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General NMSSM signatures at the LHC
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We study the possible LHC collider signatures in the next-to-minimal supersymmetric standard model.
The general next-to-minimal supersymmetric standard model consists of 29 supersymmetric particles
which can be mass ordered in 29! =~ 9 X 10’ ways. To reduce the number of hierarchies to a more
manageable amount we assume a degeneracy of the sfermions of the first two generations with the same
quantum numbers. Further assumptions about the neutralino and chargino masses leave 15 unrelated
parameters. We check all 15! = 10! relevant mass orderings for the dominant decay chains and the
corresponding collider signatures at the LHC. As preferred signatures, we consider charged leptons,
missing transverse momentum, jets, and W, Z or Higgs bosons. We present the results for three different
choices of the singlet to Higgs coupling A: (a) small, O(A) < O(Y,), (b) large, O(A) = O(Y,q, ¥}, Y,), and
(c) dominant, O(A) > O(Y,,). We compare these three scenarios with the MSSM expectations as well as
among each other. We also mention a possible mass hierarchy leading to seven jets plus one lepton

signatures at the LHC and comment briefly on the consequence of possible R-parity violation.
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L. INTRODUCTION

There is strong evidence that a particle similar to the
Standard Model Higgs boson exists with a mass in the
range between 122 and 128 GeV [1,2]. Assuming this is
the Higgs boson, this has significant implications for
supersymmetric extensions of the Standard Model (SM)
capable of ameliorating the (little) hierarchy problem [3].
In particular, in the constrained minimal supersymmetric
Standard Model (CMSSM) the fine-tuning needed to
achieve this Higgs mass is large, requiring a cancellation
between (in the CMSSM) uncorrelated parameters of
order 1 part in 300 [4-7]. The overall fit of the CMSSM
to the low-energy and LHC data, including the Higgs, is
also poor [7-10]. In the context of the more general
MSSM, allowing for nonuniversal supersymmetry break-
ing parameters, defined close to the electroweak scale it is
easier to find valid regions of parameter space to explain
the Higgs mass. However, still large stop masses and A
terms are needed [11]. This tension gets significantly
reduced if a new gauge singlet is added to the particle
content which has a superpotential coupling to the MSSM
doublet Higgs fields. The easiest example of this kind of
model is the next-to-minimal, supersymmetric Standard
Model (NMSSM) [12-15]. New F-term contributions
already at tree level help to increase the Higgs mass which
is bounded in the MSSM (at tree level) to m;, = M. This
makes it much easier to obtain Higgs masses in the
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preferred mass range in much larger areas of parameter
space and thus reduces the fine-tuning [16].

However, the new singlet state might have an impact not
only on the mass of the light Higgs boson but also on the
collider phenomenology: for instance, an additional light,
singlinolike neutralino can appear in the supersymmetry
(SUSY) cascade decays. Therefore, we shall compare all
possible signatures of the general NMSSM with those
possible in the general MSSM. Previously, the general
signatures of the MSSM based on 9 and 14 free mass
parameters at the SUSY scale have been studied in
Refs. [17,18], respectively. In the latter case the third
generation was treated separately. We take the scenario
with 14 mass parameters and add a 15th parameter, the
singlino mass. This leads in general to 15! ~ 1.3 X 10'?
mass hierarchies. We categorize all signatures by the num-
ber of charged leptons, jets and massive bosons and the
presence or absence of missing transverse energy
(7, which is actually missing transverse momentum,
pr). In this context we study three different NMSSM
scenarios: dominant A, large A and small A, where A
denotes the singlet-Higgs coupling [cf. Eq. (1)]. In the first
case, A is even larger than the top Yukawa coupling, while
in the second case it is comparable to the size of the third
generation Yukawa couplings. In the third case it is not
larger than a second generation Yukawa coupling and we
are in the MSSM limit.

The rest of the paper is organized as follows: In Sec. 11
we give the basic definitions and conventions used
throughout the paper. We explain in detail our approach
and the underlying assumptions in Sec. III. In Sec. IV we
discuss our results before we conclude in Sec. V.
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II. MODEL DEFINITIONS

In the following we consider the NMSSM. For a
detailed introduction to the NMSSM we refer the
interested reader to Ref. [15]. In the NMSSM the
particle content of the MSSM is extended by one chiral
superfield which is a gauge singlet: $(1,1,0). In parenthe-
ses we give the SM gauge quantum numbers with respect
to SU(3), X SU(2);, X U(1)y. The other chiral superfields
of the supersymmetric SM read §,(3,2, ), 2,(,2 -1,
H,01,2, -9, H,0,2.}), d;3,1.9), 253,13, &,(1, 1, 1),
where a = 1, 2, 3 is a generation index. The vector super-
fields are the same as in the MSSM: (8, 1, 0), Wi(1, 3, 0),
B(1,1,0). Using these superfields and demanding an
additional Z; symmetry' it is possible to write down a
scale invariant superpotential:

— yabpi s fyi ab s e fyi
W = Ye faethE,-j + Yd qda dabHdeij

+ YePgiens, Hie; + ASHL H e, + %KSSS (1)
Here a, b = 1, 2, 3 are generation indices and i, j = 1, 2
are SU(2); gauge indices of the fundamental representa-
tion. €;; is the totally antisymmetric tensor. Y,, ¥, Y, are
dimensionless 3 X 3 matrices of Yukawa couplings. The
soft SUSY breaking potential consists of masses for the
scalar components of the chiral superfields, gaugino mass
terms as well as trilinear-scalar couplings:

Vg = m3ISI> + mj, |H,* + m}, |H,?

st 2~ 4 7t 27 gt 20 4 st2
+§'m5g + 'm:l + d'm>d + " m3i

1, .
+ E(MIBB +M,W,W! + M;8,8% + H.c.)
- H,gT,at + H,gT,dt + H,IT,ét

1

+ TySH,Hy + 3 T,SSS. (2)

One of the appealing features of the NMSSM is that it
solves the u problem of the MSSM [20]: after SUSY
breaking the scalar component of S‘, S, receives a vacuum
expectation value, denoted v, which leads to an effective
mass term of the Higgsinos

1
Meft = \/_5

Here, we have used the decomposition

v, 3)

1
S=—%(d, +io,+ vy). 4
ﬁ(¢‘ s+ vy) )
Since v, and thus also u.s are a consequence of SUSY

breaking one finds that w.g is naturally of the order of the
SUSY breaking scale.

"For a discussion of the potential cosmological problems see
for example Ref. [19].
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¢, and o, mix together with the neutral Higgs boson
of the MSSM to form three CP even and two CP odd
eigenstates, while the fermionic component of S mixes
after electroweak symmetry breaking with the other four
neutralinos of the MSSM. In total, there are 29 mass
eigenstates in the NMSSM with R-parity —1, called spar-
ticles: 12 squarks, 6 charged sleptons, 3 neutral sleptons,
5 neutralinos, 2 charginos and 1 gluino. With no a priori
model explaining the masses, these 29 states lead to
29! ~ 8.8 X 10°° possible mass orderings or hierarchies.
Unfortunately, it is computationally impossible to classify
the dominant signatures of this general setup. Therefore,
we make the same assumptions to reduce the number of
hierarchies to a manageable amount as for the MSSM
in Ref. [18]:

(1) The mixing between sparticles is subdominant, so
we can identify the mass eigenstates with the
corresponding gauge eigenstates. The only exception
is the Higgsinos, which we assume to be maximally
mixed.

(i) The first and second generations of sfermions of the
same kind are degenerate in mass. We consider the
third generation masses as independent parameters,
e.g., for the sleptons

My = Myp = My, = My = Mgy, (&)
Mep = Myp = Mgy, (6)
Mz = My = Mgss, (N
mzgr = Mg 33, (8)
and analogously for the squarks.
(iii)) The Higgsino mass mixing term is given by
1
Megt = 75 Avg, )
and the singlet mass is given by
1
Mg = —«kv,. (10)

V2

These three assumptions leave us with 15 relevant mass
parameters,

M, My, M3, pegs, Mg, (a1
Mg 11, Mg 33, My 11, My 33, (12)
Mg M 33 Ma 11 Mi33, Mg 11 MG33 (13)

and thus 15! different hierarchies. Furthermore, the iden-
tification of the first and second generation sfermions
allows us to reduce the number of fields we need to take
into account in our analysis. We combine them because, by
assumption, they lead to the same signatures:
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TABLE I. Particle content and relevant mass parameters.

Particle Name Mass
Singlinolike neutralino S Mg
Binolike neutralino B M,
Winolike neutralino wo M,
Higgsino-like neutralinos H° Mefr
Gluino G M;
Winolike chargino w* M,
Higgsino-like chargino a* "
Left squarks (1st/2nd generation) Gi2=¢q mgu
Down-right squarks (1st/2nd generation) d,s=d mg
Up-right squarks (1st/2nd generation) i,c=i myy
Left charged sleptons (1st/2nd generation) &, i, =1 mjyy
Sneutrinos (1st/2nd generation) Do, 9, =9 myy
Right sleptons (1/2 generation) €, fig =& mgy
Left Squarks (3rd generation) 73 mg 33
Down-right Squarks (3rd generation) b mgs;
Up-right Squarks (3rd generation) 3 mg 33
Left staus (3rd generation) 7L mjs3
Sneutrinos (3rd generation) 7 mj33
Right sleptons (3rd generation) TR Mg 33
(er/ig) — 4, (er/fig) — ¢,
(dp/5./ti/¢0) = G, (dr/5g) — 4, (14)

(iig/Cg) — i, (7./7,) = 7,

as well as the two Higgsino-like neutralinos. A collection
of the considered states as well as of the relevant mass
parameters is given in Table I.

III. STRATEGY FOR THE ANALYSIS

We use for our analysis the same approach as for the
MSSM in Ref. [18] which we summarize here. In total, we
have 15! = 1.307.674.368.000 = 1.3 X 10'? hierarchies.
Each one can be denoted as a chain of fields in decreasing
order of mass from left to right:

il...inCrl...rm. (15)

C denotes the lightest colored particle (LCP), excluding
the third generation. So C is the lightest of the four fields G,
g, d and ii. The particles {i;} (i for irrelevant) are all
heavier, and contain among others the remaining colored
particles, other than possible third generation squarks. The
particles {r;} (r for relevant) are all lighter than C and are
potentially involved in the cascade decay of C and thus
important for our analysis. We assume that C is the only
directly produced particle at the LHC.? We do not impose
any restrictions on the lightest supersymmetric particle
(LSP), denoted r,, above.

>This assumption is well motivated, since direct electroweak
production is typically suppressed unless uncolored sparticles
are much lighter than the colored ones.
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We are interested in the determination of the dominant
decay chains for all hierarchies. These are the decay chains
C—r;— ---—r, = LSP that will dominantly happen
at the LHC for each hierarchy. Not all r,, j € {1, ..., m}
are necessarily involved. In order to find them we apply the
same algorithm as in Refs. [17,18]:

(1) Find the SUSY particles which are lighter than the

LCP and have the largest coupling to it.

(2) For each of these, search for the lighter particles
with the largest coupling to it. The existing possi-
bilities must be considered independently.

(3) Iterate step 2 until the LSP is reached.

In principle, one can have more than one dominant
decay chain for a given hierarchy. That situation would
correspond to decay chains with similar rates at the LHC.
Once the dominant decay chains are found, one can deter-
mine their signature. These signatures, denoted here as
dominant signatures,3 represent the main result of our
study. They are obtained by summing up the decay prod-
ucts of all steps in the decay chain.*

We have considered as final state particles in our
analysis

(1) charged leptons (1),

2) jets (j),

(3) massive bosons (v),

(4) missing transverse energy (£;) (neutrinos and
neutralino and sneutrino LSP, for RpC).

Note that massive bosons stands for both gauge and Higgs
bosons including the scalar and pseudoscalar singlets. For
the signatures and coupling strengths of the MSSM particle
we refer to Ref. [18], where three different categories have
been introduced to quantize the coupling strength:

(1) Not suppressed: a two-body decay mode which does
not suffer from any mixing suppression.

(ii) Suppressed: a two-body decay mode which is
mixing suppressed or a three-body decay without
additional suppression.

(ii1) Strongly suppressed: a three-body decay with
mixing suppression or a four-body decay.

Note that some additional assumptions enter the definition
of the dominant signature for each transition. These have
an impact on our final results:

(i) We distinguish W°O/W=*, H°/H*, [/9 and 7/7, in
the decay chains because we differentiate between
charged leptons and F; as a signature.

(i) Emitted 7’s are regarded as ordinary jets.

(iii)) When, for a given transition, two different decay

products with similar strengths are possible, we
always choose the one with the largest amount of

3If different signatures can be the result of a given decay chain
we have chosen the one with the largest number of charged
leptons.

“See Ref. [18] for the coupling strengths and the correspond-
ing decay products in the MSSM; the NMSSM transitions are
discussed below.
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charged leptons. When the choice is between 7s
and Fr, we always choose [r.

We disregard the possibility of degeneracies
among fields of different types (with the exceptions
mentioned above concerning first and second
generation sfermions). Therefore, two-body decays
have no phase space suppression. In the same spirit,
we neglect phase space suppression or kinematical
thresholds in the emission of massive scalars or
pseudoscalars.

(v) We do not treat jets originating from third genera-
tion quarks separately. Therefore, in our setup we
miss some additional signatures coming from top
decays.

For the singlino we distinguish three categories of cou-
plings (A, B, C) to the other SUSY particles (see Table II).
The relative order between (A, B, C) and the strengths
relative to the MSSM transitions depend on the value taken
for A. In the following we study three different cases:

(1) Small A: A is smaller than the electroweak gauge

couplings. We can identify
(a) A = suppressed

(b) B = strongly suppressed
(c) C <strongly suppressed

(2) Large A: A is not larger or smaller than the third
generation Yukawa couplings. This leads to the
following size of singlino couplings:

(a) A = not suppressed
(b) B = suppressed
(c) C = strongly suppressed

(3) Dominant A: A is larger than all other couplings. In
that case we have
(a) A > not suppressed
(b) not suppressed > B > suppressed
(c) suppressed > C > strongly suppressed

We exemplify this method with the hierarchy

(iv)

iy...isGbH'SWOIB. (16)
For the first transition only one possibility exists because
the largest coupling is G — b. For the second transition
there are two dominant possibilities: b — H°, B.
Furthermore, the Higgsino couples with the same strength
to the wino and to the bino, while the coupling to the
singlino depends on our choice of A. If we assume a

PHYSICAL REVIEW D 87, 035009 (2013)

dominant A, the Higgsino will only decay into the singlino.
For large A, the Higgsino decays with the same probability
into the wino, bino and singlino. Therefore, all three
branches have to be considered. For small A, the Higgs
decays dominantly only to the wino or bino.

Moreover, the wino will always take the way via the
slepton to decay into the LSP. In contrast, as can be seen in
Table II the singlino couples to the wino, bino and slepton
with the same strength. Hence, all three possibilities have
to be considered. In conclusion, depending on the choice of
A different decay chains are possible:

(1) Small A: there are three dominant decay chains and

two different dominant signatures,

G— b— B:2j, (17)
G—b—H —B:2j+v, (18)
Gob—H W —[—B:2j+v+2. (19

(i) Large A: there are six dominant decay chains,
G— b— B:2j, (20)
G—b—H —B:2j+v, 1)
G—ob—H -W' —I—B:2j+v+2l (22
G—b—H — §— B:4j + 2v, (23)
CG—ob—H -S—I1—B:2j+2v+2], (24
G—ob—H —-S—>W'—[—B:4j+2v+2L (25

(iii)) Dominant A: there are four dominant decay chains,

(26)

G—b

TABLE II. Interactions of the singlino. We have considered for our analysis charged lepton (I), jets (j), massive bosons (v) and
missing transversal energy (¥7) as signatures. The coupling strengths A, B and C depend on the value taken for A (see text).
Transition Strength Signature Transition Strength Signature Transition Strength Signature
S H A v S H* A v Sl C v+l
Sed C jt+uv NRa] C jt+uv S i C jtuv
§ e wo C 2j + v §ewt C 2j + v Seé C v+
Sep C I+v Se7 B jtuv Seb B jtv
S‘—’q:; B ]+U S‘—"f'R B ET+U S‘—”’f'L B ]+U
S, C I+ v S—B C 2j+ v S G C 2j+ v
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G—ob—H —-S—1—B:2j+2v+2], (28)

G—ob—H -§—>W'—>I[—>B:4j+2v0+2L (29

Finally, we will concentrate on one side of the SUSY
event. Due to R-parity conservation (assumed to hold in the
production of the SUSY particles), supersymmetric events
always come in pairs. Then, by combining the two sides,
we end up with additional signatures. These can be easily
derived from our results and we will do it explicitly when
we address some signatures of particular interest.

IV. RESULTS

Here we present our results on whether a given signature
appears in a given setup or not. We have gone through the
various sparticle hierarchies and used only the dominant
decay modes.” We have categorized the signatures by the
nature of the LSP: (a) neutral (S, B, W°, H°, , V),
(b) charged (I, &, 7, 7, W', H*) and (c) colored (g, d,
i, g, Z;R, fr, G3). As in our previous MSSM study [18], we
have not restricted ourselves to the case of a neutral LSP
which could provide a valid dark matter candidate. There
are at least three motivations to study also the case of a
colored or charged LSP. (i) The relic density of the SUSY
LSP could be so small as to be cosmologically negligible
and dark matter is formed by other fields like the
axion [21-24] or the axino [25,26]. (ii) There are detailed
experimental and theoretical collider studies for a charged
or a colored LSP in the literature [27-32]. (iii) Searches for
R hadrons have been performed at the Tevatron [33-35]
and at the LHC [36].

For the R-parity conserving case we present our results
in Tables III, IV, V, and VI. We state in each table whether a
specific signature classified by the number of charged
leptons, jets and massive vector bosons appears dominantly
or not. Unlike in Ref. [18], we do not list the numerical
frequency. In the case of a colored or charged LSP, we
distinguish also between signatures without £, (upper part
of each cell) and with F; (lower part of the cell). For a
neutral LSP like in the first part of Table III, £ is always
present and we do not have to split the cells.

A. MSSM

Before we discuss the NMSSM, we recall in Table III all
possible signatures for the MSSM given in Ref. [18]. The
table has to be read as follows: we separate the results in
three big columns depending on the number of massive
bosons (n,,) in the final state. Each column is again divided
into four smaller columns giving the number of jets (n;)

>If many particles are present in the final state, the phase space
is distributed among them and there is a non-negligible proba-
bility that some of them might be too soft to be detected. This
effect is not included in our analysis.
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appearing in the signatures. We distinguish the values
n; =0, 1, 2 and n; > 2. The rows show the number of
charged leptons (7n;). As already mentioned, while in the
case of a neutral LSP £ is always present in each cascade,
we have to distinguish for a colored and charged LSP
between events with and without £;. For that reason, the
cells in the part of the table giving the results for colored
and charged are divided into an upper and lower part. The
upper gives the results for events without F;, while the
lower one includes ¥7.

We can see from Table III that in the R-parity conserving
MSSM up to two massive vector bosons and up to four
charged leptons per cascade are possible. Furthermore, it is
obvious that in the case of a neutral or charged LSP at least
one jet is emitted while for a colored LSP also events
without jets, charged leptons and bosons are possible.
This is the case when the LSP is the gluino or a squark
of the first two generations: in these scenarios the LSP is
directly dominantly produced at the LHC.

Interesting signatures for a neutral LSP are those with
a large number of charged leptons and a small number
of jets. For instance, events with n; =4, n, =0 and
n; =1 as well as a neutral LSP can be the result of the

J
decay chain

d—ée—1— W (30)

Recently, there have been some hints for events at the
LHC with seven jets and one lepton that cannot be
explained by SM background [37]. This signature can be,
for instance, a consequence of a bino LSP and the follow-
ing hierarchy:

Gg;W*vF, H"IB. (31)

For this mass ordering, the following five cascades appear
dominantly:

G — Gy — B: 2j, (32)

G—g;—H"—B:2j+v, (33)

G— gy— H —i— B: 4j, (34)

G—i— B:2j (35)

GG —WH—p—fp—H"—i—>B:1+5j. (36)

Combining the first or the fourth cascade with the fifth can
explain the excess in this channel. See also Ref. [38].

In contrast, for a charged LSP, monojet events and four
lepton tracks are only possible if accompanied by exactly

035009-5



H.K. DREINER, F. STAUB, AND A. VICENTE
TABLE III.
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Results for the MSSM: n,, denotes the number of bosons, n; the number of jets and n; the number of charged leptons

from the single cascade chain. In the case of a charged and colored LSP, the upper entry in a given cell of the table refers to no £;; the
lower entry to F also being present. A neutral LSP is always counted as £7. Signatures marked with { appear due to the dominant and
best visible decay chains, while X could only be reached in subdominant cascades.

n, =0 n, =1 n, =2
n =0 = =2 >2 =0 =1 =2 >2 = =1 =2 >2
n; Neutral LSP
0 X \’ \ \’ X \ \’ v X \ \ \“s
! X Lo <o x
2 X , ~ X : \ X
4 X v J v X v V J X J J J
n; Charged LSP
0 X ; : x : \ x
x : x : x
2 X Y \ X y \ X X
3 X / / X : : X
x : | x \ \ x
4 X X J y X J J J X X J J
X X Y Y X X X J .
n; Colored LSP
0 \ \ v \ X X J \ X X . \
X X . J X X . / X « . J
1 X X X X X X X X X X X X
X X . . X X . J X X . J
2 X X N J X X J \ X x | vs‘
X X N J X X . V X % . V
3 X X X X X X X X X X X X
X X J Y X X J J X X J J
4 X X J y X X J J X X J /
X X J J X X J \ % % / \

one massive boson. Possible hierarchies for these signa-
tures can easily be derived from Eq. (30) by adding a stau
or a charged Higgsino to the end of the cascade:

IS

d—eé—I—-W'—H 41+ j+ v (38)

Another important feature of a charged LSP is that it
provides three signatures beside the four lepton monojet

03

events which can be reached neither by the other RpC

cases

nor by RpV scenarios: (n,, nj, n;) = (0,1,2),

(1,1,0) and (2,1,0). Possible cascades to obtain these

signatures are

0,1,2):d— v — W, (39)
(1,1,0): g— B— HT, (40)
(2,1,0: g—B—H"—> W, 41)

5009-6



GENERAL NMSSM SIGNATURES AT THE LHC

PHYSICAL REVIEW D 87, 035009 (2013)

TABLE IV. Results for the NMSSM assuming small A. The notation is as in Table III. In the case of a charged and colored LSP, the
upper entry in a given cell of the table refers to no Fr; the lower entry to £ also being present. A neutral LSP is always counted as £7.

n, =0 n, n, =2 n, =3
n; =0 =1 =2 >2 =0 1 >2 =0 =1 =2 >2 =0 =1 =2 >2
n; Neutral LSP
0 x 4 x x x
1 x X J x J x
2 x x x x
3 x x x x
S . S S S S N S| S S N R N N S S
n; Charged LSP
0 X J \ J X J X / J J X X X X
X N J J X J X V Y J X X X X
1 x x x x
2 X . J J X J X X J J X X J J
<l ] I
s lx 00| N
4 X X J J X J X J J X X J J
X X . J X J X X J J X X X X
n; Colored LSP
0 J J J J X X J X X J J X X X X
X X J J X X J X X J J X X X X
1 X X X X X X X X X X X X X X X
X X J J X X J X X J J X X X X
2 X X J J X X J X X J J X X X X
X X J J X X J X X J J X X X X
3 X X X X X X X X X X X X X X X
X X / J X X J X X J J X X X X
4 X X J J X X J X X J J X X X X
X X J J X X J X X J J X X X X

We summarize briefly the case of a colored LSP in the
MSSM. The events with one jet but nothing else are caused
by a squark of the third generation as the LSP and a
produced gluino. As soon as one lepton or one massive
boson is involved there have to be at least two jets: the
produced colored particle at the beginning of the cascade
as well as the stable colored particle at the end have to
interact with noncolored particles. Due to baryon number
conservation at each vertex at least two jets will appear.
The reason that all events with one or three charged leptons
will also include neutrinos is, of course, lepton number
conservation.

We want to give here one example for a decay chain with
the maximal amount of charged leptons and massive
bosons but the minimal amount of jets: four leptons
together with two massive bosons and two jets follows
from the decay chain

j—B—H - W' —[—é— 7. (42)

B. NMSSM, small A

We leave the MSSM and turn to the NMSSM. We start
with the case of a small coupling between the Higgs
doublets and the gauge singlet. The corresponding results
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TABLE V. Results for the NMSSM assuming large A. The notation is as in Table III. In the case of a charged and colored LSP, the
upper entry in a given cell of the table refers to no F; the lower entry to £ also being present. A neutral LSP is always counted as £7.

PHYSICAL REVIEW D 87, 035009 (2013)

n, =0 =1 n, =2 n,=3 n, =4
n; =0 = = = =2 >2 =0 =1 =2 >2 =0 =1 =2 >2 =0 =1 =2 >2
n; Neutral LSP
0 x X | x x x x|
1 X \ X \ \‘f \ X \ \ v“s X \“; v‘s \ X X v“s v‘;
2 | x| x o x o x x ox ]
30 x| x o x D x o x o
n; Charged LSP
0 Xy J X N A o X X Xy x  x x|
S R S I R R R X ox x|
Llox e xe D xe X oxoox
x o x oy e
2 X v \ v X \’ \ \’ X \’ \’ \ X \ \ \ X X X \
x ) x ) x x|
300 x )y x o x x ] x o xo x|
x o x y  x oy x D  x o x
4 X x|y X b X oAy x  x x| X X x|
x x| /| x Do X N x x x x|
5 X X X X |x x x x |x x | x X X X X X X X X
X X X X |x x x X |x X x X X X X X X X X X
n Colored LSP
0 N Y x x| ] I xox oy x x| X x x|
x x J JIx x | | |Ix x | x x|y x x|
1 X X X X |x x X X |x x x X X X X X X X X X
X x|y x x| x ox x x| X X x|
2 X x|y X x ] | x x )y X x|y x  x x|
X x|y X x | /| x x )y X x|y x x x|
3 X X X X |x x X X |x X x X X X X X X X X X
x x J J1x x | | |Ix x | x x X X x|
4 X x|y X x ] | x x )y X x|y x  x x|
x x J J1x x | | |Ix x | X x|y X X x|

are given in Table IV. Since this case is the MSSM limit of
the NMSSM we do not expect large deviations from the
MSSM results presented in Table III. This assumption
holds exactly for a colored LSP where there is no difference
between the NMSSM and the MSSM. For a neutral and
charged LSP the MSSM and NMSSM agree in all pos-
sible signatures with n, <3. However, while it is not
possible to get n, =3 in the MSSM, there are such
events in the NMSSM. For instance, in the case of a neutral

LSP, n, =3, n; = n; =1 can be a result of the decay
chain

G—oW—-H -8§—7 (43)
while the same signature for a charged LSP appears in

GgoW—H"—§—é (44)
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TABLE VI. Results for the NMSSM assuming dominant A. The notation is as in Table III. In the case of a charged and colored LSP, the
upper entry in a given cell of the table refers to no Fr; the lower entry to £ also being present. A neutral LSP is always counted as £7.
n,=0 n, n, =2 n, =3
n; =0 =1 =2 >2 = =1 >2 =0 =1 =2 >2 =0 =1 =2 >2
n; Neutral LSP
0 S x S x
2 x x x x
3 x x x x
4 Xy x x x
n; Charged LSP
o [ x 1 T [x T x T T [ x x x|
N S O T T
I O A S A
x o x S A (R O A
4 X X J J X J J X J J J X X X J
I e e L e
5 X X X X X X X X X \"“ X X X X X
X X X X X X X X X X X X X X X
n; Colored LSP
0 x X x x| x ox o
X X J J X X J X X J J X X J J
1 X X X X X X X X X X X X X X X
X X J J X X J X X J J X X J /
2 X X J J X X J X X J J X X J J
X X I X X J X X Joo X X I
3 X X X X X X X X X X X X X X X
X X J J X X J X X J J X X J J
4 x ox ]I x X x x| x x|l
X X J J X X J X X J J X X J J

One might wonder why n,, = 3 events are not possible for a
colored LSP. The point is that a colored LSP which is not
the LCP can only be a third generation squark. These
squarks couple, for small A, stronger to the Higgs fields
than the singlet does. Therefore, the Higgs decays directly
to the LSP while for events with three bosons the cascade
H — S — LCP is needed.

Another interesting observation is the fact that n,, = 3
is only possible for a charged LSP if at least one charged
lepton is present, while this is not the case for n, <3.

To understand this, one must know that all events with
n; =0 and n, =2 have a charged wino as LSP. For
instance, n; = 1, n; = 0 and n, = 2 appears due to the
cascade

Gg—B—H' — W". (45)
To get a third boson § must be present in the cascade.

However, H° couples stronger to the charged wino than the
singlino. Therefore, even if the the singlino is present the
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Higgs decays dominantly to the LSP. Therefore, n, = 3
demands another LSP with a weaker coupling to the Higgs
fields. That is the case for & or [, and lepton number
conservation explains therefore the presence of at least
one charged lepton track.

C. NMSSM, large A

As a next scenario we assume that A is comparable to the
third generation Yukawa couplings. In this case, the
Higgsinos decay dominantly into the singlet and the third
generation squarks with the same probability if both are
lighter than w.g. The resulting dominant signatures are
given in Table V. The main result is that signatures with up
to four massive bosons are possible. This observation is
independent of the nature of the LSP.

For a neutral LSP the dominant signatures with n, <3
agree completely with the MSSM results, while this is
not the case for a charged or colored LSP. We will
explain this below. First, some words about the neutral
LSP: the NMSSM with large A and a neutral LSP can
produce all signatures dominantly with n; =2, n, =4
and n; = 4. One important result for the n, = 4 signa-
tures is that they can only be obtained by the transition
LCP—~B—H—W—S—LSP or LCP— W — H—
B— S — LSP; i.e., W and B have to be heavier than
the singlino and therefore the LSP must be a neutral
slepton.

Finally, we want to point out that there is also one
signature for a neutral LSP and large A which cannot be
reached by any other configuration in the NMSSM:
(ny, nj,n) = (4,2,4) (with £7). Let us give a possible
hierarchy which leads to the corresponding cascade:

4,24):§—oW—oH->B—é¢—>S—ig—I— 1.
(46)

The case of a charged LSP is even more interesting. Not
only are signatures with n, > 2 present, while they were
impossible in the MSSM, but also for n, =2 a new
signature with five charged lepton tracks arises. In the
MSSM there was an upper limit of four. The signature
(ny, nj, n)) = (2,2,5) without £z can be for instance pro-
duced via the cascade:

2,25):G—=S—[1—-W'—-B—e. 47)

But even for less than four charged leptons there are
signatures with n,, = 2 which do not appear dominantly
in the MSSM with a charged LSP, but which are present
in the NMSSM: (n,,,n;,n)=(2,1,2),(2,1,4),(2,1,4) + Er.
Cascades resulting in these signatures are the following:

(2,1,2):§—H —-S—>p—W", (48)
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2,1,4):G—-W'—-[—-B—é¢—S—H", (49

21L4)+Frg—H -S> —->W"—=B—2é (50

The only remaining case for large A is the one with a
colored LSP. The results are presented in the last part of
Table V. Also in this setup up to four massive bosons are
possible. However, each of them is accompanied by at least
two jets. The reason is the same as for the MSSM: there are
at least two colored vertices and baryon number is
conserved. As in the scenario with a neutral LSP, all
signatures with n, <3 agree exactly with those of the
MSSM. Furthermore, all possible dominantly appearing
signatures with n,, = 3 can also be obtained in the case
of a neutral or charged LSP. Hence, it is difficult to find a
smoking gun signature for the NMSSM with large A and a
colored LSP.

D. NMSSM, dominant A

If one drops the assumption that A is perturbative up to
the grand unified theory scale and assumes instead a
ASUSY scenario [39], it is possible that A is even much
larger than the top Yukawa coupling. We now discuss this
case. The corresponding results are given in Table VI. It
can be seen that only signatures with at most three massive
bosons show up dominantly. This is a bit surprising
because for large A four bosons have been possible.
However, we have already seen that the case of n, =4
demands the transitions B— H — W — (--- —)S or
W — H— B— (---—)S. These transitions are highly
suppressed for dominant A because the Higgsino will
decay prominently directly to the singlino.

Comparing Table VI with Table V it turns out that
exactly the same signatures with n, <4 appear in the
case of a large and of a dominant A. That means that there
is no unique setup which would be a strong indication for
the NMSSM with a dominant A coupling between the
singlet and the Higgs fields.

To summarize the main results for the possible signa-
tures in the NMSSM: we have seen that for a small value of
A the case of a colored LSP is exactly as in the MSSM,
while for neutral and charged LSPs signatures with n,, = 3
are possible. The upper limit on charged lepton tracks in
this scenario is four. In contrast, for a large or dominant A
up to five charged leptons can be emitted during the
cascade decays. However, this happens dominantly only
for n,, = 2. While it is possible to get n,, = 3 for all three
kinds of LSPs for a dominant A, for a large singlino
coupling even n, =4 is possible. Finally, comparing
Table IV to VI, one can see that events with n; =4,
n; = 1 and without a massive boson (n, = 0) are only
possible for a neutral LSP independent of the assumed
order of A.
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E. NMSSM with R-parity violation

We have also derived all possible signatures in the case
of R-parity violation [40—47]. For this purpose we used the
dominant decay modes already presented in Ref. [18].
While a detailed discussion of the data is beyond the scope
of this paper, we want to point out some unique signatures.6
The four possible types of couplings in the general,
R-parity violating NMSSM are the same as for the
MSSM’ and read

_ 0 1 1 0 P sc I oA gcp
Wy=¢€{,H, +§)\,~jk€,~€jek + 2)1 kdi ~€k

1
o A, (51)

In the following we assume that only one of these cou-
plings is present at once. In addition, we assume that only
the LSP decays through an RpV operator. The decay modes
are listed in Table VII.

1. eiéiﬁl "

In the MSSM with bilinear RpV at most five charged
leptons and two massive scalars are possible in a cascade.
In contrast, in the NMSSM it is possible to get six or seven
leptons for a large or dominant A. Six leptons are also
possible for the RpC NMSSM but only without F;.
Including the € term, we can get them also with f;:

(2,>26)+FG—é—H - S—]—W°
—B—ofp—o T+, (52)

where the 7 in the final state is counted as an additional jet.
For small and dominant A also signatures with n,, = 4 are
possible. This is interesting because n,, = 4 without RpV is
only possible for large A, as we have seen. The reason is
that the RpV decays of a wino, bino or Higgsino LSP
produce additional bosons. On the other hand, n,, =5 is
not possible for large A despite what one might expect. The
point is that n,, = 4 in the RpC case is only possible if B, W
and A are heavier than the singlino as we have discussed in
Sec. IV C. Therefore, they cannot be the LSP and their RpV
decay modes play only a subleading role.

SA pdf file with the tables of all possible RpV-NMSSM signa-
tures can be obtained by email from the authors.

"The singlet superfield S allows for additional R-parity violat-
ing terms. This is for example the case of 8¢, ;H,, as in the
1 vSSM [48]. After electroweak symmetry breaking this opera-
tor leads to the NMSSM with an effective bilinear term.
Therefore, the collider phenomenology of the w»SSM cannot
be distinguished from that of the NMSSM with an explicit
€;{;H, superpotential term [49,50]. Similarly, the bilinear term
can also be generated in models with spontaneous R-parity
violation [51] where, in contrast, the phenomenology can be
altered due to the presence of a Majoron [52].

PHYSICAL REVIEW D 87, 035009 (2013)

TABLE VII. Dominant R-parity violating decay modes of the
LSP [42,47,53-55]. Note that we have chosen charged lepton
final states over f; and thus neglected the decay B — vqq’, for
example.

€ A X A
B AU Il v I*qg' qq'q"
W= 707% 3= 1*qG q4'q"
Wo W=IF Il v I*qg qq'q"
G qq'l* qqlt v I*qq' q4'q"
H* 701 30F 1=qq qaq'q"
[_NIO Wi+ 1Tl v ltqql qqlq//
g I=q qltl v I=q 4q
d I=q qltl v I=q qq’
i qv gl lI"v =qq'q" qq
I qq’ v qq’ qq'q"1*
v qq - qq qq'q"v
é v Fv F1*qq qq'q"T*
g3 I*q gl v I*q 4q
by qv ql* v qv qq’
;R liq ql+l_V l q—l 1 qq/
7L qq' Fv qq' qq9'q"T
7, qq - 94 q9'q"v
Tr TV Ty Fvqg qq'q"T
S WEIF "l v I*qg' qq'q"

2 Adil e

The lepton number Vlolatlng interaction € 0.0 jé; can
cause up to seven leptons in a cascade, but only two bosons
in the MSSM. In contrast, in the NMSSM extended by
this operator, it is possible to obtain up to four massive
bosons and seven leptons. Four bosons are only possible
for large A,

(4,1,6)+ fr:Gg—B—H—-W'—[—8§—é—p,—Il,
(33)

while three bosons are emitted dominantly for all A’s. A

signature not dominantly arising in the RpC case but

present here for all values of A is the one with six lepton
tracks:

(3,1,6)+Fr:G—B—H - W' —[—é— §— vl
(54)

The case of seven leptons also exists for all A’s and can
occur for large A as a result of

2,>27N+FGC—-i—-H —-S—é¢—B
W' —p— b —IL (55)

035009-11



H. K. DREINER, F. STAUB, AND A. VICENTE

PHYSICAL REVIEW D 87, 035009 (2013)

3. X454,
The operator c?,ﬂj(? « produces in general additional jets. In the MSSM the number of charged leptons is restricted to at
most five, and of massive bosons to two. In contrast, we can find in the NMSSM with the same operator

(2, >2, 7)(large, dominant A): G — S — [ — W' — B — & — ligq, (56)
(3,>2,5) + Fr: (allA): == H > W' - — §— & — 7z — lvqq, (57)
(4,>2,5) + Fr: (large A): §— B— H'— W' — [ — § — & — 75 — lvqq. (58)

I e ge e
4. /\ijkui jdk

Cascades involving Agkﬁfdjdi can produce even more

jets than in the case of )t;jkc}ic?jé x> but the number of
charged leptons and massive bosons in the MSSM is
limited as in the R-parity conserving case: only n; =4
and n, = 2 is possible. If we go to the NMSSM, we can
find for all possible values of A also signatures with
n, =3, while for large A also n, =4 is possible.
However, the signatures are the same as for RpC, except
for the additional jets. The same holds for signatures with
six charged leptons, which do not appear for small A, butin
the other two cases the same results as for R-parity con-
servation are obtained.

V. CONCLUSION

We have discussed in this paper the collider signatures
dominantly appearing in a very general realization of the
NMSSM. It is based on 15 unrelated mass parameters
which lead to 15! = 1.3 X 10'> possible particle mass
orderings. We have studied three possible scenarios for
the singlet-Higgs coupling A. We checked possible signa-
tures to discriminate these three scenarios among each
other but also from the MSSM. For small A, the signatures
for all LSPs are identical to the MSSM as long as less than
three massive bosons are present. Signatures with three
bosons are not possible in the MSSM, but can appear in the

NMSSM for all possible ranges of A. Furthermore, in the
case of a large but not dominant A, even up to four massive
bosons can be emitted during the cascade decays. This is
also the only difference between the case of a large and
dominant A: all signatures with fewer bosons are identical.
On the other side, for both setups, signatures with less than
three massive bosons arise and these do not appear dom-
inantly in the MSSM. For instance, in the MSSM there can
be at most four charged lepton tracks if R-parity is con-
served, while we find also hierarchies in the NMSSM
which can dominantly emit five charged leptons.

We pointed out a hierarchy which can dominantly lead
to seven jets and one lepton, which could explain the
observed excess at the LHC.

We briefly commented on the NMSSM with R-parity
violation and the possible signatures. We found that,
depending on the R-parity violating parameters, outstand-
ing signatures with up to five massive bosons or seven
charged leptons are possible.
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