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Probing quadruplet scalar dark matter at current and future pp colliders
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We investigate a dark matter model involving an inert SU(2), quadruplet scalar with hypercharge 1/2.
After the electroweak symmetry breaking, the dark sector contains one doubly charged, two singly charged,
and two neutral scalars. The lighter neutral scalar can be a viable dark matter candidate. Electroweak
production of these scalars at the Large Hadron Collider leads to potential signals in the monojet + F and
soft — leptons + jets + E1 channels. We thus derive constraints on the model by reinterpreting recent
experimental searches. Based on simulation, we further evaluate the sensitivity at a future 100 TeV pp

collider.
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I. INTRODUCTION

Among various candidates of particle dark matter (DM),
weakly interacting massive particles (WIMPs) seem rather
appealing, because they could naturally predict a thermal
relic abundance consistent with the observed value [1-3]. It
is straightforward to construct WIMP models by extending
the standard model (SM) with new colorless SU(2).
multiplets in the dark sector [4-33], which have electro-
weak interaction strength by definition. The DM candidate
in such models arises from the electrically neutral compo-
nents of the multiplets.

If the DM candidate is a scalar particle, the minimal
extension is to introduce an inert SU(2), doublet scalar
with hypercharge Y = 1/2, resulting in the inert doublet
model (IDM) [34-37]. The term “inert” means that there
exists an unbroken Z, symmetry that forbids the doublet
gaining a nonzero vacuum expectation value (VEV) and
directly coupling to SM fermions. Consequently, if the
lightest component of the doublet is one of the electrically
neutral components, it would be stable, acting as a WIMP
DM candidate. A next-to-minimal model can be con-
structed with an inert triplet scalar of ¥ =0 or Y =1
[38-42].

In this paper, we go further to study a scalar DM model
with an inert quadruplet scalar of ¥ = 1/2 [10,19], dubbed
the quadruplet scalar dark matter (QSDM) model, which
has been much less investigated in the past. The study in
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Ref. [10] focused on how this model can support a strong
first-order electroweak phase transition, as well as the
constraints from electroweak oblique parameters, invisible
Higgs decay, direct DM detection, and relic abundance. In
our previous work [19], we investigated the projected
sensitivity to this model from improved determination of
electroweak oblique parameters in the future Circular
Electron-Positron Collider (CEPC) project [43]. In this
work, we concentrate on production signals of the new
scalar bosons in the model at the Large Hadron Collider
(LHC) and future pp colliders, which have not been
studied in the previous literature.

In the QSDM model, there are three types of independent
quartic couplings between the quadruplet and the SM
Higgs doublet, which contribute to the mass terms of the
quadruplet components due to the nonzero Higgs VEV. As
a result, the components of the quadruplet are split in mass.
Mass eigenstates in the dark sector include two neutral
scalars, two singly charged scalars, and one doubly charged
scalar. The lighter neutral scalar could be a viable DM
candidate. DM scattering off nuclei can be mediated by the
Higgs boson through the quartic couplings, leading to
possible signals in direct detection experiments.

Moreover, the dark sector scalars could be produced in
pairs at the LHC via electroweak gauge interactions.
Because of the Z, symmetry, all these scalars finally decay
into the DM particle, which can escape from the LHC
detectors, resulting in a large missing transverse energy
(Fr) in the final state. Since the mass spectrum in the dark
sector is typically compressed, visible decay products from
the scalars tend to be soft. Therefore, a hard jet from initial
state radiation may be required for triggering the signal at
the LHC. Thus, one possible searching channel is the
monojet + F1 channel, which has been widely applied for
searching dark matter [44—49]. Furthermore, additional soft
leptons may contain imprints of the scalar decays [50-54].
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This motivates us to study a soft — leptons + jets + Et
channel well. We will estimate the related constraints on the
QSDM model by reinterpreting the existed LHC searches.

At the LHC energies, electroweak production rates
for the dark sector scalars are quite low, and, hence, the
constraints from current LHC searches are still weak.
Nevertheless, future pp colliders with much higher ener-
gies have been proposed, including the Super Proton-
Proton Collider (SPPC) at /s ~70-100 TeV [55] and
the pp Future Circular Collider (FCC-hh) at /s~
100 TeV [56]. The increase of the collision energy makes
it possible to probe much heavier electroweak scalars. We
thus explore the sensitivity to the QSDM model at a
100 TeV pp collider based on Monte Carlo simulation.

This paper is organized as follows. In Sec. II, we
introduce the model details. In Sec. III, we identify the
parameter regions that are consistent with the observed relic
abundance and study the constraints from direct detection
experiments. In Sec. IV, we explore the constraint from the
LHC search in the monojet + £1 channel, as well as the
sensitivity at a 100 TeV pp collider. In Sec. V, the soft —
leptons + jets + 1 channel is studied. Section VI gives the
conclusions and discussions.

II. QUADRUPLET SCALAR DARK
MATTER MODEL

In the QSDM model, we introduce a SU(2); quadruplet
scalar X with hypercharge ¥ = 1/2 [10,19]. We assume
that X is inert; i.e., X is odd under a Z, symmetry, but all
SM fields are Z, even. On the one hand, we can express the
quadruplet in the vector notation X = (X, X+ X% x)T
with explicitly indicated electric charges. On the other
hand, it can be denoted by a totally symmetric SU(2),
tensor X“* (i, j, k=1, 2). The components in the two
notations are related by

X++ Xl 11
X+ 3xl12
X = |3 . (1)
XO \@Xm
X~ X222

Note that X* # (X~)*. The neutral component X° can be
separated into two real scalars ¢ and a:

O—L ia
X _ﬁ(¢+ ). (2)

The Lagrangian in the QSDM model is given by
L= Lsy + (DﬂX)TD”X - V(X), (3)

where Lgy is the SM Lagrangian and V(X)) is the potential

involving X. The covariant derivative for X is D, =

0, —igW;iT* —igB,/2, where T are the SU(2)_

generators in the representation 4. Electroweak gauge
interaction terms for the quadruplet are explicitly given
in the Appendix.

Respecting the Z, symmetry X% — —X'k we write
down the potential V(X) as

V(X) = MY|X | + Ao|X|*|H? + 4, X[, X' H| H*
+ (JZXilejmnHj'H}fekmeln + HC)

-+ self-interaction terms of X, (4)

where H is the SM Higgs doublet. Here we adopt a
convention €'> =1 = —¢y, for the asymmetric tensors
¢ and €;. We do not give the explicit forms for the
quadruplet self-interaction terms, because they will not
affect the following discussions. Note that one may
write  down an extra operator ijkXi/lH;H"ek’"e,n,
but it is not independent, because ijkXilej,,H”ek'”sln =
XlTijilelTH" — |X|)?|H|*. If 2, is complex, we can always
make it real by a phase redefinition of the quadruplet.
Hereafter, we just use a real A,. Since the one-loop
contributions to the beta function of the quartic Higgs
coupling 4 from 4y, 4;, and 4, are all positive [57], the
Higgs vacuum stability problem in the SM [58] would be
partially alleviated in the QSDM model.

After H gets its VEV v = 246.22 GeV, mass terms for
the quadruplet components can be expressed as

1 1
ﬁmass = - Emé(ﬁz - Emiaz

(o o Jwe() e

2
)

(5)
with
1
mi = M%{ + 6(3/10 + 2/11 - 412)1)2, (6)
1
mg = M%( + 6 (310 + 2&1 + 4/12)1)2, (7)
V2 <M§ + (32 + 1)v?/6 WLv? /3 )
‘ W*/V3 M} + (3o +)v*/2)
(8)
2 , 1 2

2

The mass-squared matrix M for the singly charged scalars
can be diagonalized by a 2 x 2 rotation matrix O, which
satisfies
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m2

oTMg0:<' 2), (10)
ms;
cosd —sind

0= ) . (11)
sind cosf@

The rotation angel € can be obtained from

_\/6,12
VA 1203+ 4B 1233

Thus, the singly charged mass eigenstates X| and X5 are
related to the gauge eigenstates X and (X~)* through

()=o) o

Their masses squared are given by

2

m} = My + 5 (62 +42 -2\ + 1233). (14)
U2

m = M+ (60 + 4k + 208+ 128). (15)

The mass hierarchy of the neutral scalars ¢ and a is
determined by the sign of 1,. If 4, > 0 (1, < 0), ¢ is lighter
(heavier) than a, and, thus, ¢ (a) is a possible DM
candidate. Nevertheless, if |4;| > 2|4,|, one of the singly
charged scalars is lighter than the DM candidate.
Additionally, if A; > 2|4,|, the doubly charged scalar is
lighter than the DM candidate. Since the DM candidate
should be the lightest particle in the dark sector for ensuring
its stability, we have the following conclusions.

(i) If 4, >0 and |4;] £24,, then ¢ is a viable DM

candidate.

(i) If 2, <0 and |A;| < =24, then a is a viable DM

candidate.

Similar to the IDM, the QSDM model has two kinds of
CP symmetries, one with ¢p — ¢ and a — —a and the other
one with ¢ > —¢ and a — a [59]. A transformation
Xk — Xk and A, - —1, can keep the Lagrangian
unchanged but interchange the two CP symmetries and,
hence, the roles of ¢ and a. Therefore, we know that ¢ and
a have opposite CP parities, but it is impossible to
determine their absolute CP parities without additional
interactions. Without loss of generality, hereafter we adopt
A, > 0 and take ¢ as the DM candidate. The resulting
discussions are totally equivalent to those for 1, < 0 and a
as the DM candidate.

In the following analyses, four free parameters in
the QSDM model are chosen to be {My, Ay, 41,4, }. The
parameter space is analogous to that of the IDM
(cf. Refs. [35-37,59]) in the sense of the number and

sin@ =

(12)

the roles of the parameters. Nonetheless, the number of
dark sector scalars in the QSDM model is more. The IDM
dark sector includes two neutral scalars with opposite CP
and one singly charged scalar. The neutral scalars in the two
models play similar roles, with the lighter one being the
DM candidate. On the other hand, the QSDM model
contains one more singly charged scalar and an additional
doubly charged scalar. After electroweak symmetry break-
ing, the mass eigenstates of singly charged scalars are
different from the gauge eigenstates. This is a new
phenomenon that does not exhibit in the IDM.

III. RELIC ABUNDANCE AND DIRECT
DETECTION

In this section, we evaluate the relic abundance pre-
diction in the QSDM model and investigate the constraints
from direct detection experiments.

The dark sector scalars can interact with SM particles via
electroweak gauge couplings and scalar couplings to
the Higgs boson. Through such interactions, these scalars
could be thermally produced in the early Universe and
decoupled from the cosmic plasma at the freeze-out epoch.
Conventionally, the relic abundance of dark matter is
determined by its freeze-out annihilation cross section.
Nonetheless, for my ~ O(TeV), the mass splittings among
the dark sector scalars due to the quartic couplings would
be relatively small, and, thus, the scalars actually freeze
out around the same epoch. Therefore, the coannihila-
tion effect would be significant for evaluating the relic
abundance [60].

There are a lot of relevant annihilation and coannihilation
processes. For instance, a ¢¢p pair can annihilate into a
SM fermion pair ff, or an electroweak gauge boson pair
WTW~ or ZZ, or a Higgs boson pair ih. Some of these
annihilation processes are mediated by s-channel Z and
Higgs bosons, while the others are related to the exchanges
of - and u-channel dark sector scalars as well as to the
quartic couplings. Because of the significant coannihilation
effect, it is not sufficient to just consider the processes that
are directly related to DM annihilation. Actually, annihi-
lation or coannihilation between every pair of dark sector
scalars could affect the final DM relic abundance.

We utilize a few numerical tools to predict the relic
abundance of the DM candidate ¢. FeynRules2 [61] is
adopted to implement the QSDM model, interfaced to
the Monte Carlo generator MADGRAPH5_aMC@NLO2 [62].
The relic abundance Q¢,h2 is calculated by a MADGRAPH
plugin MadDM [63], which can reliably take into account the
coannihilation effect. All annihilation and coannihilation
diagrams are automatically involved in the calculation.

The measurement of the DM relic abundance in the
Planck experiment gives Qpy = 0.1200 4= 0.0012 [64]. In
Figs. 1(a) and 1(b), we fix the parameters (1g,4;) =
(0.5,0.05) and (4y,4,) = (0.7,0.5) and show the param-
eter regions that are consistent with the Planck observation
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Experimental constraints and sensitivities in the My — 4, (a) and My — 4; (b) planes. The black dotted lines denote the DM

candidate mass m, in GeV. The blue bands correspond to the 3¢ range of the Planck relic abundance measurement [64], while the light
blue regions predict overproduction of dark matter. The green regions are excluded by the direct detection experiment XENONIT [65].
The dot-dashed magenta lines indicate the exclusion capability of the future direct detect experiment LZ [66]. The dot-dashed purple
lines show the expected sensitivities of the measurement of electroweak oblique parameters at the future CEPC. The dashed red lines
show the exclusion capability of the monojet + £ channel at a 100 TeV pp collider with a dataset of 3 ab™! (see Sec. IV).

as the blue bands in the My — 4, and My — 1, planes,
respectively. The black dotted lines indicate the contours of
the DM candidate mass m, which slightly deviates from
My due to the quartic couplings.

If My increases, the effective annihilation cross section
typically decreases, leading to an increase in the relic
abundance. Therefore, the light blue regions with large My
predict overproduction of ¢ particles in the early Universe,
which contradicts standard cosmology. For small values of
A (J4;]) in Fig. 1(a) [Fig. 1(b)], the relic abundance
observation corresponds to My ~2.4(3.3) TeV, which
increases to My ~5(4.6) TeV when 4, (|4,]) increases
to one. These results are consistent with the simplified
calculation given in Ref. [5].

Direct detection experiments look for signals of DM
scattering off nuclei. In the QSDM model, DM scattering is
mediated by the Higgs boson /4, arising from the quartic
potential terms that lead to the h¢¢ interaction Lagrangian

1
Lypp = Eﬂhwvh(ﬁz, (16)
2 4
ﬂ’hqﬁ(ﬁ — —ﬂ.o —521 +§lz (17)

As direct detection experiments basically operate at zero
momentum transfer, the interactions between DM and
quarks can be described by dimension-5 effective operators
[67]. As a result, the spin-independent DM-nucleon scat-
tering cross section can be expressed as

P - myFy ,
N dn(my + my)?

where

_ Hngpmn

Fyv =
N 9m;,

R+7(f0 + 5+ (19)

Here the nucleon form factors /% are given by [68]

£P =0.020 £ 0.004,
£ =0.014 £ 0.003,
£ = 0.036 & 0.008,

S5 =0.026 + 0.005,

P — 1 =0.118 £ 0.062.
(20)

In Figs. 1(a) and 1(b), we show the parameter regions
excluded by the direct detection experiment XENONIT
[65] at 90% confidence level (C.L.). According to
Eq. (17), we can take some particular relations among
Aos 41, and A, to give a vanishing h¢¢ coupling, resulting in
“blind spots” for direct detection experiments. These
relations correspond to the flat directions among the scalar
couplings, where the Higgs VEV has zero contribution to
my. For Figs. 1(a) and 1(b), the limits A, = 31y/4 +
41/2 =04 and A} = —34y/2 + 24, = —0.05 correspond
to Appp =0, respectively. Therefore, direct detection
experiments lose their sensitivities as 1, or A; approaches
the corresponding limit. Nonetheless, the XENONIT
experiment has excluded some disconnected parameter
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FIG. 2. Typical diagrams for pair production of dark sector scalars at parton level in pp collisions, including W*-mediated u + d —
XT/X7 /X 4 ¢/a/X; (a), Z-mediated g + g — a/X] /X" + /X7 /X7 (b), and y-mediated ¢ + g — X; /X + X7 /X7 (o).

regions with My < 1.3-2 TeV. We also demonstrate the
expected 90% C.L. exclusion limits of the future direct
detection experiment LZ [66], which will explore the
parameter space much deeper and be able to reach the
regions suggested by the relic abundance measurement.

Note that the results presented here are based on tree-
level calculations. There are also contributions from
electroweak loop-induced diagrams [5,12], leading to a
nonvanishing spin-independent cross section for the tree-
level blind spots. Nevertheless, one would expect a can-
cellation between the tree and loop diagrams if the scalar
couplings are carefully tuned. This means that the blind
spots would still exist at loop level, but their positions in the
parameter space would be slightly shifted.

As studied in previous papers [10,19], the dark sector
scalars in the QSDM model can contribute to the electro-
weak oblique parameters S, 7', and U at one-loop level and,
hence, affect electroweak precision measurements. In
Fig. 1, we also show the 95% C.L. expected sensitivities
of the measurement of electroweak oblique parameters at
the future CEPC project [43]. This result is estimated
following the strategy in our previous work [19] with the
optimistic settings. We can see that the CEPC experiment

o/ X1 XX
XX —memm ’ ! /Xy ----- o !
w w-
f f
(@) (W)
o/ Xi X
//// // .
a/X5 ----- Z f XS <l b
f b

(c) (d)

FIG. 3. Typical decay diagrams for dark sector scalars, includ-
ing X /Xt — W) 1 ¢p/XT (), a/X5 - W) 4 X /X
(b), a/X5 = Z¥) +¢/X| (c), and X5 — h™) + X[ (d).

would probe up to my ~ 600-1200 GeV, covering some
regions related to the blind spots in direct detection.

IV. MONOJET SEARCHES AT pp COLLIDERS

Through the electroweak gauge couplings, the dark
sector scalars in the QSDM model could be directly
produced in pairs at the LHC. The corresponding pro-
cesses can be expressed as pp — yx; +jets with
xi = (¢, a, X, X5, X**). Figure 2 shows some typical
parton-level diagrams for pair production of dark sector
scalars at the LHC. After production, a heavier scalar
y, may decay into a lighter scalar y, via y, — W)/
Z¥) /h%) + y,. Typical decay diagrams are demonstrated in
Fig. 3. Depending on the mass splitting between y; and y;,
the produced W=, Z, and h bosons can be either on or off
shell. Subsequent decays may happen and form decay
chains. Finally, all Z,-odd scalars will decay into the DM
candidate ¢, which is stable and escapes from detection,
leading to a large Fr.

Figure 4 shows the mass splittings between (a, X7,
X5, X**) and ¢ as functions of My for Ay =0.1 and

Xo=0.1, \; =X =0.2
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FIG. 4. Mass splittings as functions of My for 1o = 0.1 and
)'l = 12 = 02
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TABLE L
Fr channel.

Reconstruction and cut conditions in the monojet +

13 TeV LHC 100 TeV pp collider

Reconstruction conditions
>20 GeV, <247 >40 GeV, <2.47

Electron pr, |7]

Muon pr, |1] >10 GeV, <2.5 >20 GeV, <2.5

Jet pr, In >30 GeV, <2.8 >60 GeV, <2.8
Cut conditions

Number of leptons 0 0

Leading jet pr, 7|  >250 GeV, <2.4 >1.4 TeV, <2.4

Number of jets <4 <4

Ad(j;, pPr) >0.4 >0.4

Er >250-1000 GeV >1.5-2.8 TeV

A1 = 4, = 0.2. From this plot, we can read off the mass
difference between each pair of dark sector scalars. As My
increases, the contributions from the quartic couplings
relatively decrease, resulting in smaller splittings. The
mass splitting between the two neutral scalars a and ¢
is the largest one, ranging from ~100 to ~2 GeV as my
increases from 40 GeV to 5 TeV. For my = 70 GeV, the
splittings are not large enough to induce on-shell W=, Z, or
h bosons. For fixed My, smaller quartic couplings would
further compress the mass spectrum.

In the above analysis, we find that the mass splittings in
the QSDM model are typically small. Consequently, visible
decay products from the dark sector scalars would be quite
soft and, hence, difficult to be triggered in detectors. In
order to effectively trigger the signal, we can require at least
one hard jet from initial state radiation to recoil the yy;
pair, leading to a monojet + Er final state [44-46]. SM
backgrounds in the monojet + F£1 search channel include
two major backgrounds—W(— lv) + jets and Z(— vo) +
jets—and some minor backgrounds, such as 77 + jets and
VV +jets (V = W%, Z). In these backgrounds, £ mainly
arises from neutrinos in the decay products.

A. LHC constraint

In this subsection, we investigate the current LHC
constraint on the QSDM model by reinterpreting the
ATLAS analysis in the monojet + F1 channel with an
integrated luminosity of 36.1 fb~! at \/s = 13 TeV [69].
For this purpose, we utilize MADGRAPH [62] to generate
signal simulation samples. Parton shower is performed by
PYTHIAS [70] with the MLM matching scheme [71]. PYTHIA
is also carried out for hadronization and decay processes.
Then we use DELPHES3 [72] for a fast detector simulation
with a setup for the ATLAS detector.

We simulate the signal processes pp — yx; + jets and
apply the same selection cuts in the ATLAS analysis [69] to
the simulation events. Isolated leptons, including electrons
and muons, and jets are reconstructed with the conditions
on pr and # listed in Table I. Then the events in the signal

regions are required to have a hard leading jet with pr >
250 GeV and |5| < 2.4 and a missing transverse energy Er
at least larger than 250 GeV. In addition, there should be no
leptons and no more than four jets. Moreover, the sepa-
ration in the azimuthal angle between any reconstructed jet
J; and the missing transverse momentum p should satisfy
A¢p(j;, pr) > 0.4 for preventing a large fr from mismea-
surement of jets. Finally, ten inclusive and ten exclusive
signal regions are defined with different Fr thresholds,
whose explicit definitions can be found in Table 1 of
Ref. [69]. In Table I, we summarize the cut conditions
above.

Based on the signal simulation samples, we estimate the
visible cross section in each signal region, which is a
product of the production cross section, acceptance, and
efficiency, and then use the 95% C.L. observed experi-
mental upper limit to derive constraints on the QSDM
model. Taking into account all the signal regions, the
combined exclusion region in the m, — 4, plane is shown
in Fig. 5(a), where we fix a coupling relation of 4; =
Ay = 30/2. Because of Eq. (17), such a relation leads to
Anpp = 0, and there is no constraint from direct detection
experiments. Therefore, collider searches are really impor-
tant in this case. Note that 4,4, = 0 also leads to my = my,
according to Egs. (6) and (17). We find that the monojet
search has excluded a region with m, < 33 GeV and
4> £0.3. Nonetheless, the sensitivity decreases as 4,
increases. The reason is that a larger 4, leads to larger
mass splittings among the dark sector scalars and, hence,
harder leptons from scalar decays that would not be easy to
pass the cuts.

In Fig. 5(b), we adopt another relation Ay =0 and
Ay = 24,, which also results in 4,4, = 0. Additionally, it
leads to degenerate mass spectra with my =m; =m,
and m, = m,. Consequently, many decay channels are
turned off, significantly reducing the probability of finding
leptons in the final state. Therefore, the monojet search is
more sensitive, excluding a region up to my ~ 45 GeV. The
exclusion is basically regardless of the 4, value.

B. Sensitivity at a 100 TeV pp collider

The above results have shown that the current LHC
monojet search is rather insensitive to the QSDM model,
just probing a scale of a few tens of GeV. Since production
cross sections in pp collisions typically increase as +/s
increases, we expect that monojet searches at a future pp
collider with /s ~ 100 TeV would be much more sensi-
tive. Below, we estimate the projected sensitivity in the
monojet + F1 channel at a 100 TeV pp collider based on
simulation. The obtained results would be applicable to
both the SPPC and FCC-hh projects.

In the simulation with /s = 100 TeV, we consider the
signal processes and only the primary SM backgrounds
W(— ¢v) + jets and Z(— wp) + jets. Other backgrounds
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Current constraints and future sensitivities from the monojet + £ channel in the m — 4, plane for the fixed coupling relations

of 4, =4, =31y/2 (a) and of 1) =0 and 1; = 24, (b). The blue regions are excluded at 95% C.L. by the ATLAS search with a
36.1 tb~! dataset at the 13 TeV LHC [69]. The red dashed lines denote the 95% C.L. expected exclusion limits at a 100 TeV pp collider

with integrated luminosities of 300 fb=! and 3 ab~!.

should be small and can be safely neglected. In the
DELPHES simulation, we conservatively assume that
the future detector has the same parameters as those in
the ATLAS detector. The thresholds in the reconstruction
and cut conditions are appropriately adjusted for a 100 TeV
pp collider, as also demonstrated in Table 1.

Four signal regions are defined by requiring Ft > 1.5,
1.8,2.2,2.8 TeV. In each signal region, the signal signifi-
cance S is defined as

S
VS+ B’

where § and B are the estimated numbers of the signal
events and the total background events passing the corre-
sponding cuts, respectively.

In order to show the cut efficiency in the monojet + £t
channel, we adopt four benchmark points (BMPs) for the
QSDM model, whose parameters and mass spectra are
listed in Table II. All of them satisfy A; =1, = 34/2,
leading to vanishing h¢¢ coupling and my = my. Thus,
they would not be constrained by direct detection. We

S:

(21)

choose the same A, but different my for the four BMPs. As
discussed above, a larger my leads to a more compressed
mass spectrum. The predicted relic abundances of these
BMPs are lower than the observed value.

For the signal region with £ > 1.5 TeV, we divide the
cut conditions into the following four cuts.

(i) Cut I.—At least one reconstructed jet, and the

leading jet with pr > 1.4 TeV and 5| < 2.4.

(i) Cut 2.—No reconstructed lepton.

(iii) Cut 3.—At most four reconstructed jets,
and A¢(j;, pr) > 0.4.

(iv) Cut 4.—F+t > 1.5 TeV.

After applying the cuts one by one, the visible cross section
oy and the signal significance S for an integrated
luminosity of 3 ab~! are tabulated in Table III. While
cut 2 does not affect the Z(— vo) + jets background, it
reduces the W(— £v) + jets background which has a
genuine lepton in the final state. Cut 3 and cut 4 combined
suppress the W(— ¢v)+jets [Z(— vp) + jets] back-
ground by 2 (1) orders of magnitude. For all the BMPs,
these cuts subsequently increase the signal significance.
Note that Eq. (21) does not take into account systematic

TABLE II. Information of the four benchmark points with the fixed coupling relation A; = 4, = 34,/2 for the
monojet + £1 channel.

My /GeV A m,,/GeV my/GeV m,/GeV my/GeV m,/GeV
BMP-a 400 0.2 405.0 400 419.7 401.0 418.7
BMP-b 700 0.2 702.9 700 7114 700.6 710.9
BMP-c 1000 0.2 1002.0 1000 1008.0 1000.4 1007.6
BMP-d 1300 0.2 1301.6 1300 1306.2 1300.3 1305.9
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TABLE III.  Visible cross section o, in femtobarns and signal significance S for integrated luminosity 3 ab™!
after each cut in the signal region with Fr > 1.5 TeV of the monojet + Er channel at /s = 100 TeV.
W - fv Z — o BMP-a BMP-b BMP-c BMP-d
Oyis Oyis Oyis S Oyis S Oyis S Oyis S

Cut 1 6080 1481 8.08 5.08 3.16 1.99 1.41 0.89 0.73 0.46
Cut 2 4428 1481 7.79 5.54 3.11 221 1.41 1.00 0.73 0.52
Cut 3 1442 654 5.24 6.26 2.32 2.77 1.07 1.27 0.56 0.66
Cut 4 62.7 139 3.65 13.8 1.80 6.81 0.87 3.31 0.47 1.79

uncertainties, which could be a few to ten percent in
monojet searches. If systematic uncertainties are consid-
ered, the signal significance would be reduced. Since BMP-
b, -c, and -d have a S/ B ratio below 1%, it could be difficult
to test them in this signal region.

Combining the four signal regions, the expected exclu-
sion limits at 95% C.L. are shown in Figs. 5(a) and 5(b).
For datasets of 300 fb~' and 3ab~! at /s = 100 TeV,
monojet searches are expected to probe the DM candidate
mass my up to ~700 GeV and ~1.2 TeV, respectively.
Thus, a 100 TeV pp collider looks much more powerful
than the LHC.

In order to compare with direct detection and relic abun-
dance observation, we have also plotted the 95% C.L.
expected exclusion limits in the monojet + £r channel
at /s = 100 TeV with an integrated luminosity of 3 ab~!
in Figs. 1(a) and 1(b). We find that the 100 TeV monojet
searches could cover some regions where direct detec-
tion experiments cannot probe. Nonetheless, the regions
predicting an observed relic abundance could not be
reached.

V. SOFT-LEPTON SEARCHES AT pp COLLIDERS

Besides the monojet channel, leptons arising from the
scalar decays y; — y; + W (= ¢tu,) /Z0) (= £2£7)
may also contain important information for exploring the
QSDM model. Inspired by the searches for electroweak
production of charginos and neutralinos in supersymmetric
models, we first consider the final states involving two or
three “hard” leptons. After recasting the related ATLAS
analysis at /s = 13 TeV with a dataset of 36.1 b1 [73],
however, we do not find any meaningful constraint on the
QSDM model. The main reason is that the leptons from the
scalar decays tend to be rather soft, because the mass
spectrum is typically compressed, as explained in the
previous section.

Therefore, it is more suitable to consider the final states
with “soft” leptons. In this case, a pair of same-flavor
opposite-sign (SFOS) soft leptons with an invariant mass
<60 GeV could lead to a distinct signature [53,54]. In the
signal process pp — y;x; + jets, such a SFOS lepton pair
may come from the scalar decays into an off-shell Z boson.
In order to induce a sufficiently large £, a hard jet with a
transverse direction roughly opposite to that of pr is also

required. Such a soft — leptons + jets + £t channel has
been utilized in the ATLAS search for supersymmetric
particles with compressed mass spectra at the 13 TeV LHC
with an integrated luminosity of 36.1 fb~! [74]. Important
SM  backgrounds in this channel include (7 + jets,
tW + jets, VV + jets, and 777~ + jets.

A. LHC constraint

We reinterpret the ATLAS analysis [74] to study the
current constraint on the QSDM model in the soft—
leptons + jets + Fr channel. The corresponding recon-
struction and cut conditions are summarized in Table IV.
The pt thresholds for reconstructed electrons and muons
are lowered to 4.5 and 4 GeV for keeping soft leptons in the
final state. There should be exact two leptons forming a
SFOS pair, whose direction distance AR, and invariant
mass my, should lie in proper ranges because they are
considered to be originated from an off-shell Z boson.
Events with m,, € (3,3.2) GeV are rejected to avoid

TABLE IV. Reconstruction and cut conditions in the ATLAS
soft-leptons + jets + Er analysis at /s = 13 TeV [74].

Reconstruction conditions
Electron pr, |7] >4.5 GeV, <247
Muon pr, |1] >4 GeV, <2.5
Non-b-tagged jet pr, |7 >30 GeV, <2.8
b-tagged jet pr, |7 >20 GeV, <2.5

Cut conditions
Number of leptons 2
Lepton flavor and charge ete” or utus
Leading lepton p? >5 GeV
Subleading lepton p5? >4.5(4) GeV for £, = e(u)

AR, 0.05 <AR,, <2
Mgy [1,3] U [3.2,60] GeV
Er >200 GeV
Number of jets >1

Leading jet pr >100 GeV
Ap(ji. Pr) >2
min(A(j;. pr)) >0.4
Number of b-tagged jets 0

m,, <0 or >160 GeV
m? <70 GeV
ET/HITCP >max(5, 15 - 2m,,/GeV)
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TABLE V. Signal regions defined by the m,, bins in the
ATLAS soft-leptons + jets + Fr analysis at /s = 13 TeV [74].

Signal regions SR1 SR2 SR3 SR4 SR5 SR6 SR7
mge (GeV)  [1,3] [1,5] [1,10] [1,20] [1,30] [1,40] [1,60]
oo (fb) 0.10 0.18 034 061 059 0.72 0.80

contamination from J/y decays. In order to increase the
signal-to-background ratio, at least one jet with pt >
100 GeV and Er > 200 GeV are required. The condition
A@(jy, pr) > 2 is used to ensure the transverse directions
of the leading jet and pp are quite opposite. In order
to suppress the ¢7 + jets and tW + jets backgrounds, no
b-tagged jet is allowed.

For further increasing the signal significance, some
dedicated kinematic variables are utilized. The m,,
variable [53,54,74,75] constructed by the SFOS lepton
pair is helpful for reducing the 7'z~ + jets back-

ground. The leading lepton transverse mass m? =
\/ 2(E§‘ET —p? - Pr) is required to satisfy m? <
70 GeV, in order to suppress the t7 -+ jets, VV + jets,

and W + jets backgrounds. The ratio of Et to the scalar
lep _
=

sum of the transverse momenta of the leptons H.

pi‘ + p? is used to improve the signal-to-background
discrimination for compressed spectra.

We find that seven signal regions in the ATLAS analysis
[74] could be sensitive to the QSDM model. They are
defined with different inclusive m,, bins, as tabulated in
Table V. Note that the (3,3.2) GeV interval has also
removed in these bins. We also list the corresponding

Al = AQ = 3)\0/27 13 TeV LHC

0.4 T T T T T T T T | T T T T [ T T T T
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02k oy _
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L 8 i
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(a) A2 > 0.1

95% C.L. observed limits on the visible cross section, agf’;.
We thus simulate signal samples and apply the above cuts
to obtain 95% C.L. exclusion limits on the QSDM model.

The exclusion regions from the seven signal regions are
combined, shown as the blue regions in Fig. 6. The fixed
coupling relation in Figs. 6(a) and 6(b) is identical to that in
Fig. 5(a). For comparison, we also demonstrate the green
regions excluded by the ATLAS monojet search, which
has been discussed in the previous section. We find that the
soft-leptons + jets + Fr channel is more sensitive than the
monojet + Er channel at /s = 13 TeV. In Fig. 6(a) for
Ay > 0.1, the soft-lepton search has excluded a region with
my < 39 GeV. In Fig. 6(b), we focus on the small 4, region
(4 £0.09) and find that the soft-lepton search can probe
up to my ~ 85 GeV for 4, < 0.03. The reason is that the

Er/ HITep cut is more suitable for small mass splittings, say,
m, —my < 20 GeV, which is realized in such a 4, < 0.03
region.

B. Sensitivity at a 100 TeV pp collider

In this subsection, we explore the soft-leptons + jets +
Fr channel at a 100 TeV pp collider. The main back-
grounds 77 + jets, tW + jets, VV + jets, and 777~ + jets are
taken into account. In order to demonstrate a detailed study,
we choose four BMPs for this channel with the fixed
coupling relation 4, = 4, = 34,/2, which leads to A4y =
0 and my = my. The parameters and mass spectra of the
BMPs are displayed in Table VI. These BMPs would not be
constrained by direct detection experiments, and they
predict DM relic abundance lower than the observation.
BMP1 and BMP2 have identical My and different 4,, and,
thus, a large 4, leads to larger mass splittings. If 4, is fixed,

A =X =3X/2, 13 TeV LHC

0.09
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90 100
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mg (GGV)

(b) A2 < 0.09

FIG. 6. Constraints from current LHC searches in the m — 4, plane with the fixed coupling relation 4, = 4, = 3,/2 for 4, > 0.1 (a)
and 4, < 0.09 (b). Blue (green) regions are excluded at 95% C.L. by the ATLAS soft-leptons + jets + Er [74] (monojet + Er [69])

analysis at the 13 TeV LHC with a dataset of 36.1 fb~!.
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TABLE VI. Information of the four benchmark points with the fixed coupling relation 4, = 1, = 31,/2 for the
soft-leptons + jets + Fr channel.
My/GeV A m, . /GeV my/GeV m,/GeV m,/GeV m,/GeV
BMP1 400 0.2 405.0 400 419.7 401.0 418.7
BMP2 400 0.4 410.0 400 438.5 402.0 436.7
BMP3 500 0.2 504.0 500 515.9 500.8 515.1
BMP4 200 0.4 219.2 200 268.8 203.9 265.9
TABLE VII. Cut conditions in the soft-leptons + jets + Er (iv) Reconstructed b-tagged jets are required to have

channel at a 100 TeV pp collider.

Cut 1 Exact two SFOS leptons
Leading lepton pp > 12 GeV, 0.05 < AR,y <2

Cut 2 At least one jet, no b-tagged jet

Leading jet pt > 200 GeV

A¢(ji. pr) > 2.0, min(Ag(j;, pr)) > 0.4

Cut 3 my <0 or m,, > 200 GeV
Cut 4 FEt > 280 GeV
Cut 5 Fr/HY? > max(5,15 — 2m,,/GeV)
Cut 6 myp € [1,3] U [3.2,60] GeV

a larger My gives smaller mass splittings. This can be seen
by comparing BMP3 to BMP1 or BMP4 to BMP2.
For a pp collider at /s = 100 TeV, we adopt the
following reconstruction conditions with higher pr thresh-
olds than those used at the LHC.
(i) Reconstructed electrons are required to have pt >
10 GeV and |n| < 2.47.

(i) Reconstructed muons are required to have pp >
10 GeV and 5| < 2.5.

(iii) Reconstructed non-b-tagged jets are required to have
pr > 60 GeV and || < 2.8.

100 TeV pp collider, soft-lepton channel
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(a) Leading jet pr distributions

pr > 40 GeV and || < 2.5.
We appropriately modify the cut conditions according to a
collision energy of 100 TeV. They are classified into six

subsequent cuts, as tabulated in Table VII. The m?‘ cut is
abandoned, as we find that it would not be helpful.

Cut 1 selects the events with a proper soft SFOS lepton
pair. After applying cut 1, the fraction of events binned in
the leading jet pr for the four BMPs and for the back-
grounds 77 + jets, tW + jets, VV + jets, and 777~ + jets are
presented in Fig. 7(a). We can see that these backgrounds
tend to have lower pr. Thus, we require the leading jet
pt > 200 GeV in cut 2 for reducing the backgrounds.

Figure 7(b) shows the m,, distributions of signal and
background events after cut 2. The m,, variable is defined
by me, = Sgn(miz'f) V |m72'1| Wlth m%‘r = (1 +§l)(] +§2)m?’f’
where £, and &, are parameters determined by solving
Pr = E DL + &7 event by event [53,54,74,75]. If the
leptons in the pp — Z*) /y*(— 7+77) 4 jets process both
decay leptonically and the daughter neutrinos are collinear
with the daughter charged leptons, such a m,, definition
will truly correspond to the invariant mass of the 7 leptons
when the missing transverse momentum g is genuinely
contributed by the neutrinos. Such a collinear situation
would be realized when the two 7 leptons are sufficiently

100 TeV pp collider, soft-lepton channel
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FIG. 7. Fraction of signal and background events binned in the leading jet py after cut 1 (a) and in m,, after cut 2 (b) in the
soft-leptons + jets + Ft channel at a 100 TeV pp collider. Dashed lines indicate the cut thresholds.
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100 TeV pp collider, soft-lepton channel
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Fraction of signal and background events binned in [ after cut 3 (a) and in my, after cut 5 (b) in the soft-leptons + jets + Er

channel at a 100 TeV pp collider. Dashed lines indicate the cut thresholds.

boosted. Consequently, the m,, distribution of the 77~ +
jets background peaks around mjy, as demonstrated in
Fig. 7(b). Additionally, the V'V + jets distribution peaks
around 2my because of the WTW~ — t7r v, 0, decay
process. Therefore, a veto on the events with m,, €
[0,200] GeV in cut 3 can significantly suppress the 777~ +
jets and VV + jets backgrounds.

Figure 8(a) presents the Fr distributions after applying
cut 3. We find that the signal distributions are typically
harder than the backgrounds, because the DM candidate ¢
with a mass of O(10%) GeV induces larger Er than
neutrinos. Thus, we adopt the condition £ > 280 GeV
in cut 4 to increase the signal significance. Cut 5 and cut 6
make use of the fr/ Hlfp and my, variables, following the
ATLAS analysis [74].

The m,, distributions after applying cut 5 are dis-
played in Fig. 8(b). Inferring from Table VI, we have
m, —mgy ~ 20, 39, 16, and 69 GeV for BMP1, BMP2,
BMP3, and BMP4, respectively. Such a difference in the
mass splitting results in different end points in the m,
distributions, as clearly shown in Fig. 8(b). Seven signal
regions are defined by the m,, bins as the same as those in

Table V. Different m,, bins would be suitable for different
mass splittings.

Table VIII lists the visible cross section and the signal
significance for an integrated luminosity of 3 ab™! after
applying each cut in SR3. We can see that the signal
significances of the four BMPs subsequently increase
from cut 1 to cut 5. The cut condition m,, € [1,3] U
[3.2,10] GeV in SR3 increases the significances of BMP1
and BMP3 but decreases those of BMP2 and BMP4. This is
because BMP1 and BMP3 have smaller mass splittings
and, hence, sufficient fractions of events satisfying
myp < 10 GeV, while BMP2 and BMP4 do not, as shown
in Fig. 8(b). Larger m,, bins in SR6 and SR7 would be
applicable for BMP2 and BMP4.

Figure 9 shows the 95% C.L. expected exclusion region
combing the seven signal regions at a 100 TeV pp collider
with a dataset of 3 ab™! for the fixed coupling relation
A = Ay = 3y/2. We find that the soft-leptons + jets + Fr
channel can explore a region up to m, ~ 550 GeV.
Nonetheless, such a sensitivity is not better than that in
the monojet + Fr channel, which is demonstrated by the
red dashed line.

TABLE VIIL.  Visible cross section 6. in femtobarns and signal significance S for integrated luminosity 3 ab™! after each cut in SR3
of the soft-leptons + jets + Fr channel at /s = 100 TeV.
1t tw 4% 7T BMP1 BMP2 BMP3 BMP4

Ovyis Ovyis Oyis Oyis Ovyis S Ovyis S Oyis ) Oyis )
Cut 1 37600 28400 5070 5420 1.53 0.303 2.29 0.453 0.618 0.122 17.3 343
Cut 2 1790 296 804 510 0.625 0.586 0.770 0.722 0.262 0.246 5.77 5.42
Cut 3 1280 232 383 73.3 0.567 0.699 0.669 0.825 0.243 0.300 4.61 5.68
Cut 4 445 69.7 190 21.7 0.426 0.863 0.531 1.08 0.201 0.408 3.14 6.35
Cut 5 373 8.04 9.91 3.47 0.366 2.57 0.368 2.59 0.185 1.30 0.934 6.50
SR3 4.11 2.68 0.583 0.528 0.136 2.59 0.0483 0.921 0.106 2.02 0.0455 0.868
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A =Xy =3X/2, Vs =100 TeV, 3 ab~!
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FIG. 9. 95% C.L. expected exclusion region in the
soft-leptons + jets + Fr channel at a 100 TeV pp collider with
an integrated luminosity of 3 ab~! for the fixed coupling relation
A1 = Ay = 34¢/2. For comparison, the red dashed line denotes the
95% C.L. expected exclusion limit in the monojet + E1 channel
with the same collision energy and integrated luminosity.

VI. CONCLUSIONS AND DISCUSSIONS

In this paper, we discuss the QSDM model, where the
dark sector contains an inert SU(2); quadruplet scalar with
Y = 1/2. After the electroweak symmetry breaking, there
are one doubly charged scalar, two singly charged scalars,
and two neutral scalars. For 4, > 0, the lighter neutral
scalar ¢ plays the role of DM particle. We have identified
the parameter regions that can predict an observed DM relic
abundance.

As the DM candidate can interact with nucleons through
the SM Higgs portal, direct detection experiments could be
sensitive to this model. We have investigated the constraints
from the current experiment XENONIT as well as the
sensitivity of the future LZ experiment. Nonetheless, the
he¢¢p coupling could vanish if the quartic couplings 4y, 4,,
and 4, satisfy special relations, resulting in null signal in
direct detection. In this case, other types of DM search
experiments would be essentially important.

Since the dark sector scalars carry electroweak charges,
they could be directly produced in pairs at high-energy pp

colliders. The mass splittings among the dark sector scalars
are typically lower than my and m,. As a result, the
sensitive search channels at the LHC include the monojet 4
Ft and soft-leptons + jets + Fr channels. We have recast
the ATLAS analyses in these two channels with /s =
13 TeV and an integrated luminosity of 36.1 fb~!. We have
found that the monojet search has excluded some parameter
regions up to my ~ 45 GeV, while the soft-lepton channel
has excluded larger regions up to my ~ 85 GeV.

As these LHC constraints on the QSDM model still seem
rather weak, we have studied the prospect of a future
100 TeV pp collider, either SPPC or FCC-hh. We have
found that the monojet channel could be sensitive to the
model up to my ~ 1.2 TeV assuming an integrated lumi-
nosity of 3 ab~!. On the other hand, the soft-lepton channel
is less sensitive, reaching up to my ~ 550 GeV.

Electroweak precision measurements provide an indirect
probe to the QSDM model. The future determination of
electroweak oblique parameters in the CEPC project would
be able to reach up to my ~0.6-1.3 TeV. But a direct
search in the monojet channel at a 100 TeV pp collider
seems more sensitive in most regions.

Compared to the IDM, the QSDM model involves more
electroweakly interacting dark sector scalars living in a
larger SU(2), representation. This effectively enhances the
annihilation and coannihilation cross sections of the scalars
in the early Universe. As a result, higher mass scales
(22-3 TeV) are required to yield the observed DM relic
abundance. Another consequence is that the pair produc-
tion rates of the scalars at pp colliders significantly
increase. Therefore, the LHC and a 100 TeV pp collider
are able to probe higher mass scales in the QSDM model
than in the IDM (cf. Refs. [59,76-78]).
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APPENDIX: ELECTROWEAK GAUGE INTERACTIONS OF THE QUADRUPLET SCALAR

The generators in the SU(2), representation 4 are given by
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Utilizing these generators, we can expand the gauge interaction terms for the quadruplet scalar as
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