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A Higgs portal dark matter model for explaining the gamma ray excess from the galactic center can be
realized with the extension of local SU(2), gauge symmetry with one quadruplet. Due to the residual Z;
discrete symmetry of SU(2)y, the new gauge bosons are the stable dark matter candidates. Due to the
mixture of the standard model Higgs doublet and the introduced quadruplet, dark matter could annihilate
into the standard model particles through the Higgs portal and new scalar portal. We study the discovery
significance of the vector dark matter at the Large Hadron Collider. The involved parameters are consistent
with the constraints from relic density and direct detection and with the data of the galactic center gamma
ray excess. With /s = 14 TeV and luminosities of 100 and 300 fb~!, we find that a discovery significance

of §/+v/B = 5 can be easily reached if the production of dark matter is through the invisible decays of the

Higgs boson and a new scalar boson.
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I. INTRODUCTION

Clear evidence of new physics can be based on two
measurements, namely neutrino oscillations, which lead to
massive neutrinos [1] and astronomical evidence of dark
matter (DM), where the weakly interacting massive par-
ticles (WIMPs) are the candidates in particle physics.

Although the direct detection of WIMPs in the LUX
experiment [2] has put a strict limit on the couplings and
mass of DM, potential DM signals are indicated by the
indirect detections, such as the positron excess, which
was uncovered by PAMELA [3] and Fermi-LAT [4]. With
measurements of unprecedented precision, the AMS
Collaboration further confirmed the excess of the positron
fraction in the range from 0.5 to 500 GeV [5] and of
the positron + electron flux from 0.5 GeV to 1 TeV [6].
Nevertheless, there are possible explanations for the cosmic
ray excess, such as pulsars [7,8] and the propagation of
cosmic rays from a secondary origin [9].

A clear excess of the gamma ray spectrum, which has a
peak at the photon energy of around 2 GeV, has recently
been found [10-17]. Using the data of the Fermi Gamma-
ray Space Telescope [18,19], a significant signal of gamma
rays from the region around the galactic center has been
found [20-24]. An interesting finding is that the gamma ray
excess can be interpreted well by DM annihilation and that
the associated thermally averaged cross section (6v,) is on
the order of 10726 cm?/s, which is the same as that for the
thermal relic density. Unlike the case of positron cosmic
rays, a boost factor is unnecessary for the excess of the
gamma ray spectrum. Therefore, the gamma ray spectrum
is a more promising clue for verifying WIMPs as DM
candidates.
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With WIMPs considered as DM candidates, it is of interest
to determine what effect guarantees the stability of DM and
what mediator connects the dark side and visible side. To
protect DM from decay, a dark charge associated with an
unbroken symmetry is necessary in the theory; this charge is
usually added to models. Regarding stability, we assume that
an unbroken discrete symmetry can be the remnant of a local
gauge symmetry, which is broken spontaneously. According
to previous analysis [20,25-28], a plausible mechanism for
the mediator could be through the Higgs portal [29]. The
Higgs boson, the last discovered piece in the standard model
(SM) and whose mass is 125 GeV, has been measured
recently by ATLAS [30] and CMS [31]. In this work, we
investigate a model in which the dark charge is the residual
symmetry of a gauge group and in which the SM Higgs boson
and a new scalar boson are the messengers between dark and
visible sectors.

To realize this model, we assume that the DM candidates
do not belong to the multiplet of the SM gauge symmetry
group but are the states of an extra hidden local SU(2)y
gauge symmetry, where X can be regarded as the quantum
number of dark charge. Since the local gauge symmetry
must accompany gauge bosons, without further introducing
new degrees of freedom, it is plausible to require the new
gauge bosons to be the DM candidates. Moreover, in order
to have a residual discrete symmetry when the local
SU(2)y is broken spontaneously, we find that our inten-
tions can be achieved easily if a quadruplet of SU(2)y is
employed. As a result, a Z; discrete symmetry of SU(2)y
remains in the ground state when the quadruplet gets a
vacuum expectation value (VEV) [32]. Additionally, the
introduced quadruplet is not only responsible for the
breaking of SU(2)y but also plays an important role in
the communication between dark and visible sectors.
Detailed studies of the model and its implications on relic
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density and the gamma ray excess of the galactic center can
be found elsewhere [32]. Other approaches for stabilizing
the DM in SU(2)y have been proposed [33-39].

Besides direct and indirect DM detection, high-energy
colliders, e.g., Large Hadron Collider (LHC), could also
provide signals of DM. Such searches depend on the mass
of DM and the associated couplings. For m, < m,,/2, when
DM is produced by the on-shell SM Higgs boson, the
invisible Higgs decays will directly give a strict constraint
on the involved couplings [40-43]. For heavier DM,
although the constraint from invisible Higgs decays can
be avoided, there is a lower production cross sec-
tion [44,45]. For explaining the gamma ray excess through
DM annihilation, the preferred scale of DM mass is less
than the W-gauge boson [24,32]; therefore, we focus on the
lighter DM with m, < my. In this model, there exists
another scalar boson, which is from the quadruplet of
SU(2)y. Since the new scalar boson mixes with the SM
Higgs, its properties are similar to those of the SM Higgs.
We also study its influence on the DM production at
colliders.

Based on the vector DM model, which is dictated by an
extralocal SU(2), gauge symmetry [32], we study the Higgs
portal vector DM signals at the /s = 14 TeV LHC. Besides
the background analysis, we discuss each channel that
produces the DM signal. The potential channels include
(a) vector boson fusion (VBF), pp — S®)jj, (b) monojet,
pp — SWj, (c) mono-W/Z, pp — S®W/Z, and (d) i,
pp — S¥1i, where S*) denotes the on-shell or off-shell
Higgs boson and the new scalar boson. We find that the
monojet and VBF channels dominate the DM production
cross section, with the other channels having a relatively
small contribution. After considering the kinematic cuts for
reducing the backgrounds, the ratio of the signal to the
background from the monojet is smaller than that from VBF.
Therefore, we study the VBF process in detail.

The rest of this paper is organized as follows. Section II
briefly introduces the WIMP model and summarizes the
couplings of DM to the SM Higgs boson and to the new
scalar boson. Section III discusses the constraints of
parameters, introduces the signals and possible back-
grounds, and analyzes the cross section for each signal
channel. We introduce proper kinematic cuts and simulate
the signal and background events in Sec. IV. In addition, we
discuss the discovery significance as a function of param-
eters in this section. Conclusions are given in Sec. V.

II. WIMPS IN HIDDEN SU(2)y AND THEIR
COUPLINGS WITH HIGGS

A. WIMPs

This section briefly introduces the WIMP model and
discusses the relevant interactions with DM candidates. For
studying the minimal extension of the SM that incorporates
DM, besides the SM particles and their associated gauge
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symmetry, we consider a new local SU(2), gauge sym-
metry and add one quadruplet of SU(2)y to the model.
Thus, the Lagrangian in SU(2)y x SU(2), x U(1)y is
written as

1
L= Loy + (D, 0y)'D'0y = V(H. ) = 1 XfX% (1)
with

V(H,®,) = p*H'H + A(H'H)? + p3, 0, @, + 4g (P} )?
+ VO D HH, (2)

where Lgy; is the Lagrangian of the SM, H” = (G*, (v +
¢ +iG")/\/2) is the SM Higgs doublet, @] = (¢3/2. 1 2.
—¢_1)2, ¢_3/2)/\/§ is the quadruplet of SU(2)y, the index i
of ¢, stands for the eigenvalue of the third generator of
SU(2)y, and ¢_; = ¢}. The covariant derivative of Py is
D, = 0, + igxyT“Xj,, and the representations of T3 is given
by T° = diag(3/2,1/2,-1/2,-3/2). The T'? can be
found elsewhere [32]. Since the SM is well known, it is
not presented here explicitly.

For breaking the SU(2)y and preserving a discrete
symmetry, the nonvanishing VEV and the associated fields
that fluctuate around the VEV are set to

(Pi3p2) = %,
s = % (v + by & i8). 3)

With the breaking pattern in Eq. (3), one can find that a Z5
symmetry Us = e/7'47/3 = diag(1, ¢/27/3, ¢=2%/3 1) is pre-
served by the ground state ®, = (v4/2,0,0, v4/2). Under
Z5 transformation, the scalar fields of the quadruplet are
transformed as

¢j:3/2 - ¢i3/2’
¢il/2 - eﬂ2”/3¢i1/2- (4)

That is, ¢, 3/, are Z3 blind while ¢/, carry the charge of
Z5. In terms of the physical states of gauge fields, one can
write

1
T°X4 = —(T"x, + T 7,) + T°X;, (5)

V2

with 7% = T' +iT? and y,(v,) = (X} F iX?)/V/2, where
X, 1s regarded as the antiparticle of y,. The transformations
of gauge fields are [32]
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27 = €T, (7). (6)

It can be seen that ¢, , and y,,(¥,,) carry the charges of Zs.
Since the masses of y, and y, arise from the spontaneous
symmetry breaking of ®,, ¢, must be the Nambu-
Goldstone bosons and are the longitudinal degrees of
freedom of y, and 7. Hence, y, and ¥, are the candidates
of DM in the model.

B. Relationships of parameters and couplings
to WIMPs
In this section, we discuss the new free parameters and
their relationships. The new free parameters only appear in
the new gauge sector and scalar potential shown in Eq. (2).
They are gy, u3, Ag, and 4. In terms of the SM Higgs
doublet and quadruplet of SU(2) and the scalar potential,
the mass matrix for SM Higgs ¢ and new scalar ¢, is

expressed as
Aoy
) )

2
m

2 _ ¢
w—(
¢I‘

!/
Aoy

with m,, = v/2Av and m;, = /214 v4. Clearly, A’ causes the
mixture of Higgs doublet H and quadruplet ®,. The mixing
angle connecting the mass eigenstates can be parametrized as

()-(20 2
—sin@ cosf ¢,

where h denotes the SM-like Higgs boson, H? is the second
scalar boson and tan 20 = 21'vv,/(mj, — m3). According

to Eq. (7), the eigenvalues of the mass square matrix are
found as

1
m2 o= 3 (m$S +mj + \/(mé —mjy )? +4/1’21)21)§>. 9)

We note that the mass of & can be larger or less than that of
H°. In addition, from the kinetic term of ®,, the masses of
gauge bosons can be obtained as m, = V3gxv4/2 and
Mys = \/§mx. Hence, the set of new free parameters can
be chosen as
{gx,mx,mHo,Q}. (10)
The mixing angle @ is constrained by the Higgs boson search
at the LEP and the LHC. A thorough analysis [46] has
provided the constraint as a function of the second scalar
boson mass. The constraints are taken into account in the
analysis of discovery significance below.
Next, we discuss the couplings of DM in the model.
Since the DM candidates are the gauge bosons, their
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couplings to the visible sector are through the mixture of
SU(2)y quadruplet and the SM Higgs doublet. Therefore,
the main interactions of DM are from the kinetic term of
®,. With the mixing angle defined in Eq. (8), the relevant
interactions are given as [32]

Ly = \/ggxm;((seh + coHO)y 7

1 /3>
+5 <ﬂ> (soh + coH)x,2"

A (11)

with ¢y = cos @ and s, = sin 8. With these interactions, it
can be seen that if mj, > 2m,, then the invisible Higgs
decay h — yy will give a strict limit on sin . Besides the
gauge interactions, we also derive the triple scalar cou-
plings, expressed as

1
Is = = (6Avcgsy + Avycy)hhHO

2
+ = (=649 04?05y + Vvcy)hHOHO.  (12)

Since the mixing angle @ is related to the parameter A, the
two terms in each triple interaction should be the same in
terms of their order of magnitude. If the mixing angle is not
suppressed, H® with myo > m;,/2 or myo < my,/2 through
the decay H® — hh or h - H°H" has an interesting effect
on the production of DM. However, since the mixing angle
is constrained by DM direct detection and the effects of
triple couplings on the production of DM pairs are small,
we do not further discuss their contributions in this paper.

III. SIGNALS AND BACKGROUNDS

In this section, we explore the possible DM signals and
backgrounds in our model. In order to estimate the cross
sections of signal processes, we firstly discuss various
constraints of free parameters and then introduce the
possible signals and backgrounds.

A. Constraints of free parameters

By Eq. (11), we see that the vector DM candidates only
couple to SM Higgs & and new scalar H°. For producing a
pair of DM particles, 7 and H® could be both off shell and
on shell. For the off-shell case, the effect is directly related
to the magnitude of couplings, and the main constraints are
from DM relic density and DM direct detection. For the on-
shell case, besides the constraints mentioned above, the
invisible Higgs decay also gives a strong bound. For
presenting the constraint from the invisible Higgs decay,
we formulate the partial decay rate for h(H") — yy with
My oy > M, /2 as
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(13)

(S — yx) =

where ¢ = gxsg(gxco) when S = h(H®). The branching
ratios (BRs) of the invisible decays can be expressed as

rh—) 72
Br(h —)){7{) = 2
Uz + Dhosmc
/=1 (gy tan 6
gl
Fh—)}()((gx tan H) + Fh—»SM
Tyo -
Br(HO — z7) = — 7

50
Lpoz + Fh—>SMS€

B Ff,o_,”(gx cot0)? (s)
Fgoz_w?(gx cotd)? + Fhﬁ()SM

with I',_qy being the width of the SM Higgs. The
expression of lef,OSM is the same as that of I'j,_ g\, but
my, is replaced by migo.

According to the observations of ATLAS [30] and CMS
[31], the Higgs mass now is known to be m;, = 125 GeV,
and the associated width is I'_qy = 4.21 MeV [47].
Taking these values as inputs, we plot the contours for
BR(h — yy) as a function of gytan® and m, in the left
panel of Fig. 1, where the solid line denotes the current
upper limit of data with BR(h — yy) < 0.29 [48], and the
region above the curve is excluded. Although the new
scalar boson H" has not been observed yet and its mass is
unknown, for completeness, we also show its invisible
decay as a function of gy cotd and m,, in the right panel of
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Contours for invisible decay of SM Higgs & (left) and of new scalar boson H (right) as a function of gy tan 8(gy cot #) and my,
125 GeV [30,31], I',_sm = 4.21 MeV [47], and the measurement of BR(h — yy) < 0.29 [48] is used. In H® = yy, we

Fig. 1 with the setting of myo = 2m, + 1 GeV, where the
adopted mass relation myo = 2m, can explain the galactic
center gamma ray excess [32].

Based on a previous investigation [32], it is known that
the measured relic density of DM could bound the
couplings of DM annihilating into SM particles; however,
a stronger limit has arisen from the direct detection. By
Eq. (11), we see that the coupling of each 4 and H® to y is
associated with sy and cy, respectively. Since their cou-
plings to quarks are cy and sy, except the mass differences
of intermedia, the spin-independent cross section of DM
scattering off nucleons only depends on gycgysy for both &
and H°. In terms of the results measured by the LUX
Collaboration [2], we present the allowed values of gysy
and my in Fig. 2, where the dashed and dotted lines stand
for myo = m, and 2m,,, respectively. For comparison, we
also show the situation for invisible Higgs decay h — y¥.
From the results, it can be seen that for m, < mp)/2
invisible Higgs decay gives the most restrictive limit.
However, for myo ~m,, the strongest bound is from the
experiment of DM dlrect detection.

B. Signal processes and backgrounds

The signals of WIMPs in the model originate from the
SM Higgs and new scalar H® decays, denoted by
St) — y7, in which scalar S can be on shell or off shell.
The potential channels for producing DM pairs through the
S portal are found to be (a) VBE, pp — S(*)jj, (b) monojet,
pp = SWj, (¢) mono-W/Z, pp = S®YW/Z, and (d) i,

pp — S( )t. The monojet is the loop-induced process
qq — ) g [49,50]. In order to understand and estimate
the production cross section of each channel, we imple-
mented our model in CalcHEP [51] and utilized the code
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FIG. 2. Bounds of gysin@ and m, from DM scattering off
nucleons, where the red solid and black dashed (dotted) lines
stand for the limits from the invisible SM Higgs decay and LUX
experiment [2] with myo = m,(2m,,), respectively.

with CTEQ6L PDF [52] and /s = 14 TeV to run numeri-
cal calculations.

Consequently, the production cross sections for
pp — SWX, with X being the involved final state, are
presented in Fig. 3, where the left panel is for on-shell H°.
Since the effect of on-shell % is similar to that of H, except
for ¢y dependence instead of sy, here we only show the
results of H°. The right panel of Fig. 3 is for off-shell &
and H°. In this case, since m,, and myo are the explicit
parameters in the processes, we adopt myo = m, as the
representative case. For reducing the dependence of this
parameter, we scale the left and right panels by factors of

1/s3 and 1/(g%sjc5), respectively. From these results, it

100.0 71—
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50.0F

o /(sin6)*[pb]
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myp[GeV]
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FIG. 3.
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can be clearly seen that monojet and VBF processes
dominate the production cross section in the region of
mpo > 50 GeV. Nevertheless, when we further impose the
kinematic cuts for reducing the events of backgrounds, the
contributions of monojet to the significance will become
subleading effects. Hence, the main contributions to the
signals are indeed from the VBF process, and thus, we
focus our study on this channel. Additionally, from the
plots, we also know that the off-shell processes are much
smaller than those arising from the resonance of S.

Since DM candidates are invisible particles and the
production mechanism at the LHC in the model is through
VBEF, the signal events at the detector level will appear as

2jets + Er, (16)
where E; is the missing transverse energy. As known, the
background events generated from the SM contributions
can also mimic the signal events of Eq. (16). In order to
distinguish the signals from the backgrounds, we consider
the following background processes [53]:

(1) Zjj background: pp — Zjj,

(2) Zjjj background: pp — Zjjj,

(3) Wjj background: pp — W*jj,

(4) Wjjj background: pp — W*jjj,

(5) top background: pp — tW-b(iW*b),
where the missing transverse energy K is from the Z and
W boson leptonic decays. Although charged leptons can be
generated by W decays, when they are misidentified by the
detectors, the events will appear as missing E7. Similarly,
this situation could also happen in jet. Therefore, for
analyzing the backgrounds, when the events are generated,
we set the number of jets in the final states to be up to three.
We note that although QCD multijets are also the source of
the background, however their contributions can be further
reduced by the kinematic cuts.

—
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Cross section of each signal channel for on-shell H° (left) and off-shell # and H° (right) as a function of myo, where

/s = 14 TeV is used, and for each panel, we scaled the cross section by factors of 1/sin> @ and 1/(g% sin @ cos? 6), respectively.
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FIG. 4. Event histogram for pp — h(yj)gq and related background as a function of (a) missing Ez, (b) An;;, (c) M

where the event selection criteria of Eq. (17) are adopted.

IV. EVENT SIMULATION AND DISCUSSIONS

After discussing the potential DM signals and possible
backgrounds, we simulate the events by introducing proper
kinematic cuts and investigate the resultant significance at
\/s = 14 TeV and luminosities of 100 and 300 fb~!. As
mentioned earlier, since the VBF process pp — S qq is
the most promising mode to get a large ratio of the signal to
background, in the following analysis, we only concentrate
on VBR.

In order to perform the event simulation, we employ
the event generator MADGRAPH/MADEVENT 5 (MGS5)
[54] with NNPDF23L0O1 PDFs [55], where the neces-
sary Feynman rules and relevant parameters of the
model are created by FeynRules 2.0 [56]. The
generated events are further passed onto PYTHIA 6
[57] to deal with the fragmentation of hadronic effects,
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(b)
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and (d) Agj;,

Jji

the initial-state radiation (ISR) and final-state radiation
(FSR) effects, and the decays of SM particles (e.g. Z
boson, W boson, t quark, etc.). In addition, these
events are also run through the PGS 4 detector
simulation [58].

A. Event selections and kinematic cuts

For enhancing the ratio of the signal to background, we
propose proper criteria to suppress the backgrounds. Since
Higgs portal DM production at the LHC has been studied in
the literature [59,60] and the production mechanism also
exists in our model, we first perform the DM production
through the processes pp — hqq and invisible Higgs decay
h — yy. Then, we can directly apply the event selections
for an invisible Higgs search proposed by CMS [43] and set
them as
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pr(j) > 50 GeV,
E; > 130 GeV,

In(j)| < 4.7, n(j1) - n(j2) <0,
M;; > 200 GeV, (17)

where pr(j) and n(j) are the transverse momentum and
pseudo-rapidity of jet j, and M;; is the invariant mass of
two jets. Although these conditions are used for collision
energy at /s =7 and 8 TeV in the CMS experiments,
according to our MGS event simulations, it is found that the
distributions of jet p; and £ indeed are not sensitive to the
total collision energy of LHC. Therefore, in this study we
take these selection conditions as the basic criteria for event
kinematic cuts at /s = 14 TeV. Using the event generator
MGS and the cuts of Eq. (17), we show the histograms of
the signal and background as a function of £y, Anjjs M j;
and Ag;; in Figs. 4(a), 4(b), 4(c), and 4(d), respectively,
where An;; = |n; —n;,| and Ag;; = |¢; — ;| are the
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The legend is the same as that in Fig. 4, but both basic and advanced cuts of Egs. (17) and (18) are applied simultaneously.

pseudo-rapidity difference and azimuthal angle difference
of the two-jet final state, respectively.

From the results of Fig. 4, we find that at low An;;
background events are much larger than signals. If we
further impose a cut on Az i the background events will be
significantly reduced. Similar behavior also occurs at
M;; < 1100 GeV and Ag¢;; > 1.5. Therefore, utilizing
the difference in the kinematic region between the signal
and background, we propose stricter event selection con-

ditions on Anjj, M;;, and A¢jj, given as

When both cuts of Egs. (17) and (18) are imposed
simultaneously, the resultant histograms as a function of

ET, Anjj, ij, and Aqﬁjj are shown in Fig. 5.
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TABLE L.
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Cross sections of signal and background (in units of fb) at /s = 14 TeV and at detector level, where the

introduced kinematic cuts in Egs. (17) and (18) were applied, R;, = cos’0BR(h — yj), Ryo = sin?0BR(H® — y7),
and R, = (gy sin @ cos §)2. For the background, we present the cross sections after each cut, where the basic cuts

are shown in Eq. (17).

Zjj Zjjj Wjj Wijjj
Basic cuts 2831. 705. 1315. 184.
+An; 124. 33.8 50.6 7.73
7510} +AB); 69.4 18.1 26.2 3.97
+M; 32.9 8.54 14.2 2.20
m,[GeV] 40 50 60
I, 18.6 Ry0 + 17.2R,, 17.5R;0 + 17.2R,, 173 R0 + 17.2R,,
Ig 17.2R, 17.2R, 17.2R,
s o) m,|GeV] 65 70 75
I, 163 Ry 16.0 Ry 15.4 R0
I 0.689 R 0.211 Ry 0.102 Ry
B. Discovery significance of signal Mas Neus (21)

The event production of pp — S*)(— y7)X depends on
the mass of DM. For interpreting the gamma ray excess
from the galactic center at the same time, we concentrate on
the DM with m, < my,. For distinguishing the contribu-
tions of on-shell / from the off-shell one, we set the allowed
range of m, to be the following two schemes:

Lom, <201 2o <my, (19)

L 2
where the former dictates DM pair production to be through
invisible Higgs decay while the latter dictates it to be
through the Higgs propagator. Based on a previous study
[32], for explaining the galactic center gamma ray excess
via DM annihilation in this model, the favored ranges for
myo are myo 2, 2m,, and myo < my,. In order to fit well with
the gamma ray data, we find m o ~ 2m,, and m,, ~ mpo. For
numerical calculations, we adopt the mass relation as

Al mgo >2m,, B: myo <2m, GeV. (20)
Here, H° can decay into a DM pair in case A while case B is
through off-shell H°. Since m;, = 125 GeV is known and
the unobserved m o is still a free parameter, we investigate
various situations by combining schemes I and II of
Eq. (19) with cases A and B of Eq. (20), denoted as I,,
I, 1I,, and IIg,

After setting up the kinematic cuts and classifying the
possible schemes for m, and myo, we calculate the cross
sections of the background and signal with various values
of m, in schemes I, g and Il 5. The numerical values are
presented in Table I, where the simulated events had passed
through PYTHIA 6 and PGS 4 detector simulation, and
the cuts of Egs. (17) and (18) were employed, R, = chR
(h = x7), Ryo = 53BR(H® — x7), and Ry = (gxs0¢o)”.
The associated cross section is obtained as

OBG/S = OBG/s Nt
Ol

Here, o7 is the cross section of the background/signal

provided by MGS, N, is the number of original generated
events and N, is the number of selected events. For the
background events, we have summed up all channels. We
find that the dominant backgrounds are from Z 4 jets,
where Z invisibly decays into neutrinos. By requiring null
charged leptons in the final states, the event number from
W + jets should be smaller than that from Z 4 jets. We also
investigate the background associated with the top quark by
generating event tW~h(tW*b), which includes 7 produc-
tion. Since the corresponding cross section is less than 1 fb
when event selections are applied, we do not show its value
in Table. I. To understand the effect of kinematical cuts, we
show the background cross section for each step of cuts,
where the basic cuts are shown in Eq. (17). It can be clearly
seen that Az;; cuts reduce the background significantly.

For studying the potentiality of discovery, as typically
done, we define the significance as S = n,/,/n;,, where n;
and n;, denote the numbers of selected events for the signal
and background, respectively. For numerical illustration,
we take m, =50 GeV for the schemes I, and m, =
70 GeV for schemes Il 5. Here, we adopt my = m,, —
1 GeV and my = 2m, + 1 GeV for schemes {1, Il } and
{Io, 1}, respectively. Accordingly, we display the dis-
covery significance as a function of gyss with 100 and
300 fb~! in Fig. 6. Since the sensitive regions of gys, are
different in different schemes, we take the horizontal
domain to be [0.002, 0.02], [0.05, 0.2], and [0.3, 3] for
Ip g, I, and Ilg, respectively.

For understanding the influence of gy, we show the
situations of gy = (0.05,1.0) for scheme I, and gy =
(0.5, 1.0) for scheme II,. From the plots, it can be seen that
when the value of gys, is fixed, the contributions of H° are
smaller in schemes 1 if the value of gy is larger. That is, H°
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FIG. 6. Discovery significance as a function of gy sin @, where we set m,, = 50 GeV for I, g and m, = 70 GeV for Il g, and the

luminosities of 100 and 300 fb~! are used.

in I, has a significant effect at small gy or large s4 values.
Since H° is off shell in scheme Iy and its effect is
negligible, by comparing the results of I, with those of
Iz, one can determine the influence of on-shell H® on 1.
Since & is an off-shell particle in scheme II,, the main
contributions are from the invisible H° decays. According
to Eq. (15) and the results of Fig. 1 and Table I, we need a
somewhat larger value of gys, to get more signal events.
Therefore, the domain of gys, is set to be 1 order of
magnitude larger than that in I 5. In scheme Il, the signal
events are from off-shell # and H°. Therefore, in order to
enhance the signal events, we need a large value of gysy.
Unfortunately, when S > 2, gy becomes a strong coupling
constant. We thus omit the scheme Il in the following
discussions.

Furthermore, in order to understand the dependence of
significance on the second Higgs mass, we investigate the

significance by changing the value of my. We note that
scheme Iy is independent of my as long as it satisfies my <
2m,, because off-shell H° effects are negligible. We thus
focus on schemes I, and I1, here. The upper left (right) plot
in Fig. 7 shows the contours in m,-gy sin€ plane with
S =2(5). For gx = 0.05, we take my = 125, 250 and
500 GeV. Due to the small sin9, H° contributions are
negligible, and the gy = 1 case does not depend on my. It
can be seen that if the value of gysin@ is fixed, the
significance increases with decreasing my. Moreover the
effect of H° can be seen for 2m,, ~ my, even though my is
as heavy as 500 GeV. Also, the region with thick black lines
is excluded from the analysis of the Higgs boson search at
the LHC in Fig. 4 of Ref. [46]. The lower plot in Fig. 7
show the contours in the my-sin @ plane with § = 2 and 5.
Since the branching ratio for H® — y7 is ~1, the signifi-
cance in scheme II, does not strongly depend on gy when
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FIG.7. The upper left (right) plot shows the correlation between gy sin 6 and m,, for § = 2(5) in scheme I,. The lower plot shows the
correlation between sin € and my in scheme II,. The upper limit of the mixing angle sin @ is given from the analysis of the Higgs boson
search at the LHC in Fig. 4 of Ref. [46]. The region with thick black lines for the scheme I, is excluded by the constraint on sin 6.

gx % 0.1. Moreover the significance does not depend on m,,
as long as my > 2m,, is satisfied. We also show the upper
limit of sin €, taken from Fig. 4 of Ref. [46], as a function of
my. We find that the stronger constraint for sin @ is in the
higher my region.

After studying the potential for discovering DM signa-
tures at the LHC, in order to further understand the
relationship between significance and free parameters,
we show the correlation between gx sy and m,, for schemes
I, g and II, in Fig. 8. Since the significance in the situation
of lower my and on-shell H° is larger, we also consider
my = 2m, + 1 GeV for schemes I, and II,. For illustra-
tion, we use 100 fb~! and adopt S =2 and S =5 in the
plots. Since the large gy sy in scheme Il is excluded by DM
direct detection experiments, we do not further discuss the
case. Additionally, the limit obtained from DM direct
detection is also shown in the plots.

From the results in Fig. 8, it can be seen that the current
invisible Higgs decay measured by ATLAS at /s = 8 TeV
[48] cannot give a strict bound on the parameters of
schemes I, and Iz. Due to off-shell 4, the data of invisible
Higgs decay are not suitable for scheme II,. Recalling the
results in Fig. 2, since the constraint from the invisible
Higgs decay in scheme I (I) is stronger (weaker) than that
from the LUX experiment, the significance over S = 2 with
100 fb~! in scheme Ij is excluded by the current LUX data.
For enhancing the significance of scheme Ig, a higher
luminosity is necessary. Although the required values of
gxSg for S =5 in scheme II, are 1 order of magnitude
larger than those in scheme Iy, for the case with
myo = 2m, + 1 > my,, § =5 is still allowed, even though
the limit of the LUX is considered. We conclude that
schemes 1, and I, have the highest discovery potential in
our model.
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Correlation between gy sin@ and m,, for § = 2 and § = 5, where DM direct detection measured by the LUX Collaboration [2]

is included, and the upper limit of invisible Higgs decay measured by ATLAS [48] at /s = 8 TeV is shown in schemes I, .

V. CONCLUSION

A solution to the galactic center gamma ray excess is
DM annihilation through the Higgs portal. We establish a
Higgs portal model by considering a SU(2)y extension of
the SM. We find that a Z; discrete symmetry is preserved
when SU(2)y is broken spontaneously by the introduced
quadruplet. Due to the residual Z; symmetry, the stable
DM candidates in the model are the gauge bosons y,
and y,. Besides the SM Higgs h, we have an extra scalar

H° from the quadruplet. Since the quartic term <I>1<1>4H H
in the scalar potential leads to the mixture of 4 and H°,
the mixing angle 6 plays an essential role in the
connection between visible and invisible sectors and in
DM relic density, DM direct detection, and gamma ray
excess [32].

In this paper, we studied the potential of observing
invisible WIMPs at the 14-TeV LHC. Since VBF dominates

the signal process, we only focused on this channel in the
investigation. As a result, the signal events at the detector
level are 2-jet 4+ E;. The possible backgrounds are from
Z/W + n-jet and tW~b(itW*b) with n = 2, 3. In VBF, the
DM pairs are produced by 4 and H® portals, where 4 and H°
could be on shell or off shell, depending on the mass of DM.
According to the mass of DM, we classify the interesting
schemestobe m; /2 > m,,m;/2 < m, < my,myo > 2m,,
andmpyo < 2m,, denoted as I g and I, g, where I (II) stands
for on-shell (off-shell) Higgs # and A (B) is on-shell (off-
shell) H°.

We present the discovery significance of WIMPs with
100 and 300 fb~! at /s = 14 TeV in Fig. 6, where the
bound from DM direct detection was not applied. From
the plots, it can be seen that the four schemes used for
numerical estimations could all reach a significance of
S50. However, in order to obtain a sizable significance,
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e.g., § > 2, scheme Iz requires a strong coupling con-
stant, which is excluded by the DM direct detection
experiments.

Furthermore, in Fig. 7, we show the dependence of the
significance on the H° mass by concentrating on schemes
I, and II,, where the produced H° is on shell. For I, we
find that the effect of H° would be seen for 2m,, ~ my, even
though my is as heavy as 500 GeV. For Il4, since the
parameters are strongly constrained by the Higgs boson
search, we find that in order to get S > 2 lighter H° is
preferred for sin @ to be large.

In Fig. 8, we show the correlation between gy sin @ and
my for § =2 and S =5 in I, g and II,, where the limit

PHYSICAL REVIEW D 93, 074019 (2016)

from LUX experiments is included. In the plots, we just use
100 fb~! as the representative value. From the results, we
find that the values of parameters for S = 5 in schemes I
and II, could satisfy the bound of the LUX experiments.
Hence, the proposed DM scalar portal model could be
tested by the data of the 14-TeV LHC.
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