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ABSTRACT: Searches for supersymmetry at the Large Hadron Collider (LHC) have signifi-
cantly constrained the parameter space associated with colored superpartners, whereas the
constraints on color-singlet superpartners are considerably less severe. In this study, we
investigate the dependence of slepton decay branching fractions on the nature of the light-
est supersymmetric particle (LSP). In particular, in the Higgsino-like LSP scenarios, both
decay branching fractions of ¢7, and 7 depend strongly on the sign and value of M /M,
which has strong implications for the reach of dilepton plus J; searches for slepton pair
production. We extend the experimental results for same flavor, opposite sign dilepton plus
FEp searches at the 8 TeV LHC to various LSP scenarios. We find that the LHC bounds on
sleptons are strongly enhanced for a non-Bino-like LSP: the 95% C.L. limit for mg, extends
from 300 GeV for a Bino-like LSP to about 370 GeV for a Wino-like LSP. The bound for ¢ L
with a Higgsino-like LSP is the strongest (~ 490 GeV) for My /Ms ~ —tan? 0y, and is the
weakest (~ 220 GeV) for M /My ~ tan?fy,. We also calculate prospective slepton search
reaches at the 14 TeV LHC. With 100 fb~! integrated luminosity, the projected 95% C.L.
mass reach for the left-handed slepton varies from 550 (670) GeV for a Bino-like (Wino-
like) LSP to 900 (390) GeV for a Higgsino-like LSP under the most optimistic (pessimistic)
scenario. The reach for the right-handed slepton is about 440 GeV. The corresponding
50 discovery sensitivity is about 100 GeV smaller. For 300 fb~! integrated luminosity, the
reach is about 50 — 100 GeV higher.
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1 Introduction

While the discovery of a Standard Model (SM)-like Higgs boson at 125 GeV has been the
most significant result obtained at the Large Hadron Collider (LHC) to date [1, 2], no
signal for new physics beyond the SM has yet emerged. Any new colored particle would
be the best targets for the LHC due to the large QCD production cross sections. Searches
for hadronic final states do, however, suffer from the complicated hadronic environment.
Hadronically-quiet new physics searches in leptonic final states are typically challenging due
to the smaller electroweak production cross sections, yet the associated SM backgrounds
are more clearly understood.

Weak scale supersymmetry (SUSY) is one of the most promising new physics scenarios,
and the search for supersymmetric particles continues to be one of the main efforts of LHC
studies. LHC SUSY searches have largely focused on gluinos and squarks. The null results
have set lower limits of about 1200 GeV and 800 GeV, respectively, for the masses of gluinos
and degenerate first- and second- generation squarks [3, 4]. The limits on the electroweak
sector of the Minimal Supersymmetric Standard Model (MSSM), however, are much less
stringent.

If low energy supersymmetry is realized in the nature, sleptons are likely to be light.
This feature emerges in the Gauge Mediated SUSY-breaking scenarios [5] and the Anomaly
Mediated SUSY-breaking scenarios [6-8], wherein the slepton masses are proportional to
the electroweak gauge couplings. Even in the minimal Gravity Mediated SUSY-breaking
scenarios (mSUGRA) [9] where all the scalars have a common mass mg at a high energy
input scale, renormalization group running to low energies typically pushes up the squark



mass (due to the contributions of strongly interacting gluinos) while the sleptons remain
relatively light. The observation of sleptons, even in the presence of the strong lower
bounds on squark and gluino masses, would be consistent with these expectations. Thus,
it is timely to fully explore the discovery potential of the LHC for the lepton superpartners.

In the R-parity conserving MSSM, the lightest neutralino x{ can be a natural candidate
for Weakly Interacting Massive Particle (WIMP) dark matter [10, 11] when it is the LSP.
When sleptons are light, the ¢t-channel process X?X? — (¢~ mediated by the exchange
of sleptons can be important in determining the x? annihilation cross section [12-14], and
for fairly degenerate spectra of sleptons and !, coannihilation processes can also become
important [15]. Therefore, discovery of the sleptons would not only provide a verification
of low energy supersymmetry in nature; precise measurement of their masses could also
play an important role in determining the relic density of the neutralino LSP.

Light sleptons also contribute to low energy precision observables, such as the electron
and proton weak charges that can be measured in parity-violation ee Mgller scattering
and ep scattering [16, 17|, respectively, the muon anomalous magnetic moment [18], or
tests of first row CKM unitarity [19]. With the precision achieved (attainable) in current
(future) measurements [20, 21|, these low energy observables provide an indirect probe of
the slepton sector that complements the LHC direct search.

Earlier studies of the slepton discovery potential at the LHC focused primarily on
the Drell-Yan pair production of slepton pairs, with each slepton decaying directly to a
lepton and xY [22-24]. Most of those studies have been performed either in the mSUGRA
framework or for a certain set of benchmark points only. Dilepton plus missing Ep final
states have also been searched for at the LHC. When the results are interpreted in terms
of slepton Drell-Yan pair production with direct decays to a Bino-like LSP, the current
limit is fairly weak: mj; 2 300 GeV for left-handed sleptons (£7) with a relatively light
LSP [25, 26].

Sleptons can also be produced in the cascade decay of gauginos when kinematically
accessible. The gaugino pair production cross sections are typically larger than that of the
direct slepton Drell-Yan process, given the fermionic nature of the gauginos. Once sleptons
are lighter than gauginos, the gaugino dominantly decays to a slepton and lepton, with
the slepton subsequently decaying to another lepton and the LSP. For heavier neutralinos
and charginos, such lepton-rich final states greatly extends the reach of neutralino and
charginos at the LHC [27, 28]. In addition, imposing a sharp cut on the invariant mass
distribution of two leptons produced in the x9 decay could provide further discrimination
of the signal from the SM backgrounds, potentially allowing for discovery of the slepton in
gaugino decays [29].

The implications of null results in the searches of neutralino/chargino decay via slep-
tons, however, are limited. First, such experimental searches apply only to the case when
sleptons are lighter than heavier gauginos; naturally there is no sensitivity to sleptons from
gaugino decays once the decay is kinematically forbidden. Second, even when sleptons are
lighter than heavier gauginos, the experimental limits apply only to the case of Wino-like
pair-produced gauginos with a Bino-like LSP and are, therefore, only sensitive to the stau
or the left-handed slepton (E 1). Finally, when the xJ and X% are Higgsino-like states, no



reach in the slepton mass can be derived even if the cascade decay is kinematically allowed,
since the branching fraction into sleptons is highly suppressed by the small lepton Yukawa
couplings and the small gaugino fractions of the the neutralino and chargino states.

Due to these limitations for the production of sleptons via neutralino/chargino decays,
we are motivated to investigate the reach for sleptons via direct slepton Drell-Yan pair
production, focusing on same flavor, opposite sign dilepton plus ' signal. Earlier studies
of the slepton searches at the LHC [22-24] assumed a Bino-like LSP. The sensitivity of this
channel, however, depends sensitively on the slepton being either left- or right-handed, as
well on the composition of the LSP as being either Bino, Wino, or Higgsino dominated.
Utilizing the current search channel of dilepton plus Jp with data collected at the 8 TeV
LHC, we re-interpret the results that have been presented by the ATLAS and CMS col-
laborations assuming a Bino-like LSP for cases with a Wino-like or a Higgsino-like LSP.
We also study the exclusion limits and discovery reach for sleptons at the 14 TeV LHC for
various choices of the LSP.

The outline of the paper is as follows. In section 2, we give a brief review of the
slepton sector in the MSSM and discuss its dominant production and decay channels for
various slepton and neutralino/chargino spectra. In section 3, we summarize the current
limits on the slepton searches, from both LEP searches and the latest LHC results. In
section 4, we interpret the ATLAS results on the opposite sign dilepton plus Fp search
(which assume a Bino-like LSP) in the cases of Wino-like and Higgsino-like LSP, including
additional production from sneutrinos in the case of the 1, as well. In section 5, we study
the reach for sleptons at the 14 TeV LHC. In section 6, we conclude.

2 Sleptons in the MSSM

2.1 Slepton spectrum

The LHC slepton sensitivity considered here depends on both the slepton pair production
cross sections and the detailed nature of the branching fractions for the slepton decays.
The latter, in turn, is determined by the electroweakino (chargino/neutralino) spectrum.
For simplicity, we consider the low-lying spectrum of the MSSM electroweak sector to in-
clude only sleptons, neutralinos and charginos. We also assume negligible flavor mixing
between the slepton generations and zero left-right mixing of the first two generation slep-
tons (motivated by their small Yukawa couplings). We can then label the charged slepton
mass eigenstates for the first two generations as (1, and /g, for ¢ = e, 1, with masses mg,
and mg,, respectively. These masses are governed by the soft breaking mass terms mgy,
and mgp: m%L = m% A i and m%R = m% rt+A in where the D-term contributions are
AZL = (—% — sin? QW) mQZ cos 2/ and AZR = —sin? meQZ cos23. The sneutrino masses
are controlled by mgy as well and are, therefore, related to mg, with a small splitting
introduced by electroweak effects: mgz = m%L + m%v cos 23; for the range of tanfg > 1,
mp, < Mg, . The phenomenology and implication of sizable flavor mixing in the slepton
sector can be found in refs. [30-32]. For the third generation charged leptons (staus), left-

right mixing may be sizable, especially if tan 3 is large. We focus here on the first two



generations of sleptons, although our approach could be adapted to the stau case as well
by taking the tau tagging efficiency and stau left-right mixing into account.

The decay of sleptons depends on the composition and spectrum of neutralinos and
charginos, which is set mainly by the Bino, Wino, and Higgsino mass parameters M, Ms
and u, respectively. We consider three representative cases:

e Bino-like LSP: |M;| < |Ms], |, yielding a neutralino LSP x? that is Bino-like.
e Wino-like LSP: |My| < [M;], |, yielding a Wino-like LSP x9 degenerate with xi.

e Higgsino-like LSP: |u| < |Mi|, | M3, yielding a Higgsino-like LSP x! degenerate with
0 +
X3 and X7 .

In the Wino-like LSP and Higgsino-like LSP cases, X{E (and x93 in the Higgsino-like LSP
case) decay to the neutralino LSP with very soft jets or leptons that cannot be identified
0 < 200 MeV, however, the associated

X%E disappearing charged track can be resolved, allowing for a dedicated y* search. The

at the LHC. For mass splittings Am = m i+ —m

current ATLAS analysis of disappearing-track searches [33] gives a 95% C.L. exclusion of
nearly degenerate charginos for masses up to about 500 GeV for Am ~ 140 MeV. The limits
get weaker for increasing Am. For Am 2 200 MeV, the charged tracks cannot be resolved,
and the x* only appear as J;. Applying to the various LSP scenarios identified above,
we note that in the Wino-like LSP case, arising for example in the anomaly mediated
SUSY breaking (AMSB) scenario, the mass splitting is around 160 MeV [34] for large
| = % . Wino masses less than about 270 GeV with this level of degeneracy have been
excluded. Smaller values of |u|, however, increase Am in the Wino-like LSP case. For
the Higgsino-LSP, the mass splittings are typically on the order of a few GeV. Both cases
avoid the disappearing-track limits given the relatively large mass splittings. Therefore, in
our analysis below, we focus on the scenarios in which the nearly degenerate X{E (and X9
in the Higgsino-like LSP case) all appear solely as Fr at the LHC.

In our discussion below, we assume the slepton decays directly to the xJ LSP (and
neutralino/chargino states that are degenerate with the LSP for the Wino- or Higgsino-
like LSP cases) plus one lepton, a mode that is most likely to occur when the slepton
is lighter than all other heavier neutralinos and charginos. In cases when sleptons are
heavier than charginos and neutralinos other than the LSP (and its nearly degenerate neu-
tralino/chargino states), sleptons may decay into those neutralino/chargino states, which
subsequently cascade decay to the LSP. The final states from such processes are typically
more complicated, involving multi-leptons, multi-jets and ;. While a slepton search re-
lying on such slepton cascade decays is complementary to the one assuming direct decay
of the slepton to the LSP plus a lepton, an analysis of the cascade decay scenario goes
beyond the scope of our current study, and we leave it for future work.

2.2 Slepton decays

We now turn to the slepton branching fractions for the three different LSP cases. For the
Bino-like LSP, /1, and {5 both decay to £xY, and 7 decays to vx{ with 100% branching



fraction. For the Wino-like LSP, ¢; decays to Ex(l],l/xf (7, decays to Vx(l),ﬁxic) with
branching fractions of 33% and 67%, respectively. These branching fractions are set by the
v/2 enhancement of charged current coupling relative to that of the neutral current. The
I decays to £x? with a branching fraction of nearly 100% via a small Wino—Bino mixing.
The decay of lg to uxli is highly suppressed by the small lepton Yukawa couplings.

For the Higgsino-like LSP case, due to the strong suppression of the small lepton
Yukawa coupling, {1, and 7y, decay to X%Q and X;E via the Bino- and Wino-components
of X?,z and Xf The branching fractions to X[1),2 depend on the relative Bino and Wino
fractions of the x{ ,: [N, 5|* and [N,y | (i = 1,2), respectively, which are given to leading
order in my /(M2 % p) by:

Swmy Swmy

Nig = (sg+ Cﬁ)m Nyp = —(sg — Cﬁ)m (2.1)
Ny = —(sp + Cﬁ)\/% Nyyir = (s5 — Cﬂ)m (2.2)

where sy = sinfy, cw = cosfy for Oy being the weak mixing angle; sg = sin 3 and
cg = cos 3. In arriving at these expressions, we have assumed that [Mio — p| > myz.
Note that the relative sign between the Bino and Wino components of the neutralinos is
physical, and has interesting consequences. Similarly, the Wino fractions of X{E are given
by the absolute squares of

Up- = (Cﬁ + 8/3]\/;2> \/ﬁj\VJVZTnZ, Vijr+ = (Sg +Cg]\l;2> \@?\Z;Tnz (2.3)
Note that we have explicitly kept the sub-leading term u/Ms in the mixing coefficient
since it can be important for the case of large tan 8 (as cg goes to zero) in U, , which is
relevant for ¢;, decays.
The partial decay widths for the charged slepton and sneutrino decays into Higgsino-
like LSPs are given approximately by

2 2 2
Ll —0x0,) =C (sgtec 2<m W -m w ) , 2.4
( Xi,2) (sg £ cp) “hen "L (2.4)
2 2
- 1 mg
- 0 2 S%/V C%/V ’
LD — viexi2) = C (sp Ecp) <mZM1 T + mZM2 - ,u> , (2.6)
2 2
_ £y _ 4 s mz
I(p = €x7) = C 8¢y (35 +cp M2> (M2> , (2.7)

where

1 €2 (m% — m%)2

" 167w 45%[,0%[, m;’) (28)
for mp and mp being the the parent slepton mass and daughter neutralino/chargino mass,
respectively. The “+” in eqs. (2.4) and (2.6) correspond to x{ and 9, respectively. Given
the near degeneracy of X(1),2 for the Higgsino states, the rates for decays to these two
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Figure 1. Branching fractions for ¢, — Ex?’Q, uxli (left panels) and 7 — ngz, lei (right panels)
as a function of My /Ms. We have fixed My /M > 0 in (a) and (b) and My /M < 0 in (¢) and (d).
Other parameters are chosen as mgy, = 500 GeV, |Ms| = 10TeV, p = 100GeV and tan 8 = 10.
The thick solid red and dashed blue curves are the branching fractions to charginos and neutralinos
(X} +x9), respectively. Also shown in dotted green and dot-dashed magenta lines are the individual
decay branching fraction to x? and x3.

channels are usually added together since X?,z both appear as Jr at hadron colliders. In
the limit of |,U| < ’M1,2|,

2 2\ 2
L0 — 0x9 + X3 :CQ<m Wy, W ) , 2.9
(£ = £x7 + €x3) z M”l z M”2 (2.9)
o 0 ) 2\ 2
T'(Dy — vexi +v :CQ<m Woim ”) , 2.10
(e X1 1X2) ZM1 ZM2 ( )

with no dependence on tan 3. Decays to charginos, however, show a different tan 8 depen-
dence for ¢ and . The decay { — I/gxli depends on (cg + SBMLQ)z, which decreases with
increasing tan 8 until tan 8 ~ |Ms/u|, when the decay branching fraction stabilizes. On
the other hand, T'(# — £x}) depends only weakly on tan 3, since csu/Ms is always small
compared to sg, which changes little for large tan 8. As a result, the branching fractions
for /1, show a strong tan 5 dependence since the total decay width varies with tan 8 because
of £ — I/gxit, while the branching fractions for 7y vary little with respect to tan .

In figure 1, we show the branching fractions for charged slepton and sneutrino decays
into Higgsino-like LSP x!, as well as nearly degenerate Higgsino neutralino xJ and chargino
Xli. Other parameters are chosen to be tan 8 = 10, mgr = 500 GeV, pu = 100 GeV and
|M3| = 10TeV. In this paper, we always use M; > 0 as our convention. In general,



there exist only two physical phases involving the electroweak gaugino and Higgsino mass
parameters. We assume the gaugino/Higgsino sector introduces no new CP-violation, so
these phases simply amount to relative signs. We chose them to be the relative signs of
My and My and the relative sign of u and Ms. As we discuss below, the choice of these
phases can have a significant impact on the slepton decay branching fractions. On the other
hand, the dependence of the branching fractions on the charged slepton/sneutrino mass or
the Higgsino-like LSP mass is weak since the Higgsino-like neutralinos and charginos are
almost degenerate and phase space effects cancel out. Note that, within this Higgsino-like
LSP regime, when M; or Ms is less than mg, and mg,, the ZL or Uy first decay into the
Bino or Wino-like states that subsequently cascade decay down to the Higgsino LSP. The
collider signature would be very different for such a case, which lies beyond the scope of
the current study.

Figure 1 (a) shows the M /Mj dependence of branching fractions for £1, to £x9 (dotted
green curve), £x) (dot-dashed magenta curve), as well as vyxT (thick solid red curve), for
Mi/Ms > 0. The sum of the £x{ and ¢x9 branching fractions is also given by the thick
dashed blue line since these two final states can not be distinguished at the LHC. The
curves show the limiting behavior for M; < My where the decays are dominated by the
Bino component; for My = M, where the decays are dominated by the Wino component;
and behavior in between. For M; < My, the branching fractions for decays to neutralinos
reach almost 100% since the decay to charginos is suppressed by the relatively small Wino
fraction in Xf For My 2 Ms>, the branching fraction for decays to neutralinos is about
90% since the decay to I/gX:lt is suppressed by either cos 8 or u/Ms compared to decay to
neutralinos, as given in eq. (2.5).

There is a notable point at M; /My ~ tan? Oy ~ 0.3 where the decays to neutralinos
vanish due to the cancellation between the contributions of the Bino and Wino fractions
in the Higgsino-like neutralinos for M; /My > 0. In this region, decay to charginos, being
all that remains, is dominant.

The branching fractions for 7y decay are shown in figure 1 (b). For sneutrino decays
to the chargino, the Wino-Higgsino mixing scales with sin 8 and so is generically more
important than that for the charged slepton decays, unless the Bino component in X(fg
dominates for small M; /M. No minimum for the decays to X[1),2 occurs since there is
no cancellation between the Bino- and Wino- contribution for M;/M; > 0. Decay to
neutralinos is dominant for M; < Ma, reaching about 80% for M; /My = 0.1, while decays
to charginos dominate for M; = Ms, reaching about 70% for M /My = 1.

Figure 1 (c¢) and (d) show the the decays of the charged slepton and sneutrino for
M;/My < 0. The 0, — X(1),2 branching fraction will not have a minimum in its decay
branching fraction since the Bino- and Wino-component interfere constructively in this
case. The step in the neutralino branching fraction curves near M; /My ~ 0.3 is due to a

switchover between i(ﬁu + ﬁd) as being the LSP. The branching fractions for £7, — EX(l)Q

V2 _
almost reaches 100%, due to the relative smallness of the partial decay width for £;, — Vgxit.

INOZ VgX(l)Q), on the other hand, will experience a suppression for My /My ~ — tan? Oy,
as shown in eq. (2.10).
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Figure 2. Branching fraction of £ — 0x9 5, vxi as a function of My /M, for (a) M;/Ms > 0 and
(b) My/Ms < 0 with tan 8 = 3. The other parameter choices and color coding are the same as in
figure 1.
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Figure 3. Branching fraction of ¢, — éx(fz, Vxli as a function of (a) tan 8 for My = 10 TeV and
(b) My for tan 8 = 10. We have chosen the other parameters to be mgy, = 500 GeV, p = 100 GeV,
My /My =1.

Figure 2 shows the dependence of charged slepton branching fractions on M; /My for
tan 8 = 3. While the generic features are the same as figure 1 for tan 8 = 10, the decay
fraction for ¢ — I/gXit is relatively larger due to the enhancement of F(E — I/gx:lt) arising
from the larger value of cos 5. For M;/My = 1, decay branching fractions to EX(l)Q and
ugx(l)’2 are about 50% each. Similarly, for M; /M, < 0, the branching fraction of decays to
neutralinos is about 80% to 100%, while the decays to charginos could be as large as 20%.

Figure 3 (a) shows the tan 8 dependence for the £, — KX?’Q, Z/Xli branching fractions for
msr, = 500 GeV, u = 100 GeV, M1 /My = 1 and My = 10 TeV. For tan 5 < Ms/u such that
cos 3 is much greater than sgp/Ms, the 0 — I/gxit branching fraction always decreases as
tan § increases, with £, — EX(1)72 becoming dominant for tan 8 2 10. Figure 3 (b) shows the
Ms dependence of charged slepton decay branching fraction for tan § = 10. The dependence
of charged slepton decay branching fractions on Mj is also weak unless tan 5 > My /p, when
I‘(g — Vgxit) could have an explicit My dependence. The ¢} — Vgxit branching fraction
decreases as My increases, saturating when My /p > tan 8. The sneutrino decay branching
fraction, on the other hand, depends mildly on tan 8 and M.



lr — Ex(l)@) L — yxf[ U — I/X(l)@) v — Kxf[ lp — Ex(l)@)
Bino-like LSP 100% 100% 100%
Wino-like LSP 33.3% 66.7% 33.3% 66.7% 100%
Higgsino-like LSP (I) 0.8% 99.2% 50.3% 49.7% 100%
Higgsino-like LSP (II) 99.1% 0.9% 0.0% 100.0% 100%

Table 1. Branching fractions of charged sleptons and sneutrinos into Bino-, Wino- and Higgsino-
like LSPs. We have set mgy, = 500 GeV, tan § = 10, and used an LSP mass parameter of 100 GeV.
For the Higgsino-like LSP case, we presented the results for two representative benchmark values:
(I) My /My =1/3 and (II) My /My = —1/3 with |Ms| = 10 TeV.

Note that in the foregoing discussion of the (1, and 7y decays to Higgsino-like LSPs, we
have considered the case of M; > 0 and g > 0, with two different signs for Ms. The relative
sign between these three mass parameters is physical, and the behavior of the branching
fractions will change when one of these parameters flips sign. For u/Ms < 0, decays to
charginos will be relatively suppressed compared to the pu/Ms > 0 case, in particular for
(1, as shown in eq. (2.5).

For the (g, it again decays to Ex(iz 100% via the Bino-component of X(1),2 since the
decay to Xf is suppressed by the small lepton Yukawa couplings.

Given the branching fraction dependence on M;/Ma, as well as tan 3, for the Higgsino-
like LSP case, we consider two benchmark choices for Mj/Ms to represent two extreme
cases: (I) My/My = 1/3 with suppressed I'({}, — Zx(l)’z) and (II) My /My = —1/3 with sup-
pressed I'(7y — Vgx[iZ) (therefore enhanced decays to charged leptons). The corresponding
branching fractions are given in table. 1. Case (I) leads to a suppressed overall cross section
for dilepton plus Fp final states, while case (II) leads to an enhancement. These cases are
the upper and lower boundaries of the envelope of possible signal rates in the Higgsino-like
LSP scenario.

2.3 Slepton production and signatures

For Drell-Yan pair production of sleptons / L@ L / LUy, Uyp and / R@ r with dominant direct
decay of sleptons into x{ (and X{E, X9 for Wino-like and Higgsino-like LSP cases), the
collider signatures are dilepton plus Fy, single lepton plus Fp, and Er only. The single
lepton channel suffers from large SM backgrounds, mainly driven by W boson production.
The J'; only signature requires an extra jet or lepton from initial or final state radiation,
which leads to more suppressed cross sections. Current collider searches for slepton Drell-
Yan production focus on the final state of two isolated energetic leptons plus Fr [27, 28].
The SM backgrounds are typically large, dominantly from WW or tt. In our analyses
below, we focus on the dilepton plus £, channel and reinterpret the current 8 TeV LHC
slepton search limits for various LSP scenarios, as well as project the reach of the LHC
at 14 TeV. In particular, we include contributions from the presence of sneutrinos for the
case of left-handed sleptons, as their mass is related to the left-handed slepton mass and
they can contribute to the dilepton and missing energy signature for non-Bino-like LSPs.
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Figure 4. Leading-order cross sections for the Drell-Yan pair production of il (dashed blue),
Lrvp (solid red), vppy (dotted green) and ¢rfgr (dot-dashed magenta) for the (a) 8 TeV and (b)
14 TeV LHC.

In figure 4, we show the individual leading order Drell-Yan pair production cross
sections for 010y, {1y, iy and (rlp at the LHC with /s = 8 TeV and 14 TeV. The
production of £, is markedly larger than the other cross sections, ranging from 25 to 0.1 fb
for /s = 8 TeV for masses from 200 to 600 GeV and from 70 to 0.04 fb for /s = 14 TeV for
masses from 200 GeV to 1 TeV. Sneutrino and left-handed charged slepton pair production
are comparable in size and smaller than the production by about a factor of 3, while right-
handed slepton pair production, due to a cancellation between the Z and ~ s-channel graphs,
is smaller still, about an order of magnitude less than the associated production cross
section. The NLO K-factors are approximately 1.18 [43], independent of which particular
pair production considered, as the QCD structure of the graphs is identical in all four cases.

In figure 5, we show the signal cross section, the sum of all possible slepton production
cross sections multiplied by the branching fraction leading to dilepton plus F final states
as a function of slepton mass for the (a) 8 TeV and (b) 14 TeV LHC. For the left-handed
slepton, we have included the contributions from / LZ L, Vv and / 1. The Higgsino-
like LSP benchmark (II) for light ¢;, with M; /My = —1/3 represents the most promising
scenario since sleptons decay dominantly to Ex%Q while sneutrinos decay dominantly to Exli.
The cross sections range from about 70 b to 0.3 fb for slepton masses from 200 to 600 GeV
at the 8 TeV LHC, and from 200fb to 0.1fb at the 14 TeV LHC for slepton masses from
200 GeV to 1TeV. The Higgsino-like LSP benchmark (I) for light /1 with Mi/My =1/3
represents the worst-case scenario with a strong suppression of slepton decays to leptons.
For the Bino- and Wino-like LSP scenarios, the signal cross sections range from 40fb to
about 0.01 fb for slepton mass between 200 GeV to 1 TeV at the 14 TeV LHC. Right-handed

sleptons are less promising than all the left-handed cases except for the highly pessimistic
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plus Fp final states as a function of slepton mass for the (a) 8 TeV and (b) 14 TeV LHC.
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Figure 6. o x Br for dilepton plus f1 final states in a Higgsino-like LSP scenario as a function of
My /M, for (a) My/Msz > 0 and (b) M;/Ms < 0. Thick curves and thin curves are for 14 TeV and
8 TeV, respectively. Dashed blue curves are for tan 5 = 10 and solid red curves are for tan 5 = 3.
Other parameters are chosen as mgy, = 500 GeV and |Ms| = 10 TeV.

Higgsino benchmark (I), ranging in signal cross section from 7 fb to 0.005 b at the 14 TeV
LHC.

To show the strong dependence of 1, 7 decay branching fractions on the sign and
value of My /Ms, in figure 6 we plot the o x Br for dilepton plus Fp final states for the
Higgsino-like LSP case with a light ¢ as a function of Mj/M; at the 14 (8) TeV LHC,
which are indicated by thick (thin) curves. The dip in the positive M; /M case results from
the suppressed charged slepton decay branching fractions to leptons at Mj /My ~ tan? Oy,
with an overall cross section of about 0.1fb at the 14TeV LHC with tan8 = 10. The
maximum value for o x Br appears at My /M, ~ — tan? 6y due to the enhanced sneutrino
decay branching fractions to leptons, with an overall cross section of about 4.0fb. For
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|M1/M,| < 1, the Bino component in the Higgsino states X(1),2 is dominant and the cross
section is about 11b at the 14 TeV LHC, while the cross section reaches about 2.6 — 3.6 fb
for |M1/Ms| 2 1. Smaller values of tan § typically lead to smaller signal cross sections.

3 Current searches and studies

The least model-dependent bounds on sleptons are obtained from LEP searches for dilepton
plus missing energy signatures [35] with y/s up to 208 GeV. For a slepton-neutralino LSP
mass splitting greater than 15GeV, the right-handed slepton mass limits are: mg, >
99.6 GeV, m;, > 94.9 GeV and mz, > 85.9 GeV. For left-handed sleptons with a Bino-like
LSP, the bounds are stronger due to the larger production cross section. For tau sleptons,
on the other hand, the presence of significant left-right mixing can decrease the production
cross section for the lightest stau pair, leading to more relaxed limits. A lower limit of
msz > 85.0 GeV can be obtained when the production cross section for the lightest stau is
minimized. It should be noted that the slepton mass limits are obtained with y = —200 GeV
and tan 8 = 1.5, a point at which the neutralino mass limit based on the LEP neutralino
and chargino searches is the weakest, and the selectron cross section is relatively small.

The foregoing bounds also assume the gaugino mass unification relation M; =
(5/3) tan? Oy My, which is relevant in fixing the neutralino mass and field content, with the
neutralino LSP being mostly Bino-like. Slepton mass limits would change for a non-unified
mass relation between M; and Ms. In the case where the g —x{ mass splitting is small and
the usual dilepton search is insensitive, a single lepton plus missing energy search yields a
lower limit on me, of 73 GeV, independent of M0 [36, 37]. For sneutrinos, a mass limit of
45 GeV can be deduced from the invisible Z decay width [38]. An indirect mass limit on
sneutrinos can also be derived from the direct search limits on the charged slepton masses,
but for LEP searches it is not competitive with the invisible width constraint.

Searches for first and second generation charged sleptons have been performed by both
the ATLAS [25, 27] and CMS collaborations [26]. With about 20 fb~! luminosity collected
at 8 TeV, both collaborations studied the signal of opposite-sign (OS) same flavor (SF)
dilepton plus missing Er from the electroweak pair production of sleptons assuming a
100% decay branching fraction for /+ — (* + xY). The most stringent bounds come from
the ATLAS results, which exclude left-handed (right-handed) slepton masses between 95
and 310 GeV (235GeV) at 95% C.L. for a Bino-like LSP with myo = 0GeV. For larger
x? masses, the upper range of the exclusion reach does not change while the lower bound
shifts approximately as 80 GeV +myo.

4 Recasting LHC 8 TeV search limits

We consider the signal consisting of two same flavor, opposite sign energetic leptons (elec-
trons or muons) plus significant missing energy at the 8 TeV LHC. The dominant SM
backgrounds arise from t¢ and di-boson production. We use Madgraph 5 version v1.4.7
and Madevent v5.1.4.7 [39] to generate our signal events. These events are passed to
Pythia v6.426 [40] to simulate initial state radiation, final state radiation, showering and
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hadronization. Additionally we use Delphes v3.0.10 [41] with the Snowmass card [42]
to simulate detector effects. We chose not to simulate pile-up to increase computational
speed because we are considering a clean leptonic final state which should not be sensitive
to pile-up. The event generation procedure produces events at leading order. NLO effects
are taken into account by scaling our events by an appropriate K-factor [43]. We addition-
ally take into account various experimental efficiencies that may be poorly modeled by our
crude detector simulation by scaling our signal yields to match the expected yields quoted
in the experimental search [25].

Following the 8 TeV dilepton search technique at the ATLAS [25, 27], we apply the
following cuts:

e Exactly two leptons (electron or muon) with p% > 10GeV and |n‘| < 2.5. The
invariant mass of the lepton pair is required to be greater than 20 GeV and to be
away from the Z-pole: |mg — myz| > 10 GeV.

e Jet veto with p7T < 20 GeV for central jets with |n/| < 2.4; p]f < 30 GeV for forward
jets with 2.4 < |n7| < 4.5.

o By > 40GeV, with

= 4.1
Er otherwise ’ (4.1)

o { Ersin (A¢"7) for Aghd < /2
T

where A¢®7 is the azimuthal angle between the direction of p?iss and the nearest

lepton or central jet.

e Mpy > 90 or 110 GeV where M7y is the stransverse mass variable [44-46]. We choose
the optimized cut to give the higher value of S/+/B for each point in signal parameter
space, where S (B) is the number of signal (background) events.

For the signal process, our simulation matches well with the ATLAS distributions for
the given benchmark points after a scaling by factor of 1.25 for both di-electron and di-
muon channels that accounts for both a K-factor expected to be 1.18 and differences in
reconstruction efficiencies. We use this scaling factor in all subsequent calculations for
8TeV.

To reproduce the exclusion plot from the ATLAS paper we utilized the C'Ls method
discussed in [47, 48]. We generate signal events using Monte-Carlo to determine the signal
strength over the range of parameters 90 < m; < 600 GeV and 25 < myo < my— 30 GeV.
For our SM backgrounds, we simply use the number of events predicted by the ATLAS
experiment for each cut scenario [25]. We follow the method in the ATLAS paper where we
choose the Mo cut that maximizes S/ v B. We also demand that the signal to background
is greater than a minimal threshold: S/B > 0.1. We reproduced the exclusion limits for
the Bino-like LSP for left- and right-handed sleptons, indicated by the dashed blue line and
orange line with crosses, respectively, in figure 7 (a). Our bounds reproduce the ATLAS
search results well with slight discrepancy at low masses.
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Figure 7. Recast of ATLAS dilepton plus Fr search results [25] with 20 fb~! luminosity data

collected at the 8 TeV LHC. The left panel shows the 95% C.L. exclusion limits in the m; — mgo

plane for the left-handed slepton with Bino-like LSP (dashed blue line), Wino-like LSP (solid red
line), Higgsino-like LSP with M;/M; = 1/3 (dotted green line), M;/M; = —1/3 (dot-dashed
magenta line), as well as for the right-handed slepton (orange line with crosses). The right panel
shows the 95% C.L. exclusion bounds in the m; — |M;/Maz| plane for the left-handed slepton with
a Higgsino-like LSP, for M; /My > 0 (thick lines) with tan 8 = 10 (dashed blue), 3 (solid red), and
Mi /M5 < 0 (thin lines). All other parameters are fixed to be p = 100 GeV and |Ms| = 10 TeV.

As discussed in detail in section 2, the decay branching fractions of left-handed charged
sleptons and sneutrinos depend strongly on the composition of the neutralino LSP, and
in particular on the sign and value of M;/Ms; in the Higgsino-like LSP scenario. For a
given slepton mass, the resulting dilepton +J; final states cross section, therefore, varies
with the choice of LSP scenario. In figure 7 (a), we recast the current 8 TeV ATLAS
slepton search results in the dilepton +F; channel for the various benchmark scenarios
given in table 1. For cases where m; 2 mg + 50GeV , we find that the Wino-like LSP
scenario is excluded for slepton masses below approximately 365 GeV, while the pessimistic
and optimistic Higgsino-like LSP scenarios imply exclusion of sleptons lighter than about
220 GeV and 495 GeV, respectively.

To show the dependence of limits on M; /My in the Higgsino-like LSP scenario, we
plot in figure 7 (b) the 95% C.L. limits in the parameter space of |M;/Ma| versus my,
with the Higgsino-like LSP mass set to be 100 GeV. The thick curves are for M;/Ms > 0
whereas the thin curves are for M; /My < 0. Regions to the left of the curves are excluded
(excepting the small blue wedge of unconstrained light sleptons on the left edge of the
plot). The suppression of signal for positive My /My ~ tan? yy is clearly visible in the blue
curves, where sensitivity drops precipitously to much lower masses. We also note that the
low mass region of m; < 150GeV for tan 8 = 10 cannot be excluded for this LSP mass
due to the loss of sensitivity for small mass splitting between the slepton and the LSP. The
exclusion region for tan 8 = 3 is even weaker due to the suppression of the signal cross
sections, with no sensitivity for any slepton masses when 0.3 < M;/Ms < 0.35. In the
negative Mj /My case, by comparison, the slepton mass exclusion is significantly stronger
(mj 2 470 — 490 GeV) and relatively insensitive to | M7 /Ma| until it gets fairly small, when
the m; reach is reduced due to the suppression of I'(7y, — Exli).
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Figure 8. Signal and background distributions for (a) ETrel and (b) My for 100 fb" integrated
luminosity at the 14 TeV LHC. Selection cuts, jet veto, Z veto, and ETrel cut of 100 GeV have

been imposed. The signal distributions are shown for two benchmark points of (mgL, mi?) = (500,
100) GeV and (my, , mgo) = (500, 300) GeV with a Bino-like LSP.

5 14 TeV exclusion and discovery reach

We now turn to projections for Run II at the LHC, with 14 TeV center-of-mass energy. As
with the 8 TeV LHC analysis, we consider the dilepton 4, channel and generate the signal
and background Monte-Carlo events in the same manner as in section 4. For the signal
process, we used the next-to-leading order production cross section for sleptons as given in
ref. [43]. Background processes are scaled with K-factors from ref. [49]. We generate the
signal over the range of parameters 200 < m; < 1000 GeV and 25 < myo < mj— 30 GeV.
We also demand S > 2, B > 2, and S/B > 0.1.
For the 14 TeV analysis, we adopted the following cuts:

e 2 isolated leptons (electron or muon) with p4 > 50GeV, |n’| < 2.5, and my >
20 GeV.

e No jets with p% > 50 GeV and |/| < 4.5.

e 7/ veto with ’mge — mz| > 10GeV.

rel

e Optimized cuts on ETrel and Mrpy. Cuts range from 100 < F;'~ < 200 GeV and

0 < Mpy < 200 GeV in increments of 50 GeV.

In figure 8, we show the ETrel and Mo distributions for both the backgrounds and
two signal benchmark points of (m;, , mfc?) = (500, 100) GeV and (m;,, m)%?) = (500,
300) GeV with a Bino-like LSP after imposing the selection cuts, jet and Z vetoes, and
minimum ETrel cut of 100 GeV. We observe that the backgrounds and signal (for the larger
slepton-LSP mass splitting) become comparable at ETrel and Mpy on the order of 300 GeV,
nalvely suggesting imposing cuts in the vicinity of this region. However, the background
distributions tend to fall quickly at higher ETrel and Mro, so to obtain sufficient statistics

we impose somewhat looser cuts, with the requirements on B, S and S/B listed above.
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Signal tt Di-boson

ee o ee oL ee oL
CS [fb] 32x 1071 | 32x 1071 | 4.0x10% | 4.0x 103 | 83 x 10% | 8.3 x 10?
Selection Cuts 80% 82% 14% 16% 12% 14%
Jet Veto 64% 66% 4% 4% 10% 11%
Z Veto 64% 65% 4% 4% 9% 10%
Mry > 50 GeV 51% 52% 1% 1% 2% 2%
B > 150 GeV 33% 34% <0.01% | <0.01% 0.03% 0.02%
CS after cuts [fb] | 1.1 x 1071 | 1.1 x 1071 | 1.0x 107° | 1.7 x 107 | 2.2 x 107! | 1.6 x 107!
S/v/B @ 100 b1 combined: 3.5

Table 2. Cut efficiency for benchmark point of (m; , mgo) = (500, 100) GeV with a Bino-like
LSP, using cuts specified above. Signal significance is shown for the combined ee and pp channels
using 100 fb~! of data at the 14 TeV LHC. The tt cross section before the selection cuts already

include a precut of pjT < 100 GeV.
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Figure 9. Prospective 95% C.L. exclusion limits in the (a) m; — m,eo plane, (b) m;, — |Mi/Mo|
plane for slepton pair production with dilepton +J final states, with 100 fb~! luminosity at the
14 TeV LHC for various LSP scenarios. The color coding and parameter choices are the same as in
figure 7.

The resulting, illustrative cut efficiencies are listed in table 2 for the benchmark point of
(mg, , myo) = (500, 100) GeV with a Bino-like LSP.

The resulting, prospective 95% C.L. expected exclusion limits in the m; — M0 plane
are given in figure 9 (a) for the 14 TeV LHC with 100 fb~! integrated luminosity for
various slepton and neutralino LSP scenarios. For the right-handed slepton, the reach is
about 430 GeV for small LSP masses. For the left-handed sleptons, the reach is 550 GeV
(670 GeV) for the Bino-like (Wino-like) LSP case, and about 400 GeV and 900 GeV for
the Higgsino-like LSP cases (I) and (II), respectively. We find the reach with 300 fb~!
is typically about 50 — 100 GeV better. A 5% systematic error has been included in our
limits to give a reasonably realistic reach for the LHC.

The prospective 14 TeV exclusion reach in the mj; — [M;/Ms| plane for the Higgsino-
like LSP case is shown in figure 9 (b) for 100 fb~! integrated luminosity. Regions to the
left-side of the curves are excluded. The weakest reach is for the M; /My > 0 case with
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Figure 10. 50 discovery reach at the 14 TeV LHC in the (a) m; — m,o plane, (b) m;, — [M:1/M,|
plane for slepton pair production with dilepton +J; final states, with 100 fb~' integrated lu-
minosity for various LSP scenarios. The color coding and parameter choices are the same as in
figure 7.

small tan 3. In particular, for M;/Ms ~ tan®fy, the slepton mass reach is only about
350 GeV for tan 8 = 3 with 100 fb~! luminosity. The slepton mass reach increases when
M1 /M, deviates from tan? @y, approaching about 650 GeV for small M; /M and 710 GeV
for large M /M,. The slepton mass reach for negative My /M, is typically better, around
800 — 900 GeV, a pattern similar to that found in the 8 TeV analysis. Comparing with
figure 7 (b) we observe that the presently allowed region for small m; in the Higgsino-
like LSP scenario with Mj;/Ms > 0 could be excluded with the higher energy run. For
M /M, < 0, the exclusion reach becomes as much as a factor of two stronger than at
present with 300 fb~! integrated luminosity.

In figure 10 (a) we show the 5o discovery reach for the various LSP benchmark scenarios
we have considered previously. The maximum reach occurs for the Higgsino-like LSP with
M, /My = —1/3, for which sleptons as heavy as ~ 800 GeV could be discovered with 100
fb~! integrated luminosity. For a very light LSP, the reach is roughly three times weaker
for My1/Mjy = 1/3 case, while the reach for the Wino- and Bino-like LSP scenarios fall in
between. Figure 10 (b) gives the corresponding discovery potential in the my, = | My /Ma|
plane for a Higgsino-like LSP. While no sensitivity for slepton could be achieved for the
worse case scenario of My /My ~ tan? Ay, reaches in mj increases when M /My deviates
from this value. For M; /My < 0, 50 reach can be as large as 800 GeV. With 300 h~! at
the 14 TeV LHC, the reach is improved by about 50 — 100 GeV.

6 Summary and conclusion

With the absence thus far of any superpartner signals at the LHC, the attention for
LHC Run-II (14 TeV) will clearly require emphasis on more difficult-to-observe signatures.
Among the most challenging are those associated with sleptons, given the O(fb) elec-
troweak production cross sections. In this work, we studied the dependence of slepton
decay branching fractions on the nature of the LSP. In particular, in the Higgsino-like LSP
scenarios, both decay branching fractions of 1, and iy exhibit strong dependence on the
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sign and value of M7 /Maj: 0L — €X(1]72 is minimized for M; /My ~ tan? Oy, while 7y — KXiE
is maximized for M; /My ~ —tan?#6y,. Combined with the slepton pair production, we
analyzed the prospective reach for the OS dilepton plus [y final state at the 8 and 14 TeV
LHC.

We recasted the existing 8 TeV results of dilepton plus Fp signal, reported by the
LHC collaborations assuming a Bino-like LSP, in various LSP scenarios. We find that
the LHC slepton reach is strongly enhanced for a non-Bino-like LSP: the 95% C.L. limit
for my, extends from 300 GeV for Bino-like LSP to about 370 GeV for Wino-like LSP.
More interestingly, the reach in the Higgsino-like LSP scenario sensitively depends on the
value and sign of M;/M,. The 95% C.L. reach for /1 is the strongest (~ 490 GeV) for
M /My ~ —tan? Oy and is the weakest (~ 220 GeV) for M;/Ms ~ tan® Oy .

We also studied the 95% C.L. exclusion and 50 discovery reach of slepton at the
14TeV LHC with 100 fb~! luminosity. The projected 95% C.L. mass limits for the left-
handed slepton varies from 550 (670) GeV for a Bino-like (Wino-like) LSP to 900 (390)
GeV for a Higgsino-like LSP under the most optimistic (pessimistic) scenario. The reach
for the right-handed slepton is about 440 GeV. The corresponding 50 discovery is about
100 GeV smaller. For 300 fb~! integrated luminosity, the reach is about 50 — 100 GeV
higher.

Interestingly, relatively light leptons with moderate tan 8 are needed to explain the
present difference between the muon anomalous magnetic moment experimental result and
the SM prediction. The LHC Run-II should, thus, be able to probe this possibility for
the Wino-like and Higgsino-like LSP. The observation of a signal in this case could be
consistent with a supersymmetric explanation for the g, — 2 result.! In addition, one may
also expect signatures in other low-energy electroweak processes, such as tests of lepton
universality with pion leptonic decays or deviations from first row CKM unitarity as probed
by (-decay and kaon leptonic decays. On the other hand, the non-observation of dilepton
plus Fp signal for slepton Drell-Yan pair production would not generally preclude light
sleptons, as the rates for the right-handed sleptons and for the left-handed sleptons with
a Higgsino-like LSP and Mj/Msy ~ tan? @y are considerably suppressed. Probing these
MSSM scenarios would require alternate avenues, such as the production of sleptons via
the cascade decays from electroweak gaugino production or future studies at a high energy
ete™ collider.

Note also that our analyses of the dilepton plus Jp signal have assumed that in the
Wino-like LSP and Higgsino-like LSP cases, X% (and xJ in the Higgsino-like LSP case)
appear solely as fp at the LHC. For small mass splitting Am = Mk — Mo < 200 MeV,
however, the Xli may appear as a disappearing track or even as a stable track inside
the detector, resulting in distinctive collider signatures. The current ATLAS analysis of
the disappearing-track search has imposed very strong limits on the degenerate chargino
mass for relatively small mass splittings [33]. The signature for slepton pair production

!The various one-loop contributions to the anomalous magnetic moment are proportional to sign(uM;)
for j = 1,2, depending on which neutralino or chargino appears in the loop [18]. Thus, knowing the relative
sign of M7 and M2, as well as the values of the superpartner masses, will allow for a precise determination
of the MSSM contribution to the anomalous magnetic moment.
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in such a highly degenerate scenario could include disappearing tracks, single hard lepton
plus disappearing tracks, or dilepton plus disappearing tracks. The behavior of the decay
branching fractions of the slepton analyzed in this paper can be applied to such searches
as well.
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