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The search for singlet fermion dark matter at high-energy colliders is commonly analyzed with a singlet
scalar mediator, which however violates the standard model (SM) gauge invariance, renormalizability and
unitarity. These problems can be cured by introducing a mixing between the singlet scalar s and the SM
Higgs boson h. Thus one has to consider two scalar mediators &, and h,, where &, is identified as the
discovered 125 GeV Higgs boson. As a specific example, we consider the dark matter (DM) search in the
tt + Er channel. According to the masses of dark matter and two scalar mediators, we classify the process
into four cases. By investigating the total cross sections and differential distributions, we find that the
contribution of the 125 GeV Higgs boson /; cannot be neglected in all cases and can even dominate
once h; is on shell in dark matter production. Further, we study the impact of 4, on the LHC bounds
of dark matter searches in the hadronic and semileptonic channels with the integrated luminosity of
36 tb~!. Finally we make a brief comment that /2, should be also considered in the vector DM search at

high-energy colliders.
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I. INTRODUCTION

The framework of the simplified model [1,2] (see also
recent reports [2,3]) has been widely used in studying the
dark matter (DM) phenomenology at colliders, where the
interaction energy scale can be much higher than the new
physics scale so that the effective field theory approach is
no longer valid [4-8]. In the simplified model for singlet
fermion DM, a singlet scalar S is introduced, and its
interaction with the standard model (SM) quarks and the
fermionic DM y are assumed to be described by the
following Lagrangian [1,2]:

m
Ls==) 9,~"34S = 9,215’ (1.1)
q

where ¢(=u,d,s,c,b,t) are the SM quarks and
v = 246 GeV. The couplings g, and g, are usually chosen
as g, = g, = 1-5 [2,9] for simplicity and to guarantee a
sufficient DM production rate at colliders. Since the
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coupling of the mediator to a heavier flavor is stronger,
the DM production is dominated by the gluon fusion
process with top quark involved at the Large Hadron
Collider (LHC). Then, DM can be searched through the
monojet signature [10,11] with the top quark in the loop or
through the production in association with top quark(s).
Although the process of DM in association with a top quark
pair or single top quark has a small production cross
section, it can provide cleaner signals and more information
on the nature of DM and the interaction form and has been
studied extensively in the literature [2,9,12-16]. Especially,
in Ref. [9] the 7+ F; signature is explored in the
simplified model in a comprehensive way and is compared
to the sensitivity with a monojet signature as well as those
without DM in the final state. In Refs. [12,13], it is found
that the LHC search sensitivity can be significantly
improved if one also includes DM production in associ-
ation with a single top quark. In fact, recent experimental
results at the LHC [17-20] already show that the 7 + Er
channel has a comparable sensitivity with the monojet
channel. Moreover, the shapes of angular separations
between the two leptons from top quark decays are found
to be not only useful in resolving the coupling among the
mediator and SM quark [2,14,15] but also helpful in
distinguishing DM spins [16].

However, one can easily find that the Lagrangian (1.1) is
not gauge invariant under the SM gauge transformations,
since the SM left-handed quarks are in SU(2) doublets
while right-handed ones are singlets. In order that a singlet
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fermion DM can couple to SM particles in a renormalizable
and gauge-invariant way, an economic way is to introduce a
mixing between the singlet scalar s with the SM Higgs
boson after the electroweak symmetry breaking. As a
result, there will be two physical scalar states (h; and h,)
mediating the SM and DM interactions. These two scalars
are identified as the 125 GeV Higgs boson and a second
scalar boson that can be either lighter or heavier than
125 GeV [21-23], respectively. These two scalar bosons
also appear in the Higgs portal vector dark matter (VDM)
model [24].

The main phenomenological differences between the
gauge-invariant Higgs portal DM models and the simplified
model (1.1) originating from the existence of the 125 GeV
Higgs boson has been discussed in Refs. [25-27], and
references therein. Especially, in Ref. [26] we have found
that the interference effect between two mediators can
affect the LHC exclusion bounds considerably in some
parameter space, which was already reflected in Ref. [25] to
some extent.

In this work, we will investigate the impact of /; (with
the mass of 125 GeV) in the singlet fermionic DM (SFDM)
model on the sensitivity of the LHC search for 17 + E;.
Depending on the masses of DM and mediators, four
different cases (named cases A, B, C, and D) shall be
classified and discussed. The collider bounds obtained from
the simplified model framework are applicable only in
certain parameter space of case C as we will show below. In
general, we will find that the simplified model cannot
reproduce the results derived from the renormalizable and
gauge-invariant Higgs portal DM models. Thus we con-
clude that simplified models should be used for the DM
search at colliders with great caution, keeping in mind its
limited success.

This paper is organized as follows: In Sec. II, we first
introduce the Lagrangian describing the renormalizable and
gauge-invariant SFDM model and compare it with the
Lagrangian of the simplified model in Eq. (1.1). Then,
various constraints on the SFDM model from the mea-
surements of the 125 GeV Higgs boson as well as direct
searches for an extra Higgs boson are discussed. In Sec. I1I,
we discuss the impact of the 125 GeV £ on the total
cross section as well as the differential cross section for

|

M — (3/111”%1 — pgy + V3Ans + vsiy
vy (2vsins + Hy)

so that the mass eigenstates .; and h, can be defined as

(hl) B <cos€
hy)  \sin@

with

pp — ttyjy in four different cases. For case A and case B,
this process is dominated by the mediation of &; with
h, ~ S being irrelevant in most regions of m,,. For case C
and case D, while the cross section in the SFDM model can
be larger or smaller than that in the simplified model, the
p# distribution in the SFDM model is always softer,
resulting in a smaller cut efficiency. In Sec. IV, we show
the LHC bounds in the SFDM model and compare them
with those in the simplified model. In Sec. V, we summa-
rize our results.

II. SFDM MODEL

The renormalizable and gauge-invariant Lagrangian that
describes the SM extended with a gauge singlet fermion
x~ (1, 1,0)l and a real singlet scalar S, i.e., the SFDM
model, is [21,22,25,26,30,31]

L =—(y,0 Hug +y,0 Hdg) + (i — m, — g,8)x

+%3MS8”S— V(H,S), (2.1)
where y, and y, are the SM Yukawa couplings to the
up- and down-type quarks, respectively, with suppressed
generation indices. The interaction Q; Hyy, is forbidden by
the U(1), symmetry while the interaction L, Hyy can be
discarded by a Z, symmetry under which only y is odd, i.e.,
x — —x [26] or by global U(1) symmetry [32].
The scalar potential of the SFDM is given by [26,33]

V(H,S)=—p}H H+ Ay (H H)? 4+ AysS*?H H +p, SH'H

1 S5 AgSt
—m2S2+”2—+Z—'.

—|—,u(3)S+2 2 3

(2.2)
The fields & and s are introduced after electroweak
symmetric breaking as

0
H%(M), S—>S+Us, (23)

V2

where vy and vg are the vacuum expectation values of H
and S, respectively. The mass matrix of the scalar fields is

v (20sAys + p1) ) (2.4)
L2md + 203 Ays + vids + 2vsps) ) '
—sinf h
2.5
cos @ ) ( s ) (2:3)

'For y in a nontrivial representation of the SM gauge groups, see Refs. [28,29].
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tan(20) =

dvy (2Apsvs + py)

(2.6)

It is well known [29,34-37] that, for the most general
Lagrangian that describes a real singlet scalar extension of
the SM, there is a shift symmetry S — S + Ag, which holds
in the SFDM model even though y is introduced [31]. Thus
we can freely choose (S) = 0 without loss of generality in
this paper.

The minimal conditions

Z_I‘L/I ) =0, (2.7)
(H)=vu/V2
ov
5 5o =0 (2.8)
lead to
i = v, (2.9)
1y = =105 /2. (2.10)

In the basis of (S) = 0, the mixing between S and H comes
solely from the term y;SH'H in Eq. (2.2), and the mass
matrix is simplified to

2022 v
M2:< HAH i Hi 2>‘ (2.11)
Vi Vgdys + myg
Introducing the variable [34]
—2u2
= s, (2.12)
Ky — Hs
with
H =205, He = VRdusHmg, o =vgpy, (2.13)

the eigenvalues of the mass matrix can be expressed as

» Myt K

2 2
My — Hy 2
mi, > + > A/ 14y,

where the sign + (—) corresponds to my, (my,), and the
mixing angle

(2.14)

tan @ = tan(260) = y. (2.15)

oy
14+ V/1+)2

It is noted that h; is SM-like while #, is singletlike
for 0 € [-n/4, 7 /4].

v (2ns — 6A) + 2uyy — 2Ay505 + 2mG + Asvs = 21 v + 205

In terms of mass eigenstates, the interaction Lagrangian
of interest can be written as

) my- - 2m _
Liy = —(hy cos @ + hysin6) Z—'ff——W;W”
R UH
m . )
- EZﬂZ” +g,(hysin@ — hycosO)yy.  (2.16)

The couplings of /2, and &, to the SM fermion pair (ff) or
weak gauge boson pair (VV) with V.= W or Z are given by
(2.17)

_ SM _ SM
ghlxx - Cﬁghxxv ghzxx - sq‘)ghx)c7

where xx = ff, VV, oM is the corresponding SM cou-
pling, ¢y = cos @ and sy = sinf. The couplings of 4; and
h, to the DM pair yj are

(2.18)

Ghiyz = S09y» Ghyyzy = C09y-

Now we can ask if the usual simplified model, Eq. (1.1),
can be derived from the renormalizable and gauge-invariant
model Lagrangian, Eq. (2.16). For the phenomenology
at pp colliders, there are two relevant energy scales
in addition to the mass scales (m;, , my,, m,, etc.) in the
Lagrangian: total center of mass energy (y/s) and the
center of mass energy at which the reaction actually occurs
(\/§ = x1X,5) with 0 < xy, x, < 1 being energy fractions of
partons inside the protons. /3 is relevant since it is nothing
but the characteristic scale of the hard scattering at parton
levels, whereas /s is important since it is the highest
energy scale provided by the pp colliders.

Above all, let us notice that the model Lagrangian
considered in Ref. [9] can be obtained by simply removing
by hand (or integrating out) the h; field in Eq. (2.16).
However it is clear that this procedure is justified only if all
the quantities /s, V3, and my,, are (much) smaller than

my,, =125 GeV or V/3 is resonantly enhanced at mp,.
Otherwise, we cannot ignore (or integrate out) /; in the
model Lagrangian. One has to include the effects of both £
and h,, since the interference between them could be
important in certain cases [16,25,26,38,39]. There is no
systematic way to derive the usual SFDM model, Eq. (1.1),
as a proper effective field theory from Eq. (2.16), if
my, > my, . In the following, we will show explicitly a
number of examples where the role of /4, is significant and
the results are qualitatively different from those in Ref. [9].

Due to the mixing of s and / as in the SFDM model, the
triple scalar couplings of iy — hy — hy and hy — h; — h; are
also relevant, which are given by [30,35-37,40-42]
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1
A= 3/1HUH5509 _2/1HSUHC€(S§ - 05/2) —Eﬂl s€(s§ - 205)

‘E”ZC%S"’ (2.19)
Aoty = 3Agvpcgse — 2Ausvpsy(cg — 55/2)
1 1
+ 5 Hico(cG = 255) + 5 HaS5Co, (2.20)

2 2

respectively.

In the SFDM model with vg = 0, the free parameters
were chosen to be my, , my,, 0, Ays, o, Ag, vy, m, and g,
[31]. Identifying m; and vy as my, = 125 GeV, vy =
246 GeV, we however choose the following parameters for
the convenience of collider phenomenology:

mhz, 9, ll? /12, m (221)

v 9o

where A; and 4, are normalized triple scalar couplings
defined as

2

m

A Aim
1 - r ’
SM SM UV

The production cross sections of /; and h, at the LHC
can be expressed as

o(pp = b+ X) = cgo™(pp = h(my,) +X),  (2.23)

o(pp = hy+X) = s56™(pp — h(my,) + X).  (2.24)
The total widths of 2, and h, are’

Uy, = cgUpM(my,) +T(hy = hyhy) +T(hy = ), (2.25)

[y, = sg0M (my, ) +0(hy = hyhy) +T(hy = x7), - (2.26)

where T3M(my, ) and T3M(m;, ) correspond to the total
decay width of the SM Higgs boson [43] with the mass
being m;, and m,,,, respectively. The decay widths of £,
and h, into yj are

_ szgzmh
(b = ) = =g = (1= dmg /mj, )20(m, = 2m,),
(2.27)
_ Cgmy,
T(hy = ) = =55 == (1= 4 /mi, )20(m, = 2my),

(2.28)

where the Heaviside step function 6(x) = 1 for x > 0 and
0(x) = 0 for x < 0 and m,, is the DM mass. The widths of
hy and h, into hyh, and h h; are [35-37,41,42]

*We have neglected the widths of three-body decays since their
contributions are usually subdominant [40].

/1%/%1\,“ /1— 4m%]/mi2
F(l’lz - h]hl) = Sﬂ-mh H(th - 2mhl),
2
(2.29)

XN ey
C(hy = hyhy) =

-2 ,
Snmh] (mhl mhz)

(2.30)

respectively. It is clear that the above widths are not
sensitive to the signs of 4; and A,. Therefore we shall
concentrate on the magnitudes of A; and 4, in the collider
study for the SFDM model.

Since h, may also decay into an extended dark sector
other than yj, similar to the simplified models [1-4] we can
introduce the minimal total width of 4, in the SFDM model
[25,26]:

F;,“Zi“ =TIy, with T'(hy, = hihy)=0. (2.31)
It should be emphasized that the minimal total width of &,
in the SFDM model also includes the partial decay width
into WW* and ZZ*, without which as in the simplified
model the cancellation [44] between diagrams with 7, WW
and h, 7 interactions in DM production in association with
single top quark pp — tjyy does not occur and the
sensitivity in pp — tjyjy can be even comparable to that
in pp — tiyy [12,13].

The mixing angle @ is constrained by the Higgs signal
strength measurements: sin> @ < 0.12 at 95% confidence
level (C.L.) [33,45,46], while constraints from heavy Higgs
boson direct searches [37,47-49] and the electroweak
precision observables [22,33,41,42] are found to be weaker
than the Higgs signal strength measurements.” In this paper,
we will fix sin @ to be 0.2 conservatively.

The current 95% C.L. upper limits on the invisible decay
branching ratio and the total width of the 125 GeV Higgs
boson are 0.24 [45,50,51] and 0.13 GeV [52], respectively.
In the left panel of Fig. 1, we show the constraints in the
g, —m, plane with sinf =0.2 and T'(h; — hyh,) =0,
which indicates that the constraint from the invisible decay
branching ratio of the 125 GeV Higgs boson is stronger
than that from its total width. If m;, > 2m,, , the decay
channel h; — h,h, is kinematically allowed. In the right
panel of Fig. 1, the constraints in the g, — 4, plane from the
invisible decay branching ratio and total width of /; and the
branching ratio into the beyond SM (BSM) decays

3It is however found in Refs. [33,41] that the constraint on €
from direct searches can be slightly stronger for the heavy Higgs
boson mass below 450 GeV in the SM with a singlet scalar. But it
is relaxed in the SFDM model if m, < my, /2 so that h, — yj is
kinematically open.
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FIG. 1.
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The allowed regions by the invisible decay branching ratio (blue), total width (red) and BSM decay branching ratio (orange) of

hy in the SFDM model with sin@ = 0.2. Left panel: I'(h; — hyh,) = 0. Right panel: m, = 50 GeV and m,,, = 54.3 GeV.

BriSM < 0.34 [46]" with sinf = 0.2, m, = 50 GeV and
my, = 54.3 GeV are displayed. We will show in Sec. III
that such benchmark values of m, and m,,, are appropriate
for case B.

On the other hand, searches for di-Higgs production play
a key role in the determination of the triple scalar couplinggy
A,. The cross section of pp — hh, can be parameterized as

o(pp—hih)
A f (my,)
=oM(pp— h,)s? 2 2 . (2.32)
Pr = sy o R me) + BT o)
with
) = /IéM, /11— 4mfl]/m%l2 233)
f mh2 o SﬂthFSM(n’lhz) ’ '
my, (1 —4mZ/my, )/
g(my,) = —= SHFSM(th )2 O(my,, —2m,). (2.34)
2

Figure 2 shows the di-Higgs production cross section in
the SFDM model [assuming T'(h, — yy) =0 and
sin@ = 0.2] alongside the combined upper limit at the
13 TeV LHC [55], which implies that 4, < 7. On the other
hand, the theoretical constraint on 4, can be found in
Ref. [37], which is 4, < 10. For I'(h, — yj) # 0, larger 4,
could be allowed depending on the mass m, and also the
coupling g,, which will not be studied in detail in this paper.

In Fig. 3, the total width of A, for sin@ = 0.2, m, =
65 GeV (for a larger m,, the total width is smaller) is
displayed. We can find that for g, < 1, the ratio Iy, /m,, is

*We find that light boson direct searches [53] can also directly
constrain the triple scalar coupling 4;. But as found in Ref. [54],
the constraint from the light boson direct searches is much weaker
than that from the BSM decay branching ratio.

’In reality, the coupling of /; — h; — hy can contribute to the
nonresonant production of /%, which is neglected here.

1.000
0.500

Vb =13 Tev

0.100
0.050

0.010
0.005

o (pp—~>h2)BR(hy—~hihy)[pb]

0.001

300 400 500 600 700

my[GeV]

800 900 1000

FIG. 2. Constraints on 1, from resonant di-Higgs searches at
the 13 TeV LHC.

sinf=0.2,m ,=65GeV

1

0.1

0.01
g

"2 0.001
—

1074

5 A,=0 (solid), A,=7 (dashed)
10~
200 400 600 800 1000
my,[GeV]

FIG. 3. The ratios I', /m,, with respect to m,, for different g,
values, where sin = 0.2, m, = 65 GeV. For larger m,, the ratio
is smaller. The ratios with (without) including s, — hh; partial
width are denoted by solid (dashed) curves.
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sinf=0.2,g,=1 sin6=0.2,g,=5
1.0 1.0 -
| FF‘ -
‘ 2,=0 (solid)
0.8 } A,=7 (dashed) 0.8
I
—m, = 100GeV
| my = 200GeV
B 0.6 & 0.6 —m,, = 300GeV
T T
< <
S -
A 04 g 04 '
| 0220 (solid)
/
/ _ A,=7 (dashed)
02 [ my = 65GeV 02
) —m, = 100GeV
! —m, =200GeV
/' —m, =300Gev
200 400 600 800 1000 200 400 600 800 1000
my,[GeV] my,[GeV]

FIG. 4. Branching ratios of &, — yj with varying m,, where Iy, is defined in Eq. (2.25). Left: g, = 1, right: g, = 5. The branching
ratios without (with) the decay h, — h;h; are denoted by solid (dashed) curves.

below 10% and I',,/m,,, < 1 can still be satisfied even with
g, = 5. To evaluate the impact of the decay h, — hih;, we
further show the branching ratio of h, — yy for various
parameter choices in Fig. 4. One can find that including
hy — hyh; can decrease Br(h, — yy) especially for
smaller g,. However it does not affect much the behavior
of interplay between %, and h, in the DM search in Sec. III,
so we will keep 4, = 0 for simplicity hereafter.

In the SFDM model, the DM pair can annihilate into
either SM gauge bosons/fermions through /4, /h, mediation
or scalar bosons through #-channel/s-channel process if it is
kinematically allowed. The annihilation cross section of the
former is proportional to g2 while that of the latter is
proportional to gy (¢2) for t-channel (s-channel) annihila-
tion. So a large g, is required to annihilate the DM
effectively, which renders the DM direct detections quite
stringent (except in the resonant region of the s-channel
process m,, ~ my, ,/2). The details of the DM thermal relic
density and the spin-independent DM-nucleon scattering
cross section for benchmark points in each case are
provided in the Appendix. In order to guarantee that the
DM has a relic density below the observation and keep
consistent with the DM direct detections, the SFDM model
should be generalized beyond the minimal setup of the
Higgs portal SFDM model. New DM annihilation channels
should be introduced, such as yy — Z'Z' if DM is charged
under a dark U(1) gauge group [56-59], or coannihilation
channels if there are more particles in the DM sector that
have a mass close to the DM [60]. Then the dark matter
direct detection constraints can be weakened or even
completely evaded. Moreover, the particle y discussed in
the current paper may correspond to a heavier dark state in
the dark sector that can decay into the genuine DM
candidate. Then, as long as the heavier dark state(s) does
not leave any signal at the detector (due to a long lifetime or

invisible decay), it will produce the same collider phe-
nomenology as the SFDM model.’

IIL # + E; SIGNATURE

Now we are ready to study the impact of the 125 GeV
Higgs boson £, in the DM search with ¢7 + F signature.
Previous studies in the monojet, vector boson fusion and
mono-V signatures can be found in Refs. [25,26]. The 7 +
Fr channel at the 8 TeV LHC was preformed in Ref. [25]
and compared with the CMS results.

There are two mediators in pp — ffyy in the SFDM
model, which are shown in Fig. 5. The total amplitude is
then proportional to

1 1

A x g, sin(20 - ;
Iy ( ) <§ — m%ll + imhlrhl §— m%lz + imhzrh2>
(3.1)

where § = mfﬁ? with m,, being the invariant mass of the
DM pair yjy. Therefore the diagrams with 4, and the ones
with h, interfere destructively for /5 > mp,, nmy, Or

V3 < my, , my, and constructively for m, < 5§ <m,
or my, < +/§ < m, . Note that in the simplified model [see
Eq. (1.1)] only £, in Fig. 5 is included, in contrast with the
renormalizable and gauge-invariant SFDM model.

Depending on the relations of my , m;,, and m,, the
process pp — tiyy in the SFDM model can be categorized
into four cases, namely,

(i) case A: my, , my, > 2m,,

(i) case B: my, > 2m, and m;, <2m,,

(iii) case C: my, < 2m, and m;, > 2m,, and

(iv) case D: my, , my, <2m,.

®Work in progress.
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FIG. 5.

In the following, we will denote the cross section of
diagrams with each scalar mediator (/;/h,) as o, and
oy, While the total cross section that includes the inter-
ference effect between diagrams with different mediators is
denoted as 6y, 1p,-

For case A, both h; and &, can be on shell in DM
production, so that the cross sections can be described as

on, = g™ (my,)Br(hy — 1), (3.2)

on, = 5507 (my,)Br(hy — x7) (3.3)
with the narrow width approximation (NWA), where
oP™4(my, ) denotes the cross section of pp — tth; for on-
shell h;, i =1, 2 with SM couplings. In this case, the
interference effect is small unless m;,, ~ m,, ; thus, the cross
section with two mediators is approximately equal to the
sum of the cross sections with one mediator:
Oy +hy = Op, + O, (3.4)

In the left panel of Fig. 6, we show the leading-order
(LO) cross section of pp — rtyy at the 13 TeV LHC for
case A with g, =0.08, m, =1GeV, T, = F;l“;" and
my, 2 65 GeV satisfying the constraint from the invisible

1401} 5inf=0.2,m,=1GeV
120 |
,=0.08,T"in

o) 100 — h;&h,
‘g‘- | —
S 60f, “a
5 | I3

401

20

O h D —
200 400 600 800 1000
mp, [GeVJ

Feynman diagrams of pp — tiyjy in the SFDM model with mediators h; = hy, h,.

decay branching ratio of ;. We find that the %, provides a
larger cross section than the #; when m;,, <70 GeV. With
increasing m,, the contribution from %, decreases dra-
matically and becomes negligible for m;, 2 300 GeV, in
which scenario the process pp — tiyy is effectively
described by a single mediator ;. Note that here we
assume [, = F;,“zi“. If we consider the decay of &, into
hyhy, which is possible if m;, > 2m, , the branching ratio
of h, — yj will be suppressed. On the other hand, /; can
also decay into hyh, if m;,, < my, /2 so that the branching
ratio of i, — yy is suppressed. This fact will bring the m,,
dependence to the cross section of 6, , which is not shown
in Fig. 6.

For case B, only /&; can be on shell so that the
contribution of /; is dominant and

(3.5)

Ohy4hy = O+

In the right panel of Fig. 6, we show the cross section of
pp — tiyy at the 13 TeV LHC for case B with g, = 0.15,
41 = 0.1, and m, = 50 GeV. Similar to case A, the cross
section o), depends on m,,, in the region of m;,, < m,, /2.
Considering the constraint from the BSM decay branching

100 .
1
sinf=0.2,m,=50GeV 1
1
80 8,=0.15,1,=0.1 !
! —h
1
§ 1
= 60 excluded by <7:
% BrBSM !
= ) <0.34 )
7
Q
S 40 :
S 1
1
1
20 :
1
1
1
L

40
mp, [GeV]

60 80

FIG. 6. Cross sections of pp — ftyy at the 13 TeV LHC for case A (left panel) with g, = 0.08, m, = 1 GeV and ', = F};‘;" and for
case B (right panel) with g, = 0.15, 4; = 0.1 and m,, = 50 GeV, where m;,, < 54.3 GeV is excluded by the BSM decay branching ratio

of hl'
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ratio of /1, Bry>M < 0.34 [46], h, with m,, < 54.3 GeV is
excluded for our parameter choice.

For case C, only h, can be on shell. If T’ /m,, <1,
which implies that the NWA can be applied, one obtains

o), X S350, (3.6)

o1, = 5507 (my,,)Br(hy — 7). (3.7)

Ifr, = F;lnzi“, as shown in Fig. 4 the decay branching ratio
Br(h, — ) is relatively large for g, ~ 1, which leads to
oy, > oy, so that the simplified model with single media-
tor h, can describes the SFDM model approximately.
However, there are key differences between this case
and case B. Firstly, confronted with the measurements of
the Higgs invisible decay branching ratio the coupling g, is
severely constrained for case B, while there is no such
constraint on g, for case C due to my, < 2m,. Thus the
cross section with off-shell #; can be significantly
enhanced for a large g,~5 [2,9] as in Eq. (3.6).
Secondly, unlike &, there is no direct experimental con-
straint on I';,. So if there exist other decay channels of 4,,
e.g., h, decays into extra dark sector particles [59], the total
width of £, can be significantly enhanced as compared to
Fﬂlzm. Consequently, the branching ratio of &, into yj is
possibly small. Thus although /A, is off shell in DM
production for case C, its contribution should be taken
into account, which however has not been paid much
attention to. It should be noted that the wide width of £,
may make the NWA in Eq. (3.7) invalid.

For case D, both &, and £, are off shell, so that the cross
sections

(3.8)

2,22
Ohy X SoCoYy>

(3.9)

2.2 2
Gh2 X sgcggl

sinf=0.2,m,=80GeV
1
g o1p
= > <<
‘::>< -~ ~ o - \\ hl
g_ 0.01 gy=1 Sl N
& S .
b o S <
0.001 — by &ho,Ifn 15"
,,,,,, hy, e e 15X
107
0 200 400 600 800 1000
mp, [GeV]

FIG. 7.
15 x T right panel: g, =4, m, =80 GeV and I, = I\".

are small but the interference effect between diagrams with
different mediators in Fig. 5 is significant and always
destructive, as can be seen from Eq. (3.1).

To consider the wide width effects, we assume that the
total width of #, is rescaled by a factor of 15 irrespective of
its mass, i.e., [',, = 15 X F‘,{‘j“, which satisfies I', /my,, < 1
as shown in Fig. 3. Then, the cross section of pp — tiyy
with /1, mediation is reduced by a factor of about 15. On the
other hand, a larger coupling g, can also increase the &,
decay width as well as enhance the 6, . To compare with
the simplified model study in Refs. [2,9], we choose
g, =4. In Fig. 7, we show the cross sections of pp —
ttyy at the 13 TeV LHC for case C and case D with g, = 1,
m, =80 GeV, and T, = [} (15 x T"") in the left panel
and g, =4, m, =80 GeV, and I, = F‘,{fn in the right
panel.

We find that 6, 1, < o), + 0}, in the region of m,,, <
2m,, (case D) irrespective of g, and I';, . This is due to the
destructive interference between diagrams with /; and £, in
case D. The destructive interference effect is most signifi-
cant at my, ~my, .

For m;,, 2 2m,, (case C), the contributions of &, and h,
depend on the coupling g, and the total width of &, as we
discussed above. For illustration, in Fig. 8 we show the
relative contributions of mediator /4, mediator %, and their
interference contributions to the total cross sections
denoted as 6y, /0pn,» On,/On4n, A Gin/Op 1p,- For
g, =1 and I, =T, it is observed that o,/0y, 4, is
approximately equal to 1 for m;,, ~ 200 GeV and decreases
with larger m;, . On the other hand, both 6}, /o), 1, and
Gint/On,+n, Decome more important with the increase of
my,. For example, oy, 0y, 0 = 0.087:0.87:0.037 for
my, =500 GeV and o0y, 6y, 01 = 0.45:0.45:0.1 for
my,, = 1000 GeV. The interference effect is destructive
in the region of 2m, < m;,, < 380 GeV and constructive for

1
7 N h
g “ 1
ES 0.1 sl
g_ gy=4 R
e .
S — hy&hy,Tpin
0.01 h2 l—*]r]nin
,,,,,, JTh
0.001
0 200 400 600 800 1000
mp, [GeV]

min

Cross sections of pp — fiyy at the 13 TeV LHC for case C and case D. Left panel: g, = 1, m, = 80 GeV and '), = I
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FIG. 8. The relative contributions of mediators %, h, and their interference to the total cross section for case C.

my,, 2 380 GeV. The impact of &, becomes even more
significant for I, = 15 x [} or g, = 4.

Until now we have only discussed the impact of the
mediator /; on the total cross section, in which the My
dependence has been integrated out. From Eq. (3.1), we
see that the interference effect depends on the interplay of

2 2

- ; 2 _ 2 .
my; — my, with my; —mj, . For example, the interference
2 2

is constructive (destructive) for my, —mj; < (>)0 for
case C. To study the impact of h; on the differential
cross section, the invariant mass distributions of yy are
displayed with m,, = 80 GeV, m,,, = 200, 300, 500 GeV,
g, =1 and T}, =15xI}™ (similar for g, =4 and
r,, =T ‘,}‘;“) in Fig. 9. Unlike the distribution with on-
shell h, (blue dashed curve), which centers around
m,; ~ my,,, the distribution with off-shell &, (black curve)
decreases rapidly with increasing m,;. As a result, the
distribution with two mediators tends to be softer than
that in the simplified model with h,. Moreover, the
distribution with two mediators is asymmetric around

my,=200 GeV,m,=80GeV,g,=1,15xT "

mi,=300 GeV,m,=80GeV,g,=1,15xT "

my,: More events fall into region of mﬁj - m%ll >0
for m;,, =200 and 300 GeV, while fewer are in the
region of my, —mj > 0 for m;,, = 500 GeV. After inte-
grating over m,;, the interference effect in the total cross
section is destructive for m;, =200 and 300 GeV and
constructive for m;,, = 500 GeV as shown in the right
panel of Fig. 8.

Experimentally, the invariant mass of yjy cannot be
reconstructed directly. However, its feature can be reflected
in the distribution of the transverse momentum of yjy
(missing transverse momentum), i.e., p’}’? . In Fig. 10 we
show the parton-level distributions of p% for case C with
m, = 80 GeV, m,,, =200, 300, 500 GeV, g, =1 and
[y, = 15T (similar for g, =4 and I, =M.
One can obtain that p% distribution in the SFDM model
with two mediators is always softer than that in the
simplified model with A,, the effect of which on the cut
efficiency of a concrete experimental search will be
discussed in Sec. IV.

my,=500 GeV,m,=80GeV, g, =1,15xT 1

0.07

0.06

0.05

0.04

Arbitrary Unit
ArbitraryUnit

0.03

0.02

0.01

0.00

ArbitraryUnit

o
<]
)

=4
=)

0.00 st

my,+GeV]

300 400 500 600 100 200 300
my,vGeV]

400 500 600 100 200 300 400 500 600
my+GeV]

FIG. 9. The distributions of m,; with mediators /| and h, for case C with m, = 80 GeV, m,, = 200, 300, 500 GeV, g, = 1 and

Iy, = 15 x Ipn,
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my,=200 GeV,m,=80GeV,g,=1,15xIj"
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FIG. 10. The parton-level distributions of p?? for case C with m,, = 80 GeV, m,, = 200, 300, 500 GeV, g, = l and [}, = 15 x Fhmzi“.

IV. IMPACT ON THE UPPER LIMITS

Having observed the distinct difference between the
total cross sections and differential distributions of
pp — tiyy with two mediators and with one mediator,
we will investigate the impact of the Higgs boson /; on the
95% C.L. upper limits of searches for DM produced
with a top quark pair at the 13 TeV LHC, which have
been performed by the CMS and ATLAS Collaborations in
the hadronic, semileptonic and dileptonic channels
[18,20,61,62]. Similar to Ref. [12], we closely follow
the CMS analyses [20,61,62] and concentrate on the
hadronic and semileptonic channels since the dileptonic
are typically less sensitive in these analyses. On the other
hand, although a recent search using events with 35.9 fb~!
[20] has improved the upper limit significantly as compared
to that with 2.2 fb~! [61,62], the background event num-
bers in signal regions are not provided [20]. Therefore we
take the strategy that we first recast the results with 2.2 fb~!
and then project them to the integrated luminosity of
36 fb~! with the assumption that the signal and background
uncertainties scale as the integrated luminosity and the
square root of the integrated luminosity, respectively.
Another reason for projection is that a multivariate dis-
criminant “resolved top tagger” was used in the analysis
[20] without giving any details for recasting.” In our
analysis, we only consider the inclusive hadronic channel
without using a resolved top tagger similar to Ref. [12].

We generate the signal process pp — fiyy using
MG5_AMCe@NLO V243 [63] at leading order in the

Due to these limitations, it is not possible to compare our
upper limits with 36 fb~! to Ref. [20] directly. However we have
validated our result by simulating the signal process in the
simplified model with g, =g, =1 and (m,,m,;) = (1 GeV,
100 GeV), (1 GeV,200 GeV) and (50 GeV,300 GeV). The
discrepancies between our results and Refs. [12,61,62] are 13%
and 23% in the inclusive hadronic and semileptonic channels,
respectively, which indicates that our recast is reasonable.

five-flavor scheme. The parton-level events are then passed
to PYTHIAG [64] for parton showering and hadronization.
The detector effects are included by using DELPHES3 V3.3.3
[65] and FASTIET [66] packages, in which jets are clustered
using the anti-k, algorithm with R = 0.4. The b-tagging
efficiency is 0.6, while the ¢ quark and light quark faking
rates are 0.07 and 0.01, respectively [12].

Having imposed the selection cuts [61,62], the number

of signal events with integrated luminosity £ is then

Nsignal = Obefore cut X € X L, (41)
where Gpefore cur denotes the cross section of pp — fiyy
without any cut and e denotes the cut efficiency in the
hadronic or semileptonic channel.

The LHC search sensitivity to our models can be
measured by the signal strength y = o6/0y, where o
denotes the observed production cross section of pp —
tiyy at the 13 TeV LHC and oy, is the theoretical signal
cross section. The 95% C.L. upper limit on y is investigated
using the CLs method [67-69], with inputs of production
cross section and cut efficiencies of a concrete model from
our simulation as well as the number of background events
and their uncertainties provided in the experimental
papers [61,62].

Then we will investigate the impact of the mediator /; on
the upper limits 4 in the SFDM model. From Eq. (4.1), we
know that the number of signal events after selections
depend on the total cross section of pp — fiyy as well as
the cut efficiency. As having been discussed in Sec. III, for
case A and case B, the signal production is dominated by
the process with mediator /;. So adding h; will change
both the production rate and the final state kinematics (i.e.,
cut efficiency) significantly. On the other hand, for case C
and case D, both /; and %, have an impact on the signal
production cross section and cut efficiency.

In Fig. 11, we show the 95% C.L. upper limits on g in
the inclusive hadronic (jets) and semileptonic (£ + jets)
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FIG. 11. The 95% C.L. upper limits on g in the inclusive hadronic (jets) and semileptonic (¢ + jets) channels [61,62]. Left panel: The

upper limits for case A in the SFDM model (solid curves) and in the simplified model (dashed curves). Middle and right panels: The
upper limits on 4 for case B in the SFDM model for three benchmark values of g, and 4,. Parameter space of m,,, denoted as thick green

curves is excluded by the measurements of Higgs BSM decay branching ratio.

channels [61,62] in the SFDM model with two mediators as
well as one mediator %, (identified as the simplified model)
with the integrated luminosity of 36 fb~! for case A and
case B. In the left panel, we find that, although the
couplings of the mediator(s) to the SM quarks and DM
are small for case A, the 95% C.L. upper limit on x in the
SFDM model can reach ¢ < 10 and is nearly independent
of my,, while the upper limit in the simplified model is
much weaker especially for a larger m,,. In the middle and
right panels, we display the upper limits of the SFDM
model for three benchmark values of g, and 4, for case B.
The measurements from the SM Higgs BSM decay
branching ratio (BrE]SM < 0.34 [46]) can also constrain
the parameter space for my;, < m, /2 denoted as thick
green curves. For smaller 4,, a more severe bound on y can
be obtained. The upper limit is sensitive to my, only if
my, < my, /2. Roughly speaking, the upper limit with the

0.06
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>
5]
C
2
o
£ 0.03
©
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) \\ // fhl&hz,jets
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0.01 —--hp,+jets
0.00
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1000

integrated luminosity of 36 fb™! is below 50 with these
three benchmark values for case B.

For case C and case D, both A, and &, play important
roles in pp — tiyy in the SFDM model. Figure 12 shows
the cut efficiencies for case C and case D in the inclusive
hadronic and semileptonic channels in the SFDM model
with two mediators as well as one mediator /,. Since the
P distribution in the SFDM model is softer than that in the
simplified model (see Fig. 10), a lower cut efficiency is
achieved in the former scenario. On the other hand, in both
scenarios the cut efficiencies are lowest when m;,, is around
180 GeV. This is because the DM pairs yjy are mostly
produced through the on-shell s, mediation while events
with m,; > m,, are suppressed by the destructive interfer-
ence between h; and h, in the SFDM model and the 4,

propagator in the simplified model. As a result, the p??
distribution is softer for smaller m;,, for m;, > 2m,,. On the

0.06
m,=80GeV,g,=4,I'mn
0.05 -
0.04 -
>
(]
c
k) -
g —
£ 0.03 -
(0]
5
o
0.02 —hi&hojets
—--hy,jets
—_h;&hy,trjets
0.01 _--hy,A+jets
0.00
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mp,[GeV]

FIG. 12. Cut efficiencies for case C and case D in the SFDM model and simplified model in the inclusive hadronic (jets) and

semileptonic (£ + jets) channels.
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FIG. 13. The parton-level distributions of p’}‘? for case C and case D with mediator %, (left) and two mediators /; and h, (right) for

different m;,,.

other hand, when m,, < 2m,, the DM pair can only be
produced through off-shell 4, mediation. Then the relative
suppression on event rates with higher m,; is weaker for

lighter h,, leading to harder p’}’? spectra for lighter h,. This

can be seen from Fig. 13: For m;, < 180 GeV, the p??
spectrum decreases with m;,,. On the other hand, for

my,, > 180 GeV, p¥ gets increased for larger m,,.
Finally, we show the upper limits on u for case C and
case D in the inclusive hadronic and semileptonic channels
with the integrated luminosity of 36 fb~! in Fig. 14. Due to
the destructive interference between diagrams with /; and
h, mediation, the LHC search sensitivities on the SFDM
model are extremely weak in the region of m;, <2m,.
Without the destructive interference effects as in the sim-
plified model, the sensitivities in the same region can be
more than order of magnitude better but still way below the
LHC probe at the current stage. For my, 2 2m,, the
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5 10° by &y jets ' ’
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O 10t
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1000 4
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interference effects on the total cross section can be
destructive or constructive in the SFDM model depending
on my, as shown in the right panel of Fig. 8. However, the
interference effects always reduce the cut efficiency due to
the softened energy scale as compared to that in the
simplified model. Both facts lead to a better sensitivity in
the SFDM model than that in the simplified model for m;,, 2
300 GeV and becomes opposite for m;, < 300 GeV.

V. SUMMARY

In this work, we have studied the impact of the 125 GeV
Higgs boson on searches for DM in association with a top
pair (DM + 1) at the LHC in the SFDM model with the
Higgs portal. Depending on the mass relations of two
mediators and the DM, four cases are considered. For
case A and case B where the 125 GeV Higgs boson /4 is on
shell, the DM production is dominated by the mediator 4;.

sin9=0.2,m)(:80GeV,36fb’l
s 10% —4 min
5 . Ex=%ln,
v —h;&hy,jets
‘:IL —--hy,jets
c —_hj&hy,trjets
o 10* __-hy,trjets
E
9]
Q
a
=}
_1 1000
(@]
=
T}
o
100
\/
0 200 400 600 800 1000
mp,[GeV]

FIG. 14. The 95% C.L. upper limits on g in the inclusive hadronic (jets) and semileptonic (£ + jets) channels [61,62] for case C and
case D in the SFDM model (solid curves) and simplified model (dashed curves).
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For case C and case D, h; is always off shell while the
mediator %, can be either on shell or off shell. The impact
of hy is significant in a certain parameter space in these
cases, and the simplified model is not good enough.

Specifically, we find that when both /4; and h, are off
shell (case D), the destructive interference makes the total
cross section much smaller than that in the simplified model
without &,. If only £, is on shell (case C), the effect of /; on
the total cross section becomes more important for larger
my,, . Besides, with a larger total width of /,, which may
come from a large coupling g, or dominant decay of /4, into
the extra dark sector particles, the relative contribution of
hy (h,) to the total cross section for case C is further
increased (decreased). It is found that irrespective of g, and
[, the interference effect for case C is destructive in the
region of 2m, < m;, <380 GeV and constructive for
my, 2 380 GeV  with sinf = 0.2 and m, =80 GeV.
In addition to the total cross section, /; can also affect the
differential distribution of the DM + 7 process. Especially,
the p% in the SFDM model is always soften as compared to
that in the simplified model for case C and case D.

Finally, we study the impact of #; on the LHC bounds of
the DM + 7 search in the inclusive hadronic and semi-
leptonic channels with the integrated luminosity of 36 fb~!.
We find that the upper limit on the signal strength y for
case A in the SFDM model is smaller than 10, which is
almost independent of m,,,. For case B, the sensitivity also
depends on the triple scalar coupling 4; of hy — hy — h,.
Roughly, the upper limit is below 50 for the benchmark
values discussed. For case C, the sensitivity in the SFDM
model is extremely weak as compared to that in the
simplified model due to the destructive interference
between the SM Higgs boson and the singlet scalar, which
were largely ignored in theoretical and experimental papers
except in Refs. [16,25,26,30,38,39,54]. For case D, the
upper limit in the SFDM model is better than that in the
simplified model in the region of m,, 2 300 GeV and
becomes opposite for m;, < 300 GeV.

Before closing, we would like to point out that the
125 GeV Higgs boson is also important for the VDM
search at high-energy colliders. If one generates the vector
DM mass by a dark Higgs mechanism, then there will be a
mixing between the dark Higgs boson and the SM Higgs
boson [24], resulting in two scalar propagators that can
produce interesting interference [25,26]. Then the amplitude
for the VDM pair production at high-energy colliders will
take a form similar to Eq. (3.1). Effects of these two scalar
propagators have been studied in the context of character-
izing the mass and the spin of the Higgs portal scalar,
fermion and vector DM at the ILC [38,39] and at the LHC
and 100 TeV pp collider [16].

¥Note that there is no need to consider two scalar propagators
in the case of real singlet scalar DM (see, e.g., Ref. [38]).

In conclusion, we would like to emphasize that the
contribution of the 125 GeV Higgs boson should be
properly included to interpret correctly the LHC dark
matter searches in case of the s-channel scalar mediators:
It is important not only for the gauge invariance and
renormalizability at the high-energy scale, but also for
the quantitative difference of the upper limits and kinematic
distributions.
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APPENDIX: RELIC DENSITY AND DIRECT
DETECTION CROSS SECTION

In this Appendix, we show the relic densities and spin-
independent direct detection cross sections calculated using
MICROMEGAS [70] for the benchmark points of the cases
categorized in Sec. III.

Apart from the SM fermions or gauge bosons, the DM
pair can also annihilate into scalar bosons if it is kinemat-
ically allowed. The couplings of h; —h, — h, and h, —
hy — h; are defined in Eq. (2.19), while the couplings of
hy —hy — h; and hy — h, — h, are given by

A =gV cy—H1/259Co+ Ausvpsgeo—1/6uysy, (A1)

/1222 :/11.17]1.132 +ﬂ1/2C955 +/1H57JHC53‘9 + 1/6ﬂ2C3 (A2)
We take Ayg = 0.02 and u, = 100 GeV so that the triple
scalar couplings satisfy the experimental measurements.
For instance, if m,, =80 GeV, 1;;; = 0.944gy, 412 =
—0.097/151\/[, 1211 = 044/1SM and /1222 = 052/ISM with /ISM
defined in Eq. (2.22).

For case C and case D, a large coupling g, is allowed
since my,, < 2m,,. As aresult, the relic density of y is small
and can be below the measured DM relic density (Qyh* =
0.120 £ 0.001) [71]. In Tables I and II, we show the relic

TABLE L. Relic densities and spin-independent direct detection
cross sections for case C with sy=0.2, g,=4 and m,=80GeV.

my, [GeV] 200 300 400 500
Qh? 2.56x 1072 7.03 x 1072 8.51 x 1072 9.19 x 1072
oy [pb]  1.30x 1077 2.38 x 1077 2.84 x 1077 3.07 x 10~
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TABLE II.  Relic densities and spin-independent direct detection cross sections for case D with sy = 0.2, g, = 4,
m, = 80 GeV, Ayg = 0.02 and u, = 100 GeV.

my, [GeV] 70 90 110 130 150
Qh? 1.87 x 107 8.04 x 1073 1.15 3.72 3.72 x 1072
oy [pb] 1.67 x 1076 3.01 x 1077 2.96 x 1078 1.99 x 1070 3.26 x 1078
TABLE III. Relic densities and spin-independent direct detection cross sections for case B with sy = 0.2,

g, = 0.15, m, = 50 GeV, Ayg = 0.02 and p» = 100 GeV.

my, [GeV] 60 80 90
Qn? 8.27 8.31 8.17 7.77
oS! [pb] 5.40 x 10~ 232 %107 1.01 x 10 4.18 x 10710

densities and direct detection cross sections for the bench-
mark points with sy = 0.2, g, =4, m, =80 GeV and
my, € [70,500] GeV. In case C, the DM is annihilated
away through the s-channel /1, , mediation. Given a large
g, = 4, the relic densities of all the benchmark points are
below the measured DM relic density and are independent
of the triple scalar couplings. In case D, the relic densities
for m;, =70 and 90 GeV are far below the measured DM
relic density due to the annihilation of yy — hyh,. This
channel is kinematically suppressed for m;, 2 90 GeV.
Then, the DM can only annihilate through the s-channel
h; , mediation as in case C. For m;, = 110 and 130 GeV,
the relic densities becomes much larger because of the
cancellation between the contributions from the mediators
h] and hz.

For case A and case B, since m;, > 2m, the coupling g,
is severely constrained by the measurements of Higgs
invisible decay branching ratio. In Table III, we show
the relic densities for benchmark points in case B with

g, = 0.15and m, = 50 GeV (the relic densities for case A,
which are larger, are not shown here). The relic densities of
all benchmark points are larger than the measured DM relic
density. As we explained in Sec. II, this can be weakened
with the opening of new DM annihilation channels such as
¥y — Z'Z' or coannihilation within a richer dark sector.

We can find that the DM-nucleon scattering cross section
is well described by

oy o (g, sin(20))? <L2 - %) 2. (A3)

mhl I’}’lh2

Benchmark points in all case are challenged by current
DM direct detections [72-75] (for comparison, the 63" of
points with QA% < 0.120 should be rescaled by a factor
Qh?/0.120). This indicates that there will be other DM
annihilation mechanisms if our DM indeed comprises a
component of a full DM sector.
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