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We study a softly broken supersymmetric model whose gauge symmetry is that of the standard model
gauge group times an extra Abelian symmetry U(1)'. We call this gauge-extended model the U(1)" model,
and we study a U(1)" model with a secluded sector such that neutrinos acquire Dirac masses via higher-
dimensional terms allowed by the U(1)’ invariance. In this model the u term of the minimal super-
symmetric model (MSSM) is dynamically induced by the vacuum expectation value of a singlet scalar. In
addition, the model contains exotic particles necessary for anomaly cancellation, and extra singlet bosons
for achieving correct Z'/Z mass hierarchy. The neutrinos are charged under U(1), and thus, their
production and decay channels differ from those in the MSSM in strength and topology. We implement
the model into standard packages and perform a detailed analysis of sneutrino production and decay at the
Large Hadron Collider, for various mass scenarios, concentrating on three types of signals: (1) 0 + MET,
(2) 2¢ + MET, and (3) 4¢ + MET. We compare the results with those of the MSSM whenever possible,
and analyze the standard model background for each signal. The sneutrino production and decays provide

clear signatures enabling distinction of the U(1)’ model from the MSSM at the LHC.
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I. INTRODUCTION AND MOTIVATION

The minimal supersymmetric model (MSSM) is argu-
ably the most popular “new physics” scenario referring to
a perturbative completion of the standard model (SM)
beyond Fermi energies. Motivated by the resolution of
such long standing problems of the SM as the gauge
hierarchy problem, the existence of dark matter and the
added attraction of gauge unification, it nevertheless still
has some outstanding problems. One of these is the so-
called p problem [1]. Supersymmetric models that extend
the MSSM via an extra gauge group generally intend to
solve u problem and incorporate an extra singlet field,
whose coupling to the Higgs fields and vacuum expectation
value (VEV) generate dynamically the w term. These
models extend the SU(2), ® U(1)y MSSM electroweak
symmetry by an extra U(l) gauge symmetry. Such an
extension is minimal, and it is well motivated in super-
string theories [2], grand unified theories [3], and in dy-
namical electroweak breaking theories [4]. The simplest
versions contain a singlet field and an extra neutral gauge
boson. Other versions also allow right-handed neutrinos
into the spectrum. In a nonminimal version of the U(1)
extended MSSM, which includes several singlet (§) fields,
the tension between the electroweak scale and developing a
large enough Z' mass is resolved. We call this version of
the model the secluded sector U(1)', a shorthand notation
for SU(3), ® SU(2);, ® U(1)y ® U(1), the gauge symme-
try underlying the model, and describe it in the next
section. In the MSSM, as in the SM, neutrinos are mass-
less. The fact that neutrino oscillation implies nonvanish-
ing neutrino masses is a strong motivation to consider an
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extended form of the MSSM. Small neutrino masses con-
sistent with neutrino oscillation phenomenology are usu-
ally explained by the seesaw mechanism [5]. In the seesaw
mechanism, large Majorana masses for right-handed neu-
trinos induce small Majorana masses for left-handed
neutrinos. In the scalar sector, right-handed sneutrinos
mix with the left-handed sneutrinos and give potentially
new signals for extended symmetry. The choice of U(1)
symmetry would determine the magnitude and type of
neutrino masses. In this paper, we consider a U(1)’
extended form of the MSSM that contains Dirac-type
neutrino masses.

One may wonder whether it is feasible to give neutrinos
Majorana mass in this model. In general U(1)' models
consider the Dirac-type mass for neutrinos since U(1)’
symmetry affects the mechanisms that generate the
tiny neutrino masses. These models do not allow large
Majorana masses necessary for the canonical seesaw sce-
nario to work unless the right-handed neutrinos have U(1)’
charges. Once the right-handed neutrinos are charged under
U(1)’, the Majorana mass cannot be much larger than the
U(1) scale [6]. This is why Majorana mass generation is not
very popular in the U(1)" models. On the other hand, the
U(1)' symmetry allows Dirac Yukawa couplings generated
by higher-dimensional operators, which is the scenario
adopted in this study. Since the Majorana mass scenario is
not very likely to be realized in such frameworks, we are not
going to discuss it any further.

Direct or indirect detection of the superpartners of
the standard model particles, the definitive signal for
supersymmetry, is one of the major aims of the LHC
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experiments. Except for the lightest supersymmetric parti-
cle (LSP) in the R-parity conserving supersymmetry, the
superpartners are expected to decay instantaneously into
SM particles, plus the LSP, detected as missing energy. The
common methodology for detection is to analyze the pro-
duction and cascade decays of the supersymmetric parti-
cles. As the right sneutrinos, which can mix with the left
sneutrinos are a feature of the U(1)’ model that distin-
guishes it from MSSM, studying sneutrino signals would
be an important test for this model.

Systematic analyses of sneutrino decays in the MSSM
have been performed in [7]. The aim of this article is to
perform a comparative study of LHC signals of sneutrino
production and decays in the MSSM and in a supersym-
metric model with a secluded U(1)’ breaking sector [8] via
their decay chain topologies. Differences between MSSM
and the secluded sector U(1)" model likely reveal them-
selves via decay modes of the sneutrino. We analyze the
signals, and, for completeness, we also include possible
standard model backgrounds.

In most variants of the MSSM consistent with relic
density calculations, the LSP is the lightest neutralino,
typically a mixed state of bino (fermionic partner of the
U(1)y gauge boson) and the Higgsino. In a previous work
[9], we showed that a minimal U(1)’ model (one extra
singlet boson) could be consistent with the excess positron
observed in satellite experiments, choosing on of the right-
handed sneutrinos as the LSP. However, for the purpose of
this work (dependent on parameter space chosen to com-
pare our results with those of MSSM)), the secluded sector
U(1)' lightest neutralino appears consistently to be the LSP
and therefore is a potentially viable dark matter (DM)
candidate, although its composition is likely to differ
from the lightest neutralino in MSSM.

Here we perform a thorough analysis of sneutrino pro-
duction and decay in the secluded sector U(1) model. In
order to compare with previous signals, we establish a set
of three minimal SUperGRAvity (mSUGRA)-inspired
benchmarks for our model. Similar to the mSUGRA
benchmark points analyzed in MSSM (LM1, LM2, LM6)
[10-12], we analyze the corresponding scenarios in the
secluded sector U(1) model (LM1/,LM2/,LM6'). Here
LM stands for low mass, a choice likely to yield visible
signals at the LHC.

Our paper is organized as follows. We briefly introduce
the model in Sec. II, then define the parameters and physi-
cal masses of supersymmetric particles in the secluded
sector U(1)" model in Sec. III. For each benchmark point,
we ensure that DM candidate of the U(1)’ model yields
relic densities consistent with the Wilkinson Microwave
Anisotropy Probe (WMAP) range of cold dark matter
density [13]. We then perform a comparative analysis of
the production, decays, and detectability of sneutrinos
within these benchmark supersymmetric scenarios.
During this analysis we focus on the multilepton plus
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missing energy signatures of the supersymmetric
scenarios. We present the results of our simulation analysis
for the LHC. In Sec. IV we conclude the work. We leave
the extensive details of the model for the Appendices.

II. THE U(1) MODEL

The MSSM suffers from a naturalness problem due to the
presence of the u parameter, responsible for giving masses
to the Higgs bosons and Higgsino in the superpotential.
From a purely theoretical point of view, the value of this
parameter is expected to be either of the order of
the grand unified theory, Planck scale or zero. For phenome-
nological aspects, however, it must be of the order of the
scale of electroweak symmetry breaking and it has to be
nonzero to agree with the experimental data. Seen from the
low-energy point of view, adding an extra U(1) is needed in
order to solve the p problem [1] of the MSSM. Basically the
problem is remedied by extending the matter and gauge
structure of the MSSM, e.g. within unified and/or string
models by introducing an additional singlet filed S, whose
VEV generates the w term dynamically. Theories with an
extra U(1)" broken at the electroweak-to-TeV scale by SM
singlets are known to be able to generate an appropriately
sized p parameter (see e.g. [1]).

The other success of the U(1)’ symmetry is being able to
generate pertinent neutrino masses by introducing right-
handed neutrinos into the superpotential. The right-handed
neutrino sector and the w parameter can be correlated for
both Majorana [14] and Dirac masses [15]. We assume
here that the lepton number is an accidental symmetry
that is conserved at the perturbative level. Hence, the
neutrinos are Dirac fermions, requiring Yukawa couplings
of O(107'3). These couplings are technically natural, but
an explanation for such a strong suppression is clearly
desirable. One way this can occur is if the U(1)’ invariance
suppresses leading order contributions to Dirac neutrino
masses and allows higher-dimensional operators [15].

In this work, we extend the MSSM in the following
ways. First, the gauge structure of the MSSM, SU(3), ®
SU((2); ® U(1)y, is enriched to include an extra Abelian
group factor U(1). Second, we promote the u parameter
into dynamical field, S, which is charged under the U(1)’.
Third, exotics with Yukawa couplings to S are included to
make the theory anomaly free. Fourth, Z’'/Z mass hier-
archy in the model is ensured by three additional SU(2)
singlet fields which are coming from secluded sector of
the model. The model also includes a term that provides
suppressed Dirac neutrino masses in accordance with ob-
servations. We present the main relevant points in this
section, leaving the details for the Appendices.

In the minimal version of the model which contains only
one singlet S, there is some tension between the electro-
weak scale and the need to generate a large enough M/.
These two problems can be decoupled without fine tuning
when several additional scalar fields are incorporated into
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the model. While only one of these fields generates the u
term, the others determine the Z’ mass scale so that these
two parameters can be separated. An example of this kind
of nonminimal model is the secluded sector model. The
secluded sector model involves an ordinary sector of sym-
metry breaking fields, which includes two Higgs doublets,
and an SU(2), singlet S. After acquiring a VEV, S gen-
erates an effective u parameter u = h(S). The secluded
sector of the model includes three SU(2); singlet fields S;,
i = 1, 2,3 which acquire large VEVs. All four VEVs of the
singlet fields S, S5 contribute to Z' mass. Thus, in this
model, Z'/Z mass hierarchy is implemented mainly
through the secluded sector of the model. Note that this
is the least number of scalar fields needed to achieve the
desired features described above [8]. Moreover the U(1)’
models have an advantage over other MSSM extensions
with scalars which, unlike the U(1)’ models, allow
cubic terms in the superpotential leading to the so-called
domain wall problem if the Z; symmetry is broken
spontaneously.
The superpotential of the model is given by

L), (D

where the fields entering the equation, together with their
quantum numbers are listed in Table 1. Here, My, is a large
mass scale and £, is the Yukawa coupling responsible for
generating neutrino masses.

The U(1)" charges of the fields satisfy a number of
conditions arising from phenomenological constraints, as
well as from gauge invariance of the model and from the
requirement of cancellation of gauge and gravitational
anomalies. They are as follows.

The U(1)' charges satisty Qf; + Q} # 0 to forbid the
bare p term, Q) + Qp + Qy # 0 to induce neutrino
masses correctly, and Q5 + Qf + Qs = 0 to correctly
generate the Z — Z' mass hierarchy. Gauge invariance of
the superpotential implies
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0=05+0y + 0y, 0=0,+ 0y + 0
0=0p+ 0y, + 0O 0=0; + 0y, + 0k
0=0y +0, + 0 0=0) + 0} + 0
0=05 + 0 + 0y + Q)

2

For the model to be anomaly free the U(1)" charges of
fields must satisfy

0=300, + Q) + 0p) + ng(Qy + 0y). (3
0=3(3Q) + 0}) + O, + Q. @)

0=3G00o +30p +50u +301 + Q) +5(Q, + 0fy,)
+3nY5(Q5 + Q) +ne¥7(Qr + 0%, ()

0=3(60; +30y +30) +20] + Q0 + Q) + 20},
+20) + 0+ O + O, + O, +3ng(Q) + Q’Q)
+np(Q) +0%), (0)

0=13(03 + 03 — 207 — 07 + 0F) — 0f, + 0f,
+3noYo(QF — Q'é) +nY(QF —0%), (7)

0=13(607 + 305 + 307 + 207 + 0F + 0F) + 20},
+205 + 0+ 0F + 0§ + 0
+3n(Q3 + 0F) + np(QF + 07), (8)

which correspond to vanishing of U(1)-SU3)-SU(3)c,
Ul)y-su@),-Su),, U1)Y-UQ)y-U(1l)y, U(1)-gravi-
ton-graviton, U(1)-U(1)-U(1)y, and U(1)-U(1)-U(1)
anomalies, respectively. All these anomaly cancellation
conditions are satisfied for a particular pattern of charges
and parameters. It is found that the solution to the mixed
anomaly constraints requires ng = 3 color triplet pairs
with hypercharge Yo = —1/3, and n, =5 singlet pairs
with Y, = —m. With these parameter values one ob-
tains the U(1)’ model displayed in Table II. The U(1)
charges for Higgs fields in the model are chosen as

TABLE 1. Gauge quantum numbers of quark (0, U, D), lepton (L, N, E), Higgs (H,, H,), SM- singlet (S, $;, $,, 85), exotic quark

(Q_, Q) and exotic lepton (L, L) superfields.

Field o o b L & £ A, A, S 8§ 8 & & o I I
SUB): 3 3 3 1 1 1 1 1 1 1 1 1 3 3 1 1
suQR), 2 1 1 2 1 1 2 2 1 1 1 1 1 1 1 1
U(l)y 1/6 —2/3 1/3 —1/2 0 112 /2 0 0 0 0 Yo Yo Y, Y
uy 00 v Ob 0, Oy 0O h, Quw, Qs Qs 0O O o Q% 0
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TABLE II.
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A set of U(1)" charges satisfying all gauge invariance and anomaly cancellation

conditions. The charge of the quark doublet Q is left free, and for simplicity Q(x) =

V241 + 708x + 612x2 is introduced.

Oy, = =2 Q5 = -1 h=-1-x 0 = =240
0y, = 1 05, = L= i
0, =1 IQZX L= _%+ 3x Q’£ _ *15+13\/E*3é2\/Ex+\/§().
Q_IS‘I =—1 QIU =2 —x Q;V :%+ 3x le — *15*13\/54352\/5);*\/59
0 = —0Qf = —0f =105, i 1 g
S T ©  my =M} + i+ o (ghYe = T )(HE — (H)?)

0y, + 0py + 05 =0

Under the conditions above, the supersymmetry breaking
soft terms for the secluded sector model are

Vsoft = V[ + sooft’ (10)

soft

where V! . are the allowed U(1)" dimension-two operators
Vi = (m3g SS| + m3s S, +m3 ¢ S1S, + He) (11)

and VZ term is defined as

3
Vo = m%,ulHul2 + m%,{ilHdl2 + m3|S|* + Z mgilSiI2
=

— (A;h SH,H, + A:h,S,S,S; + H.c.). (12)

We set m%l s, = O-as only two of the §; fields are needed to

break the global U(1) symmetries. To insure that the po-
tential is not bounded from below, we require

m% +m2 + 2m§51 >0,

2 2 2
5, my + mg, + 2mgg > 0.

A
(13)

In the model, the charge of the quark doublet 0 is kept
as a free parameter after the normalization Qy = —2,

Q) =1.05=1,05 = 1.0 = 1.0 =2
In this model the left and right sneutrinos mix, and the
mixing matrix can in general be expressed as

3 [ m mzﬂ,-, 5i
v ~ik o~ ) F LL LR L
L= Z (7 oy IS 5 ) (14)

=1 R

where i, j are the flavor indices and the matrix elements are
given by

1
3 8 0L(Ql (I + 04y (HP + OK(SPp,),

g 1
my, =M, + (mi)* + 2 gi Yy (HY) = (HGY)

1
+ 583 QN (Q (Hu)* + Oy (Hg)* + O(S)py),

wo | h(S:)(S3)
g’ NTH ] (15)

Here M} and My are soft mass terms and A, are trilinear
couplings (assumed flavor diagonal). Dirac neutrino
masses m,, the p parameter and p in the equations above
are expressed as

il 4
m127,-‘,- = (m?, ) = m,',’I:A,*,,_ +
LR L

~ij
VR

m, = —(S,XHDK, = Y, (HO)/ sin),
Mpg
(16)

4 = 1slS) 2 O,

V2 s
In this model, neutrino masses are chosen to be Dirac
type. The effective neutrino Yukawa coupling Y, leads to

neutrino masses in agreement with the experiment.
Numerically, we obtain [9]

ps =1+

7)

2 1/2
IYV|z3><10—13< | )

2.8 X 1073 eV?

III. MSSM VS U(1) AT THE LHC ENERGIES

A. Parameter space and relic density

Motivated by the fact that the scalar neutrino LSP can in
principle explain the WMAP data as well as excess posi-
tron flux measured by various satellite experiments [9], we
analyze the model further by investigating the production
and decay mechanism of the scalar neutrinos at LHC.

The model we consider here, the secluded U(1)" with
right-handed neutrinos, has some advantages over the so-
called minimal U(1)" where only one additional scalar field
is introduced. The squark phenomenology in this minimal
U(1)' model has been explored in Ref. [16] where there is
difficulty with inducing a small wu.¢; while satisfying the Z’
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mass bound, which is around 1 TeV. This is because both
Merr and my are proportional to the vacuum expectation
value of the additional scalar field S. One needs three
additional scalars to ameliorate the picture the VEVs of
the new scalars are kept large. This is one motivation for
the secluded U(1)’ model. For further details of the model,
see [8].

The Feynman diagrams contributing to the hard produc-
tion of scalar neutrinos are given in Fig. 1. For simplicity
we neglect the mixing between Z (the Z boson of the SM)
and Z' in the numerical analysis so that Z;, = Z and
Z, = Z'.In addition to Z’ exchange (left-handed diagram),
all CP-even Higgs bosons contribute to the process in the
s-channel (right-handed diagram).

Once the scalar neutrinos are produced, they will decay.
The decay pattern strictly depends on scenario chosen for
the free parameters. Since we are interested in rather light
scalar neutrinos (assuming low-energy SUSY exits), we
prefer to choose MSSM-like low-massLLM scenarios [10].
Battaglia et al. have proposed updated post-WMAP
benchmark points for the constrained MSSM [11] modify-
ing earlier proposal [12], and we include these points
in Table III.

To compare our results with MSSM predictions, we
choose three low-mass MSSM scenarios (benchmark
points), namely, LM1, LM2, and LM6, from the low-
mass scenarios of mSUGRA and use the SOFTSUSY pack-
age [17] to generate the MSSM spectrum. In the secluded
U(1) we choose LM-like scenarios, denoted as LM1’,
LM?2/, and LM6’ by keeping the overlapping parameters
the same and fixing the additional parameters to agree
with phenomenological constraints on masses. The input
parameters for LM1, LM2. and LM6 for MSSM as well as
their corresponding prime versions for the secluded U(1)’
are given in Table III. As seen from Table III, the VEVs of
the additional scalars (S, S, and S3) vy, i =1, 2, 3 are
taken above the TeV scale so that the Z' mass bound is
satisfied no matter what the VEV of the scalar field S is
chosen. In fact, for convenience, the parameters w ¢ and /i
are taken as free parameters and the VEV of S are deter-
mined accordingly using the relation given in Eq. (16).
From Table IV it is seen that the scalar neutrino masses are
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in the 168 GeV-287 GeV range while the right-handed
ones are in the 412 GeV-704 GeV depending on the LM
scenario as well as on the flavor of the scalar neutrino. The
right-handed scalar neutrinos are heavier, showing the
same pattern as in the neutrino sector. With these chosen
masses we can foresee that the production cross section for
the left-handed sneutrinos will dominate the one for the
right-handed ones.

The validity of the MSSM scenarios LM1, LM2, and
LMG6 has been confronted with both the LEP and Tevatron
data. There will be no contributions to the LEP observables
from our LMX', X = 1, 2, 6 scenarios since the lightest
Higgs boson mass in the model is 218 GeV, which is
already above the LEP energy. For the Tevatron case,
however, one needs do a more careful analysis.
Nevertheless, as the LMX' scenarios aim to be consistent
with the corresponding MSSM scenarios, in the limit
where the extra U(1)’ particles decouple, we expect con-
sistency with the Tevatron data. To verify this point, we
used the package HIGGSBOUNDS [18], which yields results
for any arbitrary Higgs sector.

The production cross sections for the scattering
pp =V, ﬁ?m processes are listed in Table V, for both

MSSM and the secluded U(1)" model. The values were
obtained implementing the secluded U(1)’ model into
CALCHEP [19] with the help of LANHEP [20]. The parton
distributions in the proton have been parametrized by using
CTEQ6M of LHAPDF [21]. The MSSM total cross sections
(including the three scalar neutrino flavors) are in the range
of 4 to 110 fb while in the secluded U(1)’ model they are
varying between 1.1 pb to 2.6 pb. The new right-handed
sneutrino cross sections in the secluded U(1)" model are
about 10 times smaller than the cross sections for their left-
handed counterparts, and are in the range of 20 fb to 80 fb.
In Table V, we also included the relic density of the dark
matter for all six scenarios. This calculation is straightfor-
ward using the MICROMEGAS package [22], once we in-
clude the model files from CALCHEP. All the numbers are
within the 1 o range of the WMAP result [23] which can be
given with those from the Sloan Digital Sky Survey [13]

. . . 2 — +0.011

rather light. The left-handed sneutrinos masses are varying Qpuh” = 0.111 %55 (18)

qi , 4i ,
VLR . VLR

L4 L4
21,2 e Hy, Hy, ..., Hg e
< . e .\
N ‘ . N ‘\

i UL . N
q[ N N LVR qL N N L‘R
FIG. 1 (color online). The Feynman diagrams for the production of the scalar neutrinos in the secluded-U(1)' model. H;,i = 1, ..., 6

are the CP-even physical Higgs bosons.
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TABLE III. The scenarios (benchmark points) LM1, LM2, and
LM6 (for the MSSM, i.e. minimal supergravity), and LM1’,
LM2' and LM6' (for the U(1)' model). The unprimed LMX
and primed LMX' benchmark points similar mass spectra.
Parameter Ry is defined in Appendix C.

Parameters MSSM Uy
LMl LM2 LM6 LMl LM2' LM6'

sign(u) + + + + + +
tan/3 10 35 10 10 35 10
QIQ ce . e -2 -2 -2
wlpme) 373 506 583 373 506 583
h, ce e e 1 1 1
h 0.5 0.7 0.7
hy 0.75 0.75 0.70
A, 200 200 200
A; 100 100 100
vy, 1450 1350 1600
vy, 1250 1250 1450
vy, 1150 1100 1300
Ry 49.4 45 42

Bo 400 500 600

n 450 550 650
M, R R 500 600 700
M, 98 139 159 98 139 159
M, 189 266 303 189 266 303
M; 630 871 989 630 871 989
My, 181 295 284 199 295 284
M, 110 218 171 121 218 171
My, 586 821 916 586 821 916
My, 569 797 888 569 797 888
Mp, 567 795 885 567 795 885
M, 181 295 284 199 295 284
Mg, 110 218 171 121 218 171
My, 586 821 916 586 821 916
My, 569 797 888 569 797 888
Mp, 567 795 885 567 795 885
M, 180 283 284 198 283 284
Mg, 108 182 168 121 182 168
My, 538 731 842 538 731 842
My, 467 652 729 467 652 729
Mp, 563 748 879 563 748 879
Mg, -2 X 10% =2 X 106 =2 x 10°
A, —517 —698 —806 —517 —698 —806
Ap =791 =960 —1224 —791 —960 —1224
A, —159 —139 —-251 —159 —139 —251

We note that the relic density of the dark matter Qpyh? is
very sensitive to the free parameter Ry listed in Table III
which varies between 42 to 50. It is defined (see also
Appendix C) as the ratio between bare U(1) gaugino
masses

Ry = My /My,

where My and My are the Bino and Bino’ mass parameters
appearing in the 9 X 9 neutralino mixing matrix. More
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TABLE IV. The complete mass spectra of the benchmark
points (scenarios) given in Table III for both MSSM and the
secluded U(1)'.

Masses MSSM Uy
LMI1 LM2 LM6 LM1’ LMm2/ LM6’
my s s 1476 1418 1661
Mo 96 141 161 96 63 79
mgo 178 264 302 99 138 158
mgo 340 448 513 177 258 295
My 360 462 529 356 443 425
mg e e e 392 527 603
mgo s s s 412 536 609
Mo s s s 633 593 657
mgo s s s 1364 1311 1438
mgo . 5312 6592 7110
Mg 177 264 303 174 256 293
M= 362 466 532 397 523 598
ms, 186 298 287 155 248 271
mg, 120 223 178 193 285 206
m, 186 208 287 155 248 271
mp, 120 223 178 193 285 206
ms, 111 146 171 144 168 195
ms, 190 309 289 200 305 276
ms, 168 287 276 133 235 259
m;, 168 287 276 133 235 259
my._ 168 274 275 132 219 258
my, 412 514 604
ms, s s s 460 563 654
177R oo oo oo e 509 612 704
Mo 109 112 112 218 252 238
Mo 371 423 576 780 807 735
My e e i 852 870 942
My o e e 884 1198 1089
Mg s s s 1251 1883 1339
Mo s s s 2789 2770 2844
myo 371 423 576 418 412 431
M0 e e s 868 1256 1085
Mo cee e o 1257 1883 1246
mAé s s s 2591 2586 2599
Mmpy= 380 431 581 867 1881 1081

TABLE V. The production cross section and the relic density
Qpy values for the LM scenarios considered in the paper.

Observables MSSM Uy

LMl LM2 LM6 LMl LM2 LMé
olpp— 7,0, )/fb oo 80.5 678 291
olpp— 7,7, )/fb oo 667 551 240
a(pp — 7,,77,)/fb “r 549 446 197
olpp— 7, 7 )/fb 367 41 53 8876 7340 3719
olpp— 7, 7;)/fb 372 49 53 8907 7787 373.1

QDM]’ZZ

159 2868.0 24142 1189
0.120 0.120 0.120 0.115 0.109 0.100
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details are given in Appendix C. In Table IV the LSP is the
lightest neutralino ! with masses 96 GeV, 63 GeV, and
79 GeV for the LM1’, LM2' and LM6' scenarios, respec-
tively. The next-to-lightest supersymmetric particle is 5
with masses 99 GeV, 138 GeV, and 158 GeV, respectively.
For such a spectrum, there will be no kinematically avail-
able two-body decays for the ¥, so that three-body chan-
nels need to be considered. The three-body decay modes
relevant to the analysis here are given in Fig. 2. These
decay modes will be considered in the LHC simulation but
not the relic density calculation, as they give negligible
contributions. The sizable contributions to the relic density
are for the LM1’ scenario

i) AR — 7 (15%)

(i) PO — 77" (13%)

(i) %5 — e e/ ™ (8% for each channel)

(v) X3 — e e"/u~ u™ (8% for each channel)

V) X — vy, 1 = e, u, 7 (5% for each channel)

i) 0 — 77t (5%)

(vii) V%Y — e"e™ /™ (3% for each channel)

=0
X1
/
/ E ) l/k'

S0 p
X 9 /

2y, Zy ™
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(viii) Y0¥ — v,9,, I = e, u, 7 (3% for each channel)
(i) ¥ixs = W-W* (2%)

In the LM2' (LM6') only ¥} ¥! annihilation contributes to
the relic density of the dark matter as follows

Q) W — 7" [75% (38%)]

(i) W) — u 't (8% (26%)]

(iii) ¥)x) — e”e’ [8% (26%)]

(v) Y80 — bb [3% (%1)]

V) R — v.7, [1% (3%)]

i) Q= w1 = e, [0% (3%)]

(vii) ¥{x) — dd/s5 (1% (0%))

Contributions from the ¥3 ¥3 or ¥ ¥ annihilations for the
X) scenario are due to the fact that ¥ and %9 are almost
degenerate in mass and since the two-body decay channel
limit is used in MICROMEGAS, ¥3 acts very similar to .
There is no sizable contributions from i3 in the other
two scenario since /\72 is much heavier. The bino, wino,
Higgsino and singlino compositions of the neutralinos for

FIG. 2 (color online). The Feynman diagrams for the three-body decay channels of the next to LSP %3 in the secluded-U(1)’ model.

Here H;,, i = 1, ..., 6 are the CP-even physical Higgs bosons while A?, =

1,...,4 are CP-odd ones.
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the scenarios LM1/, LM2/ and LM6' are given in Table VI
in Appendix D. The LSP %! is mainly bino for LM1’ but
mostly singlino () for LM2' and LM6' (94.2% and 93.6%,
respectively, for the two scenarios). The situation is re-
versed for the next to LSP, 9.

B. The LHC signals

After discussing the chosen scenarios and the details of
the relic density calculation of the dark matter, we proceed
to discuss the signals at LHC from scalar neutrino produc-
tion processes. To determine and classify all possible sig-
nals for the scenarios LM1/, LM2’ and LM6/, we need to
look at the decay topology of the scalar neutrinos.

Since we include MSSM scenarios LM 1, LM2, and LM6
for comparison purposes, we first outline the main decay
modes governing the decay channels. The left-handed
scalar neutrinos 7y, decay to v, j/(l) with about 100%
branching ratio for the LM1 and LM6, since all the other
neutralinos are heavier than the scalar neutrinos. The
picture is a bit more complicated for the LM2 where 7, ,
€ = e, pdecay to v ¥0(71%), € ¥; (20%) and v, 5(8.8%).
For the 7, , the branching decay ratios are W#(61.5%),
v.¥0(34.2%), i (3%) and v,%5(1.3%). Further in the
decay chain ¥5 decays mainly to 77, /77| (48% for each
channel), and the chargino ¥ to v, 7 (with 95.4% branch-
ing ratio) and W" (4.6% branching ratio).

In the secluded U(1)' model, the decay modes of the
scalar neutrinos with more than 1% branching ratio are, for
the scenarios LM1//LM2'/LM6’

(i) D¢, (Pe) = vexl

8.6%(0%)/91.7%(84.8%)/93.2%(65.7%)

(ii) 7¢, (7e,) = ves.

91.4%(90.6%)/8.3%(0%) /6.8 %(0%)

(i) B¢, (Pe,) — Ve

0%(8.8%)/0%(14.8%)/0%(34.1%)

There will be further decays of ¥ and 9 in the chain. It is
better to consider yj first. Again in the same notation
(LM1//LM2'/LME') it decays as
(i) X3 — 771(773),
6.5%(4.9~%)/?.1%(3.7%)/8.6%(3.9%)
(i) 3 — €€L(CCR),
6.0%(5.3%)/5.2%(5.0%) /4.0%(8.3%)
(i) ¥§— vy (v.77,),
5.2%(5.2%)/5.4%(5.9%) /4.2%(4.3%)

where € = e, u and the conjugated decay modes are
not listed. Then the decay modes of the scalar leptons for
{=e¢, n'are

"We discard € = 7 case since such a pattern ends up with a 7
lepton in the final state. We concentrate only on the first two
generations of the charged leptons.

PHYSICAL REVIEW D 83, 095001 (2011)

() €, — €X)),
6;7%(93.3%)/90. 19%(9.9%)/92.6%(7.4%)
(i) g — €X(ERY),
20%(80%)/71.6%(28.4%)/89.7%(10.3%)

As can be seen from the above decay patterns, each decay
ends up with either an LSP ¥ or next-to-LSP particle i3.
As mentioned earlier, ¥) cannot decay into two-body but
instead must undergo the one of the three-body decays
given in Fig. 2. The relative ratios are’ given in the
(LM1//LM2'/LM6') order as

() X5 — veve(v. 7)),

24%(24%)/4.5%(6.3%)/1.8%(1.8%)

(i) §3— €€ (7 77X,

14%(0%)/10.8%(63%)/28.7%(37%)

In the light of these decay patterns, there are mainly
three types of signal: (1) 0¢ + E;, (2) 2¢ + E; and (3)
4¢ + E;. It is in fact also possible to produce signals with
six or eight leptons but the probability is very suppressed
thus we ignore such signals. Therefore, in the rest of this
section we discuss these three signals at LHC. Predictions
from MSSM will be included as well. In MSSM there is no
the 4¢ + E; type of signal in MSSM for the LM 1 and LM2
and LM2 scenarios. The 2¢ + E; signal is possible through
chargino ¥ decay.

The usual concern is the possible background for the
signals from the SM. For the 0¢ + £ mode, the back-
ground will come from the Drell-Yan (D-Y), pp — v, 7y,
and pp — ZZ where each of Z decays invisibly. Since the
D-Y has a huge cross section, some cuts need to be
implemented. In the 2¢ + E; case, in addition to the D-Y
and ZZ production (where one of the Z decays leptoni-
cally), there is W W~ production. In principle there could
be contributions from the 77 with jet veto, but we ignore
such possibility since the b-jets are going to be quite
energetic and can be tagged. The process pp — ZZ —
4¢ can be the background for the 4¢ + E; decay mode.
However, a simple £ cut would eliminate events from the
SM process pp — ZZ — 4€. We confirmed this with our
event simulation.

At the first stage, the following basic cuts are applied to
suppress the SM background. It is required that, whenever
relevant,

(i) Each isolated charged lepton (electron or muon) has

a transverse momentum p;(€) > 15 GeV.
(i) The missing transverse energy satisfies £ >
100 GeV.
(iii)) The leptons are constrained to be in the central
barrel region of the detector by forcing the pseu-
dorapidity |n| < 2.

*Note that the 7~ 7~ channel is not kinematically open for the
LM1’ scenario.
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(iv) The cone size between two charged lepton ARy is
at least 0.4. Here AR, = (An? + A¢?)'/2 defined
in the pseudorapidity-azimuthal angle plane.

As mention above, a missing transverse energy cut
E7 > 100 GeV practically gets rid of the SM background
for the 4¢ + E; signal, which is now considered back-
ground free. For the 4¢ + E signal, in order to get enough
statistics after the cuts (as much less number of events pass
the cuts as compared of the other two signals), we relaxed
the some of the above cuts. We use py(€) >5 GeV and
ARy, > 0.2 for the analysis of this signal.

With the above cuts, the SM background is still larger
than the signals 0¢ + £; and 2€¢ + £;. The D-Y and
W' W~ dominate the ZZ cross section and they are all
well above the signal for £; < 500 GeV. Such background
domination happens in various other distributions in most
part of the region. There is no point to present these figures.
Instead we need to find a better way to handle the back-
ground. After examining the results at the first stage, we
decided to use EF'™, also known as the effective mass m.g
in literature. This variable could be helpful in reducing the
backgrounds while keeping most of the signal events es-
pecially if we use a suitable value for the cuts. EF™ is
defined as the scalar sum of the lepton transverse momenta
and the missing transverse energy

EP™ = mey = Y |pr(0)] + Er, (19)
4

where the missing transverse energy £ is the sum of the
total x and y components of the momenta in quadratures.
Since it has been observed that the signal processes lead to
mostly high mgg (or E3™) distributions, a cut on mg
would substantially reduce the background. Thus, as a
second stage for the cuts mgy = EF™ > 750 GeV has
been employed (but only for the 0¢ + E; and 2¢ + £y
cases.)

Global inclusive variables like £7 and EF'™ are used to
estimate the mass scalar of the parent particles produced in
the hard scattering (thus estimating the scale of the new
physics). In a recent paper by Konar et al. [24], a new
global inclusive variable, called Slln/lﬁ is proposed as an
alternative. For SUSY models with R parity conservation,
the decay chain always ends with an LSP, which is left
undetected at the collider. This makes mass reconstruction
procedure almost impossible, especially if there are more
than one LSP (there are at least have two LSPs in the
final state). Without going into extensive details of the
signal, there is an easy way to approach guessing the scale

of the new physics through the parameter flln/li It is defined
as [24]

§12 = \[E2 — P2+ B3 + M2

® min invisible’

(20)

where E is the total calorimeter energy, P is the total visible
momentum and M, ;v 1S the total mass of all invisible
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particles produced in each event, which is the only un-
known. All the others variables can be measured at the

1/2

detector. Hence § ;- (Minyisibie) 18 the variable to consider.
A1/2

The peak of the §;; distribution is associated with the
mass threshold of the parent particles originated from the
hard scattering. Of course, an estimation needs to be done
for the total invisible mass Mj,yisibe- In Most of the cases

the §r1n/£ (0) gives a pretty good idea about the masses of the
parent particles. It is shown that the method works better
for signals with fewer invisible particles and/or more vis-
ible particles. It also works better with higher SUSY scales

where initial state radiations are less significant. We in-

clude some figures for §rln/li(0) in the 0€ + E; as well as

4¢ + Er signal.

The events are generated at the partonic level with
CALCHEP [19] and passed to PYTHIA [25] with the use of
CALCHEP-PYTHIA interface for hadronization and cuts. We
simulated 4 X 10° events for the 0¢ + E;, 2€ + E; and
4¢ + E7 signals. Since the relative number of events in
each signal turns out to be proportional to the relevant
branching ratio combination, the number of events can be
simply weighed by w = o(pp — 7,7}) X L/N,, where
L is the integrated luminosity and N is the total number
of event generated. We set £ = 100 fb~!, the ultimate
goal that is expected at the LHC. Even though the current
reach of LHC center-of-mass energy is 7 TeV, we use
14 TeV in the numerical study, which maximizes the reach
in the parameter space.

1. The missing energy signal: 0€ + E;
The distributions of £, E5'™, and § 1/2(0) are depicted in

min

Fig. 3 for the three scenarios LM 1/, LM2' and LM6’ as well
as the three benchmarks for the MSSM. In general the
LM6' scenario has the largest event pass the cuts, with
similar results for the LM2/, while the LM 1’ has the lowest.
In fact about 80% of the events pass the cuts in LM2’ and
LM6' but only 60% do so for the LMI1’. In all three
scenarios, 100% of the events pass the £ cut so that we
are only losing 20% to 40% of them by employing the m.g
cut. This is because the direct LSP decay modes of the
scalar neutrinos (both the left-handed and right-handed
one) are either not available or suppressed for the LM1’,
so that the 0¢ + E; signal would emerge from indirect
decay channels through ¥3 or ¥} decays, with smaller
branching ratio combinations. This can be understood
from details provided earlier. The distributions for the
secluded U(1)" model dominate the ones for the MSSM
since basically the total production cross section in the
secluded U(1)’ model is much bigger.

The background distributions for the D-Y and ZZ pro-
cesses are also included in the £ and E5'™ graphs. The rate
of success for the D-Y events passing both of the cuts are
only about eight in 10°. To give an idea how effective the
meg cut is, the success rate of events was about a bit more
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The Ey, E}™, and $Y2(0) distributions of the 0€ + Ey signal at 14 TeV with integrated luminosity £ =

100 fb~!, for the three scenarios in both MSSM and the secluded U(1)’ model.

than 3% before implementing the m.g cut. The situation is
even more drastic for the ZZ case. While the almost 100%
of them passed the £ cut, this number goes down to 0.3%
with the Mg cut.

We included the §/2(0) graphs in the second row of
Fig. 3 to estimate the mass scale of the parent particles,

i.e. the left-handed and right-handed scalar neutrinos. The

graph on the bottom right panel is nothing but the zoom-in
version of the one left-handed side for the secluded U(1)’
model. We cannot say anything about the MSSM case
since the sum of the parent particle masses are varying in
the 300 GeV to 600 GeV range, so that the §r1n/ii(0) peak is
washed out due to the mg cut at 750 GeV. Indeed, for the
secluded model we should expect two different peaks, one
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for the production of the left-handed scalar neutrinos and
the other one for the right-handed ones. The peak for the
left-handed sneutrinos which are much lighter are also
washed out. We will see the picture clearer for the
4¢ + E; signal.

In the right panel, we also indicated the positions of the
peaks, which are correlated to the masses of the right-
handed scalar neutrinos. Of course, in reality to determine
the peak position by fitting the data, a better job is needed.
For this purpose, we fit the zoom-in distribution on the
right panel of Fig. 3 to some function. For clarify the
distribution is shown with data points. The peak positions
are also marked with vertical lines. The peak position is
related to the mass of 7y, (since we produce them in

pair)

my, = Y3 (0)) peak-

21

From the peak positions in the graph we can estimate
the average right-handed sneutrino masses My, ~

(477, 566, 580) GeV for the (LM1/, LM2/, LM6'), respec-
tively, while the real average values should read (460, 563,
654) GeV from Table I'V. One source of error is not know-
ing the mass of the LSP (though we find out that this is not
significant here since the LSP mass is rather light and
around 100 GeV). The estimated values are still fairly
good. We should also note that the method works better
for signals with more visible particles.

10°
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FIG. 4 (color online).
all three scenarios in the MSSM and secluded U(1)" model.
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2. The dilepton signal: 2€¢ + E;

We analyze the 2¢ + E; signal in a similar fashion to the
0¢ + E; one in the previous subsection. The results are
shown in Fig. 4 and 5. The main background is from WW
and ZZ. The D-Y does not contribute due to the transverse
missing energy cut. After all the cuts, about 0.2% and 0.4
of the events pass for the WW and ZZ backgrounds,
respectively. The rates were about 7% and 19%, respec-
tively, before the m.y cut. The situation for the
(LM1/, LM2/, LM6') scenarios after all the cuts signal is
(0.9%, 50%, 50%) survival, but 100% in each cases before
the mgg cut. For the MSSM, only the LM2 gives 2€ + Er
signal since, for the other two scenarios, the 7y, X} are the
only final states. The number of events past the cuts for
the LM2 decreases to 15% from 100% after inclusion of
the Mg cut.

We depicted the p; spectra of both leptons ordered with
respect to their hardness in Fig. 5. As expected the MSSM
leptons are softer, and the distribution for ones from the
LM2’' and LM6' are very similar. The LM1’ scenario is
somewhere in between. In the invariant mass of the lep-
tons, the LM2" and LM6' curves peak at around 60 GeV
and from the mass spectra in Table IV, the mass difference
Mg — Mg is between 75 GeV to 80 GeV. The 2¢ + E;
signal mainly goes through j/g. For the LM1’ the mass
difference is 3 GeV and not visible. The ZZ peaks at around
Z boson mass as expected.

In Fig. 5, we also include the AR;+,- and Amng+,-
distributions. It is seen that for both the MSSM and the

10°
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luminosity £ = 100 tb~! for all three scenarios in both MSSM and secluded U(1) model. Here, ¢, represents the hardest lepton.

secluded U(1)" model more leptons emerge with smaller
separation, unlike the WW case the peak is at the point
where the others have minimum. The background can be
reduced further by adjusting the M cut value. The leptons
peak when they have the same pseudorapidity.

3. The tetralepton signal: 4¢ + E;

As we mentioned earlier, the 4¢ + E7 signal is practi-
cally background free. The ZZ background disappears
after the £y cut. Taking into account having relatively

few 4¢ + E; events, we relaxed the pr and AR cut values.
It is also true that MSSM scenarios LM1, LM2, and LM6
do not yield a 4¢ + E; type of signal. For the LM1’, only
2% of the events pass the cuts and among them 1% of these
are 2e¢2u, while the rest of the events are shared between
4e and 4. The situation is different for the LM2' and
LM6'. The events which pass the cuts are around 68% for
both cases and again half of them are the 2¢2 u type and the
rest is shared equally between 4e and 4 . In fact, there are
more 4¢ + E7 events in the LM1’ scenario as compared to
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the other two scenarios (about 7.5% of Ny, = 4 X 10° for
LM1’ but only 0.1% and 0.4% for LM2' and LM6/, respec-
tively). The reason is that the signal goes through ¥5 which
is the dominant mode for the LM1’ but not for the LM2' or
LM6'. However, the cuts reduce the LM1’ events very
significantly. Again the reason is the fact that ¥ and iV
are almost degenerate for LM1’, which leads to very soft
leptons.
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In Fig. 6, E7, E¥™, and §'2(0) distributions of the
4¢ + E; signal at 14 TeV with integrated luminosity
L =100 fb~! are shown for the three scenarios in the
secluded U(1)) model. As promised, we include a
§Iln/ii(0) graph with the peak correlated with the 7, 7
production as well as the 7, ﬁzR production (no mgg cut).

To determine the peak positions we again fit the

1027\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\‘\\\\7
i 40+ Fr| |
I LM1 —— |
_ LM2' -
|
=
o 10!
o
™
~
>
Q
O
o]
NS
~~
2 100
=i
Q
>
=
10—1 \\\%\3”\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

0 500 1000 1500 2000 2500 3000 3500 4000

E3™/GeV

FIG. 6 (color online). The E;, E¥™ and §rln/1i (0) distributions of the tetralepton (4€ + E;) signal at 14 TeV with integrated luminosity

L =100 fb~!, for all three scenarios in the secluded U(1)’ model.
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distributions to some functions. For the LM1’, the first peak
is around 269 GeV and the second one is around 1000 GeV.
For the LM2/, they are at (436 GeV, 1001 GeV) for the first
and the second peaks, respectively. For the LM6/, the peak
positions are further away from the LM2/ case, i.e. they are
at (528 GeV, 1036 GeV). Then we can estimate the masses
for LM1’/LM2'/LM6'
1) (m%’ My, Jest. = (134 GeV, 500 GeV)/
(218 GeV, 500 GeV)/(264 GeV, 518 GeV)

while the theoretical average values obtained, including
three flavors
@) (m,;(L, m,;(R)[heo_ ~ (132 GeV, 460 GeV)/
(230 GeV, 563 GeV)/(258 GeV, 654 GeV).

It seems that the masses for the left-handed sneutrinos are
estimated better than the ones for the right-handed ones.
Also, simple averaging is not quite right. One should
include a relative weight based on the relative contributions
from different flavor channels.

The pr distributions of the 4e + £ and 2e2u + Er for
LM6’ are given in Fig. 7. The 4 u case is very similar to 4e.
The leptons seem slightly more energetic for the 2e2 u case
than in the other cases. LM 1’ and LM2’ have less energetic
leptons and we do not include them here. Figure 8 displays
two-lepton invariant mass distributions for various possi-
bilities. As expected only opposite sign same flavor
(OSSF) distributions have peaks at the expected locations
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FIG. 7 (color online).
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since both leptons originate from the same parent unlike
the other cases, same sign same flavor (SSSF), same
sign opposite flavor (SSOF) or opposite sign opposite
flavor (OSOF). The next figure, Fig. 9, has four-lepton
invariant mass distributions for 4e and 2e2u cases. The
last two figures, Fig. 10 and Fig. 11, are devoted to the
ARgpop) and Angp(op) distributions of the 4¢ + £ and
2¢2u + Ep signals. The subscript “SB(OB)” stands
for the same branch (opposite branch) and indicates
where the leptons are coming from. We see that the
distributions are very similar for 4¢ and 2e2u. If we
compare ARgg and ARgg, the former peaks at small
AR while the latter peaks larger distances. For the pseu-
dorapidity, even though the shape of the distributions
changes, they both peak when the leptons have the same
pseudorapidity.

We like to finish our discussion by commenting on the
effect of extra scalars to the analysis here. One may wonder
what happens numerically if, instead, the minimal version
of the U(1)’ model is considered. For the scenarios con-
sidered here we do not expect a significant deviation. The
reason is as follows. For the hard scattering cross section
the Higgs contributions are negligible as compared to the
gauge contributions. Thus, the effects of the scalars could
only come through their superpartners in the compositions
of the neutralinos contributing in the decay channels.
The second lightest neutralino is the main decay modes
of the scalar neutrinos for the LM1’ but the LSP is the one
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The py distribution of the 4e + E; and 2e2u + Ep signals at 14 TeV with integrated luminosity £ =

100 fb~! for all three scenarios in the secluded U(1)' model. The 4u + E; case is similar. Also the hardness of the leptons are in

decreasing order.

095001-14



SCALAR NEUTRINOS AT THE LHC

2
10% ¢ I I I I ]
r SSSF + Er| 1
I LMl —— ]
T
=
o]
en]
L]
~
>
[¥]
O
o
N
>~
Z
g :
> § ‘ |
H n
10—1 P | H H \H I i\
0 200 400 600 800 1000
Mg:l:[:(:/GeV
102 T T T T T T T T T T T T T T T T ‘ T T T T ‘ T T T ]
SSOF + Er]| 1
LM1 —— i
)
=
o 10!
[e=)
i
~
>
[
@)
=)
[a\l
~~
£ 10
=1
(]
>
=
10—1 Lo v b b b b
0 100 200 300 400 500 600
Mzt /GeV

PHYSICAL REVIEW D 83, 095001 (2011)

3
10 E\ L L O ) L L L L B I LB \E
- OSSF + E| ]
i LMl —— |
_ LM2
| 102 | LMG6 i —
= : ;
= o[ ]
=]
= n i
~ I i
¢
1 —]
o 0k E
o) o ]
[q\] L i
~~ | .
3
8 | L
> oL UM
<) 10 g
10—1 v b b e b b by
0 100 200 300 400 500 600
Mg-%—g—/Gev
102 T T T T T T T LI — LA L L B B B B B
C OSOF + Er| 1
‘ LMl —— |
D
=
S
o)
Al
~
>
[
O
=)
[q\l
~~
3
=]
(]
>
=
10—1 v b b e b e b by
0 100 200 300 400 500 600

Mz /GeV

FIG. 8 (color online). Various invariant mass distributions of the 4¢ + E; signal at 14 TeV with integrated luminosity £ = 100 fb™!

for all three scenarios in the secluded U(1)" model.

for the LM2' and LM6’. Both the LSP and the second
lightest neutralino are mainly singlino S which is the
superpartner of the only scalar field introduced in the
minimal U(1)’ model. The contributions of the other sin-
glinos are negligible. Thus as far as these three scenarios
are considered, the effects of singlinos are not much differ-
ent than in the minimal model.

IV. CONCLUSION

We presented a thorough and complete analysis of the
scalar neutrino production and decays in a U(1)" model
endowed with a secluded sector. This model has several
attractive features as compared to the MSSM. First, it
extends the gauge symmetry to include an extra neutral
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Four-lepton invariant mass distributions of 4€ + Ey, € = e, u and 2e2u + E; signals at 14 TeV with

integrated luminosity £ = 100 fb~! for all three scenarios in the secluded U(1)" model.

gauge boson, allowing for the presence of right-handed
neutrinos. Neutrinos are Dirac particles in this model, and
masses are provided through an effective neutrino Yukawa
coupling which is naturally suppressed by the U(1)’ invari-
ance. This model generates the u term dynamically,
through the VEV of a singlet scalar field. The secluded
sector consists of three chiral superfields in addition to S,
and generates correct Z'/Z mass hierarchy without affect-
ing the p parameter. Previous studies have provided
extensive phenomenological analyses of this model, and
notably, have provided a novel way to explain the excess
positron flux in cosmic rays.

The model has three right-handed scalar neutrinos, in
addition to the three left-handed states from the SM/MSSM
spectrum. Cross sections are considerably enhanced com-
pared to the ones estimated in MSSM, even though for
most of the parameter space studied, the signal is domi-
nated by production of left-handed sneutrinos, predicted to
be lighter. To perform a through analysis, we concentrate
on three MSSM benchmark parameter points, denoted by
LMI, LM2, and LM6 and define correspondingly three
U(1)" parameter points, denoted by LM1’/, LM2', LM6/,
specified in such that the common parameters with MSSM
are identical. At this point, it is convenient to give a couple
of remarks on the scenarios adopted here. As we mentioned
earlier, a U(1)" model with one singlet and right-handed
sneutrinos [9] can explain the excess positron flux ob-
served by various satellite experiments. However, this
requires a rather special mass spectrum. Indeed, it turns
out that the LSP must one of the right-handed scalar

neutrinos with a mass around 100 GeV, and the next to
LSP must also be a right-handed scalar neutrino weighing
at the TeV scale. All the other SUSY particles have to be
heavier. One might ask why we did not consider such a
scenario here. There are a couple of reasons. First of all,
excess positron flux observation does not need to have an
explanation coming from particle physics, only. Second,
the signal for such a scenario would be mainly just missing
transverse energy since all the SUSY particles other than
the LSP are above the TeV scale so that the cross section
for left-handed sneutrino production would be much
smaller. Practically, missing energy signal with no visible
particle is not useful experimentally. Finally, in this work,
we focused on only low-scale SUSY scenarios which
would be discovered with the early LHC data at 14 TeV.

After producing and decaying the sneutrinos, we iden-
tify three final-state signals: 0¢ + Ey, 2¢ + E; and
4¢ + E; and proceed to analyze them at LHC, for
14 TeV center-of-mass energy and with integrated lumi-
nosity £ = 100 tb~!. We compare these signals with the
0¢ + £ and 2€ + £ signals in MSSM, and discuss the
SM background (coming from Drell-Yan, ZZ and WW
production) for each. While 0€ + E; is the strongest, it
has to compete with MSSM and suffers from considerable
background suppression, while the 4¢ + E; signal has no
MSSM equivalent, is practically background free, but has
few events.

We analyze the signals and suggest cuts to distinguish it

from the background. In particular E'™ = m, the scalar
sum of the lepton transverse momenta and the missing
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The AR+~ and Amg+o- distributions of the 4€ + E; signal at 14 TeV with integrated luminosity £ =

100 fb~! for all three scenarios in the secluded U(1)’ model. Here and in what follows, “SB” is shorthand for “same branch” and

“OB” for “opposite branch.”

energy is found to be high for the signal, thus a cut on mg
will likely reduce the background. Additionally a new
parameter §rln/lﬁ is found to be useful for estimating the
mass of parent particles in hard scattering. (The peak in
§I]n/1i gives the mass threshold of left and right-handed
sneutrinos in the decay process). Using these considera-
tions, we can estimate the production cross section, the
products of decay and estimate the sneutrino masses. The

MSSM production differs both in the number of events

expected, cross section, EF™, §11n/1$1’ in the 0¢ + E case;

and additionally in the p; spectra of leptons (for 2¢ + E;
case). The 4¢ + E; case has no MSSM equivalent and
little, if any, background, so the U(1)" is clear there; how-
ever the number of events, especially after passing detector
cuts, is small.

In conclusion, our extensive analysis shows significant
enhancement of U(1)' signal over the MSSM signal in
sneutrino production and decays, and indicates how the
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FIG. 11 (color online).
100 fb~! for all three scenarios in the secluded U(1)’ model.

two models can be distinguished from each other and the
background. This provides a distinct collider signal for the
secluded U(1)" model at the LHC.
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APPENDIX A: THE LAGRANGIAN

In this Appendix, we present the complete Lagrangian of
the U(1)" model and highlight the differences between this
and the MSSM Lagrangian. Although parts of this formu-
lation have appeared elsewhere [8,16,26], we include the
complete model information for consistency, and to help
future studies. The total Lagrangian incorporates kinetic
terms and various interaction terms among the fields. We
discuss below the distinct pieces separately.

The kinetic terms of the Lagrangian are given by

L Kinetic — £Kinelic _ %Z/MVZ;LV + (@#S)T(Dus)

uQy MSSM
+ Z’Tia'“alLZ’ + §Ti0'“I)M§ + (fDMSj)Jr

x (DrS)) + Stio#D,S; + (D, N (D*N),

(AD)

|

oW |2
L =3 |55 | = L
i i

— hyS) = k{|H, - Hyl* = (h,0"U" + hiS"H;)

. h - hy o . h N _
— (h HE*) L8\ H,N — —~ STHZN*(heHdE + 2 SIHMN> — 2 S2|L - H,|* -
Mg M M M

R

_ h, - . _ h
— 28282 — L [* - HEN* I, 8,85 — h,S3S%

h
M
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where j = 1, 2, 3. The interactions of the gauge fields with
the rest (fermions, sfermions, gauginos, Higgs and
Higgsino fields) are contained in the piece

Yy Yy

r gauge __ £gauge (
Mssm\ 8y 3 )

U1y B, — gy

By + ev 04z, )

(A2)
where X runs over the fields charged under U(1). In (A1),
Z'*7 is the field strength tensor of Z),, and D, S, = (9, +
igy Q5 Z},)S; for j = 1,2, 3.

The part of the U(1) Lagrangian spanned by the
F-terms is given by

o hy e o~ - h, ..
S\ LN -2 STL*N*(huQUHzSSHd o SlLN)

Mg

R
h? n o 8
e ~|L-H,|*N?
R R MR

M, o L-H,N — h?$383 — h252S3 (A3)
where ¢; is the scalar component of the i chiral superfield in the superpotential.
The D-term contributions to the Lagrangian are given by
- 1 - gz’ Nk A "% 1T N T =7 [k o *
Eg({‘)’,‘m = - EZD“D“ = LDJem — TY(Q’QQ 0+ QyU'U+ OpD*D + Q) L"L + QpE'E + Q) HyH,
+ Qly HyH, + QuN'N + QS™S + 0 S|S) + 0%, 555, + 0% 5385). (Ad)
The soft-breaking sector of the U(1)’ Lagrangian is
Lty = Liissw(pe = 0) = mgS"™S — m3, SiS) — m3 S35, — m3 353 = myN'N
h - - _ 1 o
- [hSAsSHM “Hy; + M—VA"SIL “H,N + A}, hS5,S3 + H.c.] + E(MZ/Z’Z’ + H.c.)
R
+ (m5s, S8y + mig SS, + m3 ¢ S7S; + Hee), (A5)

where M is U(1)" gaugino mass defined below in (C2), and A; is the extra trilinear soft coupling.
Finally, the part of the Lagrangian describing the fermion-sfermion-ino interactions, as well as the Higgs-Higgsino-
Higgsino interactions, is given by

Ly = Ly’ (u = 0) + iv28y[0,012/0 + QuiZ'ig + QpdiZ'dy + QLY Z'L + Qph 2Tk + Q) HIZ'H,
+ 0y HiZ'H, + Q481 7's + ngS}Z’S, + Q\viZ'op + Hel+ [h,SH, - Hy + h,SH, - H,

+ h,SH, - H; + Hc.].

All parts of the U(1)' model Lagrangian listed above are
described in the current basis. Eventually, the fields
must be transformed into the physical basis where each
field obtains a definite mass. The neutral gauginos and

(A6)

Higgsinos form the neutralino sector whose physical states
are expressed as in (Cl), after diagonalizing the mass
matrix (C2). Unlike the neutralino sector, the structure of
the chargino sector is essentially the same as in the MSSM
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with the replacement u — h,v,/ V2. A detailed analysis of
the Higgs and chargino sectors of the U(1)’ model has been
given in [8].

In the gauge boson sector, spontaneous breakdown of
the product group SU(2);, ® U(1)y ® U(1)’ via the Higgs

VEVs
V2\v, /)
v,
S)=—7%

v
Sy =—=,
s 7 7
generates one massless state (the photon) and two massive
states (the Z, Z' bosons) via orthonormal combinations of
W3, B!, and B, gauge bosons. The W), and W2 linearly
combine to give W, as the only charged vector bosons in
the model. In contrast to the MSSM, the Z boson is not a
physical state by itself since it mixes with the Z’ boson.
This mass mixing arises from the fact that the Higgs
doublets H, ; are charged under each factor of SU(2); ®

U(1)y ® U(1)', and the associated mass-squared matrix is
given by [26,27]

ML A
2 zZ
My-z= ( AY a2, )

in the (Z,,, Z},) basis. Its entries are

(A8)

1
M3 =1 G3vi +v)),
M3 = g0, i + 0+ 0F 2+ZQ’2 1) @)

A2 = EGZgY/(Q/Hulet - Q}-]dvfg),

where G2 = g3 + g3. The physical neutral vector bosons,
Z, ,, are obtained by diagonalizing Mé 7

Zy\ _( cosbz_z sinfz_p\(Z
(ZZ) ( - Sin@Z,Zr COSQZ*Z’ Z/ B (AIO)
where
4 ! aret ( 247 ) (A1)
_p = —— arctan| ——— ),
z-z 5 V0

is their mass mixing angle, and

M3, = —[M2 + M3 = () (M2, — MB)? + 4A%]

(A12)

are their masses squared. The collider searches at LEP and
Tevatron plus various indirect observations require Z-Z'
mixing angle 6, , to be at most a few 1073 with an
unavoidable model dependence coming from the Z' cou-
plings [27-32]. This bound requires either M, to be large
enough (well in the TeV range) or A? to be sufficiently

PHYSICAL REVIEW D 83, 095001 (2011)

suppressed by the vacuum configuration, that is, tan> 8 =
vy /vy~ Q /Qy . Which of these options is realized
depends on the U(1)’ charge assignments and the soft-
breaking masses in the Higgs sector (see [8] for a variant
for reducing the Z-Z' mixing).

APPENDIX B: THE SCALAR FERMIONS

Given rather tight flavor-changing neutral-current
bounds, we neglect all the intergenerational mixings, and
consider only intragenerational left-right mixings, though
these turn out to be totally negligible for the sfermions in
the first and second generations. The 2 X 2 scalar fermion
mixing matrix can be written as

M, M,
M2 = L e a#b=ud (Bl

where

- 1 1 g’
2 — g2 2 02,2 2y 2_ .2
:Mf‘ZL M];L +§hfavaKS +Z|:gYYny (+) 5 ](vu V3

1
12,000 vE + v+ Q). (B
leszR = M2 + 2hzav K2+ = [ngfa](Uu v2)
+ Eg?ﬂQ,/g(Qﬁ,U% + Oy, va + Qsvip)  (B3)

M 2":/3 = (mz";;ﬁ)*

_h
L (224700, + V2hov gy, +2V2E,), (B4)
22
hyvy 5 UsyVu
where «, = \/-—M and &, = T for sneutrinos and

k, = 1 and &, = O for the others. Here M2 ,are the soft

mass squared of the sfermions, v, 4, s, s are the VEVs
of the Higgs fields, Y/ (T5;) is the U(l)y (SU(2).)
quantum number, Q’fa is the U(1)" charge, and A are

the trilinear couplings. The mixing matrix can be diago-
nalized, in general, by a unitary matrlx I'/ such that
rrf. j\/l]%a T = Dlag(MQ(,, f”) The rotation matrix

I'/* can be written for quarks and charged leptons in the
2 X 2{f%, f%} basis as

- Sinefa ),

cos6 ju

e — (cosﬁfm
= I arctan2(—2M3, , M3, — M2, ) and
LR fRR LL

. (B5)
sinf Fa
arctan2(y, x) is defined as

where 6
*We note that unlike mixings in other sectors, I'"* is defined

differently, that is, (f7 z); = I'j; f§, where f§ represent the mass
eigenstates.
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Psign(y), x>0
arctan2(y, x) = {gsign(y), x=0 (B6)
(7 — ¢)sign(y), x<0

with y being nonzero, and ¢ taken in the first quadrant such
that tang = |y/x|.

For the sfermions in the first and second generations, the
left-right mixings are exceedingly small as they are pro-
portional to the corresponding fermion mass. Therefore,
the sfermion mass matrix (B2) is automatically diagonal.
However, one has to remember that the sfermion masses,
for fixed values of m 2 o are different in the MSSM than in

the U(1)’ models due to the additional D-term contribution
in the latter.

[ My 0 —Myg, Myg,
0 My Myz, —Myg,
Myg,  Myng, 0 K
Myg, —Myg,  —p 0
0 0 ~MH, ~MH,
Mz 0 Bh, — Ma,
0 0 0 0
0 0 0 0
0 0 0

where certain entries are generated by the soft-breaking
sector while others follow from the SU(3), ® SU(2); ®
U(1)y ® U(1)" breaking. The U(1)y gaugino mass My,
the SU(2); gaugino mass My, and the U(1)’ gaugino mass
M};’/

cos’y

tany

MZ/= -2

Mgy + Mytanz,\/, (C3)

cosy
as well as the mixing mass parameter between U(1)y and
U(1)" gauginos

Myy =07y tany, (C4)
X

all follow from the soft-breaking sector. Through the mix-
ing of the gauge bosons, M, and My, exhibit an explicit
dependence on the masses of the U(1)y and U(1)" gaugi-
nos, and their mass mixing. My is the soft-breaking mass
that mixes the U(1)y and U(1)" gauginos. In the numerical
analysis, we set the mixing mass parameter M5 = 0 since
we neglect the kinetic mixing (tany — 0) thus My — 0.
For convenience we also define Ry = My /Mjy.

The remaining entries in (C2) are generated by the soft-
breaking masses in the Higgs sector via the SU(3). ®
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APPENDIX C: GAUGE AND HIGGS FERMIONS

Although the U(1)" model possesses no new charged
Higgsinos and gauginos it possesses five new fermion
fields in the neutral sector: the U(1)’ gauge fermion Z’
and four singlinos S, §1, 52, 53. In total, there are 9
neutralino states ¥ (i = 1,...,9) [8]:

¥ =>MN,G, (Cl)

where the mixing matrix N9, connects the gauge-basis
neutral  fermion  states

G, €{B W HY H, S 7,
S1,S,, 85} to the physical neutralinos X?. The neutralino
masses My and the mixing matrix NY are determined

a

via the diagonalization condition N MNT =
Diag{M I M )‘(8} for the neutral fermion mass matrix
0 Myy O 0 0\
0 0 0 0 0
Wy, 000
—pu, My, 0 0 0
0 om0 0 0
ms o Mpoooplopkowl €2)
ilxvx };: K
R U
hyv, hyv,
0 . 5 0 5
hyv, hyv,
0 M /Sﬁ B \/52 2 ] 0 /

SUQ2), ® U(1)y ® U(1)" breaking. Their explicit expres-
sions are given by
Myp, = Mzsinfycosp,  Myg = Mzsinfy sinf,

My, = MzcosbycosB,  Mypu = Mzcosby sing,

Vg v
S, B iy, S e A

;o / I /
Mg = gY’sts, Mg = gY’Qsivs,’

(€5)

where gy is the coupling constant of U(1)'. For numerical
analysis we choose the standard grand unified theory value

for it gy = \/gg tanfy,.

I /
My, = gY’QH"vw

APPENDIX D: THE COMPOSITIONS
OF THE NEUTRALINOS

In this Appendix we give the Bino, Wino, Higgsino
and Singlino compositions of the physical neutralinos
}?, i=1,2...,9 for the three scenarios LM1/, LM2/
and LM6'. They are listed in Table VI.
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TABLE VL. The Bino, Wino, Higgsino and Singlino composition of the neutralinos ¥, = 1,2, ..., 9 for the scenarios LM1/, LM2'
and LM6/.

LM1' X X X X X Xo be X X

B —0.988 0.046 0.077 0.043 —0.056 0.095 —0.002 0.0 0.0
w3 0.037 —0.058 0.955 —0.122 0.086 —0.245 0.006 0.0 0.0
HY —0.126 0.051 —0.245 —0.321 0.692 —0.581 0.014 0.0 0.003
A 0.031 —0.205 0.115 0.226 0.698 0.633 —0.033 0.002 —0.040
S 0.057 0.910 0.086 0.362 0.140 0.0 0.048 —0.004 0.087
7' —0.010 —0.180 —0.010 0.212 0.022 —0.092 0.065 0.013 0.953
S, —0.012 —0.148 —0.013 0.492 0.012 —0.276 —0.576 0.555 —0.133
S, —0.006 —0.089 —0.006 0.155 0.008 —0.060 0.778 0.586 —0.120
S, 0.018 0.241 0.020 —0.621 —0.023 0.320 —0.232 0.589 0.223
LM2/

B 0.048 —0.994 0.032 —0.009 —0.044 0.076 —0.005 0.0 0.0
w3 —0.054 0.0101 0.974 0.029 0.067 —0.204 0.014 0.0 0.0
ﬁg 0.032 —0.088 —0.191 0.135 0.699 —0.666 0.043 0.0 0.001
H —0.224 0.013 0.083 —0.062 0.692 0.673 —0.057 0.002 —0.033
S 0.942 0.054 0.075 —0.238 0.152 0.130 0.028 —0.003 0.069
7! —0.119 —0.006 —0.007 —0.190 0.015 —0.019 0.047 0.011 0.972
S —0.091 —0.007 —0.010 —0.550 0.006 —0.143 —0.585 0.561 —0.100
S, —0.069 —0.005 —0.006 —0.212 0.005 0.013 0.778 0.578 —0.094
S, 0.165 0.012 0.016 0.732 —0.013 0.123 —0.206 0.591 0.169
LM6/

B —0.036 —0.995 —0.034 —0.003 0.035 —0.072 0.006 0.0 0.0
w3 0.041 0.015 —0.978 0.014 —0.054 0.194 —0.017 0.0 0.0
H?, —0.015 —0.080 0.174 0.093 —0.700 0.677 —0.060 0.0 —0.002
HY 0.196 0.021 —0.089 —0.015 —0.695 —0.680 0.073 0.001 0.031
S —0.936 0.040 —0.057 —0.278 —0.143 —0.114 —0.028 —0.004 —0.073
VA 0.138 —0.005 —0.006 —0.202 —0.012 0.007 —0.046 0.012 —0.967
S, 0.116 —0.007 0.010 —0.541 —0.006 0.120 0.593 0.560 0.109
S, 0.082 —0.004 0.005 —0.215 —0.004 —0.044 —0.772 0.581 0.101
S, —0.203 0.011 —0.015 0.729 0.012 —0.070 0.197 0.589 —0.185
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