PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: April 29, 2014
ACCEPTED: June 8, 201}
PUBLISHED: July 3, 2014

The electroweak sector of the pMSSM in the light of
LHC - 8 TeV and other data

Manimala Chakraborti,” Utpal Chattopadhyay,® Arghya Choudhury,® Amitava Datta®
and Sujoy Poddar?
@ Department of Theoretical Physics, Indian Association for the Cultivation of Science,

2A & B Raja S.C. Mullick Road, Jadavpur, Kolkata 700 032, India

b Department of Physical Sciences, Indian Institute of Science Education and Research (IISER)
— Kolkata, Mohanpur, Nadia, West Bengal - 741252, India

¢Department of Physics, University of Calcutta,

92 A.P.C. Road, Kolkata 700 009, India
4 Department of Physics, Netaji Nagar Day College, 170/436, N.S.C. Bose Road,
Kolkata - 700092, India

E-mail: tpmc@iacs.res.in, tpuc@iacs.res.in, arghyac@iiserkol.ac.in,
adatta@iiserkol.ac.in, sujoy.phy@gmail.com

ABSTRACT: Using the chargino-neutralino and slepton search results from the LHC in
conjunction with the WMAP/PLANCK and (g — 2), data, we constrain several generic
pMSSM models with decoupled strongly interacting sparticles, heavier Higgs bosons and
characterized by different hierarchies among the EW sparticles. We find that some of
them are already under pressure and this number increases if bounds from direct detection
experiments like LUX are taken into account, keeping in mind the associated uncertainties.
The XENONI1T experiment is likely to scrutinize the remaining models closely. Analysing
models with heavy squarks, a light gluino along with widely different EW sectors, we show
that the limits on mg are not likely to be below 1.1 TeV, if a multichannel analysis of the
LHC data is performed. Using this light gluino scenario we further illustrate that in future
LHC experiments the models with different EW sectors can be distinguished from each
other by the relative sizes of the n-leptons + m-jets + Fir signals for different choices of n.

KEYWORDS: Supersymmetry Phenomenology

ARX1v EPRINT: 1404.4841

OPEN AcCESS, (© The Authors.

Article funded by SCOAP®. doi:10.1007/JHEP07(2014)019


mailto:tpmc@iacs.res.in
mailto:tpuc@iacs.res.in
mailto:arghyac@iiserkol.ac.in
mailto:adatta@iiserkol.ac.in
mailto:sujoy.phy@gmail.com
http://arxiv.org/abs/1404.4841
http://dx.doi.org/10.1007/JHEP07(2014)019

Contents
1 Introduction 1

2 The constraints from (g — 2),, DM relic density and other experiments 5
2.1 Higgs at 125 GeV )
2.2 Anomalous magnetic moment of muon 6
2.3 Dark matter relic density and results from direct and indirect searches 7

3 Electroweak sector of pMSSM models in the light of LHC and other

constraints 9
3.1 Light gaugino and left slepton (LGLS) scenario 9
3.1.1 Tilted LGLS Scenario 13

3.2 Light gaugino and light left and right slepton (LGLRS) scenario 15
3.2.1 Tilted LGLRS scenario 16

3.3 Light gaugino and right slepton (LGRS) scenario 19
3.4 Light gaugino and heavy slepton (LGHS) scenario 19
3.5 Light left slepton (LLS) scenario 20
3.6 Light left and right slepton (LLRS) scenario 21
4 Direct and indirect detections of dark matter 22
4.1 Direct detection 22
4.2 Indirect detection of DM through photon signal 24

5 Gluino mass limits in different models and their characteristic signatures 25

6 Conclusion 30

1 Introduction

The LHC experiments at /s =7/8 TeV have concluded recently. The painstaking searches
for supersymmetry (SUSY) [1-8], the most popular and attractive extension of the standard
model (SM) of particle physics have not observed any signal yet. Consequently stringent
limits on the masses of the supersymmetric particles (sparticles) belonging to the strongly
interacting sector, expected to be produced with large cross-sections, have been obtained
by both the ATLAS and the CMS collaborations [9-16].! Whether these limits already
put question marks on the naturalness [24-35] of various SUSY models may be debated in
spite of the fact that it is hard to quantify the degree of naturalness. Naturalness or the

'However, these stringent bounds are reduced significantly in compressed SUSY type scenarios [17-23].



absence of it should therefore be left at the stage of a healthy theoretical debate and not
be regarded as the concluding remark on SUSY.

The minimal supersymmetric standard model (MSSM) [4-8] has another important
component - the electroweak (EW) sector. The production cross-sections of the sparticles
belonging to this sector at the LHC are rather modest. As a result there was no con-
straint on the properties of these sparticles until recently. Thus some weak mass limits
from LEP [36] and Tevatron [37, 38] were the only available information on this sector.
The purpose of this paper is to focus on this sector in the light of the direct constraints
from LHC [39-41] as well as indirect constraints like the observed value of the anomalous
magnetic moment of the muon from the Brookhaven (g — 2),, experiment [42, 43] and the
relic density constraints for dark matter from WMAP [44] or PLANCK [45] experiments.
Using the combined constraints we then identify the allowed parameter space (APS).

We will also consider the constraints from direct [46-48] and a few selected indirect
searches [49] of dark matter which may involve considerable theoretical and astrophysical
uncertainties (to be elaborated in a subsequent section). In view of this we present our
results in such a way that the effect of each constraint may separately be seen. We also
study the prospect of future LHC searches and the issue of distinguishing several EW sce-
narios having different dark matter (DM) annihilation/coannihilation mechanisms leading
to correct relic density (we will often refer this as DM producing mechanisms).

Since the SUSY breaking mechanism leading to a given pattern of sparticle masses is
unknown, in the most general MSSM the above two sectors are unrelated. Only in models
with high scale physics inputs due to considering specific mechanisms of SUSY breaking
like the minimal supergravity (mSUGRA) [50-54], the masses of the strong and the EW
sparticles are correlated. As a result, the stringent bounds on the former sector translate
into bounds on the masses of the latter some of which are apparently much stronger than
the direct limits. However, since the mechanism of SUSY breaking is essentially unknown
it is preferable to free ourselves from such model dependent restrictions.

Apart from particle physics, the EW sparticles may play important roles in cosmology
as well. An attractive feature of all models of SUSY with R-parity [7, 8] conservation is
that the lightest supersymmetric particle (LSP) is stable. In many models the lightest
neutralino Y happens to be LSP. This weakly interacting massive particle is a popular
candidate for the observed dark matter (DM) in the universe [55-77]. Moreover, the DM
annihilation/coannihilation mechanisms leading to acceptable relic density for DM may be
driven entirely by the electroweak sparticles [55, 56, 64-88]. Consequently the observed
value of the DM relic density [44, 45] may effectively be used to constrain the EW sector
or a specific SUSY model in particular.

It was recently emphasized in ref. [89] that the physics of DM and the stringent LHC
bounds on the squark and gluino masses, obtained mainly from the jets 4+ missing en-
ergy data, are controlled by two entirely different sectors of the phenomenological MSSM
(pMSSM) [90]. While the DM producing mechanisms may broadly be insensitive to the
strong sector? of the pMSSM [90], the response of the above LHC bounds to changes in the

2Except in situations like LSP-stop coannihilations.



EW sector parameters is rather weak. It was demonstrated by simulations at the generator
level that these bounds change modestly for a variety of EW sectors with different charac-
teristics all consistent with the DM relic density data [89]. Thus the strong constraints on
DM production in mSUGRA [91-107] due to squark-gluino mass bounds may be just an
artifact of this model.?

It was further noted that in the unconstrained MSSM, there are many possible DM
producing mechanisms which are not viable in mSUGRA due to the constraints on the
squark-gluino masses. Some examples are LSP pair annihilation via Z or the lighter Higgs
scalar (h) resonance, LSP-sneutrino coannihilation, coannihilation of a bino dominated LSP
and a wino dominated chargino etc [89, 112]. It may be emphasized that the discovery
of the Higgs boson by the LHC collaborations [113, 114] has opened up the possibility of
pinpointing the LSP pair annihilation via h-resonance.

Subsequently both the CMS and the ATLAS collaborations published direct search
limits on the masses of the electroweak sparticles in several models sensitive to the LHC
experiments at 7TeV [115-117]. It was pointed out in ref. [118] the models constrained
by the LHC experiments are important in the context of DM physics as well since many
of these models contain light sleptons either of L or R-type. It was demonstrated that
even the preliminary mass bounds based on 13 fb~! 8 TeV data [119, 120] are able to put
non-trivial constraints on parameter space in regard to the neutralino relic density bounds.
It was also pointed out that additionally if the gluinos are relatively light (just beyond the
reach of the current LHC experiments) these models with the lightest neutralino as the
LSP may lead to novel collider signatures. Especially in models with light sleptons the
same sign dilepton (SSD) signal may indeed turn out to be stronger than the canonical
jets + missing energy signal. Moreover, one is able to distinguish different relic density
satisfying mechanisms by measuring the relative rates of the n-leptons + m-jets + missing
energy events for different values of n.

More recently the LHC collaborations have published their analyses for EW sparticle
searches based on 20 fb~! data [39-41] which, as expected, yield stronger mass bounds.
The results were interpreted in terms of several simplified models. In this approach only
the masses of a limited number of sparticles relevant to a particular signal are treated
as free parameters, while the others are assumed to be decoupled. Moreover, in many
cases the LSP is assumed to be bino dominated while the lighter chargino (ﬁt) to be
wino dominated, but all the parameters that determine the masses and the mixings in the
EW gaugino sectors are not precisely identified. However, many of the above parameters
which are moderately or marginally important for collider analyses, are quite important
for computation of the indirect observables such as the observed DM relic density bounds
or (9 —2),. In view of this we have computed the bounds by a PYTHIA [121] based
generator level analysis. We use the full set of pMSSM parameters sufficient to determine
all relevant observables. We also obtain bounds in related models not considered by the
LHC collaborations in refs. [39-41].

3For a recent review focussing on recent searches for dark-matter signatures at the LHC see refs. [108-
111].



We next consider a few indirect constraints in order of the level of stringency. We
note that stringency of a constraint is increased if there is less model dependence while it
is decreased if there is a large combined theoretical and experimental errors where some
of the theoretical errors may not always even be precisely quantifiable. With the details
mentioned in the outline of the above constraints in the aforesaid order are given below: i)
the precise dark matter relic density constraint from WMAP/PLANCK [44, 45] within the
ambit of standard model of cosmology [122], ii) the (g — 2), data that deviates from the
SM result by more than 3o [42, 43, 123, 124], (which is becoming more and more potent
with the gradual reduction of the disagreement between the e™e™ data based analyses and
the ones that use hadronic 7-decay data for evaluating the contributions for the hadronic
vacuum polarisation part of the contributions to the theoretical estimation of (9—2),, [125]),
iii) the bound on the spin-independent direct detection cross-section of DM (U%) from
XENON100 [46] and LUX [47]. We also consider the reach of XENONIT [48] and iv) the
indirect detection constraint from photon signal as given by the FERMI data [49]. With a
bino-dominated LSP the last constraint is hardly of any interest as we will see in section 4.

In the optimistic scenario of SUSY discovery in the LHC-13 TeV runs, it would still be
difficult to pinpoint the underlying DM producing mechanism by explicitly reconstructing
the sparticle spectrum. This is especially true for the early phase of the experiment.
In this work we address the possibility of distinguishing various pMSSM scenarios, with
characteristic EW sectors constrained by the experiments discussed above. This may be
possible if at least one of the strongly interacting sparticles is within the reach of the LHC
and its decays bear the imprints of the underlying EW sector as we will show in a later
section.

In our analysis we will particularly see the effects of variations of tan 3, the ratio of the
vacuum expectation values of the two neutral Higgs bosons, u, the higgsino mass parameter,
the slepton masses etc. This will be explored in a generic scenario with bino dominated
LSP and wino dominated )ﬁc along with heavy squarks, gluino as well as large masses for
the charged Higgs H*, the heavier CP-even neutral Higgs H and the pseudoscalar Higgs
A (Mpy+, My, M4 respectively). We will also consider a large top-trilinear parameter A,
so that the lighter Higgs mass my, agrees with the observed value in the least possible mass
reach of the super-partners.

The plan of this paper is as follows. In section 2 we will review the effect of Higgs mass
data as applied to pMSSM and indirect constraints like that from (¢9—2),, WMAP/PLANCK
data for relic density of DM and the effect of XENON100, LUX and the future XENON1T
on our analysis. In section 3 we will explore various electroweak sectors by having the left
and right slepton masses (separately or together) in between the masses of the LSP and
the lighter chargino. This will be analysed by considering sufficiently large values of y such
that one always obtains a bino-dominated LSP and a wino-dominated )Zf We will find
the APS from collider bounds and constraints from the relic density as well as (g — 2),.
In section 4 we will further impose the constraints for spin-independent direct detection
cross-section limits from LUX and 7-ray constraints for indirect detection of DM from
Fermi-LAT. In section 5 we will analyse a few benchmark points chosen from the models
of section 3 and discuss the prospects of distinguishing various models. We will conclude
in section 6.



2 The constraints from (g —2),, DM relic density and other experiments

We work in a pMSSM framework where parameters are chosen such that the strongly
interacting sector is beyond the reach of the LHC. We set all squark masses at 2TeV.
While probing the electroweak sector via the relevant constraints we remind ourselves that
the mass eigenstates namely the charginos ()?li, i = 1,2) and the neutralinos (Y7, i = 1-4)
are composed of the SU(2) gauginos (the winos), the U(1) gaugino (the bino) and the
higgsinos (the superpartners of the Higgs bosons) with appropriate charges. The degrees
of mixing are essentially controlled by 4 free parameters - the gaugino mass parameters
My and M, the higgsino mass parameter u and tanS, the ratio of the vacuum expectation
values of the two Higgs doublets. For |u| > [My| > |M;|, X! is bino (B) dominated and
the lighter chargino )“{li (the second lightest neutralino X9) is mostly a charged (neutral)
wino, but for |Mj| > |Mal, X§ (X3) is dominantly the neutral wino (bino). On the other
hand, if |M;| ~ |Mzs| the two lighter neutralinos are admixtures of the neutral wino and
bino. In the limit, [u| < |M;|,|Ma|, X) and X3 and the lighter chargino ¥i are all mostly
higgsinos having approximately the mass |u|. A scenario with |u| ~ |M;| ~ |Ma| would
result into strong mixing for the concerned mass eigenstates. In this analysis we consider
only bino-dominated LSP (¥9) and wino-dominated Y{. The production cross-section of
ﬁc, X9 would be drastically reduced for a consideration of a higgsino dominated ﬁc which

X
We start our analysis by reviewing a few relevant constraints like the measured Higgs

would in turn weaken the exclusion limits in the mgo — M plane.
1

boson mass, gyromagnetic ratio of the muon and cold dark matter relic density.

2.1 Higgs at 125 GeV

We note that a study within MSSM should most importantly accommodate the lighter
Higgs boson mass mj, to be at 125GeV [113, 114]. This has generally pushed up SUSY
spectra to high masses in general for models like mSUGRA. However, the required large
loop corrections to the Higgs boson mass primarily arise from loops involving top-squarks
and these contributions can be controlled via considering large trilinear coupling parameter
A (~ —2 to — 3TeV) leading to reduction of the average mass scale of the SUSY spec-
tra [126]. We require the lighter Higgs scalar mass to be in the interval 122 < m;, < 128 GeV
in MSSM. The spread is considered to accommodate a theoretical uncertainty of about
3 GeV in computing the Higgs mass. This indeed originates from uncertainties in the renor-
malisation scheme, scale dependence, the same in higher order loop corrections up to three
loops or that due to the top-quark mass [127-132]. The other Higgs bosons are assumed
to be decoupled.

Due to precise measurement of my, at LHC experiments [113, 114], it is now possible
to explore the specific regions of parameter space where the LSP pair annihilation occurs
via Higgs (h-resonance). We recall that this occurs for mge &~ my/2. This enables us in
examining critically the viability of this mechanism in different models, as we will show in
the subsequent sections.

Limits on the masses of the charginos and the neutralinos from trilepton data crucially
depend on the leptonic BR of these sparticle. When the decay mode X3 — hx! is kinemat-



ically allowed, the mass limits become reduced significantly [133, 134]. The information on
the Higgs mass enables one in assessing the impact of this ‘spoiler mode’® on the trilepton
data in a more precise way. In a subsequent section we shall take up the issue once more.

2.2 Anomalous magnetic moment of muon

The Muon Anomalous Magnetic Moment (a, = 3(g — 2),) is an important probe for the

signatures of new physics [142]. A generic contribution to a, scales like ml% /A? where A

and m,, refer to the scale of new physics and muon mass respectively. The experimental
exp

data of a, namely a, = [42, 43] differs significantly from the Standard Model evaluation

as™ [123, 124]. Thus Aa, = ag” — aS™ can be an effective probe for a beyond the

standard model (BSM) physics provided A is not too large. aEM may be broken into a part
coming from pure quantum electrodynamics, a part coming from hadronic contributions
and finally a part from Electroweak physics involving vector bosons and Higgs boson [142].

We note that the level of disagreement of a;,;"” from the SM result is of the same order as the

SM
i

error primarily because of the uncertainties arising out of the hadronic vacuum polarization
and the light-by-light scattering contributions [123, 124, 142]. We note that the hadronic
vacuum polarization part has two different evaluations based on i) ete™ and ii) hadronic

contributions from electroweak corrections [123, 124]. a>™ itself has a significant amount of

T-decay data [142]. The difference of the two evaluations which has been diminishing over
the years still affects Aa, to an appreciable degree [125]. The resulting discrepancy that
amounts to more than 3o level of deviation is summarized as follows [124].

Aay = aS® —a;M = (29.3+£9.0) x 10717 (2.1)

The contributions of different parts of aEM may be seen in ref. [124].°

SUSY
"

troweak contribution for parts of parameter space associated with lighter electroweak sec-

The supersymmetric contribution to a, namely a may be as large as the elec-
tor super-partners like charginos, sneutrinos, neutralinos or smuons as well as for large
tan 5 [143, 144]. It may, therefore, potentially explain the discrepancy Aa, of eq. (2.1).
Alternatively, SUSY parameter space can effectively be constrained with a given set of
lower and upper bounds of Aa,. Thus the limits of aEUSY at the level of 20 and 30 are as
follows.

113 < a3 ™Y x 10" <473 (20) and 23 <a)’Y x 10" <563 (30).  (2.2)

Details of aEUSY in the MSSM based scenarios including mSUGRA and various models

with high scale physics input were studied several years ago for which a partial list may be

EUSY arises from loops containing chargino and

SUSY
au m-

seen in refs. [143-150]. At one-loop level, a

sneutrino (SZ;E — 7,) and the same containing neutralino and smuon (X — f;).

1
cos 8

creases with ~ tan 8 and in general for models like mSUGRA with universal boundary

1A few recent analyses in this context may be seen in refs. [135-141].

5Considering all the uncertainties of aiM including those arising from light-by-light scattering contribu-
tions there are analyses which estimate a much larger error going almost up to 50 (see the comments in
ref. [124]).



conditions the chargino loop containing the lighter chargino state is the most dominating
one [145, 146]. This dominance results into a correlation of the sign of My with that of
aEUSY [145, 146], in models like mSUGRA. This is however not true in the general scenario
of MSSM in spite of the fact that the lighter chargino loop ()ﬁ — v,,) still dominates over
the other contributions for a large zone of parameter space [147-149]. The neutralino loop
contributions can be significantly large for smaller smuon masses and for cases with large
|pM;| [150]. For the cases where neutralino loop contribution dominates the signs of aiUSY
and M become the same.® In this work, the signs of My, M, and that of u are considered
positive.

In this analysis we will mostly focus on the pMSSM parameter space which is consistent
with the Aa,, constraint upto the level of 20 following eq. (2.2). Of course compared to a
20 level, requiring a consistency at the level 30 would be highly conservative but we have
occasionally taken recourse to it. Henceforth we will require the APS to satisfy this level
of consistency.

An important point to note is that a large range of a may put strong upper

SUSY
bounds on the super-partner masses in addition to indicatirlig definite lower bounds for
the same [152, 153]. Particularly with the announcement of Higgs boson discovery, and/or
with the latest LHC data of squark and gluino masses, models having limited number
of high scale physics inputs such as mSUGRA can hardly accommodate the above con-
straint [154, 155]. However, non-universal SUGRA models can still accommodate the above

non-vanishing Aa,, apart from generic MSSM models with a larger set of inputs [156-159].

2.3 Dark matter relic density and results from direct and indirect searches

We will now come to the discussion of possible mechanisms of satisfying the observed
relic density from WMAP and PLANCK data in our analysis. Similar to the limits used
in ref. [160] we consider a 20 level of WMAP nine year data [44]” bound with a 10%
error in theoretical estimation as follows. This range also embraces the 3o limits from
PLANCK [45].

0.092 < Q:h% < 0.138. 2.3
X

Here, we will select only the lightest neutralino as the cold dark matter candidate. The
LSP is sufficiently bino-dominated. Hence in general the possible annihilation mechanisms
would be exchange of sleptons in the ¢-channel (bulk annihilation), LSP-annihilation via
s-channel Higgs pole or even via Z-pole. The LSP can undergo coannihilation with a
scalar particle like the stau or the sneutrino, since top-squarks are assumed to be very
heavy. However, considering the present bounds of sparticle masses mSUGRA is not able
to accommodate many of the above annihilation/coannihilation scenarios because of its
associated correlations among sparticle masses as well as due to constraints like Higgs
mass. For example, a neutralino with mass = My/2 is ruled out by LEP bound on
chargino mass when the gaugino mass unification condition is applied. We will identify the

5We note that aiUSY can be large for a large left-right smuon mixing [151].

"We consider the eCMB-+BAO+Ho value of table 4 of ref. [44].



actual mechanisms in the parameter space of each model that would survive the combined
analysis of LHC, CDM and precision data like (g — 2),,.

In addition to the constraint from dark matter relic density, we will also investigate the
possibility of direct detection of dark matter via computing spin-independent LSP-proton

scattering cross-section O'%, in relation to the XENON100 [46] and LUX [47] data. U%

results from diagrams involving t-channel Higgs and s-channel squark exchanges. Unless the
squark masses are close to the mass of the LSP which is certainly not our case after the LHC
data, the Higgs exchange diagrams contribute dominantly to the above cross-section [161].
The effective couplings are dependent on the nature of composition of the LSP. Since the
h(H) — X{ — XY couplings involves product of gaugino and higgsino components of the

neutralino diagonalising matrix, only for the presence of a sufficient higgsino within Y? the

direct detection cross-section J%ID may become appreciable [162].

We should however keep in mind various uncertainties in computing the cross-section

SI 8

o3p arising from particle physics or astrophysics related issues.

amount hadronic uncertainty in evaluating J%). The strangeness content of nucleon is quite

There is a significant

important for evaluating the cross-section. This is because, for WIMP-nucleon scattering
the WIMP couplings with valence quarks like u and d-quarks are small due to small Yukawa
couplings. Thus the contributions to scattering amplitude due to heavy sea quarks become
important (light quarks as sea quarks again have small contribution to the amplitude).
Over the last few years the strangeness contribution to proton mass is effectively reduced
via lattice computations [164-167]. This in turn may potentially reduce the uncertainties
in the evaluation of effective couplings of LSP-nucleon interactions leading to more precise
results. We compute all the dark matter related quantities using micrOMEGASs (version-
3.2) [168]. Unlike the previous versions, micrOMEGAs (version-3.2) treated the above error
by using a different prescription for evaluating the strange quark content of a nucleon. An
weighted average of 0, = mgs < p|Ss|p >, a measure of strangeness content was obtained out
of various lattice quantum chromodynamics (QCD) results. We must note that although
we have used the default values of o as obtained by the weighted average as mentioned
above, the individual lattice results used in this averaging vary widely from each other”
leading to enough uncertainty in the direct detection cross-section. Additionally, we should
also keep in mind the uncertainties of astrophysical origin in finding the rate of dark matter
events in a given detector. Among the above, uncertainties may arise from determination of
the local dark matter density [169-171]. Consideration of the existence of non-Maxwellian
velocity distributions for WIMP also shows an adequate amount of variation in the direct
detection rates [172, 173] specially for low mass DM. Apart from the current data we will
also relate our result with the reach of the future experiment XENONIT [48] that would
be about two orders of magnitude below the current LUX [47] or XENON100 [46] limit for
the scalar cross-section and can probe various SUSY models even if the above uncertainties
continues to persist.

8 Apart from particle physics and astrophysics related uncertainties, see also ref. [163] for the uncertainty
arising out of poor knowledge of cosmic ray activation in detector materials in regard to direct detection

backgrounds.
9See table 1 of ref. [168]



Besides the direct detection limits we would also explore the reach of indirect detection
data from Fermi-LAT [49] for continuous 7-ray signal from dense astrophysical regions such
as galactic center, dwarf galaxies etc. With a highly bino-dominated LSP, expectedly, our
scenarios produce too little cross-section (< ov >).

In the next section we intend to describe various models that are based on different
relative masses of the EW sparticles. We will analyse these models particularly for inter-
esting collider signatures while also imposing the necessity to satisfy the Higgs mass, the
(9 —2), and the cold dark matter constraints and of course the LEP limits on chargino
and slepton masses [36]. Only after filtering out the APS we will explore the degree of con-
straints from the XENON100 and the LUX data keeping in mind the extent of theoretical
and astrophysical uncertainties in the direct detection of dark matter which could at least
be an order of magnitude or even more.

3 Electroweak sector of pMSSM models in the light of LHC and other
constraints

The non-observation of the charginos, neutralinos as well as the sleptons at the LHC
severely constrains several pMSSM models sensitive to the LHC searches. They are par-
ticularly important in the era of a known mass of the Higgs boson. We will focus on bino-
dominated XY and wino-dominated )ﬁc /X5 which are very sensitive to the LHC searches.
This scenario can be easily realized by considering a large p and adjusting the gaugino
mass parameters of the electroweak sector. We will analyse various scenarios of left and
right slepton mass parameters (M, i MZR) placed differently with respect to the electroweak
gaugino mass parameters My and M. The specific choices are motivated by the direct pro-
duction limits on electroweak sparticle masses by ATLAS and CMS [39-41] and the other
observables under consideration. Each scenario may have important signatures in regard
to collider physics, dark matter relic density and precision observables like (g — 2),. Our
task is to find the APS after imposing the combined constraints and assess the possibility
of observing EW SUSY particles in future LHC experiment.

For the detailed study we choose the following pMSSM parameters. All squark mass
parameters as well as M3 and M 4, which hardly affect the observables under consideration,
are set to a large value of 2 TeV. A choice of the trilinear coupling —3 TeV < A; < —2TeV
is made for consistency with the measured mass of the lighter Higgs boson without the
need of a very large sparticle mass scale. All other trilinear couplings are vanishing namely
Ay = A = A, = Ay = Ac = 0. My, Mo, pu, M[L and M[R are varied in this study
where the relevant SM parameters considered are mf‘)le = 173.2GeV, méVTS = 4.19GeV
and m, = 1.77 GeV.

3.1 Light gaugino and left slepton (LGLS) scenario

In this model it is assumed that only left sleptons are lighter than ﬁc and X9 while right
sleptons are heavy. The ATLAS collaboration have searched for chargino-neutralino (ﬁc —
Qg) pair production leading to the trilepton signal for 20 fb~* [39] of data. The results
were interpreted in this simplified model. Here the L-sleptons ([ 1) of all the generations
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Figure 1. Plot in the Mgt — Mgy plane for the LGLS scenario with the slepton mass parameter
satisfying Mj, = 0.5M; + 0.5M for tan = 6 (a) and 30 (b). M;j_ is chosen to be at 2TeV.
Here, mr/r = MZL/R
aEUSY is consistent with Aa, upto the level of 1o, 20 and 30 respectively. The red points in the
plot satisfy the relic density constraint from WMAP/PLANCK data. The parameters used for
computing these and other observables are shown on the upper left corner of each figure. The cyan
region corresponds to the parameter space which is discarded by theoretical constraints and the LEP
limits on the slepton mass [36]. The black line in the left plot (a) represents the exclusion contour
at 95% CL obtained by the ATLAS collaboration at 8 TeV LHC from trilepton searches [39]. The
magenta line (the reference contour) shows the exclusion limit obtained by our simulation. The
dashed line refers to the boundary of the disallowed region corresponding to the slepton search
limits from 8 TeV ATLAS data [40] (see figure 9). For the case of tans = 30 (b), only the reference
contour resulting from our simulation is shown. Throughout this paper we shall follow the same
colour coding and conventions as used in this figure.

. The blue, green and brown regions represent the parameter space where

have masses midway between the masses of ﬁc and Y| whereas the R-sleptons (l~ R) are
chosen to be very heavy leading to very small mixing effects in the slepton mass matrices.
The sneutrinos are assumed to be degenerate with [y, i.e., M; = My = (m%g + mﬁ:) /2.
It was further assumed that the lightest neutralino is highly bino dominated and ﬁc or X9
are wino dominated. As a result the branching ratio (BR) of chargino decay into slepton-
neutrino and sneutrino-lepton modes of each flavour is the same. Similarly X3 would decay
into neutrino-sneutrino and lepton-slepton pairs of each flavour with equal probability.
The non-observation of signal yielded the exclusion contour in figure8a of ref. [39] which is
reproduced in figure 1(a) (see the black contour) for ready reference.

In order to validate our simulation we compute the above exclusion contour using
PYTHIA (v6.428) [121]. The next to leading order (NLO) cross-section for the YT X3 pair
production have been computed by PROSPINO 2.1 [174] with CTEQ6.6M PDF [175]. Our
simulation is based on those selection criteria of the ATLAS collaboration which may be
implemented at the generator level. These are divided into several signal regions (SRs):
SRnoZa, SRnoZb and SRnoZc (see table 1 of ref. [39] ). Each SR is characterized by a set
of kinematical cuts and an upper bound on the effective cross-section (o.) = production
cross-section x efficiency X acceptance or equivalently on Npgys (number of events from
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BSM physics) obtained from the observed number of events and the SM background.
These constraints are also expressed in terms of Nggys, the maximum allowed number of
beyond standard model events. Any model point is excluded if its associated o, exceeds the
above upper bound for at least one of the above SRs. Although we have not included the
detector effects directly, we have introduced an approximate prescription for the combined
trigger and electron (muon) identification efficiencies for different values of the transverse
momentum (Pr) following an analysis of ATLAS collaboration [176]. We confirm that
the above prescription reproduces the efficiencies mentioned in the table 5 of ref. [39]. The
above efficiency is chosen to be 75% (90%) for electrons with 10 < Pp < 30 (Pt > 30). The
same is chosen to be 85% for muons with Pt > 10. We have implemented electron/muon
- jet isolation according to the ATLAS prescription [39].

Our exclusion contour, namely the magenta curve in figure 1(a), for tan 8 = 6 validates
the simulation. Henceforth this will be called the reference contour. Our representative
choice of a few other SUSY parameters essential for computing the observables discussed in
section 2 are given in the upper left corner. We emphasize that the LHC exclusion contours
are in general fairly insensitive to such choices. Additionally, we note that there is a less
than 10 percent disagreement between the two results for Mg > 500 GeV. We will come
back to this issue soon. We note that Mgx > 500 GeV is disfavoured, in any case, either
by the (g — 2), or LHC data or by both. Henceforth, we will paste this reference contour
in all the figures up to figure 6 for comparison with other models.

The following minor differences with the ATLAS paper may be noted. For simplicity of
computation we have scanned M7 and Ms while keeping L-slepton mass parameter midway,
ie, Mj = %(Ml + My), instead of equating the physical slepton mass with %(mﬁ —l—m)zli)
With a highly bino-dominated X! and wino-dominated )?f, the above approximation would
be good upto a few percent level. Additionally, unlike what was used by ATLAS we do not
assume any sneutrino-slepton mass degeneracy and entirely rely on the MSSM specified
mass relations involving the D-term throughout our analysis. This increases the branching
ratio of the decay X3 — 77 by a small but non-negligible amount and reduces the trilepton
signal resulting in a weaker limit. Had we carried out our simulation following exactly the
same assumptions as ATLAS our limits on mzo for Mge > 500 GeV would have been even
closer to that obtained by ATLAS. Furthermore we have shown the effect of the direct
slepton search limit from the 8 TeV ATLAS data [40]'° by the black dashed line. The
region within this contour is disfavoured. We denote the physical masses of left and right

sleptons of first two generations by MZD taking into account the D-term contributions.
L/R

Similarly, for the sneutrinos we use the notation, Ml? . We clearly see that no additional
parameter space is discarded by the slepton search limit in the LGLS scenario other than
what is already excluded by the trilepton data.

We now incorporate the theoretical and indirect constraints like (g — 2), and the
WMAP /PLANCK limits on dark matter relic density. In figure 1(a) the upper cyan
region corresponds to the parameter space which is discarded by the requirement of the
LSP to be the lightest neutralino. The similarly coloured lower region is excluded via LEP

108ee figure 9.
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limits on the slepton masses [36]. In the dark blue, green and light brown regions aEUSY
can explain the Aqa, anomaly (eq. (2.1)) upto the level of 1o, 20 and 30 respectively. Both
lower and upper limits on aiUSY have been considered only for parameter regions satisfying

SUSY
I

theoretical/LEP constraints. With almost a proportional dependence of a on tanf

SUSY
i

the contribution of a in figure 1(a) is small because of small value of tan3. We note

that the right handed sleptons being heavy in all the LGLS scenarios, aEUSY

is dominantly
contributed by the lighter chargino-sneutrino loop diagrams.
The WMAP/PLANCK allowed regions satisfying eq. (2.3) for the dark matter relic

1 We note that the regions satisfying the dark matter

density are shown as red circles.
relic density limits are separated into top and bottom limbs. The parameter points denoted
by red circles in the lower limb satisfy the relic density limits by LSP annihilations via a
s-channel light Higgs boson resonance of mass ~ 125 GeV. Additionally, there are some
points that are associated with LSP pair annihilating via a s-channel Z resonance. The
upper red points satisfy the dark matter limits via coannihilation of LSP with a sneutrino or
a slepton almost equally. Besides the above there can be coannihilations between sleptons
and sneutrinos or even a lighter chargino and a sneutrino in this region. Furthermore, for
low mass zones of the figure one finds some degree of bulk annihilations both for the upper
and the lower limbs.

From the LHC data at 8 TeV all parameter space which agrees with Aa, up to the
20 level is almost excluded leaving a tiny region consistent with the combined constraint.
Moreover, LHC data exclude the Higgs resonance region for Mgt < 620 GeV. The part of
the parameter space with larger Mgk, however, is consistent with the Aa,, constraint only
at the level of 3o.

Figure 1(b) shows the analysis for a larger value of tan 3 (= 30) while keeping the
same combination of other mass parameters. The colour codings are the same as in fig-
ure 1(a). The cyan shaded lower region is excluded via LEP limits on the slepton masses
or sneutrinos becoming tachyonic due to its negatively contributing D-term part, where
the latter increases with tan 8 in magnitude. In the white region aEUSY differs from Aa,
SUSY
“w

by more than 30 because in this region of smaller My, a attains a very large value.

The prospect of finding a larger APS improves since alSLUSY

increases for large tan (.
On the other hand, an increased tan 8 hardly has any effect on the LHC constraints. This
is expected since the mixing effects in the stau mass matrix is not significant even for
larger tan 3, a result of considering very heavy R-sleptons (2 TeV). Thus with lighter stau
having similar mass with that of selectron the BRs of )ﬁc and Y9 for leptonic decays remain
unaltered while going from figure 1(a) to figure 1(b). The same can be said about the upper
limb of the WMAP/PLANCK allowed region.

Focusing on figure 1(b) we find that for relatively small My or M+ LSP-pair annihila-
tion via light Higgs boson resonance is possible for producing the right relic abundance but
the parameter space is forbidden by the LHC data. On the other hand, for larger Mgk, the
above resonance annihilation is not sufficient to give rise to an acceptable relic abundance
in figure 1(b). Indeed, it disappears completely outside the LHC forbidden region. There

11n all the figures in this paper we shall follow the same colour convention.
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are two reasons that are important to note in this context. First, h — X! — X! coupling
decreases with increasing tan 8. Second, our choice of y = 2Ms that ensures ﬁc to be
wino-dominated, causes reduction of the higgsino content of the LSP with increase of My,
which in turn results into reduced LSP pair annihilation via h-resonance leading to over-
abundance of dark matter. For the rest of the analysis we will see that for a wino dominated
)Zli and bino dominated LSP, LSP-pair annihilation via the h-resonance is disfavoured in
general for large values of tan 5 for the above reasons.

3.1.1 Tilted LGLS Scenario

We now explore the situation where the L-slepton mass is shifted from the mean of the
lighter chargino and the lightest neutralino masses. We conveniently introduce the shift as
follows!'?

MZL =M + (1 — SC)MQ (31)

where the tilting parameter x (with 0 < < 1) determines the degree of closeness of MTL
and mso. The LGLS scenario analysed by ATLAS corresponds to x = %

We will consider two cases i) LGLS-X": here z = 0.75, indicating L-slepton masses to
be closer to the mass of the LSP than that of S{Ii and ii) LGLS—ﬁE: here x = 0.25, making
L-slepton mass parameters to be closer to the mass of 5{{5

We will see soon that such variants of LGLS scenarios would hardly affect aEUSY

, mildly
change the relic density satisfying properties for dark matter, but significantly change the
size of the trilepton signal. The latter leads to changed exclusion contours compared to the
LGLS scenario considered by ATLAS. This in turn may change the APS consistent with
all the constraints.

i) LGLS-XY. In the analysis leading to figure 2(a), we consider z = 0.75, while all other
relevant parameters are kept same as in figure 1(a). The lower cyan region is excluded due
to tachyonic sneutrinos, sneutrino becoming the LSP and the LEP limits on ﬁ[ masses. In

EUSY are not different from

regard to (g—2), the dominant SUSY diagrams contributing to a
those of figure 1(a). As a result the (g — 2), constraint is almost insensitive to the modest
variation of MiL' Hence, the 1o, 20, and 30 allowed regions do not change appreciably
with respect to figure 1(a).

Since the sleptons are closer in mass to that of X9, the leptons arising from decays
= - liS{(l) would be softer. This in turn would reduce the trilepton detection efficiency.
Consequently, the limit on msgo for a fixed Mg+ May decrease by 10-25GeV compared
to figure 1(a). In regard to the cold dark matter results in figure 2(a), the annihi-
lation/coannihilation properties of LSP are almost unchanged from the LGLS scenario.
However, this scenario is in tension with the Aa, constraint at 20 level.

The direct slepton search limits also disallow a large part of the parameter space which
is allowed by the trilepton searches. In fact the bottom limb of the relic density satisfied
region corresponding to LSP pair annihilation into the h-resonance is disfavoured even if

the (g — 2), constraint is relaxed to 30.

12The physical slepton mass is obtained by adding the D-term to the r.h.s. of eq. (3.1).
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Figure 2. Plot in the Mot — Mo with the slepton mass parameter satisfying Mj = 0.75M; +

0.25M; for tan 8 = 6 (a) and 30 (b). Colours and conventions are the same as in figure 1. The
exclusion contour for this scenario obtained by us is represented by the black line. The lower
discarded region depending on the parameter point may be sensitive to the choice of the scale in
the REWSB conditions.

In figure 2(b), we consider tanf = 30. The results in regard to DM production via
LSP - sneutrino coannihilation and (g — 2), studies are similar to what has been described
for figure 1(b) for the reasons discussed above. On the other hand, with large tan 5 and
for small values of My the parameter region in the (mﬁt — mi’?) plane where DM pair-
annihilation into the h-resonance could possibly occur as in figure 1(b) is already excluded
here because sneutrinos turn out to be the LSP or even tachyonic. In regard to muon
anomaly, figure 2(b) shows an agreement even up to lo level. The nature of the two
discarded cyan regions is similar to those of figure 2(a), but the shape of the lower discarded
region depends on the choice of the scale in the radiative electroweak symmetry breaking
(REWSB) conditions [7, 8]. We have employed the canonical choice of the scale as the
geometric mean of the two top-squark scalar mass parameters.

ii) LGLS-)?li. In the analysis leading to figure 3(a) we use x = 0.25. Thus, here L-
sleptons are closer in mass with that of ili /X3 As a result the leptons arising from decays
via )Zli — I or Xy — I£1F would be softer. This would reduce the trilepton efficiency
and relax the LHC constraints. Compared to figure 1(a) we find that the limit on mg
relaxes by 20-40 GeV which allows the parameter space to become available at 1o limit
of the (g — 2), constraint. Consequently, parameter points corresponding to low mass
sparticles with masses as low as Myt = 135 GeV and mgo ~ 100 GeV in figure 3(a) become
allowed. DM relic density production is driven by sneutrino-LSP coannihilation in the
parameter space consistent with LHC and (g — 2), constraints. Figure 3(b) shows the
result for tan § = 30. Here satisfying DM constraint by the Higgs resonance is disfavoured

for reasons similar to what was described for figure 1(b).

We also note that depending on M; and Ms, situations may arise when the masses

of the sleptons with positive D-term contributions may become larger than M+ O Mso,
1
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Figure 3. (a) Plot in the Mgt — Mg plane for the tilted LGLS scenario choosing M, = 0.25M; +
0.75M> and tanf = 6 (a) and 30 (b). Colours and conventions are the same as in figure 1. The
lightly shaded (cyan) upper region is discarded by the requirement of the LSP to be the lightest
neutralino. The exclusion contour for this scenario is represented by black line.

but the sneutrinos which have negative D-term contributions for their masses, may become
lighter than the above gauginos. Then, X3 decays into neutrino-sneutrino pairs with large
BRs (100%). The latter in turn would undergo invisible decay into neutrino and the LSP.
In each LGLS—SZ?E scenario there is a value of x which will deplete the trilepton signal due
to such blind spots. Because of the above there are several blind spots in figures 3(a)
and 3(b). This scenario with three invisible sparticles (the LSP, X3 and the sneutrino)
have interesting collider phenomenology [177, 178]. In particular at a high energy ete™
collider [179, 180] it would lead to a significantly enhanced signal in the single photon +
missing energy channel [181] compared to a pMSSM scenario with LSP as the lone carrier
of missing energy [182, 183].

3.2 Light gaugino and light left and right slepton (LGLRS) scenario

We now come to the analyses of the LGLRS scenario. This was not considered by the
ATLAS collaboration [39]. We assume the R-slepton mass parameters (M) to be same
as that of the L-sleptons (M[L). The principal difference of this scenario with LGLS is that
the L-R mixing effect becomes prominent in the third generation slepton sector. As a result
the 71 instead of the sneutrino often becomes a charged NLSP or even the LSP leading to
a forbidden region. For a given value of Mgt this results into elimination of larger values
of mso, causing a shrinkage of parameter space for the upper mso0 region in comparison to

X
that is discarded due to the appearance of tachyonic stau or stau becoming the LSP.

a corresponding LGLS case. There is a significant region in the smaller Mg — Mo zone
1

We start with the case of slepton mass parameters (L and R) at the average of M; and
M as in figure 4(a). In regard to the DM relic density the upper branch arises via LSP-stau
coannihilation and some bulk annihilations for low mass regions. The lower branch as usual
occurs due to the h-resonance and some Z-resonance as well as some bulk-annihilations for
the low mass regions.

~ 15 —



20 (GeV)

m-, (GeV)

300 400 500 400
m (GeV) m.. (GeV)
1 1

300 500 700

(a) (b)

Figure 4. (a) Plot in the Mgz — mgo plane for the LGLRS scenario with M; = M;j, = 0.5M, +
0.5M> and tanf =6 (a) and 30 (b). Colours and conventions are the same as in figure 1. The
exclusion contour for this scenario is represented by the black line.

Since both S{ic and Y are wino dominated, they primarily decay into left sleptons. Thus
the inclusion of right sleptons does not alter BR of 5&5 and X9 decaying into left sleptons.
But as the trilepton efficiency increases, the collider limit on mso becomes stronger by
20-30 GeV for Mgx > 450 GeV compared to the reference contour of figure 1(a). On the

m2 M1/J,

KL HFR
aEUSY is significantly boosted because both the left and the right slepton mass parameters

other hand, since a part of neutralino-smuon loop contribution scales as

are the same (unlike the LGLS scenario). A larger aﬁUSY does not however make more
and more smaller mass region in the Mgt — Mo plane to be finally available. Much of
such low mass regions become unavailable because 71 turns out to be lighter than the LSP
due to L-R mixing or even it can become tachyonic. The unavailable regions fall in the
cyan shaded zone. We must however keep in mind that an effort to nullify the L-R mixing
by considering an appropriate non-vanishing A, parameter would open up the low mass
region that would also satisfy the constraints of collider and the WMAP/PLANCK data
as well as (g — 2),, in this LGLRS scenario.

An analysis for tan3 = 30 is presented in figure 4(b). Here in comparison with
figure 1(b) the effects of L-R mixing (leading to unacceptably light 71) is significantly strong

aEUSY is enhanced

causing an appreciable shrinkage of the available parameter space.
due to a large value of tan 3. As before X — 7 coannihilation is the dominant DM
producing mechanism. The mechanism via h-resonance occurs in a region forbidden by
unacceptable 71 mass. The lowest mass combination within the valid parameter space is

about m+ ~ 470 GeV and myo ~ 330 GeV that falls in the 20 zone of (g — 2),.

3.2.1 Tilted LGLRS scenario

i) LGLRS-Y!. In figure 5(a) we explore the case where both L and R-sleptons are closer

to the mass of the LSP via M[L = Ml~R = 0.75M; + 0.25M>. While sleptons become

light, similar to what happens for figure 4(a) the dominant contribution to aEUSY comes
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Figure 5. (a) Plot in the Mg+ — Mgy plane for the LGLRS scenario with M = M;, = 0.75M, +
0.25M>5 and tanf =6 (a) and 20 (b). Colours and conventions are same as figure 1. The exclusion
contour for this scenario is represented by the black line.

from the one-loop neutralino-smuon loop diagram as discussed before. As a result My
becomes unconstrained leading to increase of the upper limit of the same for a given error
corridor of (g — 2),, compared to what appears in figure 4(a). In this case, as discussed
before, the trilepton efficiency would decrease due to the fact that the sleptons are shifted
more towards the LSP. Here it almost overlaps with the limit corresponding to figure 1(a).
Additionally, there is a large discarded region where 7; becomes the LSP or tachyonic
because of mixing between the components of the third generation of slepton fields. The
allowed region satisfying the relic density constraint and the collider limits mostly occurs
in the 3o region of (¢ —2),. We note that the direct slepton mass bounds from ATLAS
disallow the entire bottom limb of the relic density satisfied region that is associated with
the h-pole annihilation unless Mg is very large. Thus we do not find any APS in this
scenario if the (g — 2),, constraint is imposed at the level of 20.

In figure 5(b), we are compelled to use a relatively smaller value of tan 8 (= 20) unlike
previous results, where we could comfortably analyse a larger value of tan 8 (= 30). This is
simply because, in this case the slepton masses are closer to the LSP mass and the masses
of the left and right slepton partners are almost similar in magnitude (apart from D-term
contributions). The effect of mixing is dominant in the stau sector and this leads to 7; to
become the LSP or even tachyonic for a larger value of tan 5. Even for tan 8 = 20, as may
be seen in figure 5(b) there is a considerable region that becomes discarded because of the
above reason. The collider limits on the other hand remain almost unchanged with respect
to that of figure 5(a).

The dominant diagrams contributing to aEUSY

are the neutralino-smuon loop diagrams
similar to the other LGLRS models. Here, the regions allowed via (g —2),, that also satisfy
the collider limits and the DM relic density occur i) in the 30 zone for which the mass of
LSP is higher and ii) in the 1o zone for which the mass of i is higher (> 600 GeV). The
DM relic density satisfied points result mainly from LSP-7; and 7 — 71 coannihilations in
the upper zone. In the lower region there are some points for which the LSP undergoes self-
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Figure 6. (a) Plot in the Mg+ — mzy plane for the LGLRS scenario with M = M;, = 0.25M; +
0.75M> and tanf =6 (a) and 30 (b). Colours and conventions are same as figure 1. The exclusion
contour for this scenario is represented by the black line.

annihilations via t-channel slepton exchange mechanism thus producing the right amount
of abundance. The importance of the direct slepton search is showcased by this scenario.
It rules out the LGLRS-XY model for high tanj3 discussed above, which is consistent with
(9 —2)u,, WMAP/PLANCK data and trilepton searches at the LHC.

i) LGLRS-ﬁE. figure 6(a) describes the constraints in a scenario with the common

slepton mass parameter closer to Mgt (MZL = M[R = 0.25M; +0.75M5) for tan f = 6. The

dominant corrections contributing to alSLUSY

come from the neutralino-smuon loop diagrams
similar to other cases of small left and right slepton masses. Since the slepton masses are
closer to Mg than mszo, the trilepton efficiency decreases. This weakens the collider limit
of mso by 15-45GeV compared to the reference contour. As seen from the figure this
shrinkage of limit in turn opens up a parameter space to the (g —2), constraint at 1o level.
The DM relic density satisfying mechanisms are annihilations via s-channel Higgs resonance
and some t-channel slepton exchange for a small M for the lower horizontal branch of red
points only. This branch is, however, strongly disfavoured by the LHC data. For the upper
branch, the relic density is satisfied via a multitude of processes like LSP annihilations
via chargino mediation and various coannihilations such as those between LSP-stau, LSP-

sneutrino, stau-stau, stau-sneutrino, sneutrino-sneutrino, and chargino-sneutrino.

Figure 6(b) refers to tan 8 = 30. The (g — 2), allowed regions are extended to larger
values of Ms. The trilepton efficiency is smaller here even in comparison with figure 6(a).
This is due to the fact that there is a large mixing in the stau sector leading to an increase
in the branching ratio of ﬁc /X3 decaying into 71, which in turn decreases the number of
trilepton events. The combined effect weakens the collider limit upto 65-75 GeV for most
of the parameter space. The DM relic density satisfying mechanisms for the upper branch
are mainly LSP-7; and 7;-7 coannihilations. For the tiny lower branch there is not much
difference with the situation encountered earlier for large tan (.
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Figure 7. Result of scanning the Mz9-M plane for the LGRS scenario with tans =30. Here,
Ml~L = M+ 200 GeV, and MiR = 0.5M; + 0.5M5. Colours and conventions are same as those of
figure 1. The CMS exclusion contour is shown as a black line (figure 21 of ref. [41]).

3.3 Light gaugino and right slepton (LGRS) scenario

In this case, we consider the R-slepton mass for all the three generations to lie between
mso and My S0 that M; = %(Ml + My). The corresponding L-slepton mass parameter
is taken to be greater than the lighter chargino mass: M[L = My + 200 GeV. Figure 7
shows the results for the LGRS scenario with tang =30. The CMS exclusion contour

(figure 21 of ref. [41]) is shown as a black line. The main contribution to aEUSY

comes from
the neutralino-smuon loop. For moderate values of M, the contribution coming from the
chargino-sneutrino (bino-higgsino-fir) loop is also significant.

The PLANCK/WMAP allowed points for the upper branch undergo LSP-stau, as
well as stau-stau coannihilations. However, the region at the lower end of this branch
corresponding to bulk annihilation is disfavoured by the (¢ — 2), data. There also exists
a small amount of coannihilation of LSP/stau with the right handed slepton of the first
two generations and annihilations via chargino exchange. For the lower branch disfavoured
by the LHC data, there are resonant Higgs/Z exchange annihilation processes and also
bulk annihilation. As can be seen from the figure, there is a significant area of parameter
space which satisfies WMAP/PLANCK data, (g —2), at the level of 1o along with collider

constraints.

3.4 Light gaugino and heavy slepton (LGHS) scenario

The ATLAS group has also searched for the trilepton signal in the light gaugino heavy
slepton (LGHS) model. All sleptons with equal masses for the left and the right components
are assumed to be heavier than 5{{5 or 9. The bounds mainly depend on the chargino and
the LSP mass (see the exclusion contour in figure8b of ATLAS [40] reproduced in figure 8
for ready reference). The sensitivity to the other MSSM parameters is rather mild.

We consider the representative choice M[R = MiL = M> + 200GeV as in figure 8.
It may be noted that with this choice the sleptons contribute neither to the LHC signal

~ 19 —



600 i

500

400

300

1

m;, (GeV)

200

100

Y00 200 300 400 500 600 700
m,: (GeV)
1

Figure 8. Plot in the Mg — Mgy plane for the LGHS scenario with M; = M; = Ms + 200 GeV
and tanf =30. Colours and conventions are same as figure 1. The black line represents the exclusion
contour at 8 TeV by the ATLAS collaboration [39].

nor do they affect LSP annihilation/coannihilation. Here, since Yi or Xy are unable to
decay into sleptons, they decay via gauge bosons with a 100% branching ratio. As a result,
each collider limit becomes independent of the SUSY input parameters like tans. Here
the choice tanf = 30, simply yields a large aﬁUSY leading to widening of the 1o allowed

EUSY come from the neutralino-smuon

region for (g — 2),, (the dominant contributions to a
loops).'® The relic density producing mechanisms for the lower red points are annihilations
via s-channel Higgs and Z resonances which are disfavoured by the LHC data. Points in
the upper branch primarily undergo ﬁc /X3 coannihilations.

In obtaining the LHC exclusion contour in figure 8 it is assumed that the decay x5 —
ZXY occurs with 100% BR. However, in parts of the excluded parameter space, the spoiler
mode X3 — hx) may occur with significant BR and weaken the limits [133, 134]. It is
particularly interesting to note that in the Higgs resonance region the BR of this mode is
appreciable for Mgs & Mgg > My +mgp = 1.5my. As a result this region, particularly
the points close to the exclusion contour, cannot be excluded beyond doubt. On the other
hand the exclusion obtained by assuming that X3 — hx" occurs with 100% BR is too weak

to affect the Higgs resonance region [133, 134].

3.5 Light left slepton (LLS) scenario

In the Light Left Slepton model, the left sleptons are light but the right sleptons and all
the charginos and the neutralinos except the LSP are heavy. The ATLAS collaboration
has reported the results of slepton search in the LLS model [40]. Their exclusion contour
is reproduced in figure 9.

With the choice of a heavy right slepton (MZR = 1TeV), we scan M; and Ml~L and

show the results in the mg — Ml~D plane of figure 9. We fix a wino dominated lighter

13For tan 8 = 6 LSP pair annihilation via Higgs resonance would be quite efficient but consistency of

aiUSY with the measured value is only at the 3o level.
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Figure 9. Plot in the M; D _ mgzo plane for the LLS scenario with My = 800 GeV, p = 1TeV

and tan 5 = 30. Here M D represents physical left slepton masses. Colours and conventions are
same as those of figure 1. The black line represents the exclusion contour at 8 TeV by the ATLAS
collaboration [40].

chargino with the choice of My =800 GeV and p = 1TeV for tan = 30. This choice of My
is motivated by the chargino mass bounds in the LGLS models considered in section 3.1.
M is varied upto 600 GeV for the given choice of My and p so as to have a bino-like LSP.
With the right slepton being heavy, the contribution from neutralino-smuon loop to aEUSY
is suppressed. Again, since p and My are sufficiently large in magnitude, the chargino-
sneutrino loop is also suppressed. Nevertheless, we have acceptable aEUSY, though at the
20 level, consistent with all other constraints. The red points satisfy DM relic density
constraint by primarily LSP-sneutrino coannihilations. There are also sneutrino-sneutrino,

sneutrino-stau coannihilations.

3.6 Light left and right slepton (LLRS) scenario

Here the right and the left sleptons are assumed to be degenerate in mass and are lighter
than the lighter chargino (figure 10). The ATLAS collaboration has also reported slepton
pair production in the LLRS model in addition to LLS [40].

Since the ﬁc and Y9 are taken to be heavier than the sleptons, the sleptons decay into
leptons and X9 with 100% branching ratio. Thus, the exclusion limits would be independent
of the input parameters like My, 1, tanf etc. Here we use the ATLAS exclusion contour [40]
as shown in figure 10.

Figure 10(a) shows the results for the case of light and degenerate left and right sleptons
(Mj, = Mj,) for tanf = 6. There is a significant amount of parameter space which is
allowed by the collider data and (g — 2), constraint at the level of 1o. The principal

contributions to aEUSY

come form the neutralino-smuon diagrams. The DM relic density
satisfying mechanisms for the upper branch are LSP-stau coannihilations. The s-channel
light Higgs resonance process is viable only if Ml~L = Ml~R > 360 GeV. However, for this

region aEUSY is satisfied only at the level of 30 for a narrow range of slepton masses. At

— 921 —



’
=
>
(o]
4 S)
2
.
E
e va e
| L | L
D 500 600 700 300 D400 500 700
My (GeV) MP (GeV)
L L

(a) (b)

Figure 10. (a) Plot in the lez/R — mso plane for the LLRS scenario with M, = 800 GeV and

tan =6 (a) and 30 (b). The common masses of sleptons are varied so that these are always smaller
than Mg Colours and conventions are same as those of figure 1. The black line represents the
exclusion contour at 8 TeV by the ATLAS collaboration [40].

the lower left corner of the parameter space, there is a nearly vertical strip of DM relic
density satisfied points with low values of input slepton mass. Only a small part of this
region corresponding to bulk annihilation is allowed by the LHC data.

In figure 10(b) we show a similar study with tang = 30 that shows the effect of
enhanced aEUSY leading to opening of 1o region for larger values of the slepton masses.
The region with M;, <250 GeV is discarded because here stau becomes the LSP. Similar
to the case of tanf = 6, there is a region with low values of slepton mass that arises because
of bulk annihilation which is disfavoured by the LHC data. The upper red points satisfy
relic density constraint through LSP-stau coannihilation.

4 Direct and indirect detections of dark matter

4.1 Direct detection

We probe the direct search prospects of dark matter for the scenarios discussed above
keeping in mind the uncertainties stated in section 2.3. The spin independent scattering
of the LSP with a proton may occur via t-channel Higgs exchange or s-channel squark

exchange processes. Since the squarks are very heavy in view of the LHC bounds, the
SI
xp
only a bino-like LSP, we do not expect the scattering cross-section to be too large [162]. In
the following figures we only show the points which satisfy PLANCK/WMAP constraint,

(9 — 2), data upto the level of 20 and collider limits.

Higgs exchange processes would dominantly contribute to 02 . However, since we consider

In figure 11(a) we plot a% vs the mass of LSP for the LGLS scenarios (see section 3.1)
using micrOMEGAs (version 3.2) [168]. The exclusion limits specified by the present
XENON100 [46], LUX [47] and future XENONIT [48] experiments are shown as black
lines. It follows from section 3 that the tilted LGLS-X! model at low tan 3 (figure 2(a))
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Figure 11. (a) Plot of spin independent scattering cross-section U;ilz for scattering of proton with
Xy as a function of the mass of the LSP for the LGLS scenarios. Only the points which satisfy
WMAP/PLANCK, (g — 2),, upto the level of 20 and collider constraints are shown in the figure.
The exclusion contours for XENON100, LUX and XENONIT experiments are shown as black lines.
Black and red points represent the case of figure 1(a) and figure 1(b) respectively. Green, brown
and cyan points represent the case of figure 2(b), figure 3(a) and figure 3(b) respectively. (b) Similar
plot as (a) for the LGLRS scenarios. Black, Red, cyan and brown points represent the cases of
figure 4(a), 4(b), 6(a) and 6(b) respectively.

is excluded. Hence it does not appear in this figure. It also follows from figure 11(a) that
two other models at low tan § namely the LGLS model (figure 1(a)) and the tilted LGLS-

X model (figure 3(a)) of section 3.1 are disfavoured by the direct detection experiments.
SI
Xp
uncertainties. We therefore do not take the disfavoured points as finally excluded. We

However, as discussed in section 2, ¢2 could have at least an order of magnitude of
note that because of decreased coupling there is a significant reduction in cross-section
while moving from tang = 6 to tanf = 30. We further note that the remainder of this
class of models will be closely probed by XENONIT [48] experiment.

Our results for the LGLRS scenarios (see section 3.2) are shown in figure 11(b). We
note that figure 5(a) and figure 5(b) corresponding to tilted LGLRS-X} scenarios for low
and high tan 8 have already been disfavoured by the analysis of section 3.2.1. Modulo
the aforesaid uncertainties, the available points corresponding to LGLRS (figure 4(a)) and
tilted LGLRS-X{ (figure 6(a)) scenarios at low tan § are disallowed via LUX [47] data.
These models will be conclusively probed via the XENONI1T. In addition, XENONIT will
tightly scrutinize the remaining scenarios (LGLRS and tilted LGLRS—S{{E) at high tan S.

The direct detection cross-section for all the other cases namely LGRS, LGHS, LLS
and LLRS (see figure 7 to figure 10 ) are plotted in figure 12. These models are fairly
insensitive to XENON100 [46] and LUX [47] data. They can only probe the cases like
LGHS and LGRS models for low mass range of LSP. The large mso region of these models
and the remaining models will be probed by the XENON1T. Moreover, some of the models
can even be excluded if the theoretical uncertainties are brought under control in future.
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Figure 13. (a) Scatter plot of DM self-annihilation cross-section against LSP mass for the sce-
nario described in figure 1(a). The red points satisfy WMAP relic density constraint. Fermi-LAT
exclusion limit for Y9x9 — bb channel is shown as a green line. (b) Similar plot as (a) for the case
of figure 1(b).

4.2 Indirect detection of DM through photon signal

Indirect detection of DM via photon signals may be useful for probing certain types of DM
candidates. In general, weakly interacting massive particles (WIMP) may undergo nuclear
scattering that would reduce the velocity of the WIMP leading to gravitational capture
within dense regions of astrophysical objects such as the galactic center, dwarf galaxies or
even the Sun or the Earth [55, 56]. At tree level, WIMPs or LSPs may annihilate into
fermion-antifermion pairs (quarks or leptons) or Electroweak bosons. Hadronisation and
decays of the product of primary annihilations may produce 7% that would lead to photons.
This is apart from the photons belonging to the final state radiation of primary particles.
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Figure 14. (a) Scatter plot of DM self-annihilation cross-section against LSP mass for the sce-
nario described in figure 4(a). The red points satisfy WMAP relic density constraint. Fermi-LAT
exclusion limit for ¥{X{ — bb channel is shown as a green line. (b) similar plot as (a) for the case
of figure 4(b).

We note that unlike the annihilations that occurred at the freeze-out temperature when
LSP would have a velocity that is an appreciable fraction of the speed of light ¢, in the
present day environment of gravitational capture of LSPs the latter have a much smaller
velocity v ~ 300 km/s or v/c ~ 1073 [184-186]. Thus, there is a large p-wave suppression
(~ (v/¢)?) in the annihilation of the LSPs.

On the other hand, with s-wave annihilation becoming the dominating mode there is
a strong helicity suppression that disfavours light leptons/quarks in the final state. We
note that for the combined s-wave state, the parity of the LSP-pair is negative. Neutralino
being a Majorana particle (i.e. same as its anti-particle) the combined CP property of the
LSP pair is same as the combined parity of the LSP-pair, which is negative. Hence one
finds that the CP-odd Higgs boson resonance channel to contribute dominantly toward the
photon signal. This can obviously increase if there is a sufficient higgsino component within
the LSP. Thus with a principally bino type of LSP along with a large M4 (2TeV) we do
not expect any large photon signal for our models. Nevertheless, we compute the signal
for two cases namely the LGLS scenarios (see section 3.1, figure 1) and LGLRS scenarios
(see section 3.2, figure 4). We display the thermally averaged DM self-annihilation cross-
section in figure 13 and figure 14. The results obtained by using micrOMEGAs (version
3.2) corresponds to the NFW profile [187] for the DM density distribution. The Fermi-
LAT exclusion bound for the above quantity [49] for the annihilation channel X — bb
corresponding to the given profile is as shown. The figures show that the cross-sections for
our case stay way below the Fermi exclusion limits and there is a rise in cross-section when
mso goes close to M 4/2, as expected, from the discussion made above.

5 Gluino mass limits in different models and their characteristic signa-
tures

We now study the feasibility of distinguishing different pMSSM scenarios introduced in
section 3. For this purpose we assume the gluino to be light while all squarks are heavy.

— 95—



Benchmark My Mo mi(l) m)zit mig Ml!:; MILI)% mz MﬂD Q)Zh2 oSy aiUSY
Points (I=e, |l =e,p) x10710x 1079
(GeV)[(GeV)|(GeV)|[(GeV)|(GeV)| (GeV) (GeV) |(GeV)[(GeV) (pb)

BP1 (figure 1b) | 240 262 232 266 267 255 2000 255 243 |0.116 5.7 2.9
BP2 (figure 2b) | 248 289 240 298 299 263 2000 263 251 |0.127 2.8 2.5
BP3(figure 3b) 229 245 220 248 249 246 2000 245 233 |0.109 8.1 3.4
BP4(figure 4a) 63 682 61 695 695 374 374 355 366 |0.137 1.9 0.3
BP5(figure 4b) 357 478 350 491 491 420 420 354 413 |0.098 0.7 1.3
BP6(figure 6b) 193 281 187 287 286 263 263 197 | 251. [0.125 1.6 3.6
BP7(figure 8) 179 194 171 196 196 397 397 371 390 |0.127| 16.2 3.1
BP&(figure 7) 190 206 183 208 208 408 203 194 401 (0.108| 13.1 2.8
BP9(figure 9) 89 700 86 709 709 122 1000 109 95 [0.111 0.1 1.4
BP10(figure 10a)| 124 800 120 799 799 163 163 129 145 |0.121 0.5 2.0

Table 1. The sparticle spectra corresponding to different benchmark points (BPs) chosen from
figurel to figurel0.

We derive the gluino mass limit in each scenario discussed in section 3, using the ATLAS
data on Npgar (see below) in the generic n-leptons + m-jets + Fr channel [9-11] for n =
0, 1 and 2 (the same sign dilepton (SSD) signal). The variation of each mass limit indicates
the sensitivity of the corresponding scenario to the search channels. This motivates us to
choose observables with different values of n which can potentially distinguish the models.
In the process we also derive the most stringent limits on m- in the above scenarios
and compare them with the corresponding LHC limits on mSUGRA and other simplified
models.

We essentially follow the procedure of ref. [118] and introduce appropriate ratios of
the cross-sections of channels characterized by different values of n and for m~ beyond the
LHC limits. However, this analysis is based on recent data along with one more observable
compared to ref. [118]. It is worth recalling that these ratios are almost free from theoretical
uncertainties like the choice of the QCD scale, the parton density function etc.

For illustrating our main points, we chose several benchmark points (BPs) representing
different EW sectors. All points except one (see below), are consistent with the LHC
constraints from EW sparticle searches, the WMAP/PLANCK data, the (g —2),, (at the
level of 20) and LUX data for direct detection of DM. table 1 contains the sparticle spectra
and the values of different observables corresponding to the BPs. The decay modes relevant
for the gluino signals for my = 1.2 TeV and their branching ratios (BRs) are included in
table 2. It may be noted that in this table the BRs of the gluino do not add upto 100 %
in all cases. This is due to the fact that in some scenarios the gluino also decays into the
heavier chargino and the heavier neutralinos with small but non-negligible BRs. However,
all modes are taken into account while simulating the gluino decay signal. Similarly Y9
decays into To, the heavier stau mass eigenstate, with &~ 7.0% BR for BP4 and BP10 which
is not shown in table 2.

The BPs correspond to different DM producing mechanisms and mass hierarchies
among the EW sparticles. The mass hierarchies determine the relevant BRs as well as the
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Decay Modes | BP1 | BP2 | BP3 | BP4 | BP5 | BP6 | BP7 | BPS | BP9 | BP10
7 — XJqq 93 | 95 | 93 | 506 | 17.1 | 104 | 80 | 82 | 76.1 | 75.2
— X9qq! | 22.5 | 22.4 | 223 | 16.7 | 27.7 | 235 | 183 | 189 | 85 | 8.8
—Xiqq | 45.0 | 44.8 | 44.9 | 32.6 | 55.2 | 46.8 | 37.3 | 38.6 | 15.2 | 15.9
—Xaqq | 124 | 127 | 124 | - - 1104 | 186 | 176 | - -
i X |- | - | - | - | - | - s8] - ] - -
— XYy - - - - -- - 342 - - -
— U T 27.8 | 22.1 | 33.2 | 17.0 | 16.3 | 145 | - - 1173 | 17.0
— T1Us 6.4 | 11.8 | 1.2 | 9.0 | 245 | 445 | - 100 | 16.5 | 8.9
— ToUs - - - 7.4 - - - - - 7.4
-yl 53.8 | 43.2 | 63.6 | 34.0 | 32.2 | 28.2 | - - | 33.8 ] 34.0
— Ly 120 | 22.8 | 2.0 | 326 | 264 | 122 | - - 1322 | 324
Boxy | - | - - - - - e -] -] -
— 51 16.5 | 26.4 | 4.6 | 329|273 | 13.2 | - - 1331 334
— 495 | 39.8 | 61.8 | 33.6 | 31.3 | 26.2 | - - 1329 329
— LT - - - - - - - 1130 ] - -
— 75T | 91 | 139 | 28 | 91 | 255 | 474 | - | 870|172 | 9.2
— TErF - - - 74 | - - - - - 7.6
— v, | 248 1199 | 30.8 | 16.8 | 15.7 | 13.1 | - - | 166 | 16.5
— X%qq - - - - - - | 85.0| - - -

Table 2. The BRs (%) of the dominant decay modes of g (for mg = 1.2TeV), X5 and X3 for the
benchmark points. Here [ stands for e and u, but ¢ denotes all three generations of leptons. All

leptonic sparticles arising from the decays of the )Zf and the X3 decay into their SM partner and
the LSP with 100 % BR.

efficiencies of the kinematical cuts for isolating the desired signals from the backgrounds.

Below we summarize the main features of the above BPs.

For BP1 - BP3 and BP9 7 is the NLSP and 7 — X! coannihilation is the main DM
producing mechanism.

LSP pair annihilation via the Higgs resonance is one of the DM relic density producing
mechanism for BP 4. However, this point is consistent with the (g — 2), constraint
at the level of 30 only.

For BPs 4 - 6, 8 and 10 77 is the NLSP and is responsible for DM production via
coannihilation with the LSP.

For BP7 X7 is the NLSP and along with X3 it efficiently coannihilates with the LSP.

For BP1 - BP10 (except BP7) both )ﬁc and X3 decay into two body channels involving
all the three lepton generations (see table 2). As a result, final states enriched with leptons

-both charged and neutral, are obtained from gluino decays. However, the abundance of
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e and p in the final state varies from case to case. In the first three scenarios, Y9 decays
dominantly into the invisible mode 71y or v;v,. The extreme example is provided by
BP3 where the combined BR of the invisible decays is 92.6%. This weakens the trilepton
signature. On the other hand for BP6 and BP8, 71 is the NLSP leading to gluino signatures
with 7-rich final states. Since 7 decays primarily into hadrons, the final states with e and/or
w1 will be suppressed. In BP8 with heavy L-sleptons the final state is entirely 7-dominated.
BP7 represents a scenario where both L and R-type sleptons are heavy and )Zf as well as
X3 both decay dominantly via three body modes into hadronic channels leading to weaker
mass limits from gluino searches requiring e and p in the final states.

We now summarise the ATLAS SUSY search results in the n = 0, 1 and 2 (same sign
dilepton(SSD)) channels. The ATLAS group has updated their result for SUSY search
in the jets + Fr channel (n = 0) for £ = 20.3 fb~! at 8 TeV [9]. Corresponding to jet
multiplicities from two to six, they introduced five inclusive analyses channels labelled as
A to E (for the details of the cuts see table 1 of [9]). Each channel is further divided as
‘Tight’,‘Medium’ and ‘Loose’ depending on the final cuts on the observables Fr / meg
and meg(incl.).'* The constraints are presented in terms of an upper limit on the effective
cross-section opgyr/fb or the number of events from BSM physics (Npgar) for each of the
10 signal regions. We use these model independent limits to derive new limits on m~ in
this section. The observed upper limits on Npgps at 95 % Confidence Level (CL) for signal
regions SRA-Light, SRA-Medium, SRB-Medium, SRB-Tight, SRC-Medium, SRC-Tight,
SRD, SRC-Loose, SRE-Tight, SRE-Medium, SRE-Loose are 1341, 51.3, 14.9, 6.7, 81.2, 2.4,
15.5, 92.4, 28.6, 8.3 respectively [9].

For single lepton (n = 1) analysis we use the “hard single-lepton channel” introduced
n [10]. Selection criteria for the signal regions are listed in table 4 of ref. [10]. For each
jet multiplicity ATLAS collaboration defined two sets of requirements - an inclusive signal
region and a binned one. In the absence of signal events they put upper limits on Npgas
at 95 % CL with £ = 20.3 fb~! for 6 signal regions (see table 17 of ref. [10]). Furthermore,
in this analysis the electron and the muon channels are treated independently. For the
binned hard single-lepton channels 3-jet (electron), 3-jet (muon), 5-jet (electron), 5-jet
(muon), 6-jet (electron), 5-jet (muon) the upper limits on number of events are 19.8, 11.6,
12.7, 7.7, 6.6, 7.1 respectively. For inclusive hard single-lepton channels 3-jet (electron),
3-jet (muon), 5-jet (electron), 5-jet (muon), 6-jet (electron), 5-jet (muon) the upper limits
on the number of events are 6.0, 7.7, 6.0, 4.6, 4.6, 3.0 respectively.

For the n = 2 (SSD) analysis, ATLAS group defined three signal regions (SROb,
SR1b, SR3b) depending on the number of tagged b jets [11]. Since we consider all three
generations of squarks, including ¢; to be heavier than the gluino and mass degenerate,
here the signal events are mainly sensitive to the Ob tagged data. Details of the selection
cuts are discussed in table 1 of [11]. Analysing 20.7 fb~! data recorded during LHC 8 TeV
run, ATLAS collaboration obtained the upper limits on the number of signal events in
SROb, SR1b and SR3b are 6.7, 11.0 and 7.0 respectively at 95 % CL.

Mmes is defined as the scalar sum of the transverse momenta of the leading N jets which defines the
signal region and Fir. meg(incl.) is defined as the scalar sum of the transverse momenta of the jets having
Pr greater than 40 GeV and Fr.
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Points Limit on mg (GeV)
jets + 00+ For [9] | jets + 11+ Fr [10] | jets + 21 + Fr [11]

BP1 950 1125 885
BP2 860 1140 950
BP3 1015 1110 810
BP4 1150 1175 -
BP5 750 1155 945
BP6 1015 1140 875
BP7 1105 1080 -
BPS 1110 1025 -
BP9 1250 1010 -
BP10 1240 1010 -

Table 3. Limits on mg using the ATLAS jets + 0l + Fr data [9], jets + 11 + Fr data [10] and
the jets + 21 + Jor (SSD) data [11].

We adopt the different selection criteria for varying signal regions discussed above.
For b-tagging we use the Pr dependent b-tagging efficiency obtained by ATLAS collabo-
ration [188]. We check that our efficiencies for different cuts used in various signal regions
match with what ATLAS obtained for some benchmark points in refs. [9-11].

Next we compute the number of events in different channels from gluino pair production
for a given m~ for different benchmark points in table 1. For signal event generation
we use PYTHIA (v6.428) [121] and the NLO cross-section for the gg pair production is
computed by PROSPINO 2.1 [174] with CTEQ6.6M PDF [175]. Comparing the computed
number with the corresponding upper limits on Nggys in the relevant SRs and adjusting
mg accordingly, we derive the new limits on m~ in 0, 1/,2] (SSD) channels. The results

g
are presented in table 3.

It may be noted that in most cases the strongest limit on mg comes from the hard
single lepton (1) data [10]. This limit varies from 1010 to 1175 GeV. The results are in
the same ball park as the limits obtained by ATLAS for heavy squarks in mSUGRA and
in many simplified simplified models [10].

As has already been discussed, most of the scenarios considered by us lead to lepton-
ically enriched final states. However, leptons are soft in many cases due to small energy
release in the concerned decay processes. As a result although the 1l signal is strong ,
the dilepton signal is rather weak in such cases. Moreover, the presence of at least one
hard lepton in most events tends to weaken the bound from the n = 0 channel. In fact a
comparison of the m~ limits in the n = 0 and n = 2 (SSD) channels in different scenarios
suggests a suitable strategy for discriminating among them as we will see below.

In BP9 and BP10 ﬁc is much heavier than the LSP. As a result, for relatively light
gluinos, the gluino decays dominantly into the ggxJ channel. This suppresses the 11 events
and practically depletes the dilepton signal in spite of the fact that ﬁt and X3 decay
copiously into e and p. The strongest limits come from the n = 0 channel for BP9 and

~ 99 —



Points | 11 = SUEE |y =SS | 1, — S
BP1 1.85 13.16 7.12
BP2 1.35 6.30 4.67
BP3 2.42 24.10 9.94
BP4 1.45 8.31 5.75
BP5 1.17 4.48 3.84
BP6 1.91 19.04 9.98
BP7 4.16 215.91 51.96
BPS8 4.88 287.36 58.91
BP9 1.70 11.29 6.64
BP10 3.06 34.02 11.10

Table 4. Here r; ( r9 ) represents the ratio of number of events from SRD 0l signal region [9] with
“Inclusive-5j11” single lepton signal [10](“SROb” SSD signal [11]) region for mg = 1.25TeV.

BP10. The same effect is seen for BP4 albeit to a lesser extent. Here the limits from the
n = 0 and n = 1 channels are comparable.

Depletion of the SSD channel is also seen for BP7 and BP8. In the former case BR of
chargino decay to qgx} is 66%. In the latter case with a heavy L-slepton, the suppression
is due to the fact that )Zli and X3 decay mainly into 7 rich final states with almost 100%
BR. In contrast to BP2 and BP5 the mass difference between )zli and the L-slepton as well
as that between L-slepton and the LSP is relatively large. Thus the n = 2 (SSD) channel
yields stronger limits than that for n = 0.

It is worth noting from table 3 that irrespective of the EW sector considered in sec-
tion 3, mg limit is unlikely to be way below 1.1 TeV when limits from all channels are taken
into account.

We next consider the three ratios 71,79 and r3 with relatively small theoretical errors
introduced at the beginning of this section and defined in table 4. This table is computed
for m~ = 1.25 TeV which is just beyond the reach of recently concluded LHC experiments
(see table 3). Of course all three ratios are not independent. But their associated errors
though expected to be small, may be different in each case. We quote the results for all
three with the hope that the two having the least errors may settle the issue once sufficient
data is accumulated. It follows from table 4 that if one of the ratios for two benchmark
points appears to be similar, the others will discriminate between the two. The correlation
between the size of the ratios and the corresponding gluino mass limits may easily be noted.

6 Conclusion

The LHC searches during the 7/8 TeV runs in the m-jets + n-leptons + Fr channels,
where m > 2, have obtained important limits on the masses of the strongly interacting
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sparticles - the squarks and the gluinos (see refs. [9-16]). These limits, however, provide
little information on the EW sparticles unless very specific SUSY breaking mechanisms like
mSUGRA [50-54] are invoked to relate masses of the strong and EW sparticles.

The purpose of this paper is to investigate the EW sector of pMSSM [90]. In order
to achieve our goal we focus on the bounds from ATLAS and CMS searches for the direct
production of Qli)zg [39, 41] and slepton pairs [40, 41] via the hadronically quiet channels
with large Fir. We also include in our analysis the WMAP/PLANCK constraints [44, 45]
on the observed DM relic density and require aiUSY to agree with Aa, at the level of
20 (section 2) [42, 43]. The observables under consideration while sensitive to the EW
sectors of SUSY models, are by and large independent of the strongly interacting sparticles.
Moreover, the measurement of my, enables us to study LSP pair annihilation into the h-
resonance more precisely.

The main conclusion of this paper is that for a fairly large number of pMSSM mod-
els [90] without specific assumptions for soft SUSY breaking, the EW sectors are con-
strained by the above data (see figures 1)-(10). In many cases the constraints are quite
severe while they are a little relaxed in the other cases. However, in all cases the allowed
parameter space (APS) is a bounded region indicating both upper and lower bounds on
EW sparticle masses.

Using the model independent limits on Npgas (defined in section 3.1) as obtained
by ATLAS and CMS, we constrain the EW sectors of several pMSSM models closely
related to the simplified models considered by the LHC collaborations. The models are
characterized by different mass hierarchies among the EW sparticles. The simplified models
showcase the basic features of dedicated LHC searches but it is important to relate the
search results with indirect observables like the DM relic density and (g —2),. They also
involve unrealistic assumptions like M. i = M (see section 3.1) and consequently miss some
phenomenologically interesting possibilities like the invisible decays of X3 with ~ 100 %
BR (see section 3.1.1). We have used the ATLAS and CMS data to derive new constraints
in several models which are interesting in their own right but not included in refs. [39-41].

We focus on models with bino dominated LSP, wino dominated ')Zic and Yy along with
light sleptons. All strongly interacting sparticles and the heavier Higgs bosons are assumed
to be decoupled. These models are highly sensitive to the trilepton signal from ﬁcig pair
production. In this analysis we have also taken into account the limits from direct slepton
searches (section 3.5 and section 3.6) which sometimes cover parameter spaces insensitive
to the trilepton data.

We now summarize the results for the models with relatively light fli and Y9 and
sleptons (L-type or R-type or both) lighter than the above gauginos (figures 1)—(7). The
tilted LGLS-X{ model (section 3.1.1, figure 2(a)), for low values of tan 3, is disfavoured
by the combined constraints. The LGLRS-Y) model (section 3.2.1 figures 5(a), 5(b)) for
both low and high tan g is also not viable. The last two constraints follow from both
chargino-neutralino and direct slepton searches and illustrate the interplay between dif-
ferent search channels. All the other models in this category have APS consistent with
combined constraints.

Within pMSSM a few DM producing mechanisms are possible which are not viable in
specific models like mSUGRA [89]. LSP-sneutrino coannihilation is a case in point. How-
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ever, the combined constraints used in our analysis put severe restrictions on some of the
pMSSM allowed mechanisms. Bulk annihilation, for example, is disfavoured as the dom-
inant relic density producing mechanism in all models except for one (see figure 10(a))).
Only in the LLRS model with small tan 3 the tip of the near vertical red dotted region
representing bulk annihilation is consistent with all constraints. The LSP pair annihila-
tion into a light Higgs resonance can produce the required DM relic density for low tan 8
only. But the LHC constraints rule this out for low Mgt As a result the SUSY contri-
bution to (g — 2), is suppressed leading to a tension with the measured value. Only if
the (g — 2), constraint is relaxed to the level of 3o, this option is viable in a few cases
(see figures 4(a), 5(a), 10(a)).!® For similar reasons LSP annihilation into the Z-resonance
is also not viable. Thus, in contrast to the LSP pair annihilation, various coannihilation
processes survive as the main DM producing mechanisms favoured in most scenarios over
large regions of parameter space.

It is well known that the coannihilation mechanisms operate on narrow strips in each
parameter space. The combination of theoretical constraints/ LEP limits, the LHC exclu-
sion contours and the (g —2), constraint at the level of 20 restrict the lower and the upper
edges of this strip. Thus in each of the APS under consideration the EW sparticles have
their masses bounded from both above and below.

We have also analysed models with heavy sleptons and lighter ﬁc, X9 (section 3.4 and
figure 8). In this case the LHC constraints are relatively weak. Nevertheless the strip
allowed by WMAP/PLANCK data arising from LSP - )Zli / X9 coannihilation is bounded
by the (g — 2), constraint at the level of 20.

Models with light sleptons and heavy as well as decoupled )zli, X9 have also been
considered in this analysis. We have analysed the LLS (section 3.5, figure 9) and the LLRS
(section 3.6 and figure 10) models with high and low tan 8. In all cases Mgt s assumed to
be beyond the direct LHC search limit. We find a bounded APS in each case. For the LLS
model LSP-sneutrino coannihilation is responsible for the right amount of relic density. In
the LLRS model p has to be large to ensure a wino dominated chargino. As a result for
both choices of tan § we find 71 to be the NLSP and LSP undergoes coannihilation with it to
produce the required amount of DM relic density. For low tan 8, LSP pair annihilation into
the h-resonance is also viable for slepton masses beyond the LHC reach. This possibility,
however, is in conflict with the (g —2), constraint at the 20 level. We note in passing that
the light right slepton (LRS) model is inconsistent with the (g — 2),, limit.

We have also studied the impact of the direct and indirect searches of DM on the
APS of different models after filtering them through the above three constraints. We
would however like to remind the readers of the inherent theoretical, experimental and
astrophysical uncertainties and ambiguities involved in the analysis as reviewed in details
in the text (see section 1 and section 2.3).

After including the DM direct detection limits, it follows from figure 11(a) that there
is a tension between two models and the XENON100 [46]/ LUX [47] data. These are the

15Tt may be recalled that in the LGHS model (see section 3.4) the Higgs resonance mechanism can not
be excluded beyond doubt since the spoiler mode may weaken the trilepton signal.
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LGLS model (figure 1(a)) and the tilted LGLS-Y5 model (figure 3(a)) at low tan 3. Modulo
the aforesaid uncertainties the LGLRS (figure 4(a)) and the tilted LGLRS-X7 (figure 6(a))
scenarios at low tan § are also in conflict with the direct detection data (figure 11(b)). The
XENONIT experiment [48] is expected to scrutinize all the remaining models closely.

It follows from figure 12 that the other cases namely the LGRS, LGHS, LLS and LLRS
models (see figure 7 to figure 10) are fairly insensitive to XENON100 [46] and LUX [47]
data. XENONIT [48] can spell the final verdict on the LGHS and LGRS models. The
remaining models will be probed by the XENONI1T [48] if the theoretical and astrophysical
uncertainties are brought under control.

Next we consider the possible impacts of the above scenarios on the next round of
experiments at LHC. However, it will be hard to establish the underlying model and the
DM producing mechanism in the early stages of the experiment even if SUSY is discovered.
Therefore we explore the possibility of identifying the observables which are sensitive to
different DM producing mechanisms. This may be possible if at least one of the strongly
interacting sparticles are relatively light. The feasibility of this approach has already
been demonstrated by considering the light stop, the light stop-gluino and the light gluino
scenarios and observables based on the n-leptons + m-jets + Fr signal for different values
of n [89, 118].

In this paper we focus on the light gluino scenario (see section 5). We choose charac-
teristic benchmark points from figures 1 to 10 (excluding figures 2(a), 5(a) and 5(b)) which
are allowed by the combined constraints and correspond to different relic density producing
mechanisms (see tables 1 and 2). Using the latest ATLAS data in search channels with n
=0[9], n =1 [10] and n = 2 (same sign dilepton) [11]. we reanalyse the gluino mass limits
in all cases (see table 3). In our generator level simulation we have adopted the selection
criteria of refs. [9-11].

It is worth noting that the mg limit varies considerably with the search channel for
each BP. For different scenarios the strongest limit comes from channels corresponding to
different n. For all scenarios with a L-slepton lighter than the )Zf (BP 1-6), these limits
come from the n = 1 channel. In the remaining cases (BP 7 - 10) the n = 0 channel yields
the best limits. However, the above limits for all scenarios lie in a reasonably narrow range:
1105 - 1250 GeV. Thus the limit on mg is only moderately sensitive to the EW sector if it
is derived from a multichannel analysis.

Taking cue from the above discussion the observables which may potentially discrim-
inate among various scenarios can be introduced. We define three ratios r1, ro and r3
(table 4) that are associated with relatively small theoretical errors (see section 5). They
are derived using the event rates for n = 0, 1 and 2 for a gluino mass of 1.25 TeV which is
just beyond the reach of the recently concluded LHC experiments (see table 3). The values
of these ratios indeed illustrate that sufficiently accurate measurements may discriminate
among the underlying scenarios.
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