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Abstract We study the discovery and discriminating

prospects of the Higgs portal dark matter (DM) models for

scalar, fermion and vector DM and their extensions in proton–

proton (pp) collisions. The t t̄+DM associated production in

dileptonic final states is considered, in which the stransverse

mass of two leptons is found to be effective in suppress-

ing the Standard Model backgrounds along with the missing

transverse energy and the angle between two leptons. The

distributions of missing transverse energy and polar angle

between two leptons are used for a discrimination of the spin

nature of DM. For the proposed benchmark points, the dis-

covery/exclusion can be made with an integrated luminosity

less than 1 ab−1 given a 1% systematic uncertainty, while the

spin discrimination require integrated luminosity of a few

O(10) ab−1 given a 0.5% systematic uncertainty. The DM

phenomenology is also discussed. A consistent DM candi-

date can be obtained either by extending our model where

the Higgs portal couples to excited dark states that decay

into DM, or modifying the coupling form into pseudoscalar.

1 Introduction

The existence of dark matter (DM) has been confirmed by

astrophysical observations, such as galaxy rotation curve [1],

bullet cluster collision [2], cosmic microwave background

(CMB) anisotropy [3]. A precise measurement by the Plank

satellite [4] indicates that 26% of the total energy of our uni-

verse is made of nonbaryonic DM. Even with null results
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from underground direct detection experiments and lep-

ton/hadron colliders, there are its elusive hints at a few

indirect detection experiments in the space recently, e.g.

Fermi-LAT galactic center excess [5], AMS02 anti-proton

excess [6] and DAMPE electron/positron anomaly [7]. How-

ever, interpretations in terms of DM annihilation/decay are

rather ambiguous because of astrophysical uncertainties.

In contrast to those indirect detection experiments, prob-

ing the DM signals at colliders could elucidate the particle

physics properties of DM (e.g., couplings, spins) without

suffering from astrophysical uncertainties. In the framework

of a simplified model, where the DM is neutral under the

Standard Model (SM) gauge group and interacting with the

SM particles via the portal of a single mediator, many stud-

ies [8–15] are devoted to identify the spin (CP property) of

the mediator and resolve the coupling between the mediator

and SM particles. However, all those searches mainly focus

on the properties of the mediator, and the DM information is

usually unavailable. Because the DM is dominantly produced

by the decay of the on-shell mediator in the simplified model,

those visible final states do not carry any useful information

on the particle physics nature of the DM. Many other stud-

ies [16–18] consider the characterization of DM spin and its

coupling to SM particles in the framework of DM effective

field theory (EFT). The DM EFT, which is mainly advantaged

by its generality, may not be an appropriate description of an

UV-completion at the colliders [19–24]. The DM character-

izations in simplified models of some UV-completions are

studied until recently. Refs. [25,26] studied the DM spin dis-

crimination in the Higgs portal DM models at future electron-

positron collider. It was also found that the DM spin can also

be revealed at LHC through its radiative corrections to the

Drell–Yan process [27] and spectral decomposition of the

mono-jet signature [28]. Reference [29] shows that the DM
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properties can be determined by combining both the direct

detection and collider signals.

In this paper, as proceeding to our works in Refs. [25,26],

we study the discovery and spin discriminating prospects

of Higgs portal DM models with scalar DM, fermion DM

and vector DM at future hadron colliders. It was found in

our previous study [30] that the Higgs portal DM model is

well below the current sensitivity of LHC, due to its small

scalar mixing angle as required by the SM Higgs precision

measurement. Even the high luminosity LHC would only

be able to probe some portion of the parameter space in the

Higgs portal DM models. On the other hand, 100 TeV col-

liders [31,32] have been proposed to explore directly a much

larger region of the landscape of new physics models, such

as FCC-hh and SppC. The target integrated luminosity can

reach as high as 25 ab−1 [33]. So we conduct our studies at

100 TeV proton–proton collider in this work. At the LHC, the

DMs in the Higgs portal models are usually searched through

the mono-jet signature, due to its largest production cross sec-

tion. However, recent experimental results [34,35] show that

the t t̄+ DM associated production has a comparable sensitiv-

ity with the mono-jet channel if the SM fermions-mediator

couplings are proportional to Yukawa couplings. The t t̄+
DM production will be benefited much more than the mono-

jet channel by increasing the collision energy from 14 to 100

TeV collider. Much smaller energy fraction is required from

the parton distribution function of proton, which results in

a dramatically increased production cross section. Further-

more, the t t̄+ DM signature provides useful observables for

the DM spin discrimination.

This paper is organized as follows. In Sect. 2, the mod-

els are introduced and some possible DM spin discrimination

variables are proposed. Section 3 details the collider searches

for the DM and the strategy for the spin discrimination based

on a few benchmark points. For completeness, the DM phe-

nomenology are studied in Sect. 4, where two possible solu-

tions to evade the stringent results by DM direct detection

experiments are discussed. We summarize the work in Sect. 5.

2 Models and signals

In this work, we will consider minimal Higgs portal DM

models for scalar, fermion and vector DM particles, which

are required to conserve the SM gauge symmetry and

renormalizability. Since the models have been discussed in

Refs. [26,36,37], we simply list the interaction Lagrangians

for three types of Higgs portal DM models relevant to the

collider phenomenology.

Lint
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⎛
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where the subscripts SDM, FDM and VDM denote scalar

DM, fermion DM and vector DM, respectively. The impor-

tant fact is that there is only one scalar mediator, i.e. the SM

Higgs (h), in the SDM case, while there is an extra singlet

scalar in FDM and VDM cases because of the full SM gauge

symmetry and U (1) dark gauge symmetry. This singlet scalar

shall mix with the SM Higgs, giving two scalar mediators in

the mass eigenstates (H1, H2) with a mixing angle (α).

For the DM production with top quark pair, the dominant

ones are presented in the Fig. 1. To understand the main

kinematic features for each DM spin, it will be illustrative to

present the differential production cross sections with respect

to the variable t ≡ m2
DD = (pD1 + pD2)

2. Because of the

scalar nature of the mediators, the differential cross section

can be factorized into the off-shell mediator production with

mass t and its decay:
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(2.6)

Detailed derivation of above relations are given in Appendix A.

According to Eqs. 2.4–2.6, if there is DM with mass above
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Fig. 1 Dominant t t̄+DM associated production processes. The DM particle is denoted as D for generic case without specifying the spin

half of the SM Higgs boson mass (same as H1 mass) while

below half of the H2 mass (thus
√

t > mh/H1), the t distribu-

tion of SDM will be suppressed by the propagator at larger t

and that of FDM/VDM will be peaked at m H2 . For FDM and

VDM, the distributions of t at tails will be also different due

to the weight factors from matrix element calculation, i.e.

2t − 8m2
χ for FDM and 2 + (t−2m2

V )2

4m4
V

for VDM. This point

can become clear if we choose some benchmark points and

show the results numerically.

There are totally four parameters of relevance in the

FDM model for collider phenomenology: gχ , sin α, mχ

and m H2 . The benchmark points are chosen to guarantee

sufficient DM production rates at colliders while consis-

tent with current Higgs precision measurements. So we take

gχ = 3, sin α = 0.3, mχ = 80 GeV and four different

m H2 = {200, 300, 400, 500} GeV, which will be denoted

by FDM200, FDM300, FDM400 and FDM500, respectively.

The partial width of H2 → H1 H1 is assumed to be neg-

ligible1 and then H2 is dominantly decay into χχ̄ , e.g.

Br(H2 → χχ) > 96% for all benchmark points. We note

that future precision measurement of Higgs signal strength

which could reduce the allowed sin α can only lead to a total

rescaling in production cross section in our discussion.

The parameters for the VDM model are chosen accord-

ingly: sin α = 0.3 and mV = 80 GeV. The decay width of

H2 is an observable which may be determined from other

measurements. Also we wish to keep the branching ratios of

H2 → V V the same as those of H2 → χχ . Therefore the gV

for each benchmark point is chosen to keep the total decay

width of H2 the same with that in the FDM case. Table 1 pro-

vides the gV values of VDM benchmark points (VDM200,

VDM300, VDM400 and VDM500) and the corresponding

H2 decay widths.

As for the SDM model, there are only two free parameters:

mS and λH S . To coincide with the choice in FDM model,

in the following study of DM spin discrimination, we take

1 If H2 → H1 H1 contributes significantly to the H2 decay width, the

cross section of DM signal gets smaller. But H2 decay width gets wider,

which could improve the DM spin discrimination as discussed in this

paper.

Table 1 The values of gV in VDM model and its corresponding decay

widths of H2

m H2 (GeV) 200 300 400 500

Ŵ(H2) (GeV) 14.2 60.1 103.0 144.5

gV 3.53 3.07 2.37 1.91

mS = 80 GeV and λH S is chosen such that the number of

signal events after all selections are kept the same as that of

each benchmark point of the FDM model. However, changing

the λH S can only lead to total rescaling of the signal cross

section and will not affect the kinematic variable distributions

in the SDM case.

Based on those proposed benchmark points, we plot the

distributions of m DD ≡ √
t for the DM pair production

through the t t̄ associate channel at 100 TeV pp collider in

Fig. 2.

In the left panel of the figure, we can see that for the

SDM, the event fraction is largest for m DD ∼ 2m D and

drops quickly with increasing m DD due to the propagator

as well as the phase space suppression. The m DD distribu-

tions for benchmark points of FDM model are peaked at

m DD ∼ m H2 because of the resonant enhancement. We can

also observe the interesting interference effects between two

scalar mediators [30]: (1) the destructive interference in the

region m DD > m H1/H2 , e.g. the distribution of FDM200 is

dropping more rapidly than SDM in the region m DD � 200

GeV; (2) the constructive interference in the region m DD ∈
[m H1, m H2 ] which leads to relatively flat event fraction in

this mass region. The event fraction distributions of VDM

benchmark points follow similar features as those of FDM,

because of the same propagator structure. However, as we

have calculated before, the different t variable dependence

in the matrix element of scalar to DMs decay will leads to

distinguishable deviation in the m DD ≡ √
t distributions

(see Eqs. 2.4–2.6). Since the weight factor of FDM depends

linearly on t while that of VDM is quadratic, we can expect

that VDM will have more event fraction in the large m DD

region, as being demonstrated in the lower subplot. The ratio

between the event fractions of VDM and FDM is smaller

than unit when m DD � m H2 and greater than unit when
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Fig. 2 Distributions of DM pair invariant mass in the t t̄+DM asso-

ciated production channel at 100 TeV pp collider for 80 GeV DM at

LO (left) and NLO (right). The lower plots show the ratios between the

event fractions of FDM and VDM. The dashed lines correspond to the

benchmark points in VDM model which have the same H2 masses with

the points in FDM model that are shown by the solid lines with the same

colors. All distributions are normalized to unity

m DD � m H2 . This behavior is more visible for a benchmark

point with heavy H2 where the resonance enhancement is not

that severe. We also stress that this argument still persist when

the next-to-leading order (NLO) corrections are included. In

the right panel of the same figure, we plot the m DD distri-

butions with the NLO QCD correction. All distributions are

almost unaltered.

We know that the m DD is corresponding to the off-shell

mass of a virtual scalar that is produced recoiling against

two top quarks. For a given collision energy at pp collider, a

heavier virtual scalar would lead to less energy in the recoil-

ing top quark pair, thus larger angular difference between

the two top quarks. There are two angular variables that

can be used to characterize the top quark separation: the

azimuthal angle difference �φ(t, t) and the polar angle dif-

ference cos θ(t, t) ≡ tanh(�η(t, t)/2). We find they work

equally well in our study so we simply focus on the polar

angle difference throughout this work [9]. In the upper-left

panel of Fig. 3, the distributions of the cos θ(t, t) for all

benchmark points are presented. Comparing to the Fig. 2, we

can find the high correlation between the m DD and cos θ(t, t)

distribution: (1) the SDM has quite similar cos θ(t, t) shape

with the FDM200/VDM200 since their m DD distributions

are close; (2) for either FDM or VDM case, with the increase-

ment of H2, m DD is distributed toward larger value, which

in turn leads to larger angular separation; (3) the difference

between FDM and VDM is still appreciable in the cos θ(t, t)

distribution.

However, we are considering the dileptonic decaying top

quark pair of this channel. It will be impossible to reconstruct

the directions of the two tops at the detector, because of mul-

tiple invisible particles in the final states. On the other hand,

the direction of the charged lepton from the top quark decay is

correlated to the top quark spin axis, so the angular variables

of the leptons can be used as proxies for the top quark angles.

The distributions of polar angle difference between two lep-

tons (cos θ(ℓ, ℓ)) are given in the upper-right panel of Fig. 3,

which indeed look similar to the distributions of cos θ(t, t).

The smearing effect due to this indirect measurement makes

the distinction among different scenarios slightly harder.

Finally, we also show the distributions of both cos θ(t, t)

and cos θ(ℓ, ℓ) at NLO in lower plots of Fig. 3. Because the

differences in both cos θ(t, t) and cos θ(ℓ, ℓ) mainly origi-

nate from the m DD distributions which is however not altered

by the NLO correction, the changes in the distributions of

cos θ(t, t) and cos θ(ℓ, ℓ) after considering NLO effect are

found to be quite small, even though we can observe slightly

increased deviations among different scenarios according to

the Monte Carlo simulation.

3 Collider searches

We generate the signals and SM backgrounds events at NLO

level within the framework of MadGraph5_aMC@NLO pro-

gram [38,39]. The UFO model files which include the NLO

QCD counterterms are generated by the FeynRules [40,41].

MadSpin [42] is used to generate decays of the top quark

and the W boson in the final state in order to maintain the

angular information of the decay products. The Pythia8 [43]

is used for parton showering and hadronization. The final

state jets are clustered using anti-kT algorithm with param-
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Fig. 3 Distributions of the angular difference between top quark pair (left) and the lepton pair from top quark decay (right) at leading order (upper)

and next-to-leading order (lower)

eter R = 0.4 as implemented in Fastjet [44]. Finally, the

detector effects are simulated by using Delphes [45], where

we adopt the ATLAS configuration card to mimic the smear-

ing and reconstruction efficiency at future collider.2 The b-

tagging efficiency [46] is set to be 70%, and the correspond-

ing mis-tagging rates for the charm- and light-flavor jets are

taken to be 0.15 and 0.008, respectively.

Because of suppression of the SM background and pre-

cise measurement of leptons angles, we only consider the

dileptonic channel in t (→ bℓν)t̄(→ bℓν)+ DMs produc-

tion at 100 TeV pp collider. The dominant SM background

processes are associated tW and t t̄ production in dileptonic

channels as well as t t̄ Z(→ νν) production. The latter is par-

ticularly important when a hard cut on the Emiss
T is applied.

Moreover, we find that the t t̄W can also be subdominating,

if the lepton in W → ℓν decay is not detected in the detector.

2 We expect to get similar results with CMS configuration card.

3.1 Search strategy

Our preselection of signal events require exactly two opposite

sign leptons (e, μ) and at least one b jet in the final state.3

The leptons should have pT > 20 GeV and |η| < 2.5, as

well as be isolated: the scalar sum of transverse momenta

of all particles with pT > 0.5 GeV that lie within a cone

of radius R = 0.5 around the e(μ) is less than 12%(25%)

of the transverse momentum of the e(μ). The b-jets need to

fulfill pT > 25 GeV and |η| < 2.5 to ensure relatively high

tagging efficiency. In the second and third rows of Table 2,

the cross sections of backgrounds [31] and signals before

and after preselections are given. The NLO QCD corrections

have been taken into account. For the cross section of t t̄ pro-

cess, we require at least one top quark to decay leptonically

3 We find requiring two b-jets reduces both signal and backgrounds by

a factor around 1/3.
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Fig. 4 Distributions of Emiss
T and mT2 (ℓ, ℓ) for signals and background (weighted sum) after the preselections. The distribution of background is

normalized to the actual cross section and those of signals have been 2 × 104 times magnified for visibility

and the missing transverse momentum due to the neutrino

in the final state to be larger than 100 GeV. Since we only

required one b-jet in the final state, the W W b with dilep-

tonic decaying W pair is also an important background for

our analysis. This process is dominated by the tW produc-

tion with subsequent top quark decay t → bW . We can find

the preselection reduces the background cross sections by a

factor of a few O(10), partly because of the branching ratio

suppression. Signal benchmark points with different masses

are all reduced by a similar amount, i.e. a factor of 5, mainly

originating from the lepton reconstruction efficiency.

A few cuts on some kinematic variables are applied to fur-

ther improve the signal and background discrimination. To

reject the two leptons from Z boson decay in the t t̄ Z back-

ground, the two lepton invariant mass mℓℓ ≡
√

(pℓ1 + pℓ2)
2

should be far from the Z pole, mℓℓ /∈ [85, 95] GeV. The cross

section of t t̄ Z after the preselection can be decreased to half

after imposing this condition, while others are kept almost

the same.

For our benchmark points, the mediator of mass around a

few O(100) GeV is produced in association with top quarks.

So the signals will typically have harder spectrum in Emiss
T

than the backgrounds where the missing transverse energy

is from either neutrino in top quark decay or neutrinos (and

missing leptons) from vector boson decay. The distributions

of Emiss
T after preselections are ploted in the left panel of

Fig. 4. We can see that even though both signals and back-

ground distributions peak at around 100–200 GeV, the sig-

nals have much flatter tail than the background especially for

benchmark points with heavy H2. At this stage, we simply

apply cut Emiss
T > 150 GeV. The shape information of Emiss

T

will be used later for more dedicated analysis. The efficiency

of this cut can be seen in the fifth row of Table 2.

Another useful and less correlated discriminating variable

is the lepton pair stransverse mass [47],

mT2(ℓ, ℓ)

= min
	pD1

T + 	pD2
T = 	pmiss

T

(

max
[

mT ( 	pℓ
T , 	pD1

T ), mT ( 	pℓ
T , 	pD2

T )
])

,

(3.1)

where the mT ( 	pℓ
T , 	pD1

T ) =
√

2pℓ
T p

D1

T (1 − cos θ) is the

transverse mass of the ℓ1 D1 system. The stransverse mass

has been demonstrated to be very powerful in characterizing

the mass scalar of heavy particle which is produced in pair

and subsequently decay into both visible and invisible parti-

cles. For the t t̄ background, the two leptons in the final state

come from the W boson decay. So the mT2(ℓ, ℓ) will drop

rapidly at around mW , as shown clearly in the right panel of

Fig. 4. We apply a relatively stringent cut on the stransverse

mass variable in order to reduce the background to a manage-

able level, mT2(ℓ, ℓ) > 150 GeV. We can see from the last

row of Table 2. It reduces the cross sections of t t̄ and W W b

backgrounds by three orders of magnitude and two orders

of magnitude, respectively. As for t t̄V background and sig-

nal processes, some of the missing transverse momenta are

coming from vector boson decay or DMs, the falling of the

tails for which is much flatter than that of t t̄ backgrounds.

The t t̄W and t t̄ Z events are reduced by factors of thirty and

ten, respectively. As a consequence, the cross section of t t̄ Z

background becomes comparable to that of t t̄ events after

considering the mT2(ℓ, ℓ) requirement. Due to the heaviness

of the mediator in signal process, this cut only reduce the

signals by factors around four.

In Table 2, the background cross sections are still around

two order of magnitude larger than signal processes. With a
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Table 2 Cut flows for the SM background and FDM processes. The cross sections of signals in the second row include the branching ratios of

leptonically decaying tops. Here t̄ tℓ means that at least one (anti)top decays leptonically, Wℓ corresponds to leptonic decay of W boson

t̄ t
(Emiss

T >100 GeV)

ℓ t̄ tW t̄t Z WℓWℓb FDM200 FDM300 FDM400 FDM500

Cross section 1316.5 pb 20.5 pb 64.2 pb 128.4 pb 34.2 fb 18.7 fb 14.8 fb 12.5 fb

Presections 63.76 pb 351.8 fb 1.9 pb 25.4 pb 7.86 fb 3.99 fb 3.05 fb 2.55 fb

mℓℓ /∈ [85, 95] GeV 59.8 pb 330.4 fb 1.05 pb 23.9 pb 7.47 fb 3.82 fb 2.92 fb 2.44 fb

Emiss
T > 150 GeV 17.76 pb 69.61 fb 261.14 fb 3.5 pb 4.17 fb 2.44 fb 1.93 fb 1.63 fb

mT2 (ℓ, ℓ) > 150 GeV 23.83 fb 1.92 fb 32.1 fb 38.0 fb 0.87 fb 0.62 fb 0.54 fb 0.47 fb
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Fig. 5 Distributions of Emiss
T for signal and SM background events

after applying all selection requirements. The distribution for back-

ground events is normalized to the actual cross section and those for

signals have been 100 times magnified for visibility

signal significance estimator (ignoring the systematic uncer-

tainty)

S =
√

−2

(

nb log
ns + nb

nb

− ns

)

, (3.2)

we find that benchmark points FDM200, FDM300, FDM400

and FDM500 will be excluded at 2σ level with the integrated

luminosity of 509, 1001, 1319 and 1741 fb−1, respectively.

New, the discovery prospects are evaluated by using the

shape information of Emiss
T distributions. Figure 5 shows the

distributions of Emiss
T for signals and background after apply-

ing all selection cuts. Due to the relatively high energy scale

of signal processes, the event fraction of signals decrease

much slower than the background with increasing Emiss
T .

In order to quantify the difference between the signal and

background in terms of the Emiss
T distributions including the

information of total normalization, we adopt the binned log-

likelihood analysis [15].

We first consider the Emiss
T distribution of total background

(weighted sum among all processes) as null hypothesis (H0)

and that of background plus one of the benchmark points as

test hypothesis. Due to the limited number of total events

after all selections, the Emiss
T distributions are divided into

11 bins within the range of [150, 700] GeV. In each bin,

the probability that the i-th bin with the expected value of

ti has ni observed events obeys the Poisson distribution, i.e.

(t
ni

i e−ti )/ni !. So we can determine the probability of the full

distribution by multiplying the probability of each bin, giving

the binned likelihood

L(data|Hα) =
∏

i

t
ni

i e−ti

ni !
. (3.3)

Here i runs over 11 bins and Hα corresponds different

hypothesis. Then, we can define the test statistic Q as the

log likelihood ratio between a given hypothesis and the null

hypothesis

Q = − 2 log

(

L(data|Hα)

L(data|H0)

)

. (3.4)

Finally, we use the distributions of Emiss
T in hypothesis H0

and Hα, α>0 to generate two sets of pseudodata. Each set

of pseudodata will give a distribution of the test statistics.

Using those two distributions of Q, we can calculate the p

value of the test hypothesis (Hα, α>0) by assuming that the

actual observation is at the center of Q distribution under null

hypothesis.

The p values for those FDM benchmark points are shown

in Fig. 6 with varying the integrated luminosity, where the

95% exclusion (probing) limit is also indicated by the hor-

izontal dashed line. The widths of bands are showing the

sensitivities without systematic uncertainty (lower boundary)

and assuming systematic uncertainty of 1% (upper bound-

ary).4 By considering the shape of the Emiss
T distributions,

the required integrated luminosities for 2σ sensitivity are

roughly reduced by half for all benchmark points (250 fb−1,

500 fb−1, 750 fb−1 and 1000 fb−1 for FDM200, FDM300,

4 This optimistic estimation of systematic uncertainty has been adopted

in a few studies at future collider by phenomenological group [48,49]

and by experimental group [50,51].
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Fig. 6 Discovery prospects of benchmark points in FDM model at 100

TeV pp collider. The widths of bands are showing the sensitivities with-

out systematic uncertainty (lower boundary) and assuming systematic

uncertainty of 1% (upper boundary). The p value correspond to 95%

C.L. probing is indicated by the horizontal dashed line

FDM400 and FDM500 with systematic uncertainty less than

∼ 1%, respectively). Our benchmark points will be tested in

an early stage at the future pp collider.

3.2 Discrimination prospects

Once an excess in dilepton + Emiss
T events is observed, it will

be important to identify the underlying new physics. This

subsection is devoted to distinguish the benchmark points

with different DM spins as proposed in Sect. 2.

As seen in Fig. 5, the Emiss
T distribution of SDM is similar

to that of FDM/VDM with H2 = 200 GeV, but it is quite

different from those with heavier H2. Given H2 mass, the

VDM has harder Emiss
T spectrum than FDM due to the same

reason as explained for m DD distribution in previous section

(see discussions on Fig. 2). Moreover, the signal rates are

also different between benchmark points of FDM and VDM,

especially when the H2 is heavy. This motivates us to study

the spin discrimination by using the binned log-likelihood

test again. But here, for each H2 mass, the null hypothesis

is the SM background plus a FDM benchmark point and the

test hypothesis is the SM background plus the corresponding

benchmark point of VDM or SDM. We note that the bench-

mark point of SDM model has the same number of events

after all selections with that of FDM model.

The p values for spin discrimination with varying inte-

grated luminosity are plotted in Fig. 7. The future 100 TeV

pp collider will be able to accumulate approximately 30 ab−1

data [33]. It will be possible to distinguish FDM and VDM

when the mediator (H2) mass is either light (m H2 � 200

GeV) or heavy (m H2 � 500 GeV), since the production rate

is large in the former case and difference in Emiss
T distribution

is large in the latter case. The future pp collider is not able to

resolve the DM spin for m H2 ∼ [300, 400] GeV. For FDM

and SDM, it will be possible to distinguish for benchmark

points with relatively large m H2 . As we have already seen

from Fig. 5, the Emiss
T shapes of FDM and SDM become too

similar for m H2 ∼ 200 GeV.

To improve the spin discrimination power, the polar angle

between two leptons cos(θℓℓ) is additionally considered with

Emiss
T . We perform the binned log-likelihood test on the

two dimensional distribution of these two variables. Fig-

ure 8 gives the two dimensional distribution of Emiss
T and

| cos(θℓℓ)| for a weighted sum of SM backgrounds and bench-

mark points SDM, FDM500 and VDM500. Note that the dis-

tribution of cos(θℓℓ) is an even function, so its absolute value

has been used in the histograms with five bins to maintain

sufficient statistics.

The binned likelihood are defined with two dimensional

bins

L(data|Hα) =
∏

i, j

t
ni j

i j e−ti j

ni j !
, (3.5)

where the indexes i and j run over the bins of Emiss
T and

| cos(θℓℓ)| respectively. The expected p values with respect

to the integrated luminosity are plotted in Fig. 9. Comparing

to the discrimination with only Emiss
T distribution, we can find

that with the additional information from the angular sepa-

ration of dilepton, the required integrated luminosities for

95% C.L. probing are reduced by more than half for those

benchmark points. The spin discrimination between FDM

and VDM is possible at future pp collider for mediator mass

either ∼ 200 or ∼ 500 GeV, where we have assumed the

systematic uncertainty can be controlled at ∼ 0.5% level.

And the spin discrimination between FDM and SDM is even

better, which can be accomplished with integrated luminos-

ity below ∼ 30 ab−1 for all mediator masses given a 0.5%

systematic uncertainty.

3.3 Varying the couplings

We here repeat the study of the prospects for discovery and

spin discrimination for gχ = 1 in the FDM model, instead of

gχ = 3 in the previous subsections. The benchmark points

in VDM model are chosen such that the decay widths of H2

are kept the same as the ones in the FDM model assuming

negligible H2 → H1 H1 partial decay width. In the case of

the SDM models, the benchmark points are chosen such that

the signal yields after the all selection cuts are kept the same

with each of benchmark points in the FDM model by taking

appropriate λH S values.
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Fig. 7 Spin discrimination prospects between FDM and VDM in the left panel; between FDM and SDM in the right panel. Only the shape

information of Emiss
T distributions are used. And the systematic uncertainty is ignored

Fig. 8 Two dimensional distributions in | cos(θℓℓ)| and Emiss
T plane after all selection requirements for an weighted sum of all SM backgrounds

and SDM, FDM500 and VDM500, respectively. Color code is indicating the actual cross section [fb] in each bin

Fig. 9 Spin discrimination prospects between FDM and VDM in the

left panel; between FDM and SDM in the right panel. The two dimen-

sion distributions in the cos(θℓℓ) and Emiss
T plane are used. Bands are

plotted in the same way as explained in the caption of Fig. 6, but here

the systematic uncertainty is assumed to be slightly smaller, i.e. 0.5%

The signal production cross section for benchmark points

of FDM and VDM models are given in Table 3. Comparing

with Table II for gχ = 3, we find that the FDM signal cross

sections are almost irrelevant to the coupling gχ for rela-

tively light H2 (m H2 ∼ 200 GeV). This is because the signal

is dominated by the on-shell H2 production which mostly
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Table 3 The production cross sections for benchmark points with gχ =
1. The branching ratio of leptonic top quark decay (t → beν/bμν) has

been taken into account

m H2 (GeV) gχ = 1

FDM (fb) VDM (fb)

200 35.7 36.0

300 17.0 16.9

400 10.8 10.5

500 7.41 6.95

Fig. 10 Discovery prospects of benchmark points with gχ = 1 in

FDM model at 100 TeV pp collider. The bands have the same meanings

as explained in the caption of Fig. 6

decays into DM pair. It should be noted that VDM will typ-

ically have lager cross section when H2 is lighter and have

smaller cross section when the H2 is heavier than the FDM.

Since all of our benchmark points are characterized by

similar energy scale and kinematic features, we adopt the

same analysis as has been proposed in Sect. 3.1 to the bench-

mark points with gχ = 1: (1) preselection with exactly two

opposite sign leptons and at least one b-jet; (2) mℓℓ /∈ [85, 95]
GeV; (3) Emiss

T > 150 GeV; (4) mT2(ℓ, ℓ) > 150 GeV.

The shapes of the Emiss
T distributions after above selection

requirements are used in the binned log-likelihood analysis

to calculate the p value for each benchmark point with respect

to varying integrated luminosity. The discovery prospects are

provided in Fig. 10. The search sensitivity is improved for

benchmark points with larger production cross section. Over-

all, all benchmark points of gχ = 1 should be detectable with

an integrated luminosity below ∼ 3000 fb−1, assuming the

systematic uncertainty � 1%. Comparing to the Fig. 6, the

change of prospects due to the choice of gχ values is vis-

ible when the H2 is relatively heavy (m H2 � 400 GeV),

where the DM production through off-shell H2 contribution

is dominant.

Finally, we consider the spin discrimination for those

benchmark points with gχ = 1. As before, the two dimen-

sional binned log-likelihood test is performed on the distri-

butions in the Emiss
T and | cos(θℓℓ)| plane. The resulting p

values for each case are plotted in Fig. 11, where we also

consider the case with systematic uncertainty of 0.5%. For

the gχ = 1 case, distinguishing between FDM and VDM

will be very difficult, especially when H2 is heavier. Because

the on-shell H2 production becomes dominant for a small

coupling as well as the signal production rate gets smaller

for heavier H2. We conclude that the spin discrimination is

only possible when m H2 � 300 GeV. The discrimination of

FDM and SDM is relatively easier due to the intrinsic differ-

ence that FDM model has two scalar mediators while SDM

model only has one. It will be possible to distinguish FDM

from SDM with integrated luminosity below ∼ 15 ab−1 for

all benchmark points.

4 DM phenomenology in the Higgs portal DM models

and their extensions

4.1 DM phenomenology of the benchmark points

Let us briefly discuss the DM phenomenology of our

benchmark points, especially the DM relic density and

direct detection constraints. We first write the complete

model Lagrangains [26] with FeynRule and produce the

CalcHEP/CompHEP [52] model files. The model files are

used by micrOMEGAs [53] to calculate the relic density

and direct detection for each benchmark point. The results

(gχ = 3 case) are presented in Table 4. According to our

choices of benchmark points, the DM particles dominantly

annihilate into W W (∗) through scalar mediator(s) in the early

universe for any DM spin. The DM relic density for all bench-

mark points are below the measurement (h2
0 = 0.1198) [4].

For FDM case, because the DM annihilation is p-wave sup-

pressed, its relic density is larger than that of SDM and VDM.

Comparing the rescaled DM nucleon scattering cross sec-

tion (by a factor of h2

0.1198
) and the LUX constraints [54], we

would conclude that all of our benchmark points should have

already been excluded by the direct detection experiment.

However, there are several ways to evade this issue. On one

hand, the direct detection limits depend on assumptions about

the local dark matter density and DM velocity distributions,

which are expected to vary from the standard assumptions

used in the experimental analyses [55–58]. Furthermore, the

direct detection cross section depends on hadronic matrix ele-

ments which also have considerable uncertainties [59,60].

On the other hand, the Emiss
T signatures at colliders could

be generated not by the real DM candidate that is respon-

sible for the DM relic density of the universe, but by some
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Fig. 11 Spin discrimination prospects between FDM and VDM in the upper panels; between FDM and SDM in the lower panels. The two

dimension distributions in the cos(θℓℓ) and Emiss
T plane are used. The bands have the same meanings as explained in the caption of Fig. 9

Table 4 Relic densities and

direct detection rates for

benchmark points with gχ = 3

m H2 (GeV) 200 300 400 500

FDM h2 7.18 × 10−3 1.18 × 10−2 1.28 × 10−2 1.33 × 10−2

σ SI
p · h2

0.1198
[pb] 2.28 × 10−9 1.13 × 10−8 1.61 × 10−8 1.87 × 10−8

VDM h2 4.78 × 10−4 1.60 × 10−3 3.05 × 10−3 4.88 × 10−3

σ SI
p · h2

0.1198
[pb] 8.44 × 10−10 3.93 × 10−9 5.32 × 10−9 5.97 × 10−9

SDM h2 2.83 × 10−5 4.95 × 10−5 1.04 × 10−4 1.72 × 10−4

σ SI
p · h2

0.1198
[pb] 3.02 × 10−9 2.94 × 10−9 2.85 × 10−9 2.78 × 10−9

heavier dark states that can either decay or annihilate into

the proper DM candidate of the universe. Then the stringent

DM direct detection constraints would not be applicable to

these heavier dark states. In the following, we provide two

possible scenarios which have correct relic density and evade

the DM direction detection, while keeping the collider phe-

nomenology almost the same as the benchmark points for the

FDM case. The direct detection problem for VDM and SDM

models can be solved in a similar way.

If we choose smaller gχ sin α and mχ > m H1, m H2 , there

is ample parameter space where FDM models provide ther-

mal DM without violating stringent constraints from the

direct detection experiments. However, in this case the pro-

duction cross section at high energy collider becomes too

small, and probably it is outside the reach of a future col-

lider.

4.2 Towards more complicated cases : Higgs portals to

excited dark states

In a generalized case, the DM sector consists of two DM

particles χ1 and χ2, where we assume mχ2 > mχ1 . The

complete model Lagrangian is given as [61]

L =
∑

i=1,2

χ̄i (i /D−mi −yi S)χi −[χ̄1(ys +iypγ
5)Sχ2+h.c]

− 1

4
VμνV μν + 1

2
DμSDμS − 1

2
m2

S S2 − V (H, S),

(4.1)

where we have introduced an extra U (1)D dark gauge group

with dark photon Vμ; S is an SM singlet complex scalar with

nonzero U (1)D charge.5 In the scalar potential V (H, S), S

can develop a vacuum expectation value (VEV) providing the

(additional) masses for the dark photon (two dark fermions).

Also, it can mix with the SM Higgs (H ) boson giving rise to

a possible collider detection of the fermionic DM sector.

In order to produce the benchmark points in the model,

we require y2 = gχ , mχ2 = 80 GeV, mS = {200, 300, 400,

500} GeV and the scalar mixing angle sin α = 0.3. The

model with this parameter setup will generate exactly the

same collider signals as discussed before. On the other hand,

since mχ2 > mχ1 , χ2 can annihilate into χ1 while the reverse

is not true at low temperature. Moreover, there could be decay

5 Theχ1,2 in the Lagrangian are not mass eigenstates if S develops VEV.

We will not distinguish between mass eigenstates and gauge eigenstate

in our discussion for simplicity.
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channels χ2 → χ1γD , and χ2 → χ1S∗(→ χ1χ1). All those

facts wash out the existence of the χ2 particles since the

very early stage of the universe while χ2 can be copiously

produced at hadron collider and leave the detector as missing

transverse energy.

χ1 particles are responsible for the relic density and astro-

physics evidences of DM. In the early universe, χ1 pair

can dominantly annihilate into two dark photons through t-

channel process. Meanwhile, the DM direct detection con-

straints can be easily evaded as long as the y1 coupling is suf-

ficiently small. More details will be presented elsewhere [61].

4.3 Pseudoscalar mediator mixing with the SM Higgs

Another simple scenario to evade the stringent DM direct

detection constraints is to change the coupling form between

the mediator and the DM particle, e.g., use the pseudoscalar

coupling. The DM phenomenology and the collider phe-

nomenology of the minimal FDM model with a pseudoscalar

coupling have been studied for the following interaction

Lagrangian [62]:

Lint
FDMSA = − ig A

χ (H0 sin α + A cos α) χ̄γ 5χ

− (H0 cos α − A sin α)

×

⎡

⎣

∑

f

m f

vh

f̄ f − 2m2
W

vh

W +
μ W −μ− m2

Z

vh

ZμZμ

⎤

⎦,

(4.2)

where H0 plays the role of SM Higgs and A is the SM singlet

scalar.

In this model, the matrix element of the DM-nucleon scat-

tering is proportional to the DM velocity

M ∝ Mχ · M f = −2q i (ξ†
χ Ŝiξχ )

× [2m f (ξ
†
f ξ f ) + i

μ

m f

ǫi jkq iv j (ξ
†
f Ŝkξ f )], (4.3)

which leads to v2 ∼ 10−6 suppression in the DM-nucleon

scattering cross section:

σ SI
χ N = 2

π

μ4

m2
χ

λ2
N v2, (4.4)

where

λN = gχ sin α cos αm N

vh

(

1

m2
H0

− 1

m2
A

)

fN , (4.5)

with N denoting nucleon and fN ≈ 0.28 [63–66]. In contrast,

the s-wave DM annihilation is still permitted which requires

the DM relic density of our benchmark points to be below

the observation. This means that the DM considered in this

example only constitutes a fraction of the total amount of

DM sector.

By changing the coupling from scalar to pseudoscalar,

the main kinematic features of the signal at hadron collider

is unaltered. But it is still possible to distinguish between

those two scenarios with similar technique as adopted for spin

discrimination. We can write the differential cross section of

DM production as (Appendix A)

dσFDMSA

dt
∝ σ h∗

FDMSA × | 1

t − m2
H0

+ im H0ŴH0

− 1

t − m2
A + im AŴA

|2 · 2t. (4.6)

Comparing to Eq. 2.5, we can find the weight factor to be

(2t − 8m2
χ ) for scalar and 2t for pseudoscalar. Because

2t2−8m2
χ

2t1−8m2
χ

> 2t2
2t1

for t2 > t1, we expect that the mχχ spec-

trum in scalar mediator model will be harder than that in

pseudoscalar model.

To demonstrate the argument, we choose four benchmark

points in the pseudoscalar mediator FDM model, denoted

by FDMSA200, FDMSA300, FDMSA400 and FDMSA500

corresponding to those of FDM. Here the S/A indicates that,

in this model, the mediator couples to SM fermions/DM

with scalar/pseudoscalar coupling. The coupling g A
χ for each

benchmark point is chosen such that the decay width of A

is the same as H2 of the corresponding benchmark point in

FDM models. The mχχ distributions for all benchmark points

are plotted in the left panel of Fig. 12. It can be clearly seen

that the spectra of FDMSA is softer. This feature is inherited

by the two lepton angular separation as a physical observ-

able. The distributions of polar angle difference between the

two leptons for those benchmark point are provided in the

right panel of the figure. Events with lager mχχ will have

larger angular separation between two leptons.

Again, we adopt the same analysis strategy as in Sect. 3

to study the discovery and discriminating (from FDM)

prospects of the FDMSA model. The shape information

of Emiss
T distribution has been used in signal probing. The

p value with respect to the integrated luminosity for each

FDMSA benchmark point is plotted in the left panel of

Fig. 13. Similar to the FDM case, all benchmark points are

probeable at 95% C.L. for integrated luminosity below ∼ 500

fb−1 given a 1% systematic uncertainty. In order to discrimi-

nate the FDM benchmark points from those of FDMSA, both

the shapes of Emiss
T and cos(θℓℓ) are taking into account. The

two dimensional binned log-likelihood analysis shows that

the discrimination can be made with an integrated luminosity

of around 15 ab−1 for all benchmark points if the systematic

uncertainty can be controlled at 0.5% level.
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Fig. 12 Parton level distributions of DM pair invariant mass (left) and polar angle difference between two leptons (right) at 100 TeV pp collider

Fig. 13 Left: discovery prospects of benchmark points in FDMSA model; Right: discriminating prospects between FDM and FDMSA models.

The systematic uncertainties are taken to be 1% and 0.5% in discovery and discrimination, respectively

5 Summary

In this paper, we have investigated prospects of the DM dis-

covery and its spin discrimination at a 100 TeV pp collider

for the Higgs portal DM models and their extensions with

the t t̄+DM associated production in the dileptonic channel.

Kinematic variable of dilepton invariant mass mℓℓ, missing

transverse energy Emiss
T and stransverse mass of the two lep-

tons mT2(ℓ, ℓ) are used in our cut-and-count analysis for the

first stage of signal and background discrimination. Espe-

cially, the mT2(ℓ, ℓ) is found to be useful in suppressing the

SM t t̄ background. The shape information of the Emiss
T is

used further by one dimensional binned log-likelihood test

to estimate the signal discovery prospects. We find that our

benchmark points can be probed at a future pp collider with

an integrated luminosity below ∼1 ab−1, assuming the sys-

tematic uncertainty can be controlled at 1% level.

The models with different DM spins are predicting dif-

ferent distributions in the variable t ≡ m2
DD . Even though

the t variable itself is not an observable at hadron collider,

its feature can be reflected in the angular separation between

recoiling two top quarks. We adopt a two dimensional binned

log-likelihood analysis on the distributions of missing trans-

verse energy and two leptons (from top quark decay) polar

angle difference for different signals plus backgrounds for

the DM spin discrimination. Our study shows that the DM

spin discrimination is possible at a future 100 TeV collider

with an integrated luminosity below a few O(10) ab−1 for

most cases if the systematic uncertainty can be controlled at

∼ 0.5% level. By applying the same analysis to more general
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cases with smaller couplings (gχ = 1), our findings do not

change much except that the DM spin discrimination become

very difficult when the coupling is small and the mediator

(H2) is heavy.

Finally, we discuss the DM phenomenology of our bench-

mark points, where relic densities are well below the mea-

surement and which are challenged by DM direct detection

experiments. Two possible solutions are proposed to avoid

these issues: (1) extending the DM sector where the DM par-

ticle of interest at collider is not the same as the DM particle

from astrophysics observation; (2) modifying the DM cou-

pling such that the non-relativistic DM-nucleon scattering

is suppressed, i.e. using pseudoscalar coupling between the

DM and the mediator. Discrimination between the scalar and

the pseudoscalar couplings is shown to be quite promising at

a future 100 TeV pp collider.
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Appendix A: Matrix element calculation

In this appendix, we calculate the spin summed matrix ele-

ment square for each case that is discussed in current work.

1. Fermion DM with scalar interaction

Assuming the mediator is propagating along the z−axis with-

out loss of generality, the wave function for the outgoing DM

and anti-DM are given by:

u
p
+ = 1

√

2| 	p|(| 	p| + pz)

{

ω
p
−(| 	p| + pz),

ω
p
− px , ω

p
+(| 	p| + pz), ω

p
+ px

}T
, (A.1)

u
p
− = 1

√

2| 	p|(| 	p| + pz)

{

ω
p
+ px , ω

p
+(| 	p| + pz),

− ω
p
− px , ω

p
−(| 	p| + pz)

}T
, (A.2)

v
q
+ = 1

√

2|	q|(|	q| + qz)

{

ω
q
+qx , − ω

q
+(|	q| + qz),

− ω
q
−qx , ω

q
−(|	q| + qz)

}T
, (A.3)

v
q
− = 1

√

2|	q|(|	q| + qz)

{

ω
q
−(|	q| + qz), ω

q
−qx ,

− ω
q
+(|	q| + qz), − ω

q
+qx

}T
, (A.4)

where ω± =
√

E ± | 	p|; p and q are the four momentum

of DM and anti-DM respectively. The spin summed matrix

element square is

∑

|ū(p)v(q)|2

= (px qx + | 	p|(|	q| + qz) + pz(|	q| + qz))
2

2| 	p||	q|(| 	p| + pz)(|	q| + qz)

(ω
p
+ω

q
− − ω

p
−ω

q
+)2

+ (qx (| 	p| + pz) − px (|	q| + qz))
2

2| 	p||	q|(| 	p| + pz)(|	q| + qz)
(ω

p
−ω

q
− − ω

p
+ω

q
+).

(A.5)

If one take the DM momenta in the rest frame of the mediator

with mass given by
√

t = m DD:

p =
{√

t

2
,

√

t

4
− m2

D sin θ, 0,

√

t

4
− m2

D cos θ

}

, (A.6)

q =
{√

t

2
,−

√

t

4
− m2

D sin θ, 0,−
√

t

4
− m2

D cos θ

}

,

(A.7)

we can obtain

∑

|ū(p)v(q)|2 = 2t − 8m2
D. (A.8)

2. Fermion DM with pseudoscalar interaction

The wave functions for DM and anti-DM are the same as in

Eqs. A.1–A.4. The matrix element square is

∑

|ū(p)γ 5v(q)|2

= (px qx + | 	p|(|	q| + qz) + pz(|	q| + qz))
2

2| 	p||	q|(| 	p| + pz)(|	q| + qz)

(ω
p
+ω

q
− + ω

p
−ω

q
+)2

+ (qx (| 	p| + pz) − px (|	q| + qz))
2

2| 	p||	q|(| 	p| + pz)(|	q| + qz)
(ω

p
−ω

q
− + ω

p
+ω

q
+)

rest frame→ 2t. (A.9)

3. Vector DM with scalar interaction

Assuming the mediator is propagating along z−axis, and two

VDM momenta are

k
μ
1 = {E1, |k1| sin θ1, 0, |k1| cos θ1}, (A.10)
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k
μ
2 = {E2, |k2| sin θ2, 0, |k2| cos θ2}, (A.11)

the three independent polarization vectors can be written as

ǫ(ki , 1) = {0, cos θi , 0,− sin θi }, (A.12)

ǫ(ki , 2) = {0, 0, 1, 0}, (A.13)

ǫ(ki , 3) =
{

ki

m D

,
ei

m D

sin θi , 0,
ei

m D

cos θi

}

. (A.14)

As a result, the matrix element square with all DM polar-

ization summed over is given by

∑

i, j

|gμνǫ
μ∗(k1, i)ǫν(k2, j)|2 = 1 + cos2(θ1 − θ2)

+ sin2(θ1 − θ2)

m2
D

(E2
1 − E2

2)

+ (k1k2 − E1 E2 cos(θ1 − θ2))
2

m4
D

(A.15)

rest frame→ 2 + (t − 2m2
D)2

4m4
D

(A.16)

References

1. E. Corbelli, P. Salucci, The extended rotation curve and the dark

matter halo of M33. Mon. Not. R. Astron. Soc. 311, 441–447

(2000). arXiv:astro-ph/9909252

2. D. Clowe, A. Gonzalez, M. Markevitch, Weak lensing mass recon-

struction of the interacting cluster 1E0657-558: direct evidence for

the existence of dark matter. Astrophys. J. 604, 596–603 (2004).

arXiv:astro-ph/0312273

3. C.L. Bennett, D. Larson, J.L. Weiland, N. Jarosik, G. Hinshaw, N.

Odegard, K.M. Smith, R.S. Hill, B. Gold, M. Halpern, E. Komatsu,

M.R. Nolta, L. Page, D.N. Spergel, E. Wollack, J. Dunkley, A.

Kogut, M. Limon, S.S. Meyer, G.S. Tucker, E.L. Wright, Nine-

year wilkinson microwave anisotropy probe (wmap) observations:

final maps and results. Astrophys. J. Suppl. Ser. 208(2), 20 (2013)

4. Planck Collaboration, P.A.R. Ade et al., Planck 2015 results. XIII.

Cosmological parameters. Astron. Astrophys. 594, A13 (2016).

arXiv:1502.01589

5. T. Daylan, D.P. Finkbeiner, D. Hooper, T. Linden, S.K.N. Portillo,

N.L. Rodd, T.R. Slatyer, The characterization of the gamma-ray

signal from the central Milky Way: a case for annihilating dark

matter. Phys. Dark Univ. 12, 1–23 (2016). arXiv:1402.6703

6. AMS Collaboration, M. Aguilar et al., Antiproton flux, antiproton-

to-proton flux ratio, and properties of elementary particle fluxes in

primary cosmic rays measured with the alpha magnetic spectrom-

eter on the international space station. Phys. Rev. Lett. 117(9),

091103 (2016)

7. DAMPE Collaboration, G. Ambrosi et al., Direct detection of a

break in the teraelectronvolt cosmic-ray spectrum of electrons and

positrons. arXiv:1711.10981

8. U. Haisch, A. Hibbs, E. Re, Determining the structure of dark-

matter couplings at the LHC. Phys. Rev. D 89, 034009 (2014).

arXiv:1311.7131

9. U. Haisch, P. Pani, G. Polesello, Determining the CP nature of spin-

0 mediators in associated production of dark matter and t t pairs.

JHEP 02, 131 (2017). arXiv:1611.09841

10. U. Haisch, F. Kahlhoefer, E. Re, QCD effects in mono-jet searches

for dark matter. JHEP 12, 007 (2013). arXiv:1310.4491

11. M.R. Buckley, D. Feld, D. Goncalves, Scalar simplified models for

dark matter. Phys. Rev. D 91, 015017 (2015). arXiv:1410.6497

12. P. Harris, V.V. Khoze, M. Spannowsky, C. Williams, Constraining

dark sectors at colliders: beyond the effective theory approach.

Phys. Rev. D 91, 055009 (2015). arXiv:1411.0535

13. U. Haisch, E. Re, Simplified dark matter top-quark interactions at

the LHC. JHEP 06, 078 (2015). arXiv:1503.00691

14. M. Backović, M. Krämer, F. Maltoni, A. Martini, K. Mawatari, M.

Pellen, Higher-order QCD predictions for dark matter production

at the LHC in simplified models with s-channel mediators. Eur.

Phys. J. C 75(10), 482 (2015). arXiv:1508.05327

15. M.R. Buckley, D. Goncalves, Constraining the strength and CP

structure of dark production at the LHC: the associated top-pair

channel. Phys. Rev. D 93(3), 034003 (2016). arXiv:1511.06451

16. R.C. Cotta, J.L. Hewett, M.P. Le, T.G. Rizzo, Bounds on dark mat-

ter interactions with electroweak gauge bosons. Phys. Rev. D 88,

116009 (2013). arXiv:1210.0525

17. A. Crivellin, U. Haisch, A. Hibbs, LHC constraints on gauge

boson couplings to dark matter. Phys. Rev. D 91, 074028 (2015).

arXiv:1501.00907

18. A. Belyaev, L. Panizzi, A. Pukhov, M. Thomas, Dark matter char-

acterization at the LHC in the effective field theory approach. JHEP

04, 110 (2017). arXiv:1610.07545

19. O. Buchmueller, M.J. Dolan, C. McCabe, Beyond effective field

theory for dark matter searches at the LHC. JHEP 01, 025 (2014).

arXiv:1308.6799

20. G. Busoni, A. De Simone, E. Morgante, A. Riotto, On the validity

of the effective field theory for dark matter searches at the LHC.

Phys. Lett. B 728, 412–421 (2014). arXiv:1307.2253

21. G. Busoni, A. De Simone, J. Gramling, E. Morgante, A. Riotto, On

the validity of the effective field theory for dark matter searches at

the LHC, part II: complete analysis for the s-channel. JCAP 1406,

060 (2014). arXiv:1402.1275

22. G. Busoni, A. De Simone, T. Jacques, E. Morgante, A. Riotto, On

the validity of the effective field theory for dark matter searches

at the LHC part III: analysis for the t-channel. JCAP 1409, 022

(2014). arXiv:1405.3101

23. S. Baek, P. Ko, M. Park, W.-I. Park, C. Yu, Beyond the dark matter

effective field theory and a simplified model approach at colliders.

Phys. Lett. B 756, 289–294 (2016). arXiv:1506.06556

24. G. Arcadi, M. Dutra, P. Ghosh, M. Lindner, Y. Mambrini, M. Pierre,

S. Profumo, F.S. Queiroz, The waning of the WIMP? A review of

models, searches, and constraints. arXiv:1703.07364

25. P. Ko, H. Yokoya, Search for Higgs portal DM at the ILC. JHEP

08, 109 (2016). arXiv:1603.04737

26. T. Kamon, P. Ko, J. Li, Characterizing Higgs portal dark mat-

ter models at the ILC. Eur. Phys. J. C 77(9), 652 (2017).

arXiv:1705.02149

27. R.M. Capdevilla, A. Delgado, A. Martin, N. Raj, Characterizing

dark matter at the LHC in Drell–Yan events. arXiv:1709.00439

28. K.J. Bae, T.H. Jung, M. Park, Spectral decomposition of missing

transverse energy at Hadron colliders. Phys. Rev. Lett. 119(26),

261801 (2017). arXiv:1706.04512

29. S. Baum, R. Catena, J. Conrad, K. Freese, M.B. Krauss, Deter-

mining dark matter properties with a XENONnT/LZ signal and

LHC-Run3 mono-jet searches. arXiv:1709.06051

30. P. Ko, J. Li, Interference effects of two scalar boson propagators

on the LHC search for the singlet fermion DM. Phys. Lett. B 765,

53–61 (2017). arXiv:1610.03997

123

http://arxiv.org/abs/astro-ph/9909252
http://arxiv.org/abs/astro-ph/0312273
http://arxiv.org/abs/1502.01589
http://arxiv.org/abs/1402.6703
http://arxiv.org/abs/1711.10981
http://arxiv.org/abs/1311.7131
http://arxiv.org/abs/1611.09841
http://arxiv.org/abs/1310.4491
http://arxiv.org/abs/1410.6497
http://arxiv.org/abs/1411.0535
http://arxiv.org/abs/1503.00691
http://arxiv.org/abs/1508.05327
http://arxiv.org/abs/1511.06451
http://arxiv.org/abs/1210.0525
http://arxiv.org/abs/1501.00907
http://arxiv.org/abs/1610.07545
http://arxiv.org/abs/1308.6799
http://arxiv.org/abs/1307.2253
http://arxiv.org/abs/1402.1275
http://arxiv.org/abs/1405.3101
http://arxiv.org/abs/1506.06556
http://arxiv.org/abs/1703.07364
http://arxiv.org/abs/1603.04737
http://arxiv.org/abs/1705.02149
http://arxiv.org/abs/1709.00439
http://arxiv.org/abs/1706.04512
http://arxiv.org/abs/1709.06051
http://arxiv.org/abs/1610.03997


595 Page 16 of 16 Eur. Phys. J. C (2018) 78 :595

31. M.L. Mangano et al., Physics at a 100 TeV pp collider: stan-

dard model processes. CERN Yellow Rep. 3, 1–254 (2017).

arXiv:1607.01831

32. J. Tang et al., Concept for a future super proton–proton collider.

arXiv:1507.03224

33. F. Zimmermann, M. Benedikt, X. Buffat, D. Schulte, Luminos-

ity targets for FCC-hh. In: Proceedings of 7th International Parti-

cle Accelerator Conference (IPAC 2016), Busan, p. TUPMW037

(2016)

34. CMS Collaboration, A.M. Sirunyan et al., Search for dark matter

produced with an energetic jet or a hadronically decaying W or Z

boson at
√

s = 13 TeV. JHEP 07, 014 (2017). arXiv:1703.01651

35. CMS Collaboration, A.M. Sirunyan et al., Search for top squarks

and dark matter particles in opposite-charge dilepton final states at√
s = 13 TeV. arXiv:1711.00752

36. S. Baek, P. Ko, W.-I. Park, Search for the Higgs portal to a sin-

glet fermionic dark matter at the LHC. JHEP 02, 047 (2012).

arXiv:1112.1847

37. S. Baek, P. Ko, W.-I. Park, E. Senaha, Higgs portal vector dark

matter: revisited. JHEP 05, 036 (2013). arXiv:1212.2131

38. J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mat-

telaer, H.S. Shao, T. Stelzer, P. Torrielli, M. Zaro, The automated

computation of tree-level and next-to-leading order differential

cross sections, and their matching to parton shower simulations.

JHEP 07, 079 (2014). arXiv:1405.0301

39. V. Hirschi, O. Mattelaer, Automated event generation for loop-

induced processes. JHEP 10, 146 (2015). arXiv:1507.00020

40. A. Alloul, N.D. Christensen, C. Degrande, C. Duhr, B.

Fuks, FeynRules 2.0—a complete toolbox for tree-level phe-

nomenology. Comput. Phys. Commun. 185, 2250–2300 (2014).

arXiv:1310.1921

41. C. Degrande, Automatic evaluation of UV and R2 terms for beyond

the Standard Model Lagrangians: a proof-of-principle. Comput.

Phys. Commun. 197, 239–262 (2015). arXiv:1406.3030

42. P. Artoisenet, R. Frederix, O. Mattelaer, R. Rietkerk, Automatic

spin-entangled decays of heavy resonances in Monte Carlo simu-

lations. JHEP 03, 015 (2013). arXiv:1212.3460

43. T. Sjostrand, S. Mrenna, P.Z. Skands, A. Brief, Introduction to

PYTHIA 8.1. Comput. Phys. Commun. 178, 852–867 (2008).

arXiv:0710.3820

44. M. Cacciari, G.P. Salam, G. Soyez, FastJet User Manual. Eur. Phys.

J. C 72, 1896 (2012). arXiv:1111.6097

45. DELPHES 3 Collaboration, J. de Favereau, C. Delaere, P. Demin,

A. Giammanco, V. Lemaitre, A. Mertens, M. Selvaggi, DELPHES

3, a modular framework for fast simulation of a generic collider

experiment. JHEP 02, 057 (2014). arXiv:1307.6346

46. ATLAS Collaboration, G. Aad et al., Search for dark matter in

events with heavy quarks and missing transverse momentum in

pp collisions with the ATLAS detector. Eur. Phys. J. C 75(2), 92

(2015). arXiv:1410.4031

47. C.G. Lester, B. Nachman, Bisection-based asymmetric M_T 2

computation: a higher precision calculator than existing symmetric

methods. JHEP 03, 100 (2015). arXiv:1411.4312

48. M. Low, L.-T. Wang, Neutralino dark matter at 14 TeV and 100

TeV. JHEP 08, 161 (2014). arXiv:1404.0682

49. V.V. Khoze, G. Ro, M. Spannowsky, Spectroscopy of scalar medi-

ators to dark matter at the LHC and at 100 TeV. Phys. Rev. D 92(7),

075006 (2015). arXiv:1505.03019

50. Sensitivity to WIMP dark matter in the final states containing jets

and missing transverse momentum with the ATLAS detector at 14

TeV LHC, Tech. Rep. ATL-PHYS-PUB-2014-007. CERN, Geneva

(2014)

51. M. Mangano, Physics at the FCC-hh, a 100 TeV pp collider.

arXiv:1710.06353

52. A. Belyaev, N.D. Christensen, A. Pukhov, CalcHEP 3.4 for collider

physics within and beyond the Standard Model. Comput. Phys.

Commun. 184, 1729–1769 (2013). arXiv:1207.6082

53. G. Belanger, F. Boudjema, A. Pukhov, A. Semenov, Dark matter

direct detection rate in a generic model with micrOMEGAs 2.2.

Comput. Phys. Commun. 180, 747–767 (2009). arXiv:0803.2360

54. LUX Collaboration, D.S. Akerib et al., Results from a search for

dark matter in the complete LUX exposure. Phys. Rev. Lett. 118(2),

021303 (2017). arXiv:1608.07648

55. M. Kuhlen, N. Weiner, J. Diemand, P. Madau, B. Moore, D.

Potter, J. Stadel, M. Zemp, Dark matter direct detection with

non-Maxwellian velocity structure. JCAP 1002, 030 (2010).

arXiv:0912.2358

56. M. Lisanti, L.E. Strigari, J.G. Wacker, R.H. Wechsler, The dark

matter at the end of the galaxy. Phys. Rev. D 83, 023519 (2011).

arXiv:1010.4300

57. Y.-Y. Mao, L.E. Strigari, R.H. Wechsler, Connecting direct dark

matter detection experiments to cosmologically motivated halo

models. Phys. Rev. D 89(6), 063513 (2014). arXiv:1304.6401

58. M. Kuhlen, A. Pillepich, J. Guedes, P. Madau, The distribution of

dark matter in the Milky Way’s disk. Astrophys. J. 784, 161 (2014).

arXiv:1308.1703

59. E. Accomando, R.L. Arnowitt, B. Dutta, Y. Santoso, Neutralino

proton cross-sections in supergravity models. Nucl. Phys. B 585,

124–142 (2000). hep-ph/0001019

60. J.R. Ellis, K.A. Olive, Y. Santoso, V.C. Spanos, Update on the direct

detection of supersymmetric dark matter. Phys. Rev. D 71, 095007

(2005). arXiv:hep-ph/0502001

61. S. Baek, P. Ko, J. Li, W.-I. Park, Paper in preparation

62. S. Baek, P. Ko, J. Li, Minimal renormalizable simplified dark matter

model with a pseudoscalar mediator. Phys. Rev. D 95(7), 075011

(2017). arXiv:1701.04131

63. R.D. Young, A.W. Thomas, Octet baryon masses and sigma terms

from an SU(3) chiral extrapolation. Phys. Rev. D 81, 014503

(2010). arXiv:0901.3310

64. JLQCD Collaboration, H. Ohki, K. Takeda, S. Aoki, S. Hashimoto,

T. Kaneko, H. Matsufuru, J. Noaki, T. Onogi, Nucleon strange

quark content from N_ f = 2 + 1 lattice QCD with exact chiral

symmetry. Phys. Rev. D 87, 034509, (2013). arXiv:1208.4185

65. J.M. Alarcon, J. Martin Camalich, J.A. Oller, The chiral represen-

tation of the π N scattering amplitude and the pion-nucleon sigma

term. Phys. Rev. D 85, 051503 (2012). arXiv:1110.3797

66. J.M. Alarcon, L.S. Geng, J. Martin Camalich, J.A. Oller, The

strangeness content of the nucleon from effective field the-

ory and phenomenology. Phys. Lett. B 730, 342–346 (2014).

arXiv:1209.2870

123

http://arxiv.org/abs/1607.01831
http://arxiv.org/abs/1507.03224
http://arxiv.org/abs/1703.01651
http://arxiv.org/abs/1711.00752
http://arxiv.org/abs/1112.1847
http://arxiv.org/abs/1212.2131
http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/1507.00020
http://arxiv.org/abs/1310.1921
http://arxiv.org/abs/1406.3030
http://arxiv.org/abs/1212.3460
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/1111.6097
http://arxiv.org/abs/1307.6346
http://arxiv.org/abs/1410.4031
http://arxiv.org/abs/1411.4312
http://arxiv.org/abs/1404.0682
http://arxiv.org/abs/1505.03019
http://arxiv.org/abs/1710.06353
http://arxiv.org/abs/1207.6082
http://arxiv.org/abs/0803.2360
http://arxiv.org/abs/1608.07648
http://arxiv.org/abs/0912.2358
http://arxiv.org/abs/1010.4300
http://arxiv.org/abs/1304.6401
http://arxiv.org/abs/1308.1703
http://arxiv.org/abs/hep-ph/0502001
http://arxiv.org/abs/1701.04131
http://arxiv.org/abs/0901.3310
http://arxiv.org/abs/1208.4185
http://arxiv.org/abs/1110.3797
http://arxiv.org/abs/1209.2870

	Prospects for discovery and spin discrimination of dark matter in Higgs portal DM models and their extensions at 100 TeV pp collider 
	Abstract 
	1 Introduction
	2 Models and signals
	3 Collider searches
	3.1 Search strategy
	3.2 Discrimination prospects
	3.3 Varying the couplings

	4 DM phenomenology in the Higgs portal DM models and their extensions 
	4.1 DM phenomenology of the benchmark points
	4.2 Towards more complicated cases : Higgs portals to excited dark states
	4.3 Pseudoscalar mediator mixing with the SM Higgs

	5 Summary
	Acknowledgements
	Appendix A: Matrix element calculation
	1. Fermion DM with scalar interaction
	2. Fermion DM with pseudoscalar interaction
	3. Vector DM with scalar interaction

	References


