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Abstract

This note describes an interpretation of a search for supersymmetry in final states with
at least four isolated leptons (electrons or muons) and missing transverse momentum. The
search used 2.06 fb~! of proton-proton collision data collected with the ATLAS experiment,
and found no significant excess above expectations from Standard Model processes. Limits
are shown for the Minimal Supergravity/Constrained Minimal Supersymmetric Standard
Model (mSUGRA/CMSSM) with mg = Ag = 0, u > 0 and one R-parity violating parameter
A121 = 0.032 at the grand unification scale mgyr. Keeping these parameters fixed, values of
mi2 < 800 GeV are excluded at 95% CL if tanf8 < 40 and mz, > 80 GeV. These are the
first limits from the LHC experiments on a model with a 71 as the lightest supersymmetric
particle.



1 Introduction

The ATLAS Collaboration has recently released preliminary results of a search for supersymmetry
(SUSY) in events with at least four leptons (“lepton” here means an isolated electron or muon only)
and moderate missing transverse momentum in proton-proton collisions at a centre of mass energy of
\/s = 7 TeV [1]. The data used correspond to an integrated luminosity of 2.06 fb~!. No significant excess
above the Standard Model (SM) prediction was observed in either of the two defined signal regions. This
note describes an interpretation of this result in a Minimal Supergravity/Constrained Minimal Supersym-
metric Standard Model (mSUGRA/CMSSM) scenario [2] with R-parity violation (RPV) [3,4] and a 7
lightest supersymmetric particle (LSP), the first such interpretation from an LHC experiment.

This note begins with a description of R-parity violation in supersymmetry in Section 2, before
describing the specific model used in Section 3. The analysis of Ref. [1] is briefly recapitulated in
Section 4, and systematic uncertainties are considered in Section 5. Finally, results and conclusions
are presented in Sections 6 and 7. Additional information about the model and selection efficiencies is
supplied in the two Appendices.

2 R-Parity violating SUSY

Supersymmetry [5] is one of the most popular theoretical extensions of the SM, able to stabilise the mass
of the Higgs boson and unify gauge couplings through the introduction of “super-partner” fermions and
bosons for each SM boson and fermion, respectively. In the most general formulation of SUSY, the
proton becomes unstable due to new baryon-and lepton-number violating terms in the superpotential [6]:

Wrpv = /lijkL,'LjE_k + /l;jkLinDk + ﬂ;}kU,‘D_J’D_k + ki LiH>. (1)

14
unification scale. The indices i, j and k refer to quark and lepton generations. The lepton and quark SU(2)

doublet superfields are denoted by L; and Q;, respectively, while the corresponding singlet superfields
are given by E; and D;. H; denotes the Higgs SU(2) doublet superfield that couples to up-like quarks.

The superpotential terms in Equation (1) are often avoided by introducing a new symmetry, whereby
a quantum number called R-parity is conserved [7]. This symmetry makes the LSP stable, requiring
it to carry neither electric nor colour charge on cosmological grounds and allowing for it to be a dark
matter candidate [8]. In a collider experiment, production of SUSY particles decaying to the LSP would
produce significant amounts of missing transverse momentum, a characteristic that drives many searches
for supersymmetric particle production.

It may be, however, that the proton lifetime is protected by another, less stringent, symmetry that
allows some of the terms in Equation (1). In this case, the LSP is not stable, and may thus carry electric
or colour charge. The distinctive signature of large missing transverse momentum may therefore be
lost. The search strategy for RPV SUSY depends strongly on which RPV terms are present and the LSP
lifetime. In particular, lepton flavour violation can give rise to events with high lepton multiplicities; one
such possibility is considered in this note.

Here, A; jx, /l;jk and /l’.;.k are new Yukawa couplings and the «; have dimensions of mass, but vanish at the

3 The BC1 benchmark scenario

The physics scenario considered in this note is based on the BC1 benchmark point proposed in Ref. [9].
It is an R-parity violating scenario within the context of the mSUGRA/CMSSM framework, with a ¥
LSP. The mSUGRA/CMSSM model with R-parity violation is described by six parameters:

mo, mi2, Ao, tanpB, sign(u), A. 2



Table 1: Masses and dominant branching ratios (BR) for the four least massive particles for the original
BC1 benchmark point. Adapted from [9].

| Mass [GeV] | Channel BR  Channel BR
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Figure 1: Illustration of the four body 7; decay in the BC1 model.

The parameters are: the universal scalar (mp) and gaugino (m,2) masses; the trilinear scalar coupling
(Ap); the ratio of the Higgs vacuum expectation values (tan8); the sign of the bilinear Higgs mixing pa-
rameter (u); and the coefficients from Equation (1) (A), one of which is non-zero at the grand unification
scale (mgur).

The original BC1 benchmark point was proposed with the following parameters:

mog=Ap=0 GeV;m1/2 =400 GeV;tanB = 13; u > 0; 1121 = 0.032 at mgyur-. 3)

The masses and decays of the lightest supersymmetric particles for this point are shown in Table 1, and
the four body 7 decay is illustrated in Figure 1. The model parameters are chosen to ensure a 7; LSP.
As pointed out in Ref. [9], the 7| is a natural LSP in large regions of the mSUGRA/CMSSM parameter
space, even for non-zero values of mgy and Ag. The RPV coupling is small enough that SUSY particle
pair production still dominates, but large enough that the 7; LSP decays promptly. All sparticle cascades
(except direct ég production) finish with the 7¥; LSP, and may produce jets, soft 7 leptons and other
particles in the final state. The decay products of the two 7, particles give some missing transverse
momentum, two 7 leptons, two electrons and a further two leptons in each event. This suggests that a
search for anomalous events with multiple leptons would be very sensitive to this model. One such search
strategy for this scenario was explored in Ref. [10]; here we use the results of the ATLAS four-lepton
search.

In this note, we consider the m2-tan 8 plane containing the original BC1 benchmark point. Across
this plane, SOFTSUSY [11] is used to calculate the particle spectrum, while decay rates of all particles
except the LSP are calculated with ISAWIG 1.200 and ISAJET 7.64 [12]. Theoretical and experimental
constraints were taken into account when defining the relevant range of parameter values. Regions with
tachyons or a non-7; LSP were not considered further, and experimental limits from LEP on the Higgs



mass (using HiggsBounds 3.6.1beta [13] and FeynHiggs 2.8.6 [14]) were also applied. Light 7, leptons
are not considered in this analysis, and a cutoff is applied at a 7; mass of 80 GeV, motivated by direct
searches at LEP for RPV and RPC 7; decays [15].

We use a modified form of HERWIG [16] to generate the events and simulate the 7| decays. Events
are produced using an ATLAS parameter tune [17], MRST2007LO* parton density functions (PDFs) [18]
and a fast detector simulation AtlFast-II. Differences between this and the full ATLAS detector simu-
lation were found to be within statistical uncertainties. The simulated Monte Carlo (MC) events are
reweighted according to the mean expected number of interactions per bunch crossing, to account for
varying pileup conditions during data-taking. Cross sections for each SUSY production process are
calculated to at least next-to-leading order (NLO) precision, using a procedure described in Section 5.

4 Analysis

The data analysis, described in Ref. [1], is based on data collected in 2011 corresponding to an integrated
luminosity of 2.06 fb~!. Key aspects of this analysis will be described again here.

Electrons are required to have a transverse energy (Et) of at least 10 GeV, and a pseudorapidity |n|
less than 2.47. In the barrel/endcap transition region, electrons must have Et > 15 GeV. The summed
transverse momentum (pr) of tracks with AR = /(An)? + (A¢)? < 0.2 around the electron’s track must
be less than 10% of the electron ET.

Muons are required to have pt > 10 GeV and || < 2.4. In addition, the summed pt of Inner Detector
tracks within AR < 0.2 of the muon track must be less than 1.8 GeV and the total calorimeter E1 within
AR < 0.3 of the muon must be less than 4 GeV.

Single lepton triggers are used in this analysis. To ensure a high and stable trigger efficiency, events
without a triggered electron (muon) with an offline reconstructed Et > 25 GeV (pt > 20 GeV) are
rejected. The trigger is not applied in simulated events; instead, they are weighted by the electron and
muon trigger efficiencies measured in data.

Jets are reconstructed using the anti-k; algorithm [19] with a radius parameter of 0.4. Only jets with
Et > 20 GeV and || < 2.8 are used. Jets within AR < (0.2 of a reconstructed electron are discarded. If
an electron or muon lies within AR < 0.4 of any remaining jet, then the lepton is discarded. Following
this, any electron-muon pair with AR < 0.1 is discarded.

The missing transverse momentum (E%‘i“) is calculated using all reconstructed objects, including jets
with || < 4.9, non-isolated muons and calorimeter deposits not associated with reconstructed objects.

Events are required to have a primary vertex with at least five associated tracks. Events where muons
are reconstructed with a large longitudinal or transverse impact parameter are rejected as cosmic-ray
candidates. A cut is applied on the invariant mass of lepton pairs (¢*¢~ = eTe™, u*u™) of mp+¢- > 20 GeV
to reject low mass contributions from Drell-Yan production, photon conversions and low mass dilepton
resonances.

Two signal regions are defined: SR1 and SR2. In SR1, events are selected with at least four selected
leptons and E%‘iss > 50 GeV. In SR2, a Z boson veto of |mg+~ — mz| > 10 GeV is additionally required
for all £*¢~ pairs.

5 Systematic uncertainties

The contributions from all Standard Model background processes are estimated using MC simulation,
with specific data-driven cross-checks being performed for internal conversion, #f and ZZ background
contributions. Experimental systematics on the background estimation, described in Ref. [1], are dom-
inated by MC statistical uncertainties, followed by the jet energy scale and resolution, and the electron
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Figure 2: The ErT]rliSS distribution for selected events before E%‘i“ and Z veto cuts are applied. Both data
and SM MC simulation are shown, together with the model predictions for the original BC1 benchmark
point and another model point with mj, = 740 GeV and tanf8 = 22. The hatched band represents
systematic uncertainties on the SM background added in quadrature.

energy resolution. Experimental systematic uncertainties (energy scales, resolutions and detection effi-
ciencies) are estimated for the signal model in the same way.

Signal cross sections are calculated to next-to-leading order in the strong coupling constant, including
the resummation of soft gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) where
possible [20,21].! An envelope of cross section predictions is defined using the 68% CL ranges of
the CTEQ6.6M [22] (including the as uncertainty) and MSTW2008NLO [23] PDF sets, together with
independent variations of the factorisation and renormalisation scales by factors of two or one half. The
nominal cross section value is taken to be the midpoint of the envelope and the uncertainty assigned is
half the full width of the envelope, closely following the PDF4ALHC recommendations [24].

In general, theoretical uncertainties are no larger than 20% anywhere in the parameter space consid-
ered. In certain regions, such as where 7;-7| pair production dominates at high tan g, the uncertainty is
much lower.

6 Results and interpretation

Figure 2 shows the expected SM background and the observed data from Ref. [1] before E%‘iss or Z veto
requirements are applied, together with the BC1 benchmark point and another model point near the

'The NLL correction is used for squark and gluino production when the squark and gluino masses lie between 200 GeV and
2 TeV. Following the convention used in the NLO calculators the squark mass is defined as the average of the squark masses in
the first two generations. In the case of gluino-pair (associated squark-gluino) production processes, the NLL calculations were
extended up to squark masses of 4.5 TeV (3.5 TeV). For masses outside this range and for other types of production processes
(i.e. electroweak and associated strong and electroweak) cross sections at NLO accuracy obtained with PROSPINO 2.1 [20]
are used.
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Figure 3: New excluded region (Observed) at 95% Confidence Level (CL) as a function of mj;, and
tan S in signal region SR2. The expected exclusion and its 10 variations are indicated by dashed lines.
The other solid shaded areas are excluded from this analysis by LEP results on the Higgs mass [13] or
because mz, < 80 GeV.

current sensitivity limit. No significant excess was found: in SR1, 4 events were observed, with 1.7 +0.9
expected from the Standard Model background; the equivalent numbers for SR2 were zero and 0.7 + 0.8
events, respectively. SR2 is used to place limits on the BC1-like model, given its greater sensitivity to this
scenario. Plots of the acceptance and efficiency of this selection can be found in Appendices A and B.

Limits were set using the profile likelihood procedure from Ref. [1], with the addition of the uncer-
tainties on the signal model descibed in Section 5. Systematic uncertainties that affect both signal and
background, such as the jet energy scale, are treated with appropriate correlations.

The observed and expected 95% Confidence Level (CL) exclusion limits are calculated with the
CL; method and are shown in Figure 3. The region with m;,; < 800 GeV is excluded, if tanf < 40,
corresponding to a limit on the gluino mass of approximately 1770 GeV within this range. As tanf
increases, keeping mj, fixed, reconstruction becomes more difficult due to changes in the 7; lifetime
and decay modes (see Figures 5 in Appendix A and 10 in Appendix B).

These results has been produced considering the single value 1121 (mgyur) = 0.032. Taking different
values would affect the sparticle spectrum, but this effect is small below the upper limit of A15;(mgyt) =
0.1 from neutrino mass constraints [4]. More significantly, lowering 11,1 would increase the 7; lifetime,
thus reducing the reconstruction efficiency. The current analysis is sensitive to 7; LSPs with a lifetime
< O(1 ps) (see Appendix B, especially Figure 10). Changing the value of A;2; would therefore primarily
affect the excluded region at high tan 5, where the 7; lifetime is already within this range (Figure 5).

7 Conclusion

In this note, the results of a search for new physics in final states with four or more leptons and moderate
missing transverse momentum are interpreted using an R-parity violating mSUGRA/CMSSM model



with Aj2; = 0.032 at mgyr and mz, > 80 GeV. In 2.06 fb~! of data, no evidence for new physics was
observed, and this model is excluded where m;,, < 800 GeV and tan 8 < 40 for mo = Ag = 0 and u > 0.
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A Appendix: Model characteristics

In this Appendix, the characteristics of the BC1-like model are illustrated. Figure 4 shows the regions
excluded from this analysis, while Figure 5 shows the lifetime and the four-body branching fraction of
the 7 LSP.

mSUGRA/CMSSM, m = A, =0 GeV,u>0, A , =0.032 at mg,,

tanp

200 600 800 1000 1200

m,,, [GeV]
Figure 4: Characteristics of the mj;-tanf plane in the BC1 scenario. The shaded regions include: a
theoretically forbidden region producing tachyons, a region with a X (1) LSP, a region excluded by LEP

Higgs bounds, and a region with mz, below the 80 GeV threshold considered in this analysis.
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Figure 5: Branching ratio of the 7 four-body decay (left) and the 7; lifetime (right) as a function of m; 2
and tan 8. The solid shaded areas are excluded from this analysis, see Figure 4 for details.

B Appendix: Analysis expectations

Some details of the expected analysis results are shown in this Appendix. Figure 6 shows the expected
number of events in SR2 with this analysis. Figure 7 shows the total product of kinematic acceptance
and selection efficiency, while Figure 8 shows the same for groups of SUSY production processes. The
acceptance and efficiency are shown separately in Figures 9 and 10 respectively, while Figure 11 shows
the expected fractional contribution to SR2 from each process group after the full event selection.
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Figure 6: Number of signal events expected in SR2 for the BC1-like model points with 2.06 fb! as

a function of my,2 and tanS. The solid shaded areas are excluded from this analysis, see Figure 4 for
details.
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Figure 7: Signal acceptance times efficiency of the 4 lepton analysis for the BC1-like model points,
averaged over all production processes as a function of mj,, and tanS. The solid shaded areas are
excluded from this analysis, see Figure 4 for details.
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mMSUGRA/CMSSM, m = A, =0 GeV,u>0, A =0.032at mGUT_I

2 "5 2 §
£ 098 g 098
=) =)
088 088
o o
0.7 o 0.7 o
s =
0.6 5 065
055 05
0.4 X 2
T %
0.3 <
0.2
. 0.1 B
m.l...l...l...l...l. 0 P TR U B B
200 400 600 800 1000 1200 200 400 600 800 1000 1200
m,, [GeV] m,, [GeV]

MSUGRAICMSSM, m, = A, = 0 GeVipi > 0, A, = 0.032 &t Mayr | MSUGRAICMSSM, m, = A, = 0 GoVipi > 0, A, = 0.032 &t Mayr

tanf
tanp

XS

(00202 %! 1 1 1 1 1
200 400 600 800 1000 1200
m,, [GeV] m,, [GeV]

4 XX 1 1 1 1 1
200 400 600 800 1000 1200

Figure 8: Signal acceptance times efficiency for strong production (top left), gaugino-gaugino (top right),
#1-7; (bottom left) and other Z-¢ (bottom right) production as a function of m1; 2 and tan . Statistical
fluctuations can be seen, especially where the contributions to the signal region are small (see Figure 11).
The solid shaded areas are excluded from this analysis, see Figure 4 for details.
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Figure 9: Signal acceptance for strong production (top left), gaugino-gaugino (top right), 7;-7; (bottom
left) and other Z-Z (bottom right) production as a function of 1, ,2 and tan . Statistical fluctuations can be
seen, especially where the contributions to the signal region are small (see Figure 11). The solid shaded
areas are excluded from this analysis, see Figure 4 for details.
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Figure 10: Signal efficiency for strong production (top left), gaugino-gaugino (top right), 7;-7; (bottom
left) and other Z-Z (bottom right) production as a function of 1, ,2 and tan . Statistical fluctuations can be
seen, especially where the contributions to the signal region are small (see Figure 11). The solid shaded
areas are excluded from this analysis, see Figure 4 for details.
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Figure 11: Relative contribution to the signal expectation from strong production (top left), gaugino-
gaugino (top right), 7;-7; (bottom left) and other - pairs (bottom right) production as a function of
m1,2 and tan 5. The solid shaded areas are excluded from this analysis, see Figure 4 for details.
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