AB,q

A,B=L,R

=
⎛

⎝
MA,q1

MA,q2

MA,q3

⎞

⎠ ⊗
⎛

⎝
MB,q1

MB,q2

MB,q3

⎞

⎠ .

(175)

The new FeynArts model file FVMSSM.mod generalizes
the squark couplings in MSSM.mod to the NMFV case. It
contains the new objects

UASf[s,s′,t] the squark mixing matrix Ru,d

MASf[s,t] the squark masses,

with s, s′ = 1 . . .6, t = 3(u),4(d).
The initialization of MASf and UASf is already built into
FormCalc’s model_mssm.F but needs to be turned on
by defining a preprocessor flag in run.F:

#define FLAVOUR_VIOLATION

The NMFV parameters (δt )ss′ are represented by the
deltaSf array:

double complex deltaSf(s,s′,t)

Since δ is a Hermitian matrix, only the entries on and above
the diagonal need to be filled. For convenience, the fol-
lowing abbreviations can be used for individual matrix el-

http://fchdecay.googlepages.com
http://fchdecay.googlepages.com
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ements:

deltaLLuc= (δu)12 deltaLRuc= (δu)15

deltaRLucC= (δu)24 deltaRRuc= (δu)45

deltaLLct= (δu)23 deltaLRct= (δu)26

deltaRLctC= (δu)35 deltaRRct= (δu)56

deltaLLut= (δu)13 deltaLRut= (δu)16

deltaRLutC= (δu)34 deltaRRut= (δu)46

and analogous entries for the down sector.
Note the special treatment of the RL elements: one has

to provide the complex conjugate of the element. The orig-
inal lies below the diagonal and would be ignored by the
eigenvalue routine.

The off-diagonal trilinear couplings A acquire non-zero
entries through the relations

mq,i(Aq)ij = (
M2

q

)
i,j+3, i, j = 1 . . .3. (176)

In summary: NMFV effects [127] can be computed with
FeynArts [112, 334, 335] and FormCalc [113]. These
packages provide a high level of automation for perturbative
calculations up to one loop. Compared to calculations with
the MFV MSSM, only three minor changes are required:

− choosing FVMSSM.mod instead of MSSM.mod,
− setting FLAVOUR_VIOLATION in run.F,
− providing values for the deltaSf matrix.

These changes are contained in FeynArts and
FormCalc, available from www.feynarts.de.

5.7 SPheno

SPheno is a program to calculate the spectrum of super-
symmetric models, the decays of supersymmetric particles
and Higgs bosons as well as the production cross sections
of these particles in e+e− annihilation. Details of the al-
gorithm used for the MSSM with real parameters and ne-
glecting mixing between the (s)fermion generations can
be found in [342]. This version can be found and down-
loaded from http://theorie.physik.uni-wuerzburg.de/~porod/
SPheno.html. In this contribution the model extensions re-
garding flavor aspects are described. In the context of the
MSSM the most general flavor structure as well as all CP
phases are included in the RGE running and in the computa-
tion of SUSY masses at tree level as well as at the one-loop
level. In the Higgs sector, the complete flavor structure is in-
cluded for the calculation of the masses at the one-loop level.
At the 2-loop level there is still the approximation used that
the 3rd generation does not mix with the other ones. With
respect to CP phases, the induced mixing between scalar
and pseudoscalar Higgs bosons is not yet included. For the
decays of supersymmetric particles and Higgs bosons, the
complete flavor structure is taken into account at tree level

using running DR couplings to incorporate the most impor-
tant loop corrections. A few examples are

χ̃0
i → e±μ̃∓

R, e±μ∓χ̃0
j , ūc̃L, ūcχ̃0

j , ūbχ̃+
k ;

g̃ → ūc̃L, ūcχ̃0
j , ūbχ̃+

k ;
(177)

H+ → b̄c, ˜̄b1c̃R; H 0 → ẽ±
R τ̃∓

1 . (178)

The complete list is given in the manual. Also in the case
of production in e+e− annihilation all flavor-off diagonal
channels are available. Flavor and CP violating terms are
already constrained by several experimental data. For these
reason, the following observables are calculated: anomalous
magnetic and electric dipole moments of leptons, the most
important ones being aμ and de; the leptonic rare decays
l → l′γ , l → 3l′; rare decays of the Z-boson: Z → ll′; the
rare b decays b → sγ , b → sμ+μ−, Bs,d → μ+μ−, B±

u →
τ±ν, δ(MBs,d

); and finally �ρ.
This version of SPheno also includes extended SUSY mod-
els: (a) the NMSSM and (b) lepton number violation and
thus R-parity violation. In both model classes the masses are
calculated at tree level, except for the Higgs sector, where
radiative corrections are included. In both cases the com-
plete flavor structure is taken into account in the calculation
of the masses, the decays of supersymmetric particles and
Higgs bosons as well as in the production of these particles
in e+e− annihilation. The low energy observables are not
yet calculated in these models but the extension of the cor-
responding routines to include these models is foreseen for
the near future.

Concerning input and output the current version of the
SLHA2 accord is implemented as described in Sect. 5.2
and in [170]. The version described here is currently under
testing, and the write-up of the corresponding manual is in
progress. When available, the program documentation and
the source code will be found on the web page given above.
In the meantime a copy can be obtained be sending an email
to porod@physik.uni-wuerzburg.de.

5.8 SOFTSUSY

SOFTSUSY [538] provides a SUSY spectrum in the MSSM
consistent with input low energy data, and a user supplied
high energy constraint. It is written in C++ with an emphasis
on easy generalizability. It can produce SUSY Les Houches
Accord compliant output [535], and therefore link to Monte
Carlos (e.g. HERWIG [568]) or programs that calculate spar-
ticle decays such as SDecay [553]. SOFTSUSY can be
obtained from URL: http://projects.hepforge.org/softsusy.
SOFTSUSY currently incorporates three-family mixing in
the limit of CP conservation. The high energy constraint in
SOFTSUSY upon the supersymmetry breaking terms may
be completely non-universal, i.e. can have three by three-
family mixing incorporated within them. All of the RGEs

http://theorie.physik.uni-wuerzburg.de/~porod/SPheno.html
http://theorie.physik.uni-wuerzburg.de/~porod/SPheno.html
http://projects.hepforge.org/softsusy
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used to evolve the MSSM between high energy scales and
the weak scale MZ have the full three-family mixing effects
incorporated at one loop in all MSSM parameters. Two-loop
terms in the RGEs are included in the dominant third family
approximation for speed of computation and so mixing is
neglected in the two-loop terms. Currently, the smaller one-
loop weak-scale threshold corrections to sparticle masses
are also calculated in the dominant third family Yukawa ap-
proximation, and so family mixing is neglected within them.

The user may request that, at the weak scale, all of the
quark mixing is incorporated within a symmetric up quark
Yukawa matrix (YU )′, or alternatively within a symmetric
down quark Yukawa matrix (YD)′. These are then related
(via the SOFTSUSY conventions [538] for the Lagrangian)
to the mass basis Yukawa matrices YU ,YD via

(YU )′ = V T
CKM

(
YU

)
VCKM or

(YD)′ = VCKM
(
YD

)
V T

CKM,
(179)

where by default VCKM contains the CKM matrix in the
standard parameterization with central empirical values of
the input angles except for the complex phase, which is set
to zero. Even if one starts at a high energy scale with a com-
pletely family-universal model (for example, mSUGRA),
the off-diagonal quark Yukawa matrices induce squark mix-
ing through RGE effects.

The second SUSY Les Houches Accord (SLHA2) has
been completed recently, see Sect. 5.2. The flavor mixing
aspects will be incorporated into SOFTSUSY as fast as pos-
sible, allowing for input and output of flavor mixing para-
meters in a common format to other programs.

5.9 CalcHep for beyond standard model physics

CalcHep [296, 435] is a package for the computation of
Feynman diagrams at tree level, integration over multipar-
ticle phase space, and partonic level event generation. The
main idea of CalcHep is to make publicly available the
passing on from Lagrangians to final distributions. This is
done effectively with a high level of automation. CalcHep
is a menu-driven system with help facilities, but it also can
be used in a non-interactive batch mode.
In principle, CalcHep is restricted by tree-level calcula-
tions but there it can be applied to any model of particle
interactions. CalcHep is based on the symbolic calculation
of squared diagrams. To perform such a calculation it con-
tains a built-in symbolic calculator. Calculated diagrams are
transformed into a C code for further numerical evaluations.
Because of the factorial increase of the number of diagrams
with the number of external legs, CalcHep is restricted to
2 → 4 processes.
The implementation of new models for CalcHep is rather
simple and can be done with help of the LanHep pack-
age. Currently, there are publicly available realizations

of the SM, MSSM, NMSSM, CPVMSSM, and lepto-
quark model. There are also private realizations of mod-
els with extra dimensions and with the little Higgs model.
Models with flavor violation can also be implemented in
CalcHep.The code is available from the following URL:
http://theory.sinp.msu.ru/~pukhov/calchep.html.

5.10 HvyN

The Monte Carlo program HvyN allows one to study heavy
neutrino production processes at hadron colliders. It can be
downloaded from http://www.to.infn.it/~pittau/ALPGEN_
BSM.tar.gz or http://mlm.home.cern.ch/m/mlm/www/
alpgen/ and it is based on the Alpgen package [312], from
which inherits the main features and the interface facilities.

The code allows one to study the following three proces-
ses, where a heavy neutrino N (of Dirac or Majorana nature)
is produced in association with a charged lepton:

(1)
(–)

pp → 	1N → 	1	2W → 	1	2f f̄ ′;
(2)

(–)

pp → 	1N → 	1ν	2Z → 	1ν	2f f̄ ;

(3)
(–)

pp → 	1N → 	1ν	2H → 	1ν	2f f̄ .

The full 2 → 4 matrix element for the complete decay chain
is implemented, so that spin correlations and finite width ef-
fects are correctly taken into account. The only relevant sub-
process is

qq̄ ′ → W� → 	1N, (180)

followed by the full decay chain. The appropriate La-
grangian can be found in [455].

The above three processes are selected by setting an in-
put variable (indec) to 1, 2 or 3, respectively. The flavor of
the outgoing leptons, not coming from the boson decay, is
controlled by two other variables il1 and il2 (the values
1, 2, 3 correspond to the first, second and third lepton fam-
ily). In addition, the variable ilnv should be set to 0 (1) if a
lepton number conserving (violating) process is considered.
Furthermore the variable ima should be given the value 0
(1) in case of Dirac (Majorana) heavy neutrinos.

When indec= 1 and imode= 0,1 the W decays into
e and νe . Other decay options can be implemented at the
unweighting stage according to the following options:

1= eν̄e,

2= μν̄μ,

3= τ ν̄τ ,

4= lν̄l(l = e,μ, τ),

5= qq̄ ′,

6= fullyinclusive.

http://theory.sinp.msu.ru/~pukhov/calchep.html
http://www.to.infn.it/~pittau/ALPGEN_BSM.tar.gz
http://www.to.infn.it/~pittau/ALPGEN_BSM.tar.gz
http://mlm.home.cern.ch/m/mlm/www/alpgen/
http://mlm.home.cern.ch/m/mlm/www/alpgen/
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When indec= 2 the decay mode of the Z boson should
be selected at the event generation level by setting the vari-
able idf to the following values:

0⇒
∑

	

ν	ν̄	,

1⇒
∑

	

	−	+,

2⇒ uū and cc̄,

3⇒ dd̄ and ss̄,

4⇒ bb̄,

11⇒ e−e+,

13⇒ μ−μ+,

15⇒ τ−τ+.

When indec = 3 the following decay modes of the H

boson can be selected, at the generation level, by setting the
variable idf according to the following scheme:

1⇒ τ−τ+,

2⇒ cc̄,

4⇒ bb̄.

5.11 PYTHIA for flavor physics at the LHC

PYTHIA [415] is a general-purpose event generator for
hadronic events in e+e−, eh, and hh collisions (where h is
any hadron or photon). The current version is always avail-
able from the PYTHIA web page, where also update notes
and a number of useful sample main programs can be found.
For recent brief overviews relating to SM, BSM, and Higgs
physics, see [569–571], respectively. For flavor physics at
the LHC, the most relevant processes in PYTHIA can be
categorized as follows.

− SUSY with trilinear R-parity violation [537, 539]:
PYTHIA includes all massive tree-level matrix ele-
ments [536] for two body sfermion decays and three
body gaugino/higgsino decays. (Note: RPV production
cross sections are not included.) Also, the Lund string
fragmentation model has been extended to handle anti-
symmetric color topologies [539], allowing for a more
correct treatment of baryon number flow when baryon
number is violated.

− Other BSM:
Production and decay/hadronization of (1) Charged
Higgs in 2HDM and SUSY models via q̄g → q̄ ′H+,
gg/qq → t̄bH+, qq̄ → H+H− (including the possibil-
ity of a Z′ contribution with full interference), qq̄ →

H±h0/H±H 0, and t → bH+, (2) a W ′ (without in-
terference with the SM W ), (3) a horizontal (FCNC)
gauge boson R0 coupling between generations, e.g.
sd̄ → R0 → μ−e+, (4) Leptoquarks LQ via qg →
	LQ and gg/qq̄ → LQL̄Q. (5) compositeness (e.g. u∗),
(6) doubly charged Higgs bosons from L-R symmetry,
(7) warped extra dimensions, and (8) a strawman techni-
color model. See [415], Sects. 8.5–8.7 for details.

− Open heavy flavor production (c, b, t, b′, t ′): Massive
matrix elements for QCD 2 → 2 and resonant Z/W (and
Z′/W ′) heavy flavor production. Also includes flavor
excitation and gluon splitting to massive quarks in the
shower evolution [572].

− Closed heavy flavor production (J/ψ , Υ , χc,b):
PYTHIA includes a substantial number of color singlet
and (more recently) NRQCD color octet mechanisms.
For details, see [415], Sect. 8.2.3.

− Hadron decays:
A large number of c and b hadron (including -onia) de-
cays are implemented. In both cases, most channels for
which exclusive branching fractions are known are ex-
plicitly listed. For the remaining channels, either edu-
cated guesses or a fragmentation-like process determines
the flavor composition of the decay products. With few
exceptions, hadronic decays are then distributed accord-
ing to phase space, while semileptonic ones incorporate
a simple V − A structure in the limit of massless decay
products. See Sect. 13.3 of [415] for more details.

Additional user-defined production processes can be inter-
faced via the routines UPINIT and UPEVNT (see [415],
Sect. 9.9), using the common Les Houches standard [534].
Flavor-violating resonance decays can also be introduced ad
hoc via the routine PYSLHA, using SUSY Les Houches Ac-
cord decay tables [535].

5.12 Sherpa for flavor physics

Sherpa [573] is a multipurpose Monte Carlo event gen-
erator that can simulate high energetic collisions at lep-
ton and hadron colliders. Sherpa is publicly available and
the source code, potential bug-fixes, documentation mate-
rial and also a Sherpa related WIKI can be found under:
http://www.sherpa-mc.de. The ingredients of Sherpa espe-
cially relevant for flavor physics at the LHC are the matrix
elements for corresponding hard production processes and
the hadronization and decay of flavors produced.

− The matrix elements for the hard production and decay
processes within Sherpa are delivered by its built-in
matrix element generator AMEGIC++ [574]. At present,
AMEGIC++ provides tree-level matrix elements with
up to ten final state particles in the framework of the
SM [575], the THDM, the MSSM [576] and the ADD

http://www.sherpa-mc.de
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model [577]. In general, the program allows all coupling
constants to be complex.
The SM interactions implemented allow for the full
CKM mixing of quark generations including the com-
plex phase. The implemented set of Feynman rules for
the MSSM [578, 579] also considers CKM mixing in
the supersymmetrized versions of the SM weak interac-
tions, and the interactions with charged Higgs bosons.
A priori, AMEGIC++ allows for a fully general inter-
generational mixing of squarks, sleptons and sneutrinos,
therefore allowing for various flavor-changing interac-
tions. However, the MSSM input parameters being ob-
tained from the SLHA-conform files [535], only the mix-
ing of the third generation scalar fermions is considered
per default. An extension of the SLHA inputs is straight-
forward and should also allow one to consider complex
mixing parameters. The implementation of bilinear R-
parity violating supersymmetric interactions, triggering
flavor violation effects as well, is currently being started.
Within Sherpa the multileg matrix elements of
AMEGIC++ are attached with the APACIC++ initial- and
final-state parton showers [580] according to the merg-
ing algorithm of [581–584]. This procedure allows for
the incorporation of parton showering and, ultimately,
hadronization and hadron decay models, independent of
the energy scale of the hard process.

− Hadronization within Sherpa is performed through
an interface to PYTHIA’s string fragmentation [376],
the emerging unstable hadrons can then be treated by
Sherpa’s built-in hadron decay module HADRONS++.
The current release, Sherpa-1.0.9, includes an early
development stage, which already features complete τ -
lepton decays, whereas the version currently under de-
velopment includes decay tables of approximately 100
particles. Many of their decay channels, especially in the
flavor relevant K , D and B decays, contain matrix ele-
ments and form factor models, while the rest are decayed
isotropically according to phase space. Throughout the
event chain of Sherpa spin correlations between subse-
quent decays are included. A proper treatment of neutral
meson mixing phenomena is also being implemented.
The structure of Sherpa and its hadron decay module
HADRONS++ allows for an easy incorporation of addi-
tional or customized decay matrix elements. In addition,
parameters like branching ratios or form factor parame-
trizations can be modified by the user.
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