PHYSICAL REVIEW D 102, 075023 (2020)

Light singlino dark matter at the LHC
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The light singlinolike neutralino is expected to be a promising candidate for dark matter (DM) in the
allowed parameter space of the next-to-minimal supersymmetric standard model. The DM annihilation
process takes place via the light Higgs bosons which are natural in this model. Identifying the allowed
region of parameter space including various constraints, the detection prospect of such light DM candidate
and Higgs bosons are explored at the LHC with its high luminosity options. Light Higgs bosons and the
DM candidate, the lightest singlinolike neutralino are indirectly produced at the LHC via the SM Higgs
production and its subsequent decays. Jet substructure techniques are used to tag boosted Higgs. It is found
that the favorable range of masses of Higgs bosons and neutralino, compatible with a low mass DM
solution, can be discovered with a reasonable signal significance (~5¢) at the LHC, with the center of mass
energy /s = 14 TeV and integrated luminosity options £ = 300 fb~! and 3000 tb~!.
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I. INTRODUCTION

Understanding the nature of dark matter (DM) candidate
is of great interest in the present day of particle physics,
particularly, in the context of beyond standard model
(BSM) physics. Huge efforts are in place by various
experiments to search for DM candidate via direct and
indirect manner[1,2]. Unfortunately, still the candidate of
DM remains elusive. Very recent observations from the
PLANCK [3] experiment predict the limits of relic density
at 20 as,

Qh? = 0.12 £ 0.001. (1.1)
It is observed that the DM annihilation cross section at the
weak scale naturally predicts relic density consistent with
this PLANCK data. Currently, searches for DM candidates
are one of the most exciting and challenging programs.
Numerous dedicated experiments including the Large
Hadron Collider (LHC) are involved in this endeavor,
and have made considerable progress. However, all neg-
ative results in direct searches of DM experiments, lead to
stringent limits on DM-nucleon scattering cross sections in
terms of DM particle masses [4-9]. As we know, because of
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the nonrelativistic nature of DM candidate, the DM-
nucleon scattering cross section can be separated into
two parts, spin-independent(SI) and spin-dependent(SD).
The SI part is mediated by scalars and increases with the
mass of the nucleon, whereas the SD process involving
axial-vector coupling with nuclear spin is mediated by
gauge bosons. Obviously, the SD cross section is larger
than SI because of the suppressed coupling due to light
quark masses [10-12]. Recent measurements by the
XENONIT experiment reported an upper limit of the
DM-nucleon SI elastic scattering cross section at 4.1 x
1077 ¢cm? and 2 x 10~* cm? corresponding to DM par-
ticle masses of 30 GeV and 6 GeV, respectively [4]. These
are the most stringent limits to date, whereas limits from
LUX [5] and PANDA [6] are not competitive. With the
detector upgrade in XENONNNT experiment, the sensitivity
is expected to improve by an order of magnitude [4]. It is to
be noted that the XENONIT experiment is not sensitive
to the lower range (<6 GeV) of DM particle masses.
However, there are few other experiments that are sensitive
to this lower mass range of DM [7,13—15]. For instance,
DarkSide-50 experiment searches for DM candidate cover-
ing the mass range <20 GeV, and lack of observation of
any signal event leads to an exclusion limit on DM-nucleon
SI cross section at 10™#! cm?, at 90% C.L, corresponding to
the DM particle of mass 1.8 GeV [7]. Similarly, the SD
DM-proton and DM-neutron scattering cross sections are
also constrained for a reasonably wide range of DM particle
masses. The exclusion limit on SD DM-neutron scattering
cross section also come from XENONIT, which predicts at
90% CL, an upper limit 6.3 x 107? ¢cm? for 30 GeV DM
particle mass, and it increases further to 3 x 107 c¢cm? for
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6 GeV mass [8]. The most stringent SD cross section limit
to date on DM-proton scattering cross section at 90% C.L is
~3 x 107! cm? for 20 GeV DM particle mass which
comes from the PICO-60 [9] experiment. Apart from these
direct searches, DM candidates are also explored indirectly
at the LHC experiment. The DM particle produced in
proton-proton collision at the LHC leaves an imbalance of
missing energy signature in the detector because of its
extremely weak interaction with matter. Hence, the final
state consisting of a hard missing energy along with a recoil
of visible energy is assumed to be a classical signature of
DM. Currently, in both CMS and ATLAS experiments,
searching for the signature of DM candidates are treated as
a high priority analysis [16]. However, from the non-
observation of any signal events in data, model-dependent
limits of DM particle masses are set by both CMS and
ATLAS experiments [17,18]. Evidently, even in the pres-
ence of stringent constraints on DM particle masses from
all direct and indirect searches, as discussed above, still a
considerable range of lower (~few GeV) and higher
(O(100) GeV) range of masses are not ruled out.
Naturally, this observation attracts special attention to look
for models, which can offer viable DM candidates of those
mass ranges compatible with data. Motivated by this fact, in
this paper we try to find models of DM particle corre-
sponding to this lower range of masses, which can provide
solution consistent with all constraints due to direct and
indirect searches, as discussed above [4-9,17,18].

Variety of well-motivated BSM predicts a plethora of
cold and warm DM particle candidates [19,20]. Among
them, the most widely studied DM model is offered by
minimal supersymmetric standard model (MSSM), where
the most popular candidate for DM with conserved R-parity
is the lightest neutralino (;??), a majorana spin 1/2 particle.
In order to obtain right relic density [Eq. (1.1)], the DM
candidate is favored to be the Higgsino-like, and of the mass
range ~1 TeV [21-23]. Interestingly, assuming neutralino as
a thermal relic, the relic density bound sets a lower limit on
the neutralino mass, m 2 2> 34 GeV, in the framework of

MSSM [24]. Naturally, it rules out the possibility of having
any DM candidate of very low mass (~ few GeV) in MSSM.
Like the MSSM, the theory of next-to-minimal supersym-
metric standard model (NMSSM) [25-28] offers the lightest
neutralino as a potential DM candidate. In the NMSSM, the
Higgsino mass term(y) is generated dynamically, in order to
cure the p-problem [29], by adding a singlet scalar field with
two Higgs doublet and extending the Higgs sector resulting
in seven Higgs bosons states. Because of the interplay
between model parameters in the Higgs sector, one or two
of the Higgs boson states can be very light, even less than the
mass of the SM-like Higgs boson, without violating any
collider constraints[30-36]. Furthermore, the singlino, fer-
mionic superpartner of singlet field, extends the neutralino
sector with five physical states, where the lightest neutralino
state plays the role as a DM candidate. In particular, even with

avery low mass (~ few GeV), the neutralino, favorably to be
singlinolike, appears as a viable dark matter candidate
without violating any existing constraints predicted by
several DM experiments [37—45]. In such a scenario, the
possible DM annihilation process occurs via light Higgs
bosons reproducing right cross section consistent with the
relic density given by Eq. (1.1). This phenomena resembles
the scenario of Higgs portal model, where light Higgs boson
acts as a portal between the SM and non-SM sector [46].
Moreover, the DM(singlino)-nucleon scattering cross sec-
tions, both SI and SD, satisfy experimental limits predicted
by direct searches, thanks to the presence of appropriate
singlino composition in the lightest neutralino state. In this
regard, naturally, the immediate and pertinent question to ask
is about the prospect of detecting the signal of this low mass
singlinolike DM candidate at the LHC. In literature, quite a
few studies exist in this context predicting the discovery
potential of DM candidate at the LHC [43,44,47-50]. The
objective of this present study is to revisit this DM solution in
the framework of NMSSM, and then explore the detection
prospect of such a scenario at the LHC for the current and
future luminosity options. More precisely, our goal is to find
discovery potential of light singlinolike neutralino and Higgs
boson states at the LHC, which in combination provide a
right DM solution.

At the LHC, the direct production of light singlino state
and singletlike Higgs bosons, having negligible coupling
with fermions and gauge bosons are very much suppressed.
In such a scenario, these particles can be produced
indirectly via the production of some other intermediate
particles which are having non-negligible couplings with
those states [36,44,51,52]. For example, in this paper, we
consider the production of non-SM-like light Higgs bosons
via the decays of SM Higgs boson which is produced
through a standard mechanism. Subsequently, light sin-
glino states are produced via the decay of light non-SM-like
Higgs bosons. It is to be noted that the corresponding
branching ratios (BR) of all these decay modes are very
much sensitive to model parameters, which will be dis-
cussed in detail in later sections.

The SM Higgs boson is considered to be produced via
gluon-gluon fusion, which is the dominant production
mechanism [53,54]. In order to give a boost to the final
state, the SM Higgs boson is produced exclusively along
with a jet. Consequently, the pair of lighter Higgs boson
states originating from the decay of SM Higgs boson of
mass 125 GeV are moderately boosted (p; ~ 30-40 GeV)
with a reasonable separation between them, and so the
decay products from those states emerge as a collimated
object. Thus the jets coming from light Higgs decay appear
as a single fat jet. Using jet substructure technique this
“Higgs jet” (HJ) is tagged where the two subjets are likely
to be b-like [55,56]. In summary, we focus on the signal
final state consisting an HJ and missing energy, along with
at least one untagged QCD jet. Considering this signal final
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state, we perform detail signal and SM background
simulation and predict signal sensitivity for 300 fb~!' and
3000 fb~! luminosity options.

The paper is organized as follows. In Sec. II, we review
the NMSSM model briefly and discussed the region of
parameter space compatible with relic density and DM-
nucleon scattering constraints as well. The relevant range of
parameters are identified through a numerical scan. Signal
and background simulation is presented in Sec. III, fol-
lowed by a discussion on the results. Finally, the summary
is presented in Sec. V.

II. THE NMSSM MODEL AND DARK MATTER
RELIC DENSITY

In this section, we briefly outline the NMSSM model
setup relevant to our scenario, which provides light singlet-
like Higgs bosons and a light singlinolike neutralino as a
DM candidate with right relic density [Eq. (1.1)]. The
NMSSM contains an additional gauge singlet superfield (S)
along with two Higgs doublet superfields (H, and H ).
The corresponding Z;-invariant superpotential is given
by [25-28,57],

1
Wxmssm = Waissm + ASH  H 4 + §’<S3’ (2.1)

where 4 and « are the dimensionless couplings, and Wyggum
represents the part of the superpotential in MSSM counting
Higgs doublets but without the y-term. In addition, two soft
terms, AA;SH,H,; and %KAKS?’ are also included. The
Yukawa-like term with coupling A generates the Higgsino
mass term, p.;; = Avg, where v, is the vacuum expectation
value (VEV) acquired by the singlet superfield. The dynamic
generation of the u-term, the key aspect for the motivation of
NMSSM, prevents it from acquiring a large value [29]. The
Higgsino mass term is expected to be at the level of the
electroweak scale to obtain appropriate electroweak sym-
metry breaking [27]. On the other hand, phenomenologi-
cally, pe is restricted to be . 2 100 GeV, due to the
chargino mass limit predicted by LEP experiment [58].

As mentioned before, the enlarged Higgs sector of
NMSSM consists of seven physical Higgs bosons, 3 CP
even states (H,, H,, H3, assuming my < my, < my,)and
2 CP odd states (A}, Ay, assuming my < my,) and 2
charged Higgs(H*) boson states. Masses and couplings of
these Higgs bosons are determined by model parameters.
The Higgs sector is briefly revisited here to identify
respective ranges of corresponding parameters to our
interest. The 3 CP even Higgs states are described by
3 x 3 mass matrices in the basis wg = (H g, H g, Sg), the
real parts of Higgs fields. The elements of the mass matrix
are given by [28],

M5 = M7 sin® f + gy cot (A, + kvy),
M35y = M7 cos®  + e tan f(A; + k),

B 220°A; sin 28

M§733 = o + kv (A + dxvy),
€

M2\ .
M§,12 = <'121’2 - 72) sin 2 — pesr (A) + Kvy),

M5 15 = A0(2pege sin fp — (A, + 2kv,) cos ),

M5 55 = A0(2pegr cos f — (A, + 2kvy) sin ). (2.2)
Here tan f is the ratio of VEVs of neutral components of
two Higgs doublet. The masses of 3 CP-even Higgs boson
states can be obtained by diagonalizing the mass matrix by
an orthogonal matrix (S;;; i, j = 1-3), and hence physical
states (H;) become the admixture of weak Higgs boson
states as,

3
H; = ZSijV/jR- (2.3)
j=1

Notably, the lightest CP-even Higgs boson mass is found to
be bounded by [59,60], mj; < M7 cos?2f 4 A*v; sin® 23
at the tree level. Notice that the extra contribution lifts the
tree level Higgs boson mass substantially, and hence may
not require a huge contribution from higher-order correc-
tion [61]. As a consequence, a wide region of parameter
space which is less constrained can easily accommodate
one of the CP-even Higgs boson (primarily either H; or
H,) states as the SM-like Higgs boson with a mass
~125 GeV. This feature makes the NMSSM very attractive
after the discovery of the SM Higgs boson at the LHC
[33,61-64].

In the CP-odd sector, eliminating the Goldstone modes,
the elements of 2 x 2 mass matrix for CP-odd Higgs boson
states in y; = (A, S;) basis are given as,

2 et
P sin2p
sin 2/

Hert
M3, = v(A; — 2Kvy).

(Ai + KUS)’

M3 0, = 2202 (A, + 4kvy) — 3Akvy,

(2.4)

Similarly, diagonalizing this mass matrix by an orthogonal
(Pjj, i,j =1,2) matrix, the masses of the two physical
CP-odd states (A, A,) can be obtained, and hence the
corresponding composition of physical states are given as,

2
j=1

Interestingly, unlike the MSSM, in NMSSM, the physical
Higgs boson states contain a fraction of the singlet
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component (S;) which does not couple with fermions and
gauge bosons. Of course, the content of singlet component
in physical states is very much parameter space sensitive.

The Higgs sector and the corresponding masses and
composition of physical states are described by six param-
eters:

/1, K, A)n AK, tanﬁ, Heft- (26)

Dependence on squark masses and other trilinear terms
(A-terms) occurs via radiative corrections[65].

The fermionic superpartner (S) of the singlet field, mixes
with Higgsinos extending the neutralino mass matrix
to 5x5, in the basis (=iB,—iW3,HY, HY,5) and it is
presented as,

M[ 0 —g1 VS g1vcy

V2 V2
GaUsp —92V¢
0 M 7 ~w 0
MN = _(il/%‘/} gz\;;ﬁ 0 _Meff —ﬁUCﬁ ’ (27)
gl\gﬁ _g\z/gcﬁ —Hert 0 —Avsy
0 0 —Avsy —dveg 2k

with s5 = sin 3, cg = cos ff, M| and M, are the masses of B
and W5 gauginos respectively, v, and v, are the VEVs for
neutral components of H,, and H ; fields and are constrained
to be v2 4+ v2 =% g, and g, are weak couplings. The

masses of 5 neutralino states, my(i =1,...,5) can be

obtained by diagonalizing the mass matrix My by an
orthogonal matrix Ns,s as,

MD, = NMyN'. (2.8)

The analytical expressions of my and the corresponding

physical states exist in the literature for the MSSM [66,67],
and as well as for the NMSSM [68,69]. The masses and
couplings of neutralinos are very sensitive to NMSSM
specific parameters, in particular 4, x and v, or u.y, along
with M and M,. Moreover, these parameters (except M and
M,) are also strongly connected with the Higgs sector
[Eq. (2.2)-(2.4)], and play important roles, along with A,
and A, in determining the masses and mixings of Higgs
bosons.

As stated earlier, the goal of this study is to provide a low
mass DM solution within the framework of the NMSSM.
With this motivation, we try to identify the corresponding
regions of relevant model parameters compatible with all
existing experimental constraints.

In our proposed solution, DM annihilation takes place
via s-channel mediated by light Higgs scalars giving a pair
of fermions in the final state [70-72],

)(Z—>H1/A1—>ff- (2'9)

The DM annihilation rate is primarily sensitive to the
interaction between neutralino pair and Higgs boson, and
their relative mass difference. The Higgs-neutralino-neu-
tralino couplings are given as[28,38],

93°30H, = V2N, 5(SiN s + SiN,3)
+ V28;3(AN 3N 14 — kN3s)

g
5 (N1, —tan@,,N1)(S;iNi3 = SN1a),

(2.10)
9N = V2N 5(Py Ny + P;Ny3)
+ V2P, (AN 3N 14 — kN3)
—g(le —t@an@,Ny;)(PiyNi3 — PpNya).
(2.11)

Here N5 presents the singlino composition of the lightest
neutralino, whereas S;; and P, stand for the singlet
components of H; and A; respectively. Parameters A and
k, which are connected with the singlino mass and its
composition, are found to be very sensitive to the annihi-
lation cross section due to the above couplings [Eq. (2.10)
and (2.11)]. The analytical expressions for the cross section
of annihilation processes are presented in Appendix A. As
indicated, the right relic density corresponding to the lower
range (<20 GeV) of DM masses can be achieved by
requiring neutralino and Higgs boson states singlino and
singlet dominated respectively (i.e., Ny5,P5, S13 ~ 1), for
which

I H, ™ \/5513(/11\’131\’14 —kN3g) ~ _‘/ESI3KN%5,
(2.12)

Iz, ~ —V2P KN, (2.13)
The DM-nucleon scattering cross sections, both og; and ogp
mediated by Higgs scalars and gauge bosons respectively, are
given in Appendix B. From direct searches, allowed spin-
independent cross section corresponding to DM masses of
our interest, varies from ~107%* cm?—10"%¢ c¢m?2, which is
achievable through the adjustments of coupling 93070m, OF

93004, Again, we observed that a singlinolike lightest

neutralino and singlet dominant light Higgs bosons are most
favored. It suggests that the light singlinolike DM candidate
requires singlet dominated light Higgs boson states in order
to have right relic density and DM-nucleon scattering cross
section [3,4,7-9]. Therefore, the preferred parameter space
favoring our scenario should provide, (a) a light singlinolike
LSP, (b) light singletlike Higgs boson states.
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A closer look at the neutralino mass matrix reveals few
features of neutralino masses and mixings [57]. For
instance, the absence of mixing terms between singlino
and gaugino fields implies no interaction between singlino-
like neutralino and gauginolike or gauge boson states.
Notice that the mixing between singlet and doublet Higgs
fields is decided by Av cos f# or Avsin § [Eq. (2.7)]. Among
the five neutralino states, two of them remain to be
gauginolike if, M, — piegr| > M, the mass of Z-boson.
For a decoupling scenario, 2|k|vy < plege, M 5, the mass of
singlinolike neutralino turns out to be ~2|x|v,, and domi-
nantly a singlinolike. On the other hand, since pu.y or
Avg ~O(100) GeV, hence for smaller values of 4 < 0.1,
the typical value of v, is expected to be large ~O(1) TeV.
Therefore, for a very light singlinolike LSP, |«| should lie
within the range of ~1073. For higher values of A ~ 0.1, it is
possible to accommodate comparatively lower values of v,
with little larger values of |k|.' In fact, the mass of
singlinolike  LSP, m 0 ~ 2(5)uer becomes small for
£~ 1072. On the contrary, for 2|k|v, 3> M 5, iesr, singlino-
like state becomes very heavy, and decouples from other
neutralino states which consist of only Higgsino and
gaugino components like MSSM scenario. The other
NMSSM parameters A, and A, which are not related with
neutralino masses and mixings at the tree level, are
expected to be restricted due to the requirements of light
singletlike Higgs bosons. Following Eq. (2.4), the lighter
CP odd state(A;) is found to be singletlike for decoupling
type of scenario such as [73],

M3y > My 15, M5 5, (2.14)
which also leads heavier state (4,) MSSM like.> Hence, A 2
is preferred to be very large (~2-3 TeV) [see Eq. (2.4)],
since 2|k|v, is required to be very small, to have a light LSP.
With a good approximation, one can obtain mass of A; as
m%l ~ —3A,kv [57]. Moreover, as required above, |k|v;
cannot be large, so a moderate range (O(10) GeV) of A, is
required to obtain a light A; state. For the CP even Higgs
sector, the spectrum of relevant parameters corresponding
to our interest can be understood following a sum rule
obtained using the tree level masses of H; and H,. This
sum rule reads as [57],

1
my 4+ my =M; + EKUS(4K1JS +V24,). (2.15)

Naturally, if any of the Higgs boson states (here it is H,)
becomes massive and close to the mass of the SM-like

lRequirements of both x and A remain to be perturbative up to
GUT scale impose the constraint 22+ k2 <05 [57).

’Similar scenario can also occur if off-diagonal entry
M12°.12 ~ 0. But it is not a viable option to our interest as kv,
is required to be very small.

Higgs boson, then for a moderate value of A,, H, state
becomes very light, even may be less than the half of the
mass of H, state. Since H, state is SM-like, hence mixing
between singlet and doublet components (H,, H,;) should
be very small, yielding an H; state that is mostly singlet
dominated. Furthermore, since the annihilation process
occurs via s-channel Higgs exchange, the cross section
enhanced significantly, for m,, /p ~2 X my, which we
also require for our proposed collider searches. The third
CP even physical Higgs state H3, seems to be very massive
and decoupled for large values of A,. Finally, with all these
above arguments corresponding to our proposed scenario,
we conclude:
(i) light singlinolike LSP requires very small |k|v,,
with k/1 ~ 1072,
(i) requirement of light Higgs boson states to be
singletlike, leads A; to be very large(few TeV),
but A, not necessarily to be very large, but with a
relative sign opposite to k.

III. PARAMETER SCAN

Probable regions of parameters interesting to us are iden-
tified performing a naive numerical scan using NMSSMTools
[74,75], interfaced with micrOMEGAs [37,76-78] for calcu-
lation of DM observables. For the random scan, the
numerical ranges of six sensitive parameters [Eq. (2.6)]
are set as:

0.1<1<0.65  —0.01<xk<0.0l,
1.5<tanf <20, 100 GeV < po < 1000 GeV,
500 GeV < A, <3500 GeV,

—100 GeV <A, <100 GeV. (3.1)
We first performed a scan for a very wide range of these set
of parameters, and then focus only on the above narrow
range which is relevant to the signal phenomenology to be
studied in this paper. The A-term for third generation(A,)
plays an important role in predicting the mass of the SM-
like Higgs boson [28,65] and is varied for a wider range,

—8 TeV < A, < +8 TeV, (3.2)

while setting other 3rd generation trilinear parameters as,

A, =2TeV and Ag = 1.5 TeV. (3.3)
In order to reduce the number of parameters to vary, all soft
masses for left and right handed squarks for the first two
generations are assumed as,

Mquz = MU1,2 = ]‘4D1~2_3 =1 TeV. (34)

1 TeV<My, My <4TeV (3.5)
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The gaugino masses M|, M, and M5, which are important
for chargino and neutralino sectors are set to be within the
range,

100 GeV <M, <1 TeV, 100 GeV < M, <1 TeV,

100 GeV < M5 <2 TeV. (3.6)
Slepton masses of first two generations are fixed to,
My, , =300 GeV, Mg, , =300 GeV. (3.7)

While performing the numerical scan, various constraints,
theoretical and as well as experimental, included in
NMSSMTools5.5.0 [74,75] are examined, and accordingly,
mass points are rejected or accepted. Precision measure-
ments of the SM-like Higgs boson are used to constrain the
model along with the mass requirement of 125 + 3 GeV. In
addition, limits on supersymmetric particles obtained at
LEP, and Tevatron experiments, and as well as at the LHC
are also imposed. Various measurements in flavor physics
are also used to check the consistency of mass points. Of
course, since the lightest neutralino is assumed to be a DM
candidate, it is also ensured that the selected mass points
are consistent with PLANCK [3] constraint and Direct
searches [4-9]. It is to be noted that the numerical (random)
scan performed in this study is a representative one. The
main goal of this scan is to identify potential region of
parameters interesting to us, and then use few points of the
allowed space as benchmark parameters to present the
results. Certainly, one needs to perform more rigorous scan
in order to find the complete numerical range of parameters
through a more sophisticated method, e.g., those described
in Ref. [79-81].

In the following, we present the allowed range of
sensitive parameters, which are mentioned in the previous
section. We focus the region of parameters which provide
the mass of the lightest singlinolike neutralino up to
25 GeV and lightest Higgs bosons almost twice the singlino
mass. In Fig. 1, the spin-independent(SI) DM-nucleon
cross sections are presented (dotted) for a range of
neutralino masses up to 25 GeV and it is also subject to
XENONIT and PICO constraints [4,9]. It clearly demon-
strates that the lightest neutralino, even with reasonably low
mass, can emerge as a viable DM candidate in the
NMSSM. In Fig. 2, we show the dependence of lightest
neutralino mass corresponding to the interesting range
shown in Fig. I, on § and p.q. As anticipated, preferred
values are |k| ~ 1073 and A ~ 107!, whereas p < 1 TeV,
are not expected to be very large.

The trilinear parameters A, and A, play a crucial role
along with x and A, in determining the masses of Higgs
bosons [57], in particular, my, and my,, . In Fig. 3, the
available region in the A,—« and A,—« plane, relevant to our
scenario, are presented along with p.. As argued
above, for a very small value of k, the large values of
A; ~O(1000) GeV and A, ~ O(10) GeV are required

1074
L]
° °
10
o 10746 |
g
NS
0 47 L
g 10
10 -48 L
10.49 I I I & I Py Py I -
0 25 5 75 10 125 15 175 20 225 25
FIG. 1. Allowed regions (dotted) of SI DM-nucleon scattering

cross section with the variation of 7} masses.

corresponding to our considered scenario. The value of
|| ~0 is not permissible and the symmetric nature of
distribution arises because of the dependence of the value
of k. We have checked that corresponding to this parameter
space (Figs. 1-3), the singlet composition in lighter Higgs
boson states, and singlino content in lightest neutralino,
both are at the level of 95% or more.

Branching fractions for Hgy - H;H,/A;A, and sub-
sequent decays, H,/A; — 7] or ff decide the signal
rate. We observe that for a favored range of parameters,
such as 4, «, A, and A,, as discussed above, the BR(Hgy —
H H/AA;) ~10% or less, which is much below the upper
limit of BR(Hgy; — BSM), constrained by Higgs data, and
given by [82],

BRggy < 0.26 at 95% C.L. (3.8)
1000 T T T T T 25
900 [
800 [ 20
700
= 15 %\
(50 600 [ 9
& 500 %
3 10 g
400
300 [ 5
200
100 L - L : - 0
-0.04 -0.02 0 0.02 0.04
a2
A
FIG. 2. Allowed regions (dotted) in the y and 4 plane with

the msp.

075023-6



LIGHT SINGLINO DARK MATTER AT THE LHC

PHYS. REV. D 102, 075023 (2020)

1000

50

()]

o

o
tesi (GeV)

-50

-100 L L L L L
-0.01 -0.0075 -0.005 -0.0025 0 0.0025 0.005 0.0075 0.01

K

FIG. 3.

Branching ratio of light Higgs bosons decay to LSP is also
very sensitive to A and «, as evident from Eq. (2.12) and
(2.13). A substantial amount of singlet composition in light
Higgs boson state and singlino content in LSP favor this
decay channel. However, even a little presence of doublet
components in light Higgs bosons enhance the decay rate in
the fermionic channel (ff). Corresponding to our interest-
ing region of parameters, the BR(H;/A; — 77") appears
to be quite reasonable, and sometimes it turns out to be
around ~70-80%.

IV. SIGNAL AND BACKGROUND

In this section, we present the discovery potential
of singlinolike DM signal at the LHC with the CM
energy +/s = 14 TeV for few luminosity options. We
consider the production of light singletlike Higgs bosons
via the nonstandard decay channel of the SM Higgs,
Hgy — H{H,/A|A,, where the mass of H; or A, is less
than the half of the mass of the SM Higgs boson.
Subsequently, the lighter Higgs boson states are assumed
to decay to lightest neutralino pair (H,/A; = 7)7}) with a
reasonable BR depending on the model parameter space,
whereas the other competitive decay modes are to heavy
fermions, like bb when kinematically accessible, otherwise
7r. To ensure harder final state particles, we focus on
exclusive Hqy + 1 jet process. As we know, the most
dominant process of Higgs production proceeds via heavy
top quark loop leading to, gg — Hgqy [53,54]. An addi-
tional jet originates in next-to-leading order(NLO) pertur-
bative QCD with a significant increase of cross section,
either from initial gluons or the heavy quarks inside the
loop, leading to gg — Hgy + g. Hence, the signal process
to our interest appears to be,

99 = Hgy +jet —» H H /A A + jet

- bb or tr+ 7 +jet (4.1)
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Allowed regions (dotted) in the k—A, (left) and x—A; (right) plane with pg-.

Thus, we focus on signal final state comprising missing
energy, which is a characteristic of DM signature, along
with a reconstructed Higgs boson mass accompanied with
at least one untagged jet.

The separation between decay products from lighter
Higgs boson is given by [55],

2 MaA/H,

AR(f’f) - Z(Z _ l)pT ’ (42)

implying they are collimated for larger p; and/or lower
mass of parent particle, where z is the fraction of momen-
tum of Higgs boson carried by one of the decay product. In
Fig. 4, we demonstrate the transverse momentum of lighter
Higgs boson originating from SM Higgs decay (left) and
the separation [Eq. (4.2)] between their decay products
(right) for three sets of Higgs boson masses.

Clearly, the lighter states are more boosted and their decay
products are more collimated than those from higher states.
These characteristic kinematic features are exploited in
simulation to isolate signal. Armed with this observation,
simulation is performed for the signal setting three ranges of
the mass of H; or A, as: (i) lower mass region: mpy, /4,
10 GeV, (ii) moderate mass region: 10 GeV < my, 4,
30 GeV, and (iii) higher mass region: 30 GeV < my /4,
60 GeV.

Notably, as stated above, for “low” and “moderate” mass
regions, the decay products, either 7z or bb pair appears to
be very collimated, and emerge as a single “Higgs jet” (HJ)
with constituents either two b-like(/,;) or = (J,,) -like
subjets depending on the decay modes. Hence, instead of
tagging individual z-jet or b-jet, which is challenging in this
present scenario, Higgs jet is tagged to classify signal from
the background. On the contrary, tagging HJ is not very
effective for “high mass region,” since decay products
emerge with a wider separation. In this case, we observed
that even losing signal events due to tagging of HJ, still it is
very useful to reduce the SM backgrounds substantially.

IAIAIA
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FIG. 4. Transverse momentum of light Higgs boson (left) and AR [Eq (4.2)] (right) between two fermions originating from the decay

of light Higgs bosons.

Hence, in summary, simulation is performed for three
categories:

Joo+ Ep+ 2 1j for my 5, <10 GeV,  (4.3)
Jos +Ep+>1j for 10 GeV <my, 14, <30 GeV, (4.4)
Jop+Ert+>1j for30GeV <mpy, 4, <60GeV. (4.5)

We discuss signal selection strategy for the case of lower
mass range, Eq. (4.3), in a later subsection separately.

The dominant sources of SM backgrounds correspond-
ing to the signal processes [Eq. (4.4) and (4.5)] are due to
the processes:

pp — 1, Wbb + jets, Zbb +jets.  (4.6)
Neutrinos originating from W or Z decay contribute to
missing transverse energy (E7). We also checked the level
of background contribution from WZj, ZZj, HgWj and
HguZj(Hgy ~ Hy) and found to be very small due to
comparatively very low cross sections and respective
branching ratios.

For the sake of illustration, six benchmark points (BP),
as shown in Table I, compatible with various experimental
data, are chosen to simulate the signal process. These BPs
are selected such that 2my ~mpy ;4 and covering mass
ranges as required in Eq. (4.3)—(4.5). Notice that for all
such cases, H, turns out to be the SM-like Higgs boson and
decays to a pair of non-SM-like Higgs bosons states
H, - HH,/AA,, with a BR ranging from ~0.01% to
10%, which is within the constraint given by Eq. (3.8). As
mentioned before, light Higgs bosons, mainly decay to
either in bb or 7% channel, which we require for our
signal process.

PYTHIAS is used to simulate #f events, while other
processes are generated using MadGraph5-aMC@NLO-2.6.4
[83] and pYTHIAS [84,85] for subsequent showering and
hadronization. The signal events are generated using
PYTHIAS inputting masses and branching ratios of SUSY
particles and Higgs bosons through SLHA file [86] which
is generated using NMSSMTools. To take into account
detector effects, generated events for both signal and
backgrounds are passed through DELPHES-3.4.2 [87] using
the CMS detector card. The DELPHES objects, namely,
eflows are used for analysis.

In the simulation, events are selected adopting the
following strategy.

(i) Lepton veto: Events consisting leptons are vetoed
out. Leptons are selected with p? > 10 GeV and
|n| < 2.5. It reduces the background events signifi-
cantly without losing any signal.

(i) HJ selection: The e-flow objects (e-flow tracks,
e-flow photons and e-flow neutral hadrons) of
DELPHES are given as input to Fastet3.3.2 [88] to
construct fat jets. The Cambridge-Aachen [89]
algorithm is used setting the jet size parameter
R =1 and 1.6 for moderate and high mass regions
[Eq. (4.4) and (4.5)] of lighter Higgs bosons respec-
tively. The Fatjets are selected with p7. > 40 GeV
and || < 4.0. Mass-drop tagger (MDT)[55,90] with
u=0.667 and y., > 0.01 is used to tag Fat-jets
with two subjets. The subjets of “tagged fat jet” are
further matched with the b-quarks of the events which
are selected with a minimum py cut of 0.5 GeV and
In| < 2.5 with a matching cone AR < 0.3, where

AR = \/(’Yq —n;)* + (¢, — @)% 1,1, are pseudor-

apidities and ¢, ¢; are azimuthal angles of b-quark
and jet respectively. If both of the subjets are found
to be b-like satisfying matching criteria, then it is

075023-8



LIGHT SINGLINO DARK MATTER AT THE LHC

PHYS. REV. D 102, 075023 (2020)

TABLE 1. Parameters, BRs, Higgsino components(N%, N%4) of the singlino and fraction of annihilation channels contributing to relic
density corresponding to few benchmark points(BP). Energy units are in GeV.

BP1 BP2 BP3 BP4 BP5 BP6

pl 0.34195 0.17783 0.22140 0.24670 0.24980 0.29853
K 0.00080 0.00241 —0.00564 0.00520 —0.00690 0.00438
tan 3 8.46 5.99 4.79 5.85 4.96 4.63
A; 3114.53 793.52 1201.50 1654.39 1968.95 1528.60
A, —46.48 -29.91 36.66 -57.21 69.65 —60.15
Hefe 340.39 150.68 232.94 290.40 378.55 364.86
my, 123 126 126 126 123 127
my, 43 14 28 36 44 56
my, 8 12 24 31 47 30
myo 3 5 10 14 20 13
N3, 10~ 4 x 1077 3x 1074 10-6 3x 107 10~
N3, 0.03 0.04 0.02 0.02 0.01 0.02
Qhn? 0.1115 0.1188 0.1188 0.1255 0.1180 0.1098
BR(H, —» H\H,) 0.0001 0.06 0.01 0.11 0.08 0.07
BR(H, — AA;) 0.10 0.004 0.06 0.001 0.02 0.01
BR(H, — bb) 0.81 0.57 0.75 0.22 0.50 0.50
BR(H, = 7?) 0.07 0.31 0.18 0.75 0.45 0.44
BR(H, — 17) 0.07 0.08 0.06 0.02 0.04 0.05
BR(A; — bb) - 0.35 0.32 0.55 0.18 0.73
BR(A; — 7°%)) 0.22 0.13 0.64 0.40 0.80 0.19
BR(A, — 1) 0.69 0.42 0.03 0.05 0.01 0.06
Annihilation channels 0.90 (z7) 0.90 (bb) 0.92 (bb) 0.92 (bb) 0.91 (bb) 0.92(bb)

0.09 (gg) 0.07 (z7) 0.07 (z7) 0.07 (z7) 0.08 (z7) 0.07 (z7)

0.02 (gg) 0.01 (cc)

claimed to be tagged as the HJ (J,;). We found that the
tagging efficiency of J,; is around 30% for the lower
range of light Higgs boson mass and goes down to
around 15% for higher mass range. The mass of J is
depicted in Fig. 5 for three samples of Higgs bosons
masses. Clearly, the mass peaks are observed at the
given input masses. However, peaks are observed to
be broader for higher Higgs boson masses. In the same
figure, the corresponding distributions from back-
grounds are also shown, which are not showing
clearly any peaks, as expected. Notably, the presence
of J,; with a peak in its mass distribution is the
characteristics of our signal events.

Nontagged jets: After tagging J,;, nontagged QCD
jets are constructed out of remaining hadrons in the
events using anti-ky [91] algorithm with a jet size
parameter R = 0.5. The reconstructed jets are
selected with pJ > 20 GeV and |5| < 4.0.
Missing transverse momentum(£;): The missing
transverse momentum is constructed by vector
addition of momenta of all visible particles, i.e.,

(iif)

(iv)

pr =—>_ ph, where i runs over all constructed
collection from the detector. DELPHES stores K of
each events taking into account detector effects.

A. Signal for low mass of H;/A,

In this subsection, we discuss the search strategy of the
signal process, Eq. (4.3), which is very challenging since
the masses of intermediate Higgs bosons are too low to
have energetic decay products. The decay mode of Higgs
bosons to a pair of 7 leptons is preferred over the bb in order
to avoid huge QCD background, decay channel and for the
same reason, the hadronic mode of tau leptons leading to
7-jets are not considered. Hence, in this scenario, we focus
on the final state following Eq. (4.3) as,

£+ Er+ > 1 jet. (4.7)
Note that the combined BR for both the 7 leptons decaying
leptonically is very small (~12%). Moreover, leptons are
too soft with a very low pr ~m”%. In this case, domi-
nating sources of SM backgrounds are due to the inclusive
Drell-Yan, 7, and electroweak processes W + jets,
WW + jets, WZ + jets. Performing a naive simulation
for both signal and background, we try to find the signal
sensitivity. For all background processes except #7, matrix
elements are generated in  MadGraph5-aMC@NLO-2.6.4
(MG5NLO), then showering and hadronization are per-
formed using PYTHIAS as before. The 7 events are fully
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generated using PYTHIAS. In the simulation, leptons(both
e and y) are selected with p% > 10 GeV and |y| < 257
Requirement of isolated leptons reduces the signal event
significantly. The two leptons originating from 7 pairs are
not expected to be widely separated. In our simulation, we
ensure isolated leptons by checking e-flow objects of
DELPHES using following criteria as,

R<0.2
ZL <0.1

Pty (4'8)

., C=epu
where p&<02 is the sum of the transverse momentum of all
particles which are within AR < 0.2 with respect to lepton
momentum direction. It also ensures that both the signal
leptons are separated by AR > 0.2. Construction of £y and
jets (including b-jets) are the same as before and performed
by DELPHES.

V. RESULTS AND DISCUSSION

Identifying various distinguishing features of the signal
process, we impose a few event selection cuts to eliminate
backgrounds. For example, the characteristics of J,; mass
(my,.) distribution, as shown in Fig. 5, are very different for
backgrounds and signal events. Therefore, a background
rejection cut setting as,

my,. < 30 GeV for lower mass range,

30 < my, < 60 GeV for higher massrange, ~ (5.1)
is highly effective, in particular, for eliminating 7 back-
ground by 70%—-80%.

Evidently, the transverse mass between J,; and E; is
restricted by the SM Higgs boson mass in signal, as shown
in Fig. 6 (left), which is not the case for backgrounds.
Hence an upper cut on it as,

mT(JbE»ET>

= \/2 X pi x Ep x (1 —cos ¢(J 5. Er)) < 140 GeV,
(5.2)

is found to be helpful in suppressing background. Another
interesting observable is useful in reducing the top back-
ground, which is defined as[92],

™
_ il lpr”]

e (5.3)

where n;?’in is the minimum number of jets required in event
selection and Hy = 27;1 |p77i|. Obviously, by construc-
tion 0 < R < 1, where n}"" is set equal to 1 for signal event

selection.

*Experimentally lepton trigger of low p; are to be used.
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FIG. 5. Mass of J,; for three signal points (my, = 14, 36 and

56 GeV), and dominant sources of backgrounds.

Distribution of R is expected to be on the higher side
(R ~ 1) for a signal, since it is not very jetty, whereas for ¢7
it is expected to be on the lower side, as shown in Fig. 6
(right). Therefore, a selection on R > 0.5 suppresses a good
fraction of top events and to some extent Zbb + jets events
for moderate mass region.

Cross section yields for the signal which are subject to
two different sets of cuts [Eq. (5.1)] on m,, . corresponding
to benchmark points, and background processes after each
set of cuts is presented in Tables II and III.

The first row presents the leading order (LO) cross
sections with the center of mass energy /s = 14 TeV,
setting NNPDF23L0 [93] for parton distribution and choos-

ing the dynamic scale (1/m? + p%) computed by MadGraphs-
aMC@NLO-2.6.4[83]. Cross sections for the background
processes(Zbb + jets, Whbb + jets) are computed in
MadGraph5-aMC@NLO-2.6.4 in five flavor scheme and subject
to cuts, pb > 20 GeV, p}. > 20 GeV, AR(b,b) > 0.1 and
AR(j,j) > 0.4. Higher order effects to all these cross
sections are taken into account through K-factors, as
defined, K = ?TIOO These K-factors are obtained by com-

puting respective cross sections using MCFM [94-97]. The
K-factors of the processes, Zbb + jets and Whb + jets, are
considered to be the same as for the processes Zbb and
Wbb, which are computed by MCFM and found to be
~1.7 and ~2.6 respectively, and in close agreement with
Ref. [98]. For 17, K-factor = 1.4 is used [99,100]. For
signal process, K-factor is estimated to be ~1.8 using
MCFM, close to quoted values in Ref. [101]. All these
K-factors are taken into account in Tables II and III while
presenting final yields at the end. In these tables, epg is
the sum of the branching ratios BR(H, - H;H;) and
BR(H, - AjA)).

075023-10



LIGHT SINGLINO DARK MATTER AT THE LHC

PHYS. REV. D 102, 075023 (2020)

7\ LI LI ‘ T 1T L T 1T ‘ L ‘ LU \7
- a4 == signal24 i
0.1+ = E wim signa|56 —
[ ey b — bbwj ]
i RS — bbzj ]
0.08 H i — _|
§%] - K .-i !..._ 4
IS - FE i
S 0.06 R .
> . [ : i
s - R .
5 - SN .
5 004 g i
0.02 - .
I AR i

0 | L1 ‘ L1 11 ‘ L1 1| ‘ L1 1 ?’qi;*:\‘;

T Ry ik
0 50 100 150 200 250 300 350
mr (JbB ’ ET) GeV

\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\‘\\\\‘\\\
== Signal24
== signal44
— bbzj
—tt

0.09

0.08

0.07

0.06

0.05

o
(mie mim

0.04

arbitrary units

0.03

0.02

0.01

T e A e T

o

o T T[T T T[T T[T T[T [T T[T T[T [ TTTT 7T

01 02 03 04 05 06 07 08 09
R

-

FIG. 6. Transverse mass between J,; and E; (Eq. (5.2) (left) and R(Eq. (5.3)(right) for signal (with m A, = 24 GeV and my, = 56

(left) or 44 (right) GeV), bbZ + jets and t7.

Events are required to contain at least one jet with cuts
Pl > 20 GeV and || < 3 and vetoed out if there is any
lepton. The E; cut is useful in reducing the backgrounds, in
particular due to the process with a Z and W boson in the
final state, however, it costs signal also by almost a factor

of 2, even it is more severe for signal corresponding to
lower mass ~15 GeV. Notice that the selection of J,;, and
the respective mass window [Eq. (5.1)] suppress back-
grounds substantially, by almost two orders of magnitude,
while signal remains less affected. A cut on the transverse

TABLE II.  Cross section yields after each set of cuts for two low mass signal points BP2 and BP3(Table I) and
background processes. Last row presents the final cross sections after including K-factor and b tagging efficiency.

BP2 BP3 bbZ + jets bbW + jets 1t
o (pb) 12.4 12.4 152.8 139.8 597.9
6 X €pr 0.7 0.9 152.8 139.8 597.9
lepton veto 0.6 0.8 108.5 97.6 298.2
n;>1 0.5 0.7 107.4 96.3 297.7
E; > 40.0 GeV 0.3 0.4 32.8 24.4 109.4
No. of J,; = 1 0.05 0.06 1.8 3.0 4.9
my,. < 30.0 GeV 0.05 0.05 0.3 1.0 1.3
my(Jyp. Er) < 140 GeV 0.04 0.04 0.2 0.8 0.9
R>0.5 0.034 0.04 0.08 0.6 0.4
o x K-factor x €} 0.018 0.022 0.04 0.47 0.24

TABLE III. Same as Table II, but for three “high mass” points, BP4, BP5, and BP6) in Table I.

BP4 BP5 BP6 bbZ + jets bbW + jets 1t
o (pb) 12.4 12.4 12.4 152.8 139.8 597.9
6 X epr 1.3 1.2 1.0 152.4 139.8 597.9
Lepton veto 1.3 1.1 0.9 108.6 97.6 298.2
n;>1 1.2 1.0 0.9 108.0 97.3 297.8
E; > 350 GeV 0.9 0.6 0.4 39.4 30.4 127.9
No. of J,; = 1 0.05 0.04 0.03 3.0 2.9 7.8
30.0 < my,, < 60.0 GeV 0.03 0.03 0.01 0.6 0.8 1.8
mp(J 5, E7) < 140 GeV 0.03 0.03 0.01 0.5 0.5 1.2
R > 05 0.024 0.02 0.01 0.26 0.4 0.5
o x K-factor x €7 0.013 0.011 0.0055 0.13 0.3 0.3
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TABLE IV. Signal significances for benchmark points(BP2-BP6)
for two luminosity options.

BP2 BP3 BP4 BP5 BP6
2= (L£ =300 b7 11 14 8 7 35
%(ﬁ = 3000 fb~") 35 44 25 22 11

mass, Eq. (5.2), is very effective in isolating the back-
grounds without costing signal events too much, as seen in
both the tables. Eventually, as expected, the cut on R
suppresses the top background further by about ~50%.
Finally, in order to obtain final cross section yields, we
take into account pr-dependent b-tagging efficiency (¢,)
[102]. For tf event, we use ¢, = 0.66, whereas for other
cases it is set to €, = 0.55. The total background cross
section is found to be 750 fb and 730 fb corresponding to
two sets of selections as described in Tables II and III
respectively. We summarize signal significances, as defined
\/LE’ where S and B are the total number of signal and

background events, corresponding to five benchmark
points in Table IV and for two choices of integrated
luminosities £ = 300 fb~!' and 3000 fb~!. It is to be noted
that in background estimation, the contribution due to QCD
is not taken into account, where jets and mismeasurement
of jets can fake as b-jets and E; respectively, which is
beyond the scope of this current analysis.

Remarkably, the significances are more than 5o even for
lower luminosity option.

In Table V, we present signal cross section yield,
presented by Eq. (4.7), corresponding to lower range of
Higgs boson masses. Cross sections (LO) shown in the st
row are computed using MadGraph5-aMC@NLO-2.6.4(MG5NLO)
subject to cut p’T > 20 GeV, whereas in the subsequent
rows, those are presented after each set of selection cuts, as
shown. Notice the severe effect of selection cut of invariant
mass of lepton pair. Finally, at the last row, we present cross
sections, multiplying respective K-factors to take care of
higher order effects. Similar K-factors are used for signal
process and tf process, whereas for DY process it is
taken to be 1.3[103]. For electroweak processes, W + jets,
WW + jets, WZ + jets K-factors are considered to be 1.42
[104], 1.8 [105] and 2.07 [106] respectively. We find the

dominant background contributions are mainly due to the
t7, DY and W + jets processes. We have also checked the
background contribution due to Y and J/w production
process, and found to be negligible attributing to compa-
ratively harder £, cut.

The total background cross section are obtained to be
~fb and signal significance turns out to be, =~ 6(19) for

integrated luminosity options 300 fb~! (3000 fb~!).

VI. SUMMARY

Various experiments for DM searches have excluded a
substantial range of its mass. However, the DM candidate
with a very low mass is still a viable option to explain the
right relic density of our universe. In this study, we explore
the scenario with a light DM candidate in the framework of
the NMSSM which is constructed to address the p-problem
of the MSSM by adding one additional singlet Higgs scalar
with the two Higgs doublets. In this model, the lightest
neutralino, assumed to be a LSP of very low mass, is
offered as a DM candidate. The significant presence of
singlino component in the lightest neutralino helps to evade
constraints on DM-nucleon scattering cross section
imposed by several experiments. In this proposed scenario,
the DM annihilation takes place primarily via resonant
process mediated by singletlike light Higgs bosons, which
decay to a pair of fermions in the final state. Thus, the
suppressed interaction between singlinolike neutralino and
singletlike Higgs scalars is responsible to overcome the
stringent constraint due to observed relic abundance.
Notably, the light non-SM-like Higgs bosons play a role
as a portal between the non-SM and the SM sectors present
in the initial and final states of the annihilation process
respectively.

A representative numerical scan of model parameters is
performed taking into account various existing experimen-
tal constraints to identify compatible region corresponding
to our proposed DM solution. This naive numerical study
indicates that the NMSSM parameters of our interest are of
the range, k ~ 1073-1072, 1 ~ 0.1-0.3, |A,| ~ 10-100 GeV
and A; 2 800 GeV, which are very close to our speculation
based on analytical arguments, as discussed in Secs. II
and III. Allowed regions of corresponding parameters are
demonstrated for the sake of illustration.

TABLE V. Signal and background events for very “low mass” benchmark point(BP1) in the dilepton scenario.

BPI 1t DY + jets W + jets WW + jets WZ + jets

o X egr (pb) 1.2 598 4242 5x 104 116 51

Er > 30 GeV 0.8 371.7 314.2 10771 46.8 23.7
ny>1 0.74 371.1 301.7 10516 452 233
N(lepton) = 2 0.005 15.2 16.5 0.2 1.1 0.4
M, < 10 GeV 0.0032 0.08 0.11 0.07 0.01 0.001
b-veto 0.0032 0.024 0.11 0.07 0.01 0.001
o x K-factor 0.006 0.034 0.14 0.1 0.02 0.002
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There are various interesting phenomenological impli-
cations at the LHC of the singlinolike DM candidate, which
are complimentary to direct searches of it in recoil experi-
ments. For instance, in this current study, we have explored
the discovery potential of such low mass DM candidate at
the LHC corresponding to its high luminosity options. The
DM particle is considered to be produced through SM
Higgs production. The SM Higgs boson, produced via the
standard dominant gluon-gluon fusion process, decays to a
pair of light non-SM-like Higgs bosons. Subsequently, one
of the light Higgs bosons decays to a pair of DM particle
resulting in missing energy, whereas the other one decays
primarily to a pair of, either b quarks or 7 leptons,
depending on its mass. In order to make the final state
more boosted, we required one extra jet accompanied with
SM Higgs boson production. The signal final state is
characterized by a HJ, and missing transverse energy
accompanied with at least one untagged jet. The HJ is
tagged by employing sophisticated MD technique. For the
lower range of lighter Higgs boson of mass <10 GeV, we
consider its decay to a pair of z leptons, which eventually
considered to decay in the leptonic channel leading to a
final state with two leptons of opposite charge along with
missing transverse energy and at least one untagged jet. For
the sake of presentation of signal sensitivity, six benchmark
points are selected covering all possible mass ranges.
Detailed simulation for both the signal and backgrounds
are carried out taking into account the detector effects by
using DELPHES. Investigating both signal and background
event characteristics, we have developed search strategy to
suppress background contribution corresponding to a given
range of light Higgs boson masses. We found that for
medium and higher combination of LSP and light Higgs
boson masses, as presented by benchmark points, the
sensitivity is more than 5S¢ for an integrated luminosity
L =300 fb~!, and for high integrated luminosity option,
L = 3000 fb~!, the it further goes up. This study clearly
indicates that the discovery potential for most of the mass
range which are consistent with DM solution is very
promising with a reasonably high luminosity option of
the LHC. We have also carried out a simulation for lower
mass range of non-SM Higgs boson, less than 10 GeV, of
Higgs boson in leptonic final states. Our naive study shows
a interesting results of achieving signal sensitivity with a
reasonable significance. It is to be noted that in this study
the uncertainty due to systematics are not considered,
which is beyond the scope of the present study. We
conclude that the singlinolike LSP may be a very good
viable candidate for DM corresponding to its lower mass
range, and its signature at the LHC is also robust with a
reasonably promising discovery potential for future lumi-
nosity options. However nonobservation of any signal
event necessarily does not rule out completely the
NMSSM with low mass singlino LSP scenario, instead
it constrains the combination of cross sections and related

branching ratios. One requires a more detailed and exhaus-
tive scan in order to conclude about the complete exclusion
of this scenario.
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APPENDIX A: DM ANNIHILATION
CROSS SECTION

1. Annihilation through s-channel scalar light Higgs

The cross section for the process 7%7Y — H, — ff is
given by[107,108]

H
)

O ="/, s
1 sl/zpl(s)

) 42 a2
ot T T, (s —dm3e)(s 4'"-’”)\/1_T 4m}
I (s =miy,)? +mipy T, 167 s

(A1)

Where, my, and I'y, are mass and decay width of H,

respectively; p(s) = pa(s) =1.,/s — 4m§(O is the magni-
1

tude of 3-momentum of the incoming DM particles in CM
frame. g,74,, gpzm, are ffH, and }970H, couplings,
respectively. The coupling 9028, is given in Eq. (2.10),
and g7y, can be written as [28],

mr/CSIZ

V20 sinﬂ’

MofeSu
V2w cos '
(A2)

9iiH, JecH, — — 9vbH, jrcH, —

with S;; defined by Eq. (2.2), m is the mass of fermion f.

2. DM annihilation through s-channel pseudoscalar
light Higgs
Using similar notations, only replacing H; by A; (light
pseudoscalar Higgs), we have the squared amplitude given
by [107,108]:

A
a_ )

0 .- = ’
fr Sl/zpl(s)

2 2 ,
oA TiaTha 2 Amy
I (s =mj )> +mj T3 167 s

The coupling 902, is given in Eq. (2.11), and g,7,, has
similar structure as Eq. (A2) except components of

(A3)
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pseudoscalar mass matrix P;; [Eq. (2.4)[, replacing S;;.
Then the “thermally averaged pair-annihilation cross sec-
tion times velocity”, (ov), can be obtained as [107]

+0(T?), (A4)

s—4m? +6m>, T
50 50
£ £

Where w(s) is a)f !(s) or a)ff (s) and T is temperature.

L= INJxww + K\ wysy + Ko XYsXWW + K3 XVsYWYsW + Ka XV Y s X0V W + SNy s xwr'ysy.

APPENDIX B: DM-NUCLEI SCATTERING
CROSS SECTION

WIMP-nucleon scattering cross section is measured
from the recoil of nucleon when a dark matter hits it.
Generally, the velocity of these DM particles, around earth,
is expected to very small (~0.001¢). For 10 GeV DM mass,
its momentum should be ~10 MeV, and maximum
momentum transfer is ~10 MeV. So WIMP-nucleon elas-
tic scattering cross section is calculated in the limit of zero
momentum transfer. For Majorana fermion DM, the effec-
tive Lagrangian can be written as [10,11]:

(B1)

It can be shown that, in the zero momentum transfer limit, #ysu (u can be y or y) vanishes and also the time component of

ity,ysu and the space component of ity,u tends to zero.

1. SI cross section

So the effective spin independent interaction can be written as:

L3 = Iy gy

(B2)

In our case, this spin-independent scattering cross section (og;) of 79 with nuclei dominantly happens through exchange
of scalar Higgs bosons. When 7Y is singlinolike, we can write the scattering cross section approximately as [38]

1 < Mmpi g )2 11 12
1 2 2 : My } : Mmgo12
Og1 = 4 g~0~0H d. ‘qq‘N
b
Ty, mp—i-m)?? vy q=d.s.b cos f

qr‘JIN>>2 (B3)

g=u.c sin 3

Where, (N|qg|N) are the matrix element over the atomic nuclear states, m,, is the mass of the nuclei. Other notations have

usual meanings.

2. SD cross section

The effective lagrangian in this case can be written as:

SNXYuYsXWYHysy.

(B4)

Here DM-nucleon scattering can be mediated in t-channel by Z-boson or squark mediator (I denote it as V, with mass my,).

The cross section in this case becomes:

A (memy NI
ST md, mp, + my AL

2
(3 s V107 ) (65 + 1505

(BS)

where J is the angular momentum of the nucleus with A nucleons and S%, are the expectation value of the spin content of

nucleon type N (n or p).
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