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Abstract
We present a benchmark in the parameter space of the Next-to-Minimal Supersymmetric Standard
Model (NMSSM) that provides for a dramatic multi-lepton signal and no jets containing 5 or more
leptons resulting from the cascade decays of the third lightest neutralino, Xg, and the lightest
chargino, Xli, via light charged sleptons. This is a very clean signal with almost no Standard
Model (SM) background. In some cases, a total signal of > 3 leptons + 0 jets can be detected at
the 50 level at the LHC running at /s = 7 TeV with approximately 3 fb~! of data and with less
than 1 fb~! when running at /s = 14 TeV. In addition, kinematic edges in the invariant mass
distributions of 2, 3, and 4 leptons are easily detectable with large integrated luminosities (~ 600
fb_l) which can lead to simple measurements of the mass differences of heavy particles in the decay

chains, including all combinations of the three lightest neutralinos.



I. INTRODUCTION

Multi-lepton signals are considered one of the best discovery signals of weak-scale super-
symmetry at hadron colliders (see, for example, ﬂ] and references therein). In the case
of R-parity conserving supersymmetry, the final state of these decays involve the lightest
supersymmetric particle (LSP), typically a neutralino, which then results in large missing
energy associated with the multi-lepton signal. Many authors have investigated this signal
in the context of the Minimal Supersymmetric Standard Model (MSSM), often working with
a constrained sets of parameters such as Minimal Supergravity (mSUGRA) models 1,
Gauge-Mediated Supersymmetry Breaking (GMSB) models E], or Non-Universal Higgs
Masses (NUHM) models [L1]. A model independent approach, in which the particle content
of the MSSM is used but all mass parameters are taken to be free and independent, was
performed in Ref. [12].

In these SUSY models, the decay chains are usually initiated by gluino or squark pair
production, associated production of squarks and gluinos, or the primary production of a
neutralino and chargino pair. In the latter case, which can be the most relevant when
squarks and gluinos are heavy, the largest production cross sections are typically from the
process pp — W* — x9x¥ when gaugino mass unification is assumed E] The second
lightest neutralino state, x3, is favored here over X because of its large mixings with the
Wino and Higgsino gauge eigenstates, which couple to the W-boson. Both the yJ and i
then decay down to x? and leptons, neutrinos, and jets via virtual photons, Z and Higgs
bosons, sleptons, or squarks. This is the nature of the multi-lepton signal derived from the
neutralino/chargino sector of the MSSM.

There exist extensions of the MSSM, however, that contain additional neutralino states
and therefore allow for the possibility of longer decay chains. The Next-to-Minimal-
Supersymmetric Standard Model (NMSSM) is one well-known example among various
singlet-extended models H] Here, the particle content of the MSSM is extended by
one additional gauge-singlet, chiral superfield. Its effect on the phenemonology of the model
is almost entirely due to mixing: the spin-0 singlet S mixes with the Higgs bosons, pro-
viding one additional CP-even and CP-odd state each, while the spin-1/2 singlino S mixes

with the neutral fermionic partners of the gauge and Higgs bosons, giving rise to the ad-

ditional neutralino state. However, if the mixing is not large it is possible to have a light,



singlino-like Y while leaving the composition of the other neutralinos bearing resemblance
to the mixings typically seen in the MSSM. In this case, the dominant sparticle production
mode becomes x3x7, allowing for longer decay chains that may not only result in larger
tri-lepton signals but also provide for multi-lepton signals with > 5 leptons. This scenario
was first motivated in Ref. [L§] and discussed in the context of the constrained NMSSM
(cNMSSM) in Ref. H] Similar signals resulting from the NMSSM have also been discussed
in Refs. Q

signal and then to demonstrate its detectability at the LHC.

|. We seek to find a benchmark in parameter space that results in such a

In Section M we discuss the NMSSM, focusing in particular on the neutralino sector of
the model and how it is different from the usual MSSM case. We then describe how we
implement this model for the purpose of generating Monte Carlo events in Section [Tl and
discuss the chosen benchmark in Section [Vl We describe how we model LHC detection and
the acceptance cuts that we use in Section M The backgrounds to our signal are briefly
described in Section [V and the detectability of the signal at the LHC and its utility in
determining supersymmetric particle mass differences is described in Section VTl A final

discussion and summary of our results can be found in Section [VITIl

II. NMSSM: AN OVERVIEW

The NMSSM was introduced as means of alleviating a well-known tension which exists

in the MSSM, the so-called “u problem”. The MSSM superpotential is given by

Wussm = pH Ho + iy, QH, — dyaQHy — ey.LH,, (1)

where L and Q are the chiral superfields of the lepton and quark doublets, é, @, and d are the
chiral superfields of the lepton, up-type quark, and down-type quark singlets, and H, and H,
are the chiral superfields of the two Higgs doublets [23]. Here, yu is the only dimensionful pa-
rameter. It exists in unbroken supersymmetry and is therefore a supersymmetry-conserving
parameter that should be of the order of the scale of the complete, unbroken theory. It is
the only such parameter appearing in the Higgs potential; all other dimensionful parame-
ters are soft supersymmetry-breaking parameters that should be O(TeV). For the vacuum
expectation values (vevs) of the two Higgs states to give y/v2 4+ v = vgy = 246 GeV, p

should itself be of the order of the weak scale. This creates a naturalness problem.



The solution provided by the NMSSM is to generate the p term dynamically by associ-
ating it with the vacuum expectation value of a new field. This is done by removing the p

term of the MSSM and adding the following two terms to the superpotential:

A A A K
Winmssm = Waissm|p—o + ASH, Hy + 553 (2)

Here, S is a gauge-singlet, chiral superfield and A and x are dimensionless parameters of

order unity '. Given this superpotential, the effective ;i parameter is then given by

et = M(S) = A%. (3)

All dimensionful parameters of the neutral scalar potential are now O(TeV) and the singlet
vev, and therefore 1, becomes naturally of the order of the weak scale.

In solving the p problem, the addition of a gauge-singlet, chiral superfield to the MSSM
alters the mass spectrum of the neutral fields through mixing effects and therefore affects
collider phenomenology. The spin-0 singlet mixes with H? and HY, the neutral Higgs boson
states, to give a total of 3 CP-Even and 2 CP-Odd Higgs mass eigenstates. The effect on
the tree level masses, as well as the one-loop corrections derived from the effective Higgs
potential, are described in detail in Ref. [21].

For the multi-lepton signals, we focus our attention on the neutralino and chargino sector

of the model. The neutralino mass matrix is given in the (B, W3 H?, H?, S) basis as:

M, 0 —0104/2  G10u/2 0
0 M, 92va/2  —Gavu/2 0
Mo = | —gva/2 gva/2 0 —fes —HerVu/s | - (4)
G10u/2 —G20u /2 —fiest 0 —HeftVa/ s
0 0 —lleffUu /S —lleftVa/ S V2ks

where M7 and M, are the gaugino mass parameters, v, and vy are the up-type and down-type

Higgs vevs such that v2+v3 = vd,; = (246 GeV)?, and tan 3 = v, /v4. The usual electroweak

! The cubic term forbids a continuous Peccei-Quinn symmetry whose spontaneous breaking would introduce
fine-tuning problems associated with bounds on the non-observation of axions . There remains, however, a
discrete Z3 symmetry whose spontaneous breaking introduces a cosmological domain-wall problem. This
is typically circumvented with Planck-suppressed operators that explicitly break the symmetry without

affecting the weak-scale phenomenology of the theory (see [24] and references therein)
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gauge couplings are g; and go. The upper-left 4x4 is the standard neutralino mass matrix
of the MSSM, while the outer row and column give the singlino contribution. If the vev s is
large and V/2ks < tese, My, My, the lightest neutralino x! can be very singlino-like and light,
with a mass m,o ~ V2ks. The effects of such a state, when presumed to be the LSP, have
been studied in the context of the dark matter relic density [22, Q, H] and collider searches

el b,

The chargino mass matrix is given in the (W=, ]:I;—L/ ;) basis as

G20y

g0, f . (5)
\/§ eff

It is left unchanged from the usual MSSM case. With the exception of the modified mixing

M,
M,+ =

matrices, the couplings of the neutralinos and charginos to the W-boson and sleptons are

also left unmodified.

III. MODEL IMPLEMENTATION AND CONSTRAINTS

To search for a suitable benchmark and to generate our signal, we extended the standard
MSSM implementation included with MadGraph version 4.4.44 [23] To do this, we included
the additional neutralino and Higgs boson states and modified all the neutralino and Higgs
boson couplings to reflect the additional states and mixings and the effects of direct couplings
to the singlet/singlino states. We independently implement all tree-level sparticle masses
and mixing matrices. In addition, we include the one-loop effective potential corrections to
the Higgs boson masses from top / stop loops [24]. All decay widths and branching fractions
were then calculated using BRIDGE version 2.20 [29] and verified with SPheno version 3.0

], which has hard-coded implementations of the NMSSM branching fractions.

To generate our signal events, we first calculate the two body process pp — W+ —
X3Xi using our modified MadGraph NMSSM implementation. Using our own Monte Carlo
code, these events are then decayed down to all possible final states by using the branching
fractions provided by BRIDGE. These events are then subject to experimental acceptance
cuts decribed below in Section [V1

When searching for a benchmark point, we apﬁ a series of constraints by checking each

]

parameter set using NMSSMtools version 2.3.2 . This applies basic collider constraints

bt



including LEP mass limits, measurements of the anamalous magnetic moment of the muon,
and upper limits of b — sv as well as theoretical constraints, such as the verification of a
global minimum of the Higgs potential and the exclusion of points which are found to have
Landau poles in A, x, hy, or h, when these couplings are run up to Mgyr. NMSSMtools also
includes a relic density constraint of 0.094 < Qh? < 0.136, calculated using the NMSSM
implementation of Micromegas [32]. We are interested in points that do not provide too
much dark matter. Therefore, we only enforce the upper bound Qh* < 0.136. In addition to
the above constraints applied by NMSSMtools, we perform our own independent checks on
the perturbativity of A, x, and h,, the constraints from muon (g — 2),, and the LEP limits

on ZZH couplings. Our implementations are described in Ref. [27].

IV. BENCHMARK

To search for a benchmark point, we note that we are primarily interested in the produc-
tion mechanism pp — W= — x3xi. There are then in principle several decay chains that
can give rise multi-lepton signals with > 3 leptons and no jets. For example, in the case of

heavy sleptons, the decays may be mediated by real or virtual photons and Z-bosons:

X3 — Vx5 (6)
— IV

— U

where V' = A, Z. Another interesting possibility is for a heirarchy of the type M, > Mif/R >
My > MZ;/L > M,o. The charged sleptons will decay as l% R 1*x? which then allows for

the following decay chain:



X3 — li[f/R (7)
— IFI7x3
— I,

— T

Similar decays of the chargino are possible if fo is also larger than the charged slepton

masses:

X%E - VIZ%/R (8>
— Vllixg
— Vllil/+[,}_:i/L

— ylEIT Y

Taken together, this decay chain can lead to signals with up to 7 leptons and no jets. In
order to achieve such a striking signal we seek to generate parameter points that satisfy the

following criteria:
e X3 is has large Wino and Higgsino componants
0 LT 152
e \; is largely singlino (|Zy’|* > 0.5)

e Charged sleptons are light enough that they mediate the neutralino decays

We proceed with a scan over NMSSM parameter space. We choose our NMSSM-specific

independent parameter set as:

S, Ky A, As (9)

We also have the following parameters, which are shared by the MSSM:

Heff s tanﬂ, Ata Aln AT? Mh M27 M37 MQ“ MUia MDN MLN MEZ (10>
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Parameter Scan Ranges

Lower Limit Upper Limit

M, = %Mg = éMg 25 250 GeV
S 2 10 TeV
Heft M,y 500 GeV
K 0 M /(V2s)
A -100 0 GeV
Ay 0 1000 GeV
tan g3 2 10
A, Ap, Ar -2000 2000 GeV
My, Mg 100 200 GeV

TABLE I: Parameter scan ranges and fixed values used to produce the NMSSM benchmark point.
The soft scalar quark masses are taken to be 2 TeV. The parameter ranges used here are adapted

from Ref. [26].

Model Parameters

tanﬁ hs AS Meff K AH At Ab AT M1 Mg M3 MQ MU MD ML ME

7.55 0.056 488 199 0.015 -39.6 -1170 1886 -143 149 297 891 2000 2000 2000 140 110

TABLE II: NMSSM model parameters for the benchmark point. The dimensionful parameters
tett, A, and M are in GeV.

where ¢+ = 1,2,3 is a generational index. We will suppress this index and assume the
sfermion mass parameters are the same for each generation. As we are primarily interested
in neutralinos and light slepton superpartners, we set the squark mass parameters to 2 TeV.
We also assume gaugino mass unification: M; = %M2 ~ éMg.

The first condition from the above list suggests that we take p > M;. As described in
Section [l the second condition often arises when s is very large (greater than several TeV)
and when v2ks < min(M;, My, p1). Therefore we take x < M;/(v/2s). Finally, to satisfy
the last condition we take My and Mg between 100 and 200 GeV. The remaining parameter

ranges are adapted from the search for a singlino-like LSP satisfying the relic density used

in Ref. [26], where A, < 0 and A; > 0. The parameter values and ranges used in our scan



10 T T T T 1
; - All Points i
10°k a Correct Heirarchy 3
: o Benchmark :
_10°F 1
g |
o 10F 1
1) !
10°K 1
). 5
0°r L

0

FIG. 1: The cross section for pp — W1 — ngf — (5 leptons + 0 jets + X) versus the mass of

the lightest neutralino. The red plus signs represent all points in the scan, while the blue triangles

are for those points which have the mass heirarchy M o, M _+ > M+ > M o > M-+ > M o and
X3 X1 Iz X2 Iz X1

also |Z3?|* > 0.5. The yellow circle with the black outline denotes the benchmark point described

by Table [l

are defined in Table [l
We find that large multi-lepton signals with greater than 5 leptons are fairly generic for

parameter points in our scan which have the mass heirarchy

Mg, Mz > M > Mg > Mg > Mo (11)

in addition to a high singlino content of y%. The scan points are exhibited in Figure [
which plots a(pp — W' — ngf — 5 leptons + 0 jets + X) versus the mass of the
lightest neutralino. Most points with mass heirarchies described by Equation [l and with
|Z¥|? > 0.5 have cross sections that are fairly large (~ 1 — 100 fb) and which may be
detected at the LHC even when including realistic cuts and detector effects.

We choose a single benchmark point from this scan to be used for a more detailed anal-
ysis. The values of all model parameters for this benchmark are given in Table [ The

resulting mass spectra, neutralino composition, and leptonic branching fractions are given

in Tables [Tl (a)-(c).



Sparticle Mass Spectrum (GeV) Neutralino Composition

xV: 109 IF: 147 dpp: 2020 B W H, H S
X3: 120 IF: 118 dpp: 2020 Xy : 0.02 < 0.01 0.010.01 0.95
Xy 191 . 114 by : 2030 x5 : 0.64 0.03 0.20 0.09 0.04
Xi: 206 FF: 150 by: 2040 X3 : 0.33 0.17 0.26 0.24 < 0.01
Xe: 333 o 125 iy 2010 x): 0.01 0.01 0.47 0.51 < 0.01
Xf: 173 oy 125 to : 2100 xS : 001 0.79 0.06 0.14 < 0.01
X5: 333 g: 1060
(a) (b)

Dominant Leptonic Branching Fractions

X5 — 1EIE 0.40
I 0.12
o 0.01
Xi — 1% 0.53
vl 0.08
5 — I 0.97
% 0.03
X5 — 1Eh 0.48
o 0.04
o — ux) 1.00
I — Fyd 1.00
(c)

TABLE III: These tables give, for the chosen benchmark, the (a) mass spectrum of the neutrali-
nos, charginos, sleptons, squarks and gluino in GeV, (b) neutralino composition (mixing elements
squared), and (c) leptonic branching fractions. Here [ = e, and 7 are the partners of the left-
chiral neutrino states. @ and d represent the scalar partners to the first two generations of up-type

and down-type quarks, respectively. The states in (c) are ordered according to descending mass.
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V. DETECTOR SIMULATION AND ACCEPTANCE CUTS

We organize our signals according to the number of leptons present and enforce a jet
veto on each event. We do not enforce a K cut or 7 veto, although these could easily be
included. Since the signal of interest contains leptons and no jets, we perform our analysis

on parton-level generated events and use a series of cuts and detector-level effects to roughly

simulate actual signal detection. Our choices for pr, 7, and AR = \/(A$)2 + (An)? cuts

are:

20 GeV for the hardest two leptons (e,u)

7 GeV for all other light leptons

pr > (12)
15 GeV for 7 leptons

20 GeV for jets

2.4 for electrons
In| < < 2.1 for muons (13)

2.5 for 7-leptons and jets

0.2 for light lept
AR or light leptons (14)
0.4 for all others

Detector smearing of the energy of the jets and leptons is modeled as in Eq.

0.5

———— 3 0.03 for jets
AE V E/GeV J (1)

E 1
y @ 0.007 for leptons

VE/GeV

We also include basic acceptance cuts and tagging efficiencies according to Ref. [5] and the
effect of isolated leptons from heavy quark decay, which occurs with a probability of ~ 1/200
k.

We note that both our signal cross sections and the background cross sections described
in the next section are calculated at leading order in QCD and do not include the effects
of showering or initial and final state radiation. As we are ultimately interested in signals
that do not contain jets at the parton level and have no colored particles in the primary
decay chain, the effects of showering would be minimal and most jets from initial state

radiation would presumably be too soft to be tagged with the above criteria. Initial state

11



Background Cross Sections (fb)

N leptons

WZ 22 WWW WWZ WZZ ZZZ Witt Zce Zbb Ztt tt TOTAL

Vs =T7TeV
3l 70 7.2 0.22 0.26 0.13 0.012 1.3 55 53 1.2 74 99
. w/jet veto 70 7.0 0.22  0.07 0.045 0.002 0.007 — - 0.005 1.8 80
4l - 7.2 - 0.07 0.005 0.020 0.003 - - 0.12 - 7.4
. w/ jet veto - 7.2 - 0.06 0.003 0.003 - - — 0.002 — 7.3
5l - - - - - - - - — 0.002 - 0.002
. w/ jet veto — - - - - - - - = = -
V5 = 14 TeV
3l 140 18 0.54 1.5 033 004 36 19 75 7.7 36 240
. w/ jet veto 140 17 0.54  0.12 0.087 0.01 0.04 1.5 - 0.02 3.9 170
41 - 19 - 0.12 0.027 0.01 001 - - 084 - 20
. w/ jet veto — 19 - 0.12 0.027 0.01 - - - 0013 - 19
5Y) - - - - 0.003 ~ - — = 0005 - 0.008
. w/ jet veto — - - - 0.003 -~ - - — 0.003 - 0.006

TABLE IV: Multi-lepton background events for the LHC running at /s = 7 and 14 TeV. Values
are given for each lepton multiplicity before and after the jet veto. All values include the cuts and

detector effects as described in Section [Vl

radiation would, however, have an effect on the resonant W-boson production cross section
and kinematics, but as this is a higher-order effect it should not significantly modify our

results or conclusions.

VI. BACKGROUND ANALYSIS

The predominant Standard Model (SM) backgrounds involve the production and decay
of weak vector bosons and heavy quarks. These channels are given in Table [V, along with
their corresponding cross sections at the LHC running at /s = 7 and 14 TeV when cuts

and detector effects are taken into account. The parton level events were calculated using

12



Required Cross Sections (fb)

Vs =T7TeV Vs =14 TeV
3l 41 ol 3l 41 51
30 8.9 3.1 0.9 13 4.6 0.9
50 15 5.7 2.5 22 8.3 2.5

TABLE V: The cross sections for the NV lepton + 0 jet signal, after cuts and detector effects, that

are necessary for 30 evidence and 50 discovery at the LHC running at 7 and 14 TeV with 10 fb~.

ALPGEN version 2.13 M] while the decays, cuts, and detector effects are later applied. We
note here that for each background involving an on-shell Z-boson, there is a corresponding
one with a virtual photon that may also contribute. However, the photon contributions are
small relative to those from the Z-boson diagrams and we do not include them here.

The largest backgrounds are naturally in the tri-lepton channel. These are affected the
most by the jet veto, as there are non-trivial contributions coming from isolated leptons
originating from heavy quarks in processes such Zcé, Zbb, and tt. The total backgrounds for
four-lepton signals are also non-trivial but could be greatly reduced with a modest cut on
Fr, as nearly all the signal originates from the leptonic decays of Z-boson pairs. Of note is
that the backgrounds for final states with greater than 5 leptons are very small, with cross
sections of O(10 ab) or less.

Given these backgrounds with 10 fb™! of data, estimates of the minimum cross sections
needed for 30 and 50 signals in various channels, when including acceptance cuts, are given

in Table M For simplicity, these are calculated in the Gaussian approximation of signal

Significance = (%) X 1//5 dt . (16)

As long as systematic errors on the signal and background cross sections are not large, Eq. [0

significance:

should provide a reasonable estimate of the reach.
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Signal Cross Sections (fb)

N leptons + 0 jets

Vs 3l 4 5l 6l Tl

7 TeV 25.6 4.91 2.31 0.09 0.03
14 TeV 68.7 13.3 6.09 0.29 0.06

TABLE VI: Multi-lepton cross sections given by the benchmark NMSSM point for the LHC running

at both 7 and 14 TeV, after cuts and detector effects are included.

NMSSM Signal

> N leptons + 0 jets

>31 >51
Signal Background Signal Background
Vs =1TTeV
Cross section (fb) 33 87 2.4 ~ 0.0
Luminosity for 3o (fb~1) 1.0 3.7
Luminosity for 50 (fb~1) 2.8 10
Vs = 14 TeV
Cross section (fb) 88.4 187 6.44 0.006
Nevents (600 fh~1) 5.3 x 10% 1.1 x 10° 3.9 x 10° 4
Luminosity for 3o (fb™!) 0.32 1.4
Luminosity for 50 (fb™!) 0.88 3.9

TABLE VII: Cross sections for the benchmark signal, and Standard Model background, in two
channels (> 3, > 5l) after accounting for cuts and detector effects for the LHC running at a
center-of-mass energies of 7 and 14 TeV. Also included are the estimated luminosities required for

30 and 5o discovery. Here we use | = e, .

14



VII. RESULTS
A. Signal Rates and Significance

The cross sections for the signal, at both /s = 7 and 14 TeV, are given for various lepton
multiplicities in Table VIl In determining the detectability of the signal at the LHC, we are
primarily interested in the signals with > 3 leptons + 0 jets and > 5 leptons + 0 jets. The
total rates for both the signal and the background for these processes at v/s = 7 and 14 TeV
are given in Table VTl The approximate luminosities necessary for 3o and 50 significance
are also given in this table and are derived from Equation [[G

At the LHC running at 7 TeV, 30 evidence can be seen with ~ 1 fb™! of data while 5o
discovery is possible with ~ 3 fb™" in the > 3 leptons + 0 jets channel. Running at 14 TeV,
discovery at the 50 level is possible with slightly less than 1 fb™! of data when considering
the > 3 leptons channel. While the 3l channel is not unique to the NMSSM as it may be a
discovery channel for the MSSM, the 5/ channel is more exclusive. The LHC may observe
the 5 channel with as little as 10 fb~! of data running at 7 TeV and 4 fb™! of data running
at 14 TeV. While non-observation of this signal would not allow the NMSSM as a whole to
be excluded, the mass heirarchy described in Section [V] would typically give rise to such a

signal.

B. Kinematic Edge Measurements

Given such a large multi-lepton signal, it is then possible to estimate several mass dif-
ferences from the kinematic edges that will be observable in the invariant mass distribu-
tions of the leptons when enough integrated luminosity is accumulated EQ] Analytic
expressions for the kinematic edges in the invariant mass distributions of 2, 3, and 4 lep-
tons resulting from a sequence of two-body decays are given in Appendix [Al For a decay
chain involving a sequence of two-body decays, each emitting one massive particle and one
massless lepton, the absolute upper limit of the invariant mass of the leptons is given by
Myax(n leptons) = (m; — mp), where m; is the mass of the initial mother particle and mg
is the mass of the heavy particle resulting from the final two-body decay of the chain. While
this limit can not always be saturated, it is a fairly good approximation to the true upper

limit when this mass difference is not too large compared to the masses involved. We can
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FIG. 2: Primary diagrams contributing to (a) 3 lepton final states (b)/(c) 5 lepton final states and

(d) 7 lepton final states.

therefore interpret these kinematic limits as probes of mass differences of particles at various
steps in the decays of X3 and x5".

The primary decay chains giving rise to our multi-lepton signals are illustrated in Fig-
ures B (a)-(d). Each step in the decay of x§ results in the emission of light charged leptons
via two body decays. Every combination of 2, 3, and 4 leptons in adjacent steps of the decay
chain therefore offers the potential to measure mass differences by means of kinematic edges.
The mass differences that may be probed and the true kinematic limits of the associated
invariant mass distributions are summarized in Table VIl It is clear that, in most cases,
Myax(n leptons) = (m; — mp) is a good approximation to the true value. The most useful
tool is the invariant mass of opposite-sign (OS) and opposite-flavor (OF) lepton pairs, which
can be used to measure the mass differences Mo — Mg and Mg — M,o. It can also be

used to measure the mass difference M — M7+, However, this difference is not limited to
L R
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Process Total Mass Difference (GeV) Kinematic Edge (GeV)  Invariant Mass Distribution

3= 62.4 59.3 2L-OS-SF
X3 — 8 82.5 82.5 4L
X3 — 15 72.6 72.4 3L
=it 28.9 28.0 2L
= 38.8 38.8 3L
x5 — Y 20.1 20.1 2L-OS-SF

TABLE VIII: Various subprocesses involved in the decay of Xg as in Figure BI(d). The total mass
difference between the initial and final heavy particles of each process are given along with the
true kinematic upper limit in the associated invariant mass distribution. In this Table, [ = e, u.
The masses and mass differences are given in GeV. The distributions are labeled by the number
of leptons and, in the case of lepton pairs, whether they are required to be opposite-sign (OS) and

same-flavor (SF).

opposite-sign, opposite-flavor lepton pairs; the Majorana nature of the neutralinos allows
their decay into leptons of either charge and flavor and the same is true for the decays of the
charged sleptons to neutralinos. One of the best ways to measure this edge is then to use
same-sign dileptons. Beyond the dilepton invariant mass distributions, the invariant mass
distribution of 3 leptons can be used to measure the differences M= — Mo and Mg — Miﬁ’
while 4 leptons may be used to measure Mo — M,o.

The decay of x offers less opportunities to measure differences involving its mass; there
will always be a neutrino emitted in either the first or second step of the decay chain, resulting
in a loss of crucial kinematic information. However, when x5 — I/lif, the subsequent decay
of the slepton will provide information as described above.

To demonstrate these effects, we look at various invariant mass distributions of leptons in
the > 5 leptons + 0 jet signal with 600 fb™! of data ? at the LHC running at /s = 14 TeV.
While offering less signal significance than the case of > 3 leptons due to a smaller overall

rate, the virtual lack of background makes this signal ideal for kinematic edge searches.

2 We choose such a large integrated luminosity to illustrate the kinematic edge effect in the absence of large

statistical fluctations in the data.
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FIG. 3: Invariant mass distribution of dileptons of (a) opposite-sign, same-flavor leptons and (b)
leptons of the same sign and for (c) three and (d) four leptons. These distributions are all derived
from the > 5 leptons + 0 jets channel at the LHC running at /s =14 TeV with 600 fb~! of
integrated luminosity. In all channels, the backgrounds are negligible. The vertical dashed lines
indicate the kinematic upper limits for various subprocesses which are labeled by the initial and

final heavy particles involved. In these plots [ = e, u.

We plot the dilepton invariant mass distributions for the > 5 leptons + 0 jet signal in
Figures B (a)-(b) and the three- and four- lepton distributions in Figures B (c)-(d). As
mentioned above, there is essentially no background to these signals and each kinematic
edge listed in Table [VITIl can be clearly identified. Therefore, not only is the multi-lepton
+ 0 jet channel excellent for the discovery of this type of NMSSM benchmark, it can easily

provide important mass information as well.
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VIII. CONCLUSIONS

We have investigated a scenario in NMSSM parameter space in which a light, singlino-
like neutralino is the LSP. This allows for extended decay chains from the production pp —
W= — x3x7 which can then result in large multi-lepton signals of high lepton multiplicity.
In particular, we find that signals with > 5 leptons and 0 jets in the final state can be quite
large given the mass heirarchy Mo, fo > M[f > M,y > Mi}ﬂ; > M,o, a singlino-like LSP,
and heavy squarks. The backgrounds for such processes are virtually negligible at the LHC.
Therefore, when considering a representative benchmark point and looking at a signal with
> 3 leptons and 0 jets in the final state, 50 discovery is possible at the LHC running at
Vs =7 TeV for approximately 3 fb~" and it is possible with less than 1 fb™! of data when
running at 14 TeV. In addition, the > 5/ + 0 jet channel, which is more unique to this
benchmark, can be discovered at the 50 level with 10 fb~' of data running at 7 TeV and 4
fb~! of data running at 14 TeV.

The high multiplicity multi-lepton signals are also quite useful for measuring mass dif-
ferences by looking at kinematic mass edges in large amounts of accumulated data. When
looking at the invariant mass distributions of two, three, and four leptons in the > 5 leptons
+ 0 jets signals with 600 fb~* of data, these kinematic edges are clearly visible, allowing for
the determination of nearly every mass difference present in the decay of \3. High multi-
plicity multi-lepton signals are therefore a very useful tool to use at the LHC should this

particular scenario of the NMSSM be realized.
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Appendix A: Kinematic Edge Expressions

For the decay chain A — bB — beC', where each step represents a two-body decay and b

and ¢ are massless particles, the kinematic upper limit for M?(bc) is given by

M2 (bC) _ (mi - m2B>(m2B - m%’) < (mA o mC)2 (A1>

max m2B

where my4, mp, and m¢ are the masses of particles A, B, and C, respectively B]
For the decay chain A — bB — bcC' — bedD, where b, ¢, and d are massless particles,

the kinematic upper limit for M?(bed) is given by

(= i)y — ) o m
m% mp ~ m%
(s = )y — ) ma_ o
mim? m m?

M2, (bed) = L e v (A2)
(m% — mg)(m¢ —mi) iff ma < mg
m, mp  mh

2

(ma —mp) otherwise

\

where my, mpg, mc, and mp are the masses of particles A, B, C, and D H, H, E]
For the decay chain A — bB — bcC — bedD — bedeE, where b, ¢, d, and e are massless
particles, the kinematic upper limit for M?(bede) is given by

( (0= ) oy — i) o oma_m
m% mg ~ m%
T R P |
mim mgp  mi
mam?2, —m2m2)(m2 — m? _ ma  m2
M2 (bede) = § UMD ZWEME NG ) A TG
cp E  Mp
(m% —mp)(mp —my) - ma _ mp
m2, mg  m3
(ma —mpg)? otherwise

\

where my, mg, mc, mp, and mg are the masses of particles A, B, C, D, and F @]
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