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Abstract We examine the production and decay modes ofic Standard Model (MSSM), motivated by the resolution of
neutralinos and charginos in a softly-broken supersymmetr such long standing problems in SM as the gauge hierarchy
model with an extra Abelian symmetty(1)’. We perform  problem, the existence of dark matter, and the gauge unifi-
the study in aJ (1)’ model with a secluded sector, where cation, is arguably the most popular ‘new physics’ scenario
the tension between the electroweak scale and developingaa the perturbative extension of the SM beyond electroweak
large enough mass f@ is resolved by incorporating three scales. However, recent LHC results [3] rule out some of the
additionalSU(2) singlet fields into the model. Although the parameter regions of the constrained version of MSSM and,
chargino sector is the same as in the MSSM, the neutralinibthis particular version of SUSY is realized in nature, ftoi
sector of the model is very rich: five new fermion fields aretowards a heavy spectrum of supersymmetric partners.
added to the neutral sector bring the total neutralino state  Minimal extensions of the SM gauge symmetry by addi-
to nine. We implement the model into standard packagegonalU (1)’ Abelian groups are well motivated, not so much
and perform a detailed and systematic analysis of produtbased on resolving some of problems in MSSM, but by the
tion and decay modes at the LHC, for three different scefact that such an extension is justified in superstring iesor
narios, consistent with the Higgs data and relic density con4], grand unified theories [5] and in dynamically broken
straints. We concentrate on final signals (I}-jets+ F1,  electroweak theories|[6]. The additional gauge group intro
(2) 2¢+ jets+ Fr and (3) 3+ Ojets+ Ky, and comment duces one extra neutral gauge bo@nThe simplest ver-
on the case with 0+ jets+ Fr. We discuss backgrounds sion ofU (1)’ extended supersymmetric models also involve
and indicate how these signals can be observed, and hawn additional single$, charged unddd (1)’, whose vacuum
the model can be distinguished from other supersymmetriexpectation value (VEV) is responsible for the breaking of
model scenarios. U(1)". This VEV simultaneous generates dynamically an
) . effective u term, an elegant resolution of the so-called

Keywords Supersymmetry, Neutralino, Chargino, LSP, problem [7], and is responsible for the mass of Bevo-
LHC. son. Some versions of these extended symmetries also al-
PACS 12.60.Cn,12.60.Jv,14.80.Ly. low right-handed neutrinos into the spectrum. Small neu-

trino masses consistent with neutrino oscillation phenuothe

ogy are usually explained by the see-saw mechanism [8]. In
1 Introduction and Motivation the Type Il see-saw mechanism, large Majorana masses for

) ~right-handed neutrinos are responsible for inducing small
After the recent discovery of the new resonance most “kelwlajorana masses for left-handed neutrinos. The choice of

to be the standard model (SM) Higgs boson at ATLAS [1] (1)’ symmetry would determine the magnitude and type of
and CMSI|[2], the top priority for LHC shifts to the search for ne,trino masses [90 (1) extended forms of the MSSM can
physics effects beyond the SM, in particular for supersymMeontain Dirac-type neutrino masses aslinl [10], and viable
metry as the leading candidate. The Minimal Supersymmety,gdels exist for Majorana masses as well [11]. THa)'
3-mail: mariana.frank@concordia.ca model shares some of the the advantages of the next-to-
be-mail: levent.selbuz@eng.ankara.edu.tr minimal supersymmetric standard models (NMSSM). In the
Ce-mail: ituran@metu.edu.tr MSSM at tree-level, the Higgs mass is boundray< Mz.
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To alleviate this problem, large stop masses and large trihese states are expected to be heavy, and, except for the
linear A;-terms are added to the MSSM [12]. Lh(1), the  LSP in theR—parity conserving supersymmetry, all super-
addition of one singlet field provides new tree-level centri partners are expected to decay instantaneously into SM par-
butions to the~-term, which stabilize the Higgs mass nat- ticles plus the LSP, detected as missing energy.
urally at a larger value [13], thus accommodating a lightest  Neutralinos and charginos, expected to be lighter, can
Higgs boson mass at 125 GeV. play an important role as they occur in various steps in the
In the minimal version of extendé#l(1)’ symmetry mod- cascade decays of certain supersymmetric particles (ssjuar
els, loops generate a mixing term or- Z’ bosons, whichin  gluinos, etc.), and thus they would be be abundantly pro-
turn is constrained by the electroweak precision data to bduced at the LHC. Besides direct signals at the colliders,
©(1073), or smaller, while collider constraints & mass charginos and neutralinos can give indirect indications of
require it to be heavy. In the minimél(1)’ model, explored their existence. Both can have implications on Higgs ptsysic
in Ref. [30], the difficulty to induce a smalless while sat-  For instance, it is possible that the Higgs can decay in a non-
isfying the Z’ mass bound, which is around 1 TeV, stemsstandard fashion, with invisible width due to decays into
from the fact that both are proportional to the VEV of the neutralinos|[18, 19], while the charginos could be respon-
additional scalar fiel&. The resolution is provided in a non- sible for the enhancement of the Higgs decays yn2Q].
minimal version of theU (1)’ extended MSSM, in which The production of neutralinos at hadron colliders is an im-
several singlet fieldsS) are introduced to resolve the con- portant part of the program of SUSY searches. One spe-
flict between maintaining the electroweak scale and devekial reason is related to the possibility that the lightesin
oping a large enough mass fa@f. One needs three addi- tralino state kf) is in fact the LSP. Searches for charginos
tional scalars to ameliorate the picture, and the VEVs of th@nd neutralinos have not yielded any results so far. How-
new scalars must be kept large![14, 15]. We refer to this verever, all searches come with conditions attached, due to the
sion of the model as secluded1)’, an abbreviated notation many alternative models, different sources of SUSY break-
for the gauge symmetry underlying the mod8l)(3)c®  ing, classes of compactification. Particularly, the seesch
SU(2)L®U(1)y ®U (1), with anon-minimaU (1). Acom-  rely on having gluinos and squarks below the TeV scale,
parative study of LHC signals of sneutrino production andnake specific assumptions on the nature of the LSP, and
decays in the MSSM and in a supersymmetric model with anost analyses focus on MSSM.
secludedJ (1)' breaking sector has been performed.in [16].  We summarize the results of some of the recent searches.
Direct or indirect detection of the superpartners of theAt ATLAS, chargino masses between 110 and 340 GeV are
Standard Model particles, considered the definitive signagéxcluded in direct production of wino-like pairs, decaying
for supersymmetry, is an important part of the experimeninto LSP via on-shell sleptons, for a 10 GeV neutralino, at
tal program of the LHC. Two distinct phenomenological ap-95% C.L. For models with decays into intermediate degen-
proaches to SUSY searches are possible. One approacheitate sleptons, the lightest chargifp and second lightest
based on the latest available experimental informatiois Th neutralinof? are ruled out up to masses of 500 GeV [21].
method has the advantage of incorporating all the relevaiiMS analyzed final states with three leptons in conjunction
experimental constraints, but the disadvantage of beconwith two jetsto rule out chargino and neutralino masses
ing quickly obsolete, as more data becomes available; alseetween 200 and 500 GeV, for models where(R&~) —
experimental data forecasts rarely impose direct and preZ(W) leptons) is large [22].
cise constraints, as many free parameters are involved. The Despite all the negative searches, one might argue that,
other approach is to look into interesting benchmark seenaeven if no direct signals of supersymmetry have been ob-
ios in models, which illustrate model-specific possil#ti  served, the presence of dark matter in the universe is alread
These benchmarks may incorporate some, but perhaps na indirect signal for supersymmetry. In most variants ef th
all, present experimental constraints, and serve as indicWSSM consistent with relic density calculations, the LSP is
tors of possible experimental signatures. For instanee, ththe lightest neutralino. the Thus studies of possible super
cosmological relic density constraint for models where thesymmetric particles at colliders are worthwhile pursuits.
lightest neutralino is the Lightest Supersymmetric Pltic  The production of neutralinos is of special interest in
(LSP) and the neutral Higgs mass are definite constraintshe secluded secttr(1)’ model, as the model contains five
so are consistency with low-energy phenomenology, such afiore neutralinos than MSSM. The additional singlet fields
flavor-changing and CP-violating processes. We follow thentroduced to generate the— Z’ mass splitting are difficult
latter approach here. to detect, and expected to be heavy. However, their fermion
The LHC has already devoted a great deal of time angartners, the neutralinos, could be light and enhance the di
effort to searches for supersymmetric partners. Gluinds anrect and cascade production of supersymmetric particles at
scalar quarks are expected to be produced copiously atalliders. This would then be the best test of the secluded
hadron collider, though no signals are seen [17]. Howevesector. We note that while the additional scalar multiplets



are necessary ingredients in tdé1)’ model, the behavior 2 The secludedJ (1) Model

of the additional superpartner fields is generic, typicamf

supersymmetric model with additional singlet scalar fieldsWe summarize here the salient features of the secludéy
From this point of view, an analysis of neutralinos in se-model, with particular emphasis on the chargino and neu-
cludedU (1)’ models is more general, and illustrative of thetralino sector.

effects of the fermionic partners of singlet fields. In aubatit The superpotential of the model contains Yukawa cou-
the LSP or the next-to LSP (NLSP) in these models can bplings for quarks and leptons, and the couplings for the ex-
the singlino, yielding different decay patterns, as alleup otic fields and is given by

symmetric particles decay eventually into+ LSP, with X ~ A PPN PP

a mixture of jets, leptons and possibly additioEal W =hQ-HuU + hde' HaD +hel. - HqE

+ hs§f|u . |:|\d + M—RQE |'A|u|’1v'/\|\ + hs§1§2§3

With this motivation, we perform a comprehensive study
of LHC signals of neutralino (and chargino) production and
decays in a Supersymmetric model with a Sec|uUQm)’ where the fleldQ, £ are the exotic fermionMR isa Iarge
breaking sector, concentrating on highlighting the ctmtri Mass scale anbl, is the Yukawa coupling responsible for
tions of the additional singlino-like neutralino statefieSe ~ generating neutrino masses. Thél)’ charge assignments

appear can alter the signatures of the secludied’ model  \yhich generate the termes, of the formAS<_S;Hqu, in-

as compared to the MSSM. We analyze the signals, classi-

fied according to the number of leptons in the final statesduce mixed anomalies between thel)’ and theSU(3)c x
L xU(1)y groups. The cancellation of these anoma-

and we also include estimates of possible SM background_%u(z) oA . . ' bl
in three different scenarios. Older analyses are avaifable lies requires introduction of exotic fermions, vectorelikith
MSSM [23], though the production, decay and identificationf®SPeCtto the MSSM, but chiral under thel)’ group. These

of charginos and neutralinos have received some attentidff!ds introduce additionaD-terms in the Lagrangian. For
very recently, given the failure to find squarks and gluinos2nomaly cancellation we require; = 3, Qo = —1/3 for
at the LHC [24]. While in a previous work [25], we showed the color triplets, andy =5, Qz = *\/75 for the sin-
that in a minimalJ (1)’ model (with one extra singlet bo- glets, wherd); is the electric charge of particigd1€]. Thus

son), choosing the right-handed sneutrino as the LSP coufti® Supersymmetric partners of the exotic fermions do not
be consistent with the excess positron observed in satellifT!X With charginos or neutralinos. _
experiments, for the purpose of this work, in the secluded In addition, the Lagrangian contains soft-breaking terms
sectorU (1), we take the lightest neutralino consistently to fOr the secluded sector
be the lightest supersym_metric particle (LSP) and theeeforvSoft _ (TT%SSTSH n%38T82+ ”‘%@SISH h.c.)
a dark matter (DM) candidate. 5 5 5

+ M, [Hu[? +m [Ha [+ mgS|

3 J—
+ ;m% ISI2 — (AheSHHg + AdsSISSs + h.c.). (2)

Ng | e~ Ny S —~
+ Zhba@igi +) hisz.7), (1)
i= =1

The outline of this paper is as follows. We briefly intro-
duce the model in Sectidm 2, with particular emphasis on th&he symmetry-breaking sector of the model is very rich.
neutralino and chargino sector, then we choose three benchhere are a number @P-even andCP-odd Higgs fields.
mark scenarios and for each, give the parameters and phyBinding an acceptable minimum of the Higgs potential is
ical masses of supersymmetric particles inth@)’ model  not a trivial task, even at the tree level. While we addressed
in Section[B. For each case, we insure that the dark mathe details of the scalar sector elsewhere [19], we include
ter candidate of the model yields relic densities consisterhere some general comments. Once a minimum is found,
with the WMAP range of cold dark matter density [26]. We the mass of the lightest Higgs boson can be fine-tuned to
then perform a comprehensive analysis of the productiorl25 GeV by small variations in the paramekgrhs, As; As
decays and detectability of neutralinos and chargino withi and the singlet VEVss , vs,, Vs,. Setting masses for the ad-
these benchmark supersymmetric parameter points. Durirdjtional scalars in the TeV range insures that the mixing
this analysis we focus on three types of detector signaturewith the lightest Higgs boson is small, and thus it does not
(1) L0+ jetst+Fr, (2) 20+ jets+Fr and (2) I+ 0jets+ Er,  spoil the couplings with th& boson, or adversely affect the
and we present the results of our simulation analysis for thé/ signal observed at the LHC. Additional Higgs states, in
LHC. In Sectiori#t we summarize and conclude the analysigarticular the lightest pseudoscalar, will have to sattsfy-

We list diagrams for some characteristic decay patterns istraints fromBs — u™u~ branching ratio [3] and may have

the three scenarios A. to be heavy.



TheU (1)’ charges of the fields satisfy a number of con-scale through theie s parameter in their mass matrix:
ditions arising from the requirement of cancellation ofgau .
'SIng q . ga M- Mw /2 sinf
and gravitational anomalies. For instance, the charges f, . =
Mwv2cosB e

Higgs fields in the model are chosen so tQat= —Qs, =
1 . . . I .
*Q/sg _ EQ/%’ Qﬁu n th + Q5= 0. TheU(1) charge which can be d|agor~1allze~d by biunitary transformation
U*MyV " = Diag(M, +, M, 1), (4)

of the quark doubleD is kept as a free parameter after
the normalizatiorQ;,, = —2,Q,, =1,Qs=1,Q5 = -1,  whereU andV are unitary mixing matrices.

Qs, = —1,Qg, = 2. A detailed analysis of the secluded sec-  More importantly for this study, theJ (1)’ model has
tor U(1)" model, including the complete list of conditions five additional fermion fields in the neutral sector: thel)’
for anomalies cancellation in the model, the Lagrangian agauge fermior¥’ and four smglmoss, sl sz 53 in total,
well as the complete charge assignments of the SM and exine neutralino state,ﬁ (i=1,...,9) [14]:

otic quarks and leptons in the model can be found.in [16].

3)

-
We forgo the complete discussion here and concentrate o?h Z/Ka Ga, (5)
the chargino and neutralino sector, where we highlight dif-

ferences with the MSSM. where the mixing matrixA{afJ connects the gauge-basis neu-

tral fermion states to the physical-basis neutraliﬁBsThe
neutralino masseM~_0 are obtained through diagonalization

N0 /0T = Diag {M ng}. The 9x 9 neutral
InU (1)’ models chargino sector is unaltered. However, charfinmion mass matrix is
mass eigenstates become dependent wpd)’ breaking

2.1 Charginos and Neutralinos

My 0 —Myy g My 0 Myyw O 0 0
0 Mg Myh, Mg, O 0 0 0 0
~Myg, Mg, O —H —Hw, My, O O O
Mes, —Mws, —-H 0 —png iy, O 0 0
0 0 —MH, —MHy O p§ O 0 0
%: M~~ 0 ! ! ! M~ ! / / (6)
2 My, My, Hs Mg Hg  Hs, Hs,
0 0 0 0 0 uy O “;V; -
0 0 0 0 0 —“;V_Zs 0 -
hove,  hovs,
0 0 0 0 0 pg ——Z -2 0

The gaugino masses and mixing mass parameter betwewith gy, the coupling constant dff (1)’. For the numeri-
theU (1)y andU (1)’ gauginos are generated by the soft sym-cal analysis we choose the usual value at GUT sgale-
metry breaking terms. The remaining entriesin (6) are gen; /Sqtangy. The production and decay of neutralinos in the
erated by the MSSM soft breaking masses in the Higgs seriJ
tor. The mass mixing terms are

Mypy = MzsinBvcosB, - My, =Mz SmaNS”TB’ As mentioned previously, compared with MSSM, the
My, = MzcosBucosf, Mgy, =MzcosBysinB, (7)  y(1) neutralino sector is extended by an additional gaug-
ino and four additional higgsinos (while the chargino secto

is unaltered). The complexity of their production and decay

is increased, and specific features depend on the parameters
chosen. Clear general signatures emerge if some simplify-
Uy, = 9vQuVu  Hs=0yQsvs, Mg =0vQsvs, (8) ingassumptions are made, such as for instance assuming the

) model without a secluded sector has been studied pre-
V|ously in [27].

and the effective: couplings in each sector

Vd / /
=hs—=, w =hs—, =0y Q. Vg,
I‘lHd S\/é I‘lH S\/ﬁ I‘lHd gYQHd d



mixing between the additional fields and the MSSM fields is3 Charginos and Neutralinos inU (1)’ at the LHC

weak. This is because in MSSM, thex# neutralino mass

matrix can be diagonalized analytically, whereas hererit ca 3.1U (1) Benchmark Points and Relic Density

not be done exactly; though under weak mixing assumption

it can be done perturbatively. On general grounds, we expeéiharginos and neutralinos, once produced, will decay fol-
that the most important of the fermionic components is thdoWwing a pattern dictated by the benchmark parameters of
singlino §, as this mixes with the doublet higgsino compo-the model. These scenarios would give definite predictions
nentsH, and Hy, whereas the singlet fermios, S and for the production and abundance of the lightest neutralino
S; couple to each other. Thus, the production and decays @ssumed here to be the LSP. We proceed by evaluating the
neutralinos would be mostly influenced by either the mixede€lic density of the lightest neutralino in the model, ant-su

state OfHNU and H~d with é; or by decays into pure Sing”no jeCt it to the constraints from WMAP of cold dark matter.
statesS;, $; and$s. For this task we specify three benchmark scenarios for

the secludedl (1), denoted as Scenario A, Scenario B and
As in MSSM, the main production mechanism for neu-Scenario C, by fixing the additional parameters to agree with
tralinos proceeds through taéboson, and the decays througtPh€nomenological constraints on masses [29]. o
Z boson W+ for charginos) are likely to dominate, if kine-  Finding an acceptable minimum of the Higgs potential is
matically accessible. If the additional neutralino staes highly nontrivial even at the tree level. Requiring the taldp

heavy, they would be rarely produced and unlikelyobservedfonditions and positive-definiteness of the squared masses

thus when considering benchmark points for the paramet& the Higgs bosons, the global minimum is shifted from
space we will take at least some to be light. v 246 GeV, due to the presence of the Higgs singlets in
the Higgs potential. The procedure is roughly the follow-

The singlino components modify the production crossnd: first soft SU_SY breaking masses and_ tnlme_ar couplings
re taken at arbitrary values. After a minimum is found, all

sections and decay branching ratios. For instance, ncymalg. onful ¢ led so that the mini
in MSSM annihilation of the lightest neutralinos through a Imensiontul parameters are rescaled so that the minimum

Z resonance is expected to be small for small3dag], occurs at v 246 GeV. This p_rgcedure determines the Higgs

which is not the case for singlinos. If the singlino is light, VEVs-through tadpole conlelgns, as W.e” as faji4]. Al-

the mainpp production will be througtZ boson and into ternatively, one can start by fixing the Higgs VEVSs, and then
the . e L . :

SS, and it would be sufficiently enhanced to compete withIOI()kIng fof TIU\I/mu”I] [15] The_ deTlredtmt;Tu?L:jmbdoe; notk
other channels. In general, neutralino production is deteVAYS €XISL. TVS TE1Y ON Previously establisned benchmar

mined by a) the mixing among neutralino states, and b) th&cenarios [14, 15], which satisfy all the theoretical and ex

s and ke i pramtrs of e andU( 3/ PSRN eukeneris and 1 parcll generie core
gauge groups. y P P q

and slepton similar to that in MSSM, with additional parti-
cles in the chargino/neutralino spectrum), acceptabbceff
tive u parameter, and avoid unwanted global symmetries.

The benchmark points were required to obey three im-
portant conditions:

For the decays of neutralinos, the two-body deoﬁ&s»
)~(J-OZ (Z, if accessible) are important. The other two-body
decay of neutralinos which is important, if kinematically a
lowed, is through sIeptorf@R (we assume squarlgg are
much heavier); while the decays through a CP-even or CP-— The scenarios chosen had to insure the stability of the
odd Higgs boson, even if allowed, are subdominant. In prin- vacuum, as in[14, 15];
ciple, neutralino radiative decays are importantwhen e g — The points had to satisfy relic density constraints for the
between two neutralino masses becomes very small [27], LSP. the lightest neutralino; and
and XE N XjOV are phase suppressed, but less so than the- Qf the parameter points satisfying the above two cqndi-
competing standard decays, because of the zero mass of the tions, benchmarks were chosen to enhance some signals
photon. This is true even for three-particle decays into a ©Of the model in neutralino and chargino decays.
lighter lepton and* 1~ pair. While the small mass gap case Of possible choices, we selected scenarios where thesingli
occurs for a pair of neutralinos in each of the benchmark scenos are light, to highlight characteristics of t4é1)’ model,
narios chosen, the radiative decay does not play an imgortags discussed in the previous subsec{iod (2.1). The thredaben
role because the production of that particular neutralmio p mark scenarios are given in Table 1. We show VEVs, Yukawa
is subdominant. couplings, trilinear couplings, mass ratios and mixings fo

the gauginos and bare scalar fermion masses. The param-

In the following section, we discuss the specific differ- eters for Scenario A are based oni[14], while for Scenario
ences in the decay signatures betwgéh)’ and the MSSM B and C they are loosely based on Case ILin [15]. We var-
for each benchmark set. ied the parameters slightly to insure that in addition to the
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constraints above, in each scenario we obtain a light CF)”(S decays through three-body decays?f(b*l*. In this sce-
even SM-like Higgs boson with (tree-level) magg ~ 125  nario, the dominant decays will be into neutralino pairsyith
GeV. Note also that the low value of tBrr 1 is favored there would be one important chargino-neutralino assediat
by constraints fronBs — p™u~ branching ratiol[3]. This production channel. In Scenario C, both the NL,iSjDand

. . . t 6 i ing:t i
branching ratio, proportional t$ ang) in MSSM. does not the I|ghtes_t chargm(;(_1 are heavier than the~sleptgi\s and
m? the sneutrinos, allowing for two body decax§ — =T

show significant deviations from tAr?e SM prediction, so it fa-and ;- — i=v, V1%, and yielding a significant number of
vors regions of low taf’s and heavier pseudoscalt. In  leptons in the final state. This scenario has been designed to
Scenario A, the two lightest pseudoscalar bosons are vemaximize the 8+ Ojets+ Fr signal. The production cross
light, but these are both singlets [14] which do not couplesection is dominated by the NLSP plus the lightest chargino.
directly to quarks and leptons [30], and thus the bound foAnother significant difference between Scenarios A, B, and
the MSSM-like pseudoscalars does not apply. A complet&cenario C, is thatin A and B, th&(1) bino massV is the
resolution of this problem is beyond the scope of this workightest, while in C the wino masd; is lighter. This insures
and is dealt with in[[19]. For the purpose of this analysisthat the NLSP has a significant wino component, maximiz-
however, we note that a definite conclusion at this point mayng the decay into 84- Ojets+ Fr.
be premature, as a comprehensive recent analysis stillallo  We give the values for the lightest SM-like Higgs bo-
for sizable contributions from BSM [31]. son masses for all three scenarios. We also include the val-
For each benchmark scenario, the mass spectra for thees of the relic density in Tablg 2, together with the LSP,
supersymmetric partners obtained are given in Table 2. Thige lightest neutraling?f, with masses 72.1 GeV, 50.9 GeV

mass of the additiona’ boson is and 56.9 GeV, for Scenario A, Scenario B and Scenario
C, respectively. The calculation of the relic density is-per
3 ; ; : 3.
2 2 2 2 12 /2 formed including the model files fror@alcHEP [32] into
Mz =gv (QHdV(Z‘ TRV TRV i;QS Vé) ’ © thems crOmegas package [33]. All the numbers obtained are

within the 1o range of the WMAP result [26] obtained from
and is equal tdVl;y = 20158 GeV for Scenario AMy =  the Sloan Digital Sky Survey [34]
14147 GeV for Scenario B anil;y = 14124 GeV for Sce-
nario C. As seen from Tablgd 1, the VEVs of the additional
scalars §, S andSy) v, i = 1,2,3 are mostly taken above The relic density of dark matteRpyh? is very sensitive to
the TeV scale so that th& mass bound is satisfied no mat- the parameteR, = My, /My from Table(Z.
ter what the VEV of the scalar fielfis chosen. For conve- The composition of the physical neutralino staf@si =
nience, the parametefg s andhs are taken as free param- 1 5 g from Tabld®, in terms of the bare bino, wino, bina’,
eters and the VEV oBis determined accordingly using the iqqsing and singlino components of the states in the La-

Qpwh? =0.1117 5311, (11)

relation grangian is given in Tablg 3, for Scenarios A, B and C. This
_ hs(S) (10) table shows clearly differences between the three scemario
Heff = V2 in neutralino compositions. For instance, in Scenario A, th

thP is mostly bind3, while the NLSP is 73% singlino, with
Can admi>5ture oH, and Hd; In Scenario B the LSP is 62%
e|rrllglinoS(with Hy, B andS, admixtures), and the NLSP is

The parameters in the supersymmetric sectors for ea
scenario has been chosen as follows. In Scenario A, as se

in Table[2, both left and right scalar leptons are light an 8% bino, with a mixtures déandS, andHg. In Scenario C

close in mass, but the NLSE), and the lightest chargino the LSP is 80% singlin&, while the NLSP is mostly wino,

~j: . . .
X1, are lighter than the sleptons. This favors decays Int(\)Nith a small admixture ofi, andHgy. Thus in all the scenar-
LSP andw* or h[§ and a reduced yield of leptons com- p d

ios ch f the singli light to highligh
pared to the case where the two body decays of neutraﬁ(—)SC osen, one or more of the singlinos are light to highlig

. . ) ._differences with the MSSM spectrum.
nos into either mass-shell scalar leptons is open. SceAario

has six light neutralinos (below 500 GeV), to highlight the _ ~Thfoggzgggt;2hcéol_s§ CS 3\2:;)_: i ff; ree\/sz;:raett:holwgn in
spectrum and signal outcomes from additional neutralino iXi P —

dz H llld /!
at the LHC. The fourth neutralino and lightest chargino are ablel4 for three benchmark scenarios of thg seclud@d
model. The values were obtained implementing the secluded

close in mass. In this scenario, dominant decays will be int%(l), model intoCalcHEP [32] with the help ofLanHEP

f:r?gg;peo;\lzttrag;gftﬁzl{is.r:?eitc ;?;“;%itshr?;%htsﬁf{h [35]. The parton distributions have been parametrized by us
Y. g 9 Y g I5‘ng CTEQ6M of LHAPDF [36]. For background calculations,

to decay through the left-handed slepton, while the NLS . .

y g P including SM backgrounds and QCD corrections, we have
1The Higgs sector parameters can be fine-tuned and do not #itec US€dPythiad.150 [37]. We outline the distinctive features
specific calculations in this paper. of each benchmark scenario.



Table 1 The benchmark points for thé&(1)" model: Scenario A, Scenario B and Scenario C.

Parameters Scenario A Scenario B Scenario C
tanf 1.01 1175 1175
QQ -2 0 0
H(Hetr) 139.05 282.8 265
v 1 1 1
hg 0.75 0.8 0.8
hs 0.073 0.1 0.1
As 1955 522 490
As 1955 522 490
Vs, 1782.4 100 100
Vs, 1782.4 3000 3000
Vs, 1778.1 100 100
Ry 12 0.8 5
Ryy 10 8 4.8
Ver 600 1700 1700
Vur 650 1750 1750
My, g 700 1800 1800
1 -100 100 -400
M, -800 700 212
M3 1000 1000 1000
My, 250 600 573
Mg, 260 300 300
Mo, 950 1000 1000
Mu, 900 1900 1900
Mp, 890 1200 1200
M, 250 600 573
Me, 260 300 300
Mg, 950 1000 1000
Mu, 900 1900 1900
Mp, 890 1200 1200
My, 240 575 573
Mg, 250 275 275
Mo, 850 1400 1400
Mu, 800 2100 2100
Mp, 880 1500 1500
Mga -3823 (306)2 (306)2
VES —3823 (56)2 (56)2
MZs, 0 0 0
A -697.75 -697.75 -697.75
Ay -959.66 -959.66 -959.66
A; -138.7 -138.7 -138.7

The total cross sections in Scenario A are of the orThe dominant production here is into non-MSSM channel
der 1 pb for pp — ¥9%i" and large for, in orderpp —  ¥2%3 with ¥ and%? neutralino both (orthogonal) maximal
XEXT RO, %9%:E, x99, x9%8 and pp — X9%3 (hun-  combinations of singlinos; andS,. The following domi-
dreds offb). The dominant chargino-neutralino decay intonant two neutralino channels are ir)l@ (which is a mixture
X1 X4 is MSSM-type intoW®, and a maximal mixture of of Hy, Hy), and)(6 (a mixture ofty, Hg, with 10% singlino
Hy and Hg. The)(ff decays further through a pseudoscalarS component).

Higgs, on- or off-mass shell. The next significant chargino- |y poth Scenarios A and B, th % X7 chargino pair-
neutralino decay is intdg%;, whereXg is an almost even production is significant, and in Scenario B it competes with
mixture ofHy, Hg andS, with the singlino admixture reduc- {he largest neutralino pair production.

ing the production cross section by a factor of 3. The neu-
tralino ;(g can decay through and/orH bosons. The cross
section forx9%;" is reduced even further, as tfi§ state is
mostlySwith a small admixture ofi, andHg. Here the neu-
tralinof(g can decay further through scalar leptaasndH
bosons (when kinematically allowed).

In Scenario C, the dominant decayap — X2X1 while
all others are negligible. Th is mostly gauginaV3, with
a significantd, andHy admixture, and it can further decay
through sleptons, while the chargip}riE is wino-like, and
can decay throug, i or .
To sum up, cross sections in Scenario A are dominated
In Scenario B the dominant decays are into neutralindy chargino-neutralino production, in Scenario B by neu-
pairs, again in ordepp— X9%2, X9, X2x3, x9%2, while  tralino pair production, while for both scenarios the cross
the decays into charginos are dominatedpy— Xli)”(f section for lightest chargino pair production is large.-Sce



Table 2 The mass spectra for the supersymmetric sector and theleglgityQpy values of the benchmark points given in Tdble 1 for the sestlud
U(1)'. The tree-level values of the masses for the light CP-eveigsbosons are included.

Masses Scenario A Scenario B Scenario C
m)-(zly 721 50.9 56.9
mxg 78.5 71.5 154.6
mxg 94.2 211.4 154.9
m)?ff 151.7 212.5 211.4
Mo 188.9 278.8 212.7
m)-(g 217.5 339.6 318.7
m)?? 806.7 714.7 324.5
m)-(g 1771.9 1577.4 1435.7
Mgo 2901.3 1673.9 3654.1
m)-(f 145.8 268.1 154.6
m)-(ét 806.7 714.7 322.5
Mg 259.1 217.3 120.3
Mey 249.5 1155.7 1157.5
Mg, 259.1 217.3 120.3
Miig 249.5 1155.7 1157.5
mg, 239.0 133.7 120.3
m;, 249.5 1149.4 1151.3
mp, 258.9 215.0 116.0
my, 258.9 215.0 116.0
mg, 249.3 129.8 116.0
Miey 597.9 643.3 636.6
M, 648.1 765.7 760.1
My 698.2 874.0 869.0
Myo 125.9 125.6 126.5

Qpyh? 0.102 0.114 0.106

nario C is dominated by a single chargino-neutralino decafP mixing between the heaviest scalar and the pseudoscalar
xgxli chosen to enhance the three-lepton signal. Higgs bosong [38]. But definite constraints on their masses
The decay channels of heavy neutralinos depend on theéind couplings would come only from direct searches. So far
masses and the masses and couplings of other sparticles dimdits have assumed that the exotic quasksand their su-
Higgs bosons. A sufficiently heavy neutralino can decay viaperpartners@i can be pair-produced at the LHC by QCD-
tree-level two-body channels containing a Z (W), or a Higgsprocesses, and then decay iffo— tW, bZ and 2 — bHg,
boson, a lighter neutralino, (chargino) yielding a sfemmio if driven by mixing with a third generation quark of the same
fermion pair. The main decay modes for the charginos andharge. The current limit on the mass of such a quark is
neutralinos in each scenario are given schematically in they > 590 GeV [40], in apparent conflict with the masses in
Feynman diagrams A. the model discussed here. However, if we justify thel)’
Finally, we comment on the exotics predicted by themodel as being obtained from the breakindg=gf a mixing
model. Although they do not directly affect the spectrum ofwith ordinary SM fermions is forbidden in supersymmetric
charginos and neutralinos, in all three scenarios the @xotiEg if R-parity is conserved [39], which we assume Bere
quarks and leptons?;, % (vector-like under MSSM, chiral The cross sections for the scalar partners are one order of
underU (1)), required to cancel anomalies, are predicted tanagnitude smaller, and smaller also for the exotic leptons.
be light, and are a feature of this model. Their masses are (Note also that the masses of the superpartners of the ex-
hove hLve otic fermions is determined by the soft mass%sandn%c,_ _
Mg = 2 My = ek which are not constrained to be small.) Thus these limits
from ATLAS do not apply here.
and thus in scenarios A, B and C, they can be as light as  An alternative would be that such exotic quarks could be
100-300 GeV. These exotic quarks and leptons do not havgable at the renormalizable level due to thel)’ symme-

a Yukawa coupling to the doublet Higgs and, as they argry, or another accidental symmetry [41]. They would decay

vector-like under MSSM, they do not enhance the observe

. . . . . SThe branching ratios inttW, bZ and bHp for this analysis are as-
Higgs production cross section, assuming that the lightest — ="~ 42%, 31% and 27%, respectivelynier— 500 GeV, and

Higgs boson is SM-like. They would affect production of the mass restrictions depend crucially on the assumedtiraniatios.
the heavier neutral Higgs boson, and might contribute t@or reduced ratios, as in our parameter space, the limappésr.




Table 3 The bino, wino, bino’, higgsino and singlino compositiortieé neutralino?,i = 1,2, ...,9 for Scenario A, Scenario B and Scenario C.

ScenarioA % % b %2 % % X2 % %
B 0.889 -0.004 0.0 -0.151 0.0 0.004 -0.007 0.324 0.283
W3 0.022 0.0 0.0 0.081 0.0 0.0 0.996 -0.002 0.001
HO 0.131 -0.360 0.0 0.692 0.0 0.607 -0.059 -0.035 -0.018
H@ -0.156 -0.365 0.0 -0.682 0.0 0.605 0.059 0.065 0.039
S 0.025 0.855 0.0 -0.013 0.0 0.514 0.0 -0.042 -0.032
B -0.033 0.0 0.0 -0.004 0.0 0.0 -0.001 -0.604 0.795
S -0.165 0.027 -0.707 0.065 0.577 0.001 -0.001 0.295 0.217
S -0.165 0.027 0.707 0.065 0.577 0.001 -0.001 0.295 0.217
$ 0.331 -0.055 0.0 -0.130 0.577 -0.003 0.002 -0.589 -0.434
Scenario B
B 0.349 0.764 0.042 0.007 -0.220 -0.011 -0.021 -0.336 0.359
W3 -0.017 -0.017 -0.002 0.0 -0.180 0.005 0.983 0.002 0.006
H:g -0.142 0.246 0.007 0.0 0.684 0.658 0.124 -0.032 0.032
Hy -0.312 0.0246 -0.011 -0.002 -0.669 0.651 -0.131 0.072 0.07
S 0.790 -0.458 0.008 0.002 -0.041 0.377 -0.003 -0.100 0.099
B -0.013 -0.019 0.006 -0.002 0.002 0.002 -0.006 0.701 0.712
S -0.016 -0.020 0.706 0.706 -0.002 0.0 0.0 0.018 -0.022
S 0.365 0.377 -0.043 0.028 -0.014 0.010 0.012 0.613 -0.586
$ -0.005 -0.001 -0.704 0.707 0.003 0.0 -0.001 -0.035 0.044
Scenario C
B 0.016 -0.011 -0.639 -0.023 -0.040 0.017 0.005 0.596 0.481
W3 -0.056 -0.801 0.024 -0.027 0.001 0.593 0.010 -0.007 0.0
HO -0.217 0.442 -0.049 -0.002 -0.002 0.568 0.654 -0.052 -0.011
Hf} -0.329 -0.378 0.104 -0.002 0.004 -0.556 0.645 0.097 0.032
S 0.903 -0.096 -0.090 0.010 -0.003 -0.048 0.392 -0.087 -0.047
B’ -0.006 -0.009 0.084 0.007 0.004 -0.024 0.001 -0.568 0.817
S -0.007 -0.014 -0.042 0.706 0.705 0.013 0.0 0.021 0.009
S 0.157 0.088 0.744 -0.048 0.073 0.107 0.005 0.546 0.308
$ -0.001 0.009 -0.074 -0.704 0.703 -0.018 0.0 -0.042 -0.019

Table 4 Total cross sections for production @%?, X%~ andf;*X;” at the LHC with\/S= 14 TeV for the three scenarios considered.

Observables Scenario A Scenario B Scenario C
olpp— XVx9)/fb 238 628 <10
o(pp— 5(95(%) /fb <10 169 <10
a(pp— X3%9)/fo 55 <10 <10
o(pp— %9%2)/fb 153 <10 <10
o(pp— )?%Xj’)/fb <10 1146 <10
a(pp— X3 xg) /fb 225 <10 <10
o(pp— %2%9) /b <10 780 <10

oror(pp = X°X0)/tb < 743> < 4827> <10
a(pp— X9%E)/tb 279 <10 2170
o(pp— X$X7) /b 1037 <10 <10
o(pp— )"(g)?f) /tb <10 113 <10
o(pp— Xoxi)/fo 369 62 <10

orot(pp— Xi x0)/fb < 1739> < 235> <2368>
o(pp— fi X, )/ 693 1120 <10

orot(pp— )N(ﬁf(j’)/fb < 694> <1166> <10
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through higher-dimensional operators, on a time scalet shothus loosing information about the original process which
enough to avoid cosmological problerns|[42], involving sin-created them. Thus we modified only the missing transverse
glets under SM with VEVs which would induce extremely energyiZr cut as compared to the first set. The reason for this
small mixings with ordinary quarks. Mass limits on suchcut is to select events with two LSP, acting as a large source
stable charged particles exist, but only for lepton-liketipa of Ft, over events where thgr comes from the neutrinos,
cles with|Qp| = e/3 produced in Drell-Yan processes. Their which can be produced with high energy from the decay of
masses are constrained torg > 200 GeV [43]. Specific aW or Z boson. We call thigut-2, and distinguish between
examples of such exotic quarks and squarks fEgrappear scenarios:

i g ! i i
g]f[:,):g:[iiei::ig [44] for an alternative analysis of theefle Er > 500 GeV for the Scenarios A and Byt-2a and
q ' — Fr > 200 GeV for the scenario Cut-2h

In addition, one could require high jet multiplicity cuts a
3.2 Chargino and Neutralino Signals at the LHC the production cross section faV+jets decreases as the
o _ . number of jets increases. But we found that these cuts could
After defining the benchmark points fer(1)', describing  yeqyce the signal as well, and that the above cut sufficient to
the basic features of production and decay processes, a@fiminate most the unwanted background. In Téble 5 we list
calculating the the relic density, we proceed to analyze thg,o g background contributions (given along rows) to the
neutralino and chargino signals at LHC. Fig. 1 shows thg,qss sections of the signals (given in between theote™h
Feynman diagrams contributing to chargino and neutralingommns of Tabl&l6) after theut-1 set is imposed, includ-
production in the secluded (1) model. We leave the dia- g a5 well as the numbers after a second more restrictive
grams for the characteristic decay patterns in the three SCEet, callectut-2, is considered. The background, particularly
narios fo. ) ) for the 2] 7 is quite large, but is reduced when increas-
To determine and analyze all possible signals for thgng the number of leptons in the final state, and requiring
three scenarios we need to look at the decay topology Qfjetsreduces the background drastically. The effeatutf
these particles, and classify signals according to the fing}is seen most clearly on reductions in W-+jets &inback-
number of leptons present in the signal events. We imposgyonds. The symbol “-” means that this particular decay is
the following basic cuts to suppress the SM backgroun(;-fOta background for the signal studied.
where relevant. We call the seit-1 As can be seen from the numbers in Table 5, after impos-
— (i) Each isolated charged lepton (electron or muon) ha#hg cut-2afor Scenarios A and B, anlit-2bfor Scenario C,
a minimum transverse momentym(¢) > 15 GeV, as compared tout-1, the signal cross sections is reduced on
— (i) The missing transverse energy must be larger tha@verage to around 6 parts in a thousand for the monolepton
Fr > 100 GeV, signal, around 3 percent for the dilepton signal, and around
— (iii) If two leptons or more are produced, they are con-9 percent for the trilepton signal.
strained to be in the central region by the condition on  We use the following formula for the significance of the
pseudorapidityn | < 2 (and the same condition holds for signals (signal-to-background):

the lepton in the single lepton channel); - NI
— (iv) The cone size between two charged leptdis, > B (1) = - “ (12)
0.4, whereARy, is defined in the pseudorapidity-azimuthtal \/NsﬁA 41 Ykzij N

angle plane a8 Ry = (An?+4¢?)12, whereN are the number of events and= A, B,C represent

The contributions to the background in the signal re-Scenarios A, B, and C, respectively. The indicggun over
gions come from SM processes. In thetl jets+ F1 case, the chargino, neutralino states contributing to the signal
the background arises fromp — tt, W-+jets, Z+jets and  The parameter can take two values, 0 or 1. The case with
di-bosons\WW+WZ+ ZZ). For the Z + jets+ Fr mode, r =0 corresponds to the significance with no sizable contri-
pp— tt, WW, WZ ZZ, Z+jets yield the dominant backgroundution from theU (1)’ model to the background. Whenever
And the procespp — W Zis the background for the/3+  there is a need to consider any contamination from the other
Ojets+ Er decay mode. We found that further cuts are needddl(1)’ channelsr = 1 is taken.
to reduce the SM background more. As the topology of sig- In Table[6 we list the cross sections obtained after we
nal and background events is somewhat similar after firgperform bothcut-1 andcut-2afor the signals in Scenarios
level selection cuts, the difference in the angular distrib A and B, andcut-1 andcut-2bfor Scenario C. The num-
tions and circularity is not significant either, it is thustno bers for the signal significance show that events in Scenario
very useful to apply cuts on these variables too. Also thé\ have no chance of being observed. For Scenario B, only
difference in the leptorp% distributions is not very pro- monolepton signals generated via chargino pair seem to be
nounced as signal leptons are produced in cascade decapsomising since they have signal significance greater than
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Fig. 1 The Feynman diagrams for the production of the chargino @&udralino in the secluded (1)’ model. The top row shows chargino pair
production only, the middle row the associated charginatnaéino, and the bottom row shows the neutralino pair petion.

Table 5 The SM background cross sectionsfimaftercut-1andcut-2a(b)for Scenarios A, B (C), defined in the text. The™ along the columns

indicates that, for the given process, there is no backgtdéomthat channel.

Backgroundtb] Cut 12 By 202) By 300j By

Wijet cut-1 212880 — -
cut-2 1340 - -
Zjet cut-1 84.0 280 -
cut-2 175 175 -
zZ cut-1 8.4x10°3 4.3 -
cut-2 9.3x 1075 1.7x 104 -
WW cut-1 156.9 11.2 -
cut-2 1.4 0.3 -

Wz cut-1 98.3 21 45

cut-2 0.4 <15x10°3 0.4
tt cut-1 2502.9 205.5 -
cut-2 6.7 577 -

Total : cut-1 24130.1 251 4.5

cut-2 144.2 782 0.4

10 events after theut-2aset. A better option is the trilepton softwarePGS 4 [45] to include LHC detector effect®GS
signal with no jets from Scenario C. The signal significancet uses a jet algorithm which assumes that jets are confined
with r = 1 is not calculated since there are no other channelg a cone with diameteAR;; = 0.5, together with a hadronic

giving significant trilepton signals with no jets. calorimeter energy resolution aﬂs(EjTet) —08 EjTet_ For

We are interested in signals with leptons in the final stateg-anarios A and B. we generated abolk &@ents for the

as these would be clear to identify at the LHC. We analyzegignal’ and 3« 10° for the background. We now summarize
the signal with missing energy only' @ jets+ Er, but un-  i4a results for each signal.

fortunately, although strong, this signal is completelgiev
whelmed by the background, mostly QCD multijet produc-
tion, Z+jets and Drell-Yan productiopp — ZZ andpp —
WW. Cuts forp)™ > 20 GeV, forNjet > 2, Ef'™> 1.2 TeV,

andEr > 1 TeV may yield some signal, but we found that\ye analyze first the case of a single charged lepton with
this signal would still be difficult to isolate and distinghi 5t |east two jets in the signal. For this type of events, for
securely from background. looser selectiondV production with additional QCD jets
We thus concentrate our analysis on monolepton, dilepean dominatel [46], whildt production is expected to be
ton, (accompanied by jets), and trilepton final states. Wehe dominant background for tight selections of one lep-
note that in the rest of the signal simulations we used théon in SUSY. Smaller background contributions come from

3.2.1 The Monolepton Signdll + jets+ Fr
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Table 6 The cross sections for signal events and signal to backgrsigmificance at the LHC with integrated luminosity= 100 fb ! after the

cut-1 andcut-2a(b)for Scenarios A, B (C). See the text for the definitionBgf(r). B¢ (0) is the significance with no contamination from others
channels.

Signal Channel Cut Sib] SBfh] sdfh] ) (0) 0) B (0) ) (1) = (1)
102j r
XX cut-1 3.4 51.9 - 0.2 3.3 - 0.2 3.3
cut-2a 0.3 125 - 0.25 10.4 - 0.25 10.4
X% cut-1 - 0.3 - 0.02 - — 0.02
cut-2a - 0.03 - - 0.02 - - 0.02
X% cut-1 7.6 2.0 - 0.49 0.1 - 0.49 0.1
cut-2a 0.05 0.07 - 0.04 0.06 - 0.04 0.06
202) By
XX cut-1 0.2 0.9 - 0.1 0.56 - 0.1 0.56
cut-2a 0.03 0.1 - 0.1 0.4 - 0.1 0.4
x50 cut-1 0.07 1.7 — 0.04 1.0 - 0.04 1.0
cut-2a 0.01 0.12 - 0.04 0.42 - 0.04 0.42
XX cut-1 0.01 0.4 - 0.0 0.25 — 0.0 0.25
cut-2a 0 0 - 0.0 0.0 - 0.0 0.0
300j Er
XX cut-1 - - 55.0 — 260.0 — -
cut-2b - - 10.0 - 156.4 - -

Z+jets, di-bosons, single top and QCD proceEsléer LHC nals. Single top production where the top decays leptoni-
energiesZ-+jets cross section is at least one order of mageally has a much smaller cross section thigoroduction.
nitude smaller thalV+jets, and less resistant to ocut-1 In Fig.[2 we plot the relevant distributiong&y, E3'™,
We used 2 10° events for generating/-+jets, and 8< 10°  pr(¢), Njer and pl distributions of the 1+ 2j+ Er sig-
events for generating-+jets forcut-2a and included Drell-  nal at 14 TeV with integrated luminosity’ = 100 fb2, for
Yan production through virtu@* /y* which contributes with ~ Scenario A. The figures represent the signal and background
a similar topology ta&Z+jets. We analyzed thé/+jets and  aftercut-2a We define in generd&$'™ (often referred to as
Z-+jets processes contributing to our signals. The hard crossg¢), in terms of missing transverse energy and transverse
sections are huge: abouBk 10° fb for W-jets and 4< 10’ momentum for leptons and jets
fb for Z+jets. We then applied the basic cuts for one lepton
signal. For thaV+jets case, after the first set of cutsit-l), ET =FT+ ; pr(6) + Z pr(i). (13)
the cross section goes down to 21288 fb, which is still large. ' jets
Using the second set of cutsuf-23), that is increasingr  In general, we expect the threshold #}'™ and Et to be
cut value from 100 GeV to 500 GeV, reduces significantlydifferent, as cascade decays of heavy particles, whicim ofte
the events which passedt-1 The situation is similar for the  have largep!® [47] and increase final state jet multiplicity.
Z+jets case, but in this case there are two leptons producetthe dominant signalg;” X, andx;"X° show distinguishing
one of which needs to be veto-ed based on our selection crdistributions ingr, E3"™ The decay into chargino pairs has
teria, so that it effectively acts like one lepton at the d&te  a tail at largeiZr, E3Y™ while the chargino-neutralino signal
This happens if one of the leptons is soft or not well sepapeaks at lowr, E3'™. In pr(¢) the two-charginos signal
rated from the other lepton, or too close to the beamline, etgs the largest, while the chargino-neutralino signal pestks
Requiring largefzr from Z-+jets events reduces this back- low pr(¢) < 100 GeV. The number of events per bin-size as
ground further. a function of the number of jets is completely overwhelmed

Di-boson production, with higpr leptons is also smaller, by backgroundst{, WW, W-+jets andW 2) for Niets < 6,
with WW production dominating this type of background. while as a function op‘TEt, secluded) (1)" events are visible
While WW andW Z yield some contribution afterut-1 this  for p!* > 100 GeV. Additional cuts oNes would eliminate
is controlled effectively bycut-2a The ZZ background is  W--jets orWW background, whilét would remain approx-
smaller. Here, we used>810° events for generatingZ sig- imately constant.

The same analysis for Scenario B, shown in[Eig. 3, yields

_— . . . . . ~ ~ ~j: ~ ~ ~
3Requiring one lepton in the final state will significantly vee the ~Non-negligible distributions fok, X1 X1 Xio andXiOon (the
QCD multijet production. last being the smallest). The chargino pair decay is again
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Fig. 2 (color online). The Er, E'™, pr(£), Njer and p#e‘ distributions of thell + 2j+ Er signal atl4 TeV with integrated luminosity? =
100 fb 2, for Scenario A, aftecut-2a We also include the backgrounds from WU jet), WZ, WW andtt.

dominant but its tail at larg&r, E"™ falls more abruptly by an order of magnitude. Given the abundance of the neu-
than that in Scenario A, while the chargino-neutralino sig-ralinos in the signal, we expect some enhancement in the
nal peaks at lowZr, Ef“™ As in Scenario A, in ther(¢)  total signal (cross section) with respect to the MSSM.
distribution the two chargino signal is dominant, and digni

cant forpr (¢) < 150— 200 GeV, while the other two are not 3.2.2 The Dilepton Signal/ + jets+ Er

visible. The number of events as a function of the number of

jets is, as in Scenario A, completely overwhelmed by backWVe analyze the 2+ jetst- Er (two same-flavor opposite
grounds forNiets < 6, while as a function op!®, secluded ~Sign leptonkin a similar fashion to the 1+ jetst- Fr pre-
U(1)’ events are visible fop%'_et ~ 100 GeV, and there the sented in the previous subsection. The largest SM backdroun

number of events per bin size exceeds those in Scenario [RY.the dilepton signal comes from top quark pair production
], and from Drell-Yan vi&Z* / y* (showing us aZ+jets).
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Fig. 3 (color online). The Er, E'™, pr(£), Njer and p#e‘ distributions of thell + 2j+ Er signal atl4 TeV with integrated luminosity? =
100 fb 2, for Scenario B, aftecut-2a We also include the backgrounds from WU jet), W.Z, WW anctt.

Cut-1is designed to mostly eliminate the Drell-Yan back-for theW Z channel cross section, which is around 30460 fb
ground, but thet signal survives. We also include the di- before applying the cuts, is reduced td b after thecut-1,
boson signal, subdominant for the background. Of di-bosonand no event survives after that-2a We have used 9 10°
only WW gives any significant contribution, withZ and  events to generate this background aftet-2a Our results
WZ signals being much smaller. In particul@v,Z back- are confirmed in|E9]. For the two lepton contribution from
ground for two leptons requires a) that— |v, but the lep-  theZZ channel to have large enoufh, the main contribu-
ton is not detected (this has a low probability and is furthetion must come from the case where ahdecays to neutri-
reduced by the pseudorapidity cut); or b) tHat> 71—,  nos and the other leptonically, but out 0k8.0° events the
and onert decay hadronically, and the other leptonically, cross section was reduced t@4b aftercut-1, and was not
which has a very small probability again. The backgroundrisible aftercut-2a
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Fig. 4 (color online). TheEy, E{'™, ARy+,- andAn,+,- and invariant mass distributions of tBé+ 2j+ ¥r signal atl4 TeV with integrated
luminosity.# = 100 b, for Scenario A and Scenario B, aftait-2a

The main results are shown in Fig. 4, where we plot thebackground aftecut-2a For Scenario A, the background is
Fr, E3'™ AR+~ andAn,+,- and the invariant mass distri- too large and completely obliterates the signal.
butions of the 2+ 2j+ Ft signal at 14 TeV with integrated
luminosity.# = 100 fb~1, for Scenario A and Scenario B; ~ For the theZr andE?"™graphs, the dominant signals are
and in Fig[% where we give ther distribution for Scenario £ X1 in Scenario A, andf; §; and ¥’} in Scenario B
A and B, and theé\je; and pJTet distributions of the dominant (where the last two give an enhanced number of events over
)~(i+)~(f — 20+ 2j+ Er signal at 14 TeV with integrated lu- the signal in Scenario A). Note however that the number of
minosity . = 100 fb%, for Scenario B, where the signal events per bin decreases by roughly an order of magnitude

survives background cuts. The figures depict the signal anffith respect to the A+ jets+ Er signal. The signal peaks
around 600 GeV foEt and 1500 GeV foE3"™ Looking at

angular variables for the two-lepton final signal, such as th
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Fig. 5 (color online).Thepr distribution for Scenario A and B, and thge: andp!®* distributions of the( + 2j+ Bt (%" % ;) signal atl4 Tev

with integrated luminosity? = 100 fb~1, for Scenario B, aftecut-2a We also include the backgrounds from WW ahdFor Scenario A, the
background is too large and completely obliterates theagign

cone size between two charged leptons, the pseudorapidi8?2.3 The Trilepton SignaB/ + Ojetst Et
and the two-lepton invariant mass distinguish between the

signals. The chargino pair production in Scenario B gives\n excess of trilepton events, or isolated dileptons

the largest signal in cone size and pseudorapidity distribUeypipiting a characteristic signature in thel~ invariant
tions, peaked respectively around 3 and 0; while in the twWop a5 distribution, could be the first manifestation of pmdu
lepton invariant mass distributidvl;+- the signalg°%P in o of supersymmetric particles. The LHC sensitivity tisth
Scenario B peaks sharply around 80 GeV, and is negligiblgnannel reaches 320 GeV (720) GeV is the NLSP decays
elsewhere. For Scenario B, jii" X; , the number of events through intermediate gauge bosons(light sleptons) inxhe e
per bin size is smaller by a factor of about 10, but the signajreme case where the LSP is massless[21, 22]. Neither Sce-
is visible roundV;+|- ~ 50— 200 GeV. Looking at the dis- 4ri A nor Scenario B give any significant signals for the
tributions of bothph*@andp3*™ in Fig.5, the visible signals  ilepton signal, considered to be a signature for difgck?

are the chargino-pair productigiy' X; and the neutralino  pre||-yan production, and theoretically most reliablerFo
productionk?X} in Scenario B, which peak for both distri- nege final states, one expects events containing three hard
butions around 50 GeV. As for the' 3- jets+ Er case, the  igplated leptons (includingvo same-flavour opposite-sign
number of events as a function of the number of Mt leptons p or e and a third “tagging” lepton) angr, with

falls under the background fdies < 6, while as a func- g jets, and small SM backgrounds. To highlight this signal,
tion of p}*, secludedJ (1)’ events are visible fopl™ >80 e have set up another alternative, Scenario C, where the
GeV, and events withlets > 2 dominate. In th&r andE3"™  dominant signal is?f)?g, yielding Eiiﬁl*éjﬂr F1. We gener-
graphs the signal is dominated fjX} neutralinos, thus the  yyo anout 7 x 109 signal events, to enhance the event to
dilepton distribution would show more deviation from the background ratio.

MSSM than the monolepton (as there are many more neu-

tralino processes here). We present our results in Figl. 6, together with the domi-

nant SM background coming frowd Z For the modified cut
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Fig. 6 (color online). The Br, E™, invariant massARy+,-, Ang+ -, A@+,~ andpr distributions of the2( + 2j+ ¥r signal atl4 TeV with
integrated luminosity? = 100 fb, for Scenario C, aftezut-2h

Fr > 200 GeV €ut-2h, this signal is almost background- cific shape of théV,+,- distribution reveals details abofq&D

free and will be distinguished by measurement of bigth  production and decay [50]. In Scenario C, the decay of the

andE$U™ and of the angular correlations, as the cone siz&lLSP proceeds through a two-body channefgis» (Ol —
between two charged leptons, the pseudorapidity and th(é)?f)l. We expect
two-lepton azimuthal angle. Fétr andE3Y™, the signal is
strong till 800 and 2000 GeV, respectively. In the two-lepto
invariant mass (plotted here for the correlatag® same-
flavor opposite-sign leptonslistinguished by their separa-
tion), the signal is strong for low},+;- = 0— 20 GeV, and

shows a wide peak in the 40100 GeV region. The spe- The peak at lowM,+,- indicates that many events produced

+H- =

y (o5—1) (o

. M?O)

1

My

= 85.5 GeV.

with largeEr > 200 GeV, as we imposed aut-2h while the
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peak in the 50- 80 GeV region is neaW|™*. For angular E3"™ plots, or in pJTEt, with a cut p‘Tet > 80— 100 GeV, to
variables, the production in terms AR, has a sharp edge enhance the signal to background response. Increasing the
due tocut-1(ARy, > 0.4), and is peaked around pseudora-number of leptons in the final state produces fewer events,
pidity Angy = . These angular distributions indicate the re-however with a reduction in the background as well. We
gion most likely to detect the/3- Ojets+ Fr signal. We also  found that for the 2+ jets+ Er in Scenario A, the back-
show thepr (¢) for the three hard leptons in the last panel,ground completely overwhelms the signal, while in Scenario
distinguished by their increasingly broader peaks. Tlgs si B the signal remains promising. Events with lafdge and

nal could be detected at the 14 TeV LHC, as more than 1083"™, or largeNis are more likely to be signal than back-
events per year would be observed. Though promising, thiground. For highlighting the 3+ Ojets+ Kt scenario, we
signal looks at first similar to the/3+ Ojets+ Fr signal analyzed another region of the parameter space, Scenario C,
in MSSM, where the trilepton signal is also dominated bywhere the dominant cross section is to the lightest chargino
)?1*)?20 production, and where similar cross sections are exand second lightest neutralino, resulting inda-djets+ Fr
pected|[23]. However, while the production of the chargino<inal state. We find that plots for events yield observable re-
neutralino pair in this scenario is MSSM like, the decay ofsults, and with judicious cutd > 200 GeV) they are al-

the chargino (which is wino-like) is into a singlino-like PS  most background-free, and could yielt{ 10?) events per
whereas the NLSP in this model is bino-like and resembleenergy bin at the LHC.

the LSP in MSSM. Thus the dark matter candidate and de- Our benchmark scenarios and signals are qualitatively
cays of the chargino-neutralino pair into the LSP diffenfro and quantitatively different from the MSSM. We list below
the MSSM. This exclusive channel is expected to play a censome of the sources for the expected differences.

tral role in the precise determination f, the dark matter
candidate|[50]. The decays patterns are shown in[Fig. 9 in
the Appendix.

— The three benchmark parameters scenarios, all distinct
and all chosen to highlight some of the features of the
U (1)’ model. All scenarios satisfy conditions for the sta-
bility of the vacuum, predict a SM-like Higgs atthe LHC
at 125 GeV, and fulfil relic density constraints. All sce-
narios have light singlinos, to distinguish them from MSSM,
and several more light neutralinos than in MSSM, to en-
hance their production.

The composition of the dark matter candidate, the LSP,
and of the NLSP, have been chosen to be non-MSSM-
like. For instance, in Scenario A, the LSP is mostly bino
B, while the NLSP is mostly singlino. In Scenario B the
LSP is mostly singlino while the NLSP is bino, with
singlino admixtures. In Scenario C the LSP is singlino,
while the NLSP is mostly wino. Thus in all the scenarios
chosen, one or more of the singlinos are light, resulting
in differences in the production and decay patterns for
neutralinos and charginos between this model and the
MSSM.

In particular, we highlight the decay pattern of the NLPS
into the LSP. Even for the three lepton decay in Sce-
nario C, which at first seems to be very similar to that
in MSSM, the decay pattern of the wino NLSP into a
singlino LSP, which does not couple directly to fermions
would yield a distinguishable signature of the model from
the decay of the NLSP into a bino LSP in MSSM.

A clear difference between our model and MSSM is the
fact that we need to have tfirvery close to 1 to satisfy
vacuum stability bounds in the Higgs potential, while
yielding a Higgs mass 125 GeV, in contrast the MSSM
prefers a medium to large value for fanThis fact makes
satisfying constraints frorBy s decays irlJ (1)’ natural.

4 Note that the graphs in the frames 4-6 are interconnectefiRas= The topic is beyond our study, but we showed that the
(Anf+Agh)M2. bounds are satisfied.

4 Summary and Conclusion

We studied the production of neutralinos and charginos at
the LHC in the context of the seclud&d1)’, in which sin-

glet fields are added to supersymmetric models with extra
U (1)'s to stabilize theZ — Z’ mass splitting. The model has
five additional neutralinos (in addition to the fourin MSSM)
which could enhance the signals observed at the LHC. In
fact, as the additional Higgs singlets are expected to be/hea
analyzing the neutralino sector would be a promising test
of the secluded sector of the model. We perform the analy-
sis for LHC operating at 14 TeV with integrated luminosity
% =100 fot.

As discovery of supersymmetry at the LHC is expected
to occur through the observation of large excesses of events.
in missing Z7 plus jets, or with one or more isolated lep-
tons, we classify and analyze the final signals based on the
number of leptons emitted, and look at final states with-1
jets+ Er, 20+ jets+ Er and 3 + Ojets+ Er. There are
very few events generated with more than three leptons in
the final states in this model, and, though spectacular, thus
these are not likely to be seen at the LHC, even at 14TeV.
For each signal, we study a parameter space where the sig-
nals could be enhanced. In two of the Scenarios, A and B,
the largest cross section is obtained for the productiohef t
lightest chargino pair, or the lightest chargino with nalir
nos. Both seem most promising to be observeéinand
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— In MSSM, there are 21 different reactions for direct chaogin
neutralino pair production: 3 fgt;" %", 8 for ¥ X? and
10 for x°%?, while inU (1)’ there are 56 possibilities: 3
for X Xj, 18 fork;"X? and 35 forgX?. Thus the model
has significant quantitative differences from the MSSM.

MSSM, like our model, has a large parameter space, and
it could be possible that in one corner of that space, some
signals would overlap with ours. What would be highly un-
likely is that, in any of the MSSM parameter spaa# the
signalswould be the same as those resulting fror)’.
Given our choice of light neutralino states and dark mat-
ter candidate, we would have a next-to-impossible task to
reproduce a similar scenario for MSSM. Thus most of our
comparisons are with existing LHC data.

As the pressure put on the constrained and phenomeno-
logical MSSM by present measurements at the LHC mounts,
the analysis presented here provides a map of possible sig-
nals in neutralino production of physics beyond MSSM, which
should be easily confirmed or ruled out at 14 TeV. If the se-
cludedU (1)’ is the correct supersymmetric scenario, the dif-
ference with MSSM should manifest itself in thé-4 jets+ /

Er and Z + jets+ Fr signal, where the cross sections (and
the correlated number of events) should be above what one
expects in the minimal model, and in thé 80jetst+ Fr
scenario, where the decays of the chargino-neutralino pair
are into a singlino-like LSP, shedding light on the nature of
dark matter.
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Appendix A: Feynman diagrams for decays channels

We list the main decay channels of chargino and neutralinos
in Scenario A, (Figl7), Scenario B, (FId. 8) and Scenario C
(Fig.[9).
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Fig. 8 Generic Feynman diagrams for the decays of the chargjnand neutralinog?, i = 2,...6 in Scenario B of the secludédi(1)’ model.
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Fig. 9 Generic Feynman diagrams for the decays of the charﬁi"nand neutralinq?g in Scenario C of the secludég(1)’ model. Intermediate
particle notation is the same as in Hi§). 7, andks the scalar neutrino.
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