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Zoo of DM models

Minimal models: !
thermal WIMP, axion

Multi-component DM

Self-interacting DM:!
dark atom, mirror matter, !
hidden charged DM…

DM with a non-thermal history:!
asymmetric DM, !
WIMP from moduli decays….

Partially Interacting DM:!
double disk DM…

Ultralight axion!
with GUT scale!
decay constant 

Dark superfluid



In the DM model zoo, DM particles do not necessarily couple to the  
Higgs boson or directly connect to the electroweak sector, eg., axion 
(exception: relaxion scenario discussed in Kaplan’s talk this morning) 
!
Yet in many DM models, Higgs could play an important direct or  
indirect role.  
!
I will discuss a few examples mainly to demonstrate current status of  
these benchmark models, discuss some experimental challenges 
and illustrate the complementary roles of different DM probes, Higgs 
measurements and direct collider searches. 
!
!
!



!
!
!
Higgs provides an entirely new gateway to physics beyond  
the SM thanks to the low dimension of the operator  
!
!
!
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1 Introduction

The discovery of the Higgs boson [1, 2] provides unprecedented opportunities in the search for

physics beyond the Standard Model (SM). More than any other state in the Standard Model,

the Higgs is a sensitive barometer of new physics. Perhaps the most familiar opportunity

involves Higgs couplings; the rigidity of electroweak symmetry breaking in the Standard

Model uniquely determines the interactions of the SM Higgs, such that any deviations in

couplings would be an unambiguous indication of new physics. But the Higgs also provides

an entirely new gateway to physics beyond the Standard Model thanks to the low dimension

of the operator |H|2: it admits new marginal or relevant operators of the form |H|2O, where

O is a gauge-invariant operator with �O . 2. The classic example is O = �2 were � is

neutral under the SM but enjoys a Z2 symmetry [3–7]. This Higgs Portal provides an entirely

new avenue to access physics beyond the Standard Model. Such portals are motivated not

only on purely pragmatic grounds as one of only two possible marginal couplings between

the SM and SM-singlet states, but also on theoretical grounds in diverse scenarios relating to

dark matter, electroweak baryogenesis, and solutions to the gauge hierarchy problem. Now

that the Higgs boson has been discovered, the exploration of possible Higgs Portals and their

signatures has become a high priority at the LHC and future colliders.
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1 Introduction

The discovery of the Higgs boson [1, 2] provides unprecedented opportunities in the search for

physics beyond the Standard Model (SM). More than any other state in the Standard Model,

the Higgs is a sensitive barometer of new physics. Perhaps the most familiar opportunity

involves Higgs couplings; the rigidity of electroweak symmetry breaking in the Standard

Model uniquely determines the interactions of the SM Higgs, such that any deviations in

couplings would be an unambiguous indication of new physics. But the Higgs also provides

an entirely new gateway to physics beyond the Standard Model thanks to the low dimension
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neutral under the SM but enjoys a Z2 symmetry [3–7]. This Higgs Portal provides an entirely

new avenue to access physics beyond the Standard Model. Such portals are motivated not

only on purely pragmatic grounds as one of only two possible marginal couplings between

the SM and SM-singlet states, but also on theoretical grounds in diverse scenarios relating to

dark matter, electroweak baryogenesis, and solutions to the gauge hierarchy problem. Now

that the Higgs boson has been discovered, the exploration of possible Higgs Portals and their

signatures has become a high priority at the LHC and future colliders.
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operator of dark sector: 
SM gauge singlet; 
marginal or relevant with dimension    2

Higgs portal: Silveira and Zee 1985; McDonald 1994;  
Burgess, Pospelov and ter Veldhuis 2001; Patt and Wilczek 2006…..



Simplest possibility for O : �2, |�|2 Scalar DM 

Direct detection:
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Figure 2. Upper: Possible diagrams contributing to an induced coupling between DM and Higgs. Lower:

Processes leading to photon continuum and scattering with nucleons at direct detection. The blobs represent

(one-loop) induced coupling between DM and Higgs through charged matter.

a common mass mS . The relevant interactions are

� L � ��S�2|S|2 + �HS |S|2|H|2 + ��H�2|H|2 + m2

S;0

|S|2 + �S |S|4 +
1
2
m2

��2 + ���4

� µ2

H |H|2 + �H |H|4 (2.1)

with the annihilation processes into two photons depicted in Fig. 3. In the case of more than one
S species, |S|2 should be interpreted as

P
i |Si|2 and |S|4 as

�P
i |Si|2

�
2; one could consider more

general contractions of the S flavor indices, but there would be no qualitatively di↵erent physics. Here
µH = 1p

2

mh is fixed by the measured Higgs mass mh ⇡ 125 GeV, which together with the measured
Higgs VEV also determines �H ⇡ 0.13. The physical S mass is given by

m2

S = m2

S;0

+
1
2
�HSv2. (2.2)

(In the case that S carries SU(2)W quantum numbers, additional couplings may be present, e.g.
(H†S)(S†H) where SU(2)W indices are contracted within the parentheses. We will not discuss the
full parameter space of such couplings, which we expect would not qualitatively change any of our
conclusions.) Thanks to the Higgs low-energy theorem [69, 70], we see that we require �HS < 0 if
loops of the S field are to increase the h ! �� rate. In order to prevent the potential from being
unbounded from below due to this negative quartic, we require

�S � �S;min ⌘ �2

HS

4�H
; (2.3)

allowing a metastable, rather than absolutely stable, vacuum ameliorates this constraint by about a
factor of 2, according to a tree-level calculation of the bounce action for vacuum decay [40].
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Figure 3. The annihilation processes leading to 2 photons.

2.1.1 The constraint from the gamma ray continuum

The interaction ��H�2|H|2 provides a dark matter annihilation channel DM + DM ! h⇤ ! WW, ZZ
with cross section given by [68]

h�vi =
X

i=W,Z

ni
|��H |2
2⇡m2

�

s

1 � m2

i

m2

�

m4

i⇣
4m2

� � m2

h

⌘
2

 
2 +

(2m2

� � m2

i )
2

m4

i

!
(2.4)

=

����
��H

0.028

����
2

3 ⇥ 10�26cm3s�1, (2.5)

taking m� = 130 GeV and mh = 125 GeV. In the first line ni = 1 for W bosons and 1/2 for Z
bosons is the Bose factor in the case of identical final state particles. There is also a phase-space
suppressed annihilation to the hh final state. Note that ��H in our notation corresponds to what was
denoted �hX/2 in Ref. [14]. Based on studies of continuum gamma rays from the galactic center in
Refs. [11–13, 71] (as well as comparably strong constraints from radio in Ref. [72]), it appears safe
to say that an annihilation rate of 10�25 cm3s�1 to WW and ZZ is ruled out even with conservative
assumptions about astrophysical backgrounds, while a slightly more aggressive approach to the data
would extend the limit down to around 1 to 2 ⇥ 10�26 cm3s�1. We will quote the bound as:

|��H | ⇠< 0.05. (2.6)

Note that di↵erent models could shut o↵ this indirect detection channel; for example, Majorana fermion
DM is in a CP-odd initial state when annihilating, so annihilation through an o↵-shell CP-even Higgs
is suppressed.

2.1.2 Direct detection constraint

The cross section of the scalar DM � scattering o↵ a nucleon through Higgs exchange is

�SI =
|��H |2 m4

nf2

⇡m4

hm2

�

(2.7)

=

✓
��H

0.02

◆
2

✓
100 GeV

m�

◆
2

1.4 ⇥ 10�45cm2, (2.8)

where we take the nucleon mass mn = 0.94 GeV and f parametrizes the nucleon matrix element

hn|mq q̄q|ni ⌘ fqmn[n̄n], f =
X

q=u,d,s,c,b,t

fq =
2

9
+

5

9

X

q=u,d,s

fq. (2.9)
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Figure 2. Upper: Possible diagrams contributing to an induced coupling between DM and Higgs. Lower:

Processes leading to photon continuum and scattering with nucleons at direct detection. The blobs represent

(one-loop) induced coupling between DM and Higgs through charged matter.
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S species, |S|2 should be interpreted as

P
i |Si|2 and |S|4 as
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2; one could consider more

general contractions of the S flavor indices, but there would be no qualitatively di↵erent physics. Here
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mh is fixed by the measured Higgs mass mh ⇡ 125 GeV, which together with the measured
Higgs VEV also determines �H ⇡ 0.13. The physical S mass is given by
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+
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(In the case that S carries SU(2)W quantum numbers, additional couplings may be present, e.g.
(H†S)(S†H) where SU(2)W indices are contracted within the parentheses. We will not discuss the
full parameter space of such couplings, which we expect would not qualitatively change any of our
conclusions.) Thanks to the Higgs low-energy theorem [69, 70], we see that we require �HS < 0 if
loops of the S field are to increase the h ! �� rate. In order to prevent the potential from being
unbounded from below due to this negative quartic, we require
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allowing a metastable, rather than absolutely stable, vacuum ameliorates this constraint by about a
factor of 2, according to a tree-level calculation of the bounce action for vacuum decay [40].
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Figure 3. The annihilation processes leading to 2 photons.

2.1.1 The constraint from the gamma ray continuum

The interaction ��H�2|H|2 provides a dark matter annihilation channel DM + DM ! h⇤ ! WW, ZZ
with cross section given by [68]
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X
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taking m� = 130 GeV and mh = 125 GeV. In the first line ni = 1 for W bosons and 1/2 for Z
bosons is the Bose factor in the case of identical final state particles. There is also a phase-space
suppressed annihilation to the hh final state. Note that ��H in our notation corresponds to what was
denoted �hX/2 in Ref. [14]. Based on studies of continuum gamma rays from the galactic center in
Refs. [11–13, 71] (as well as comparably strong constraints from radio in Ref. [72]), it appears safe
to say that an annihilation rate of 10�25 cm3s�1 to WW and ZZ is ruled out even with conservative
assumptions about astrophysical backgrounds, while a slightly more aggressive approach to the data
would extend the limit down to around 1 to 2 ⇥ 10�26 cm3s�1. We will quote the bound as:

|��H | ⇠< 0.05. (2.6)

Note that di↵erent models could shut o↵ this indirect detection channel; for example, Majorana fermion
DM is in a CP-odd initial state when annihilating, so annihilation through an o↵-shell CP-even Higgs
is suppressed.

2.1.2 Direct detection constraint

The cross section of the scalar DM � scattering o↵ a nucleon through Higgs exchange is

�SI =
|��H |2 m4

nf2

⇡m4

hm2

�

(2.7)
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100 GeV
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1.4 ⇥ 10�45cm2, (2.8)

where we take the nucleon mass mn = 0.94 GeV and f parametrizes the nucleon matrix element

hn|mq q̄q|ni ⌘ fqmn[n̄n], f =
X

q=u,d,s,c,b,t

fq =
2

9
+

5

9

X

q=u,d,s

fq. (2.9)
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“Spin-dependent” (SD) interactions result from an axial-vector cou-
pling. The DM couples to the nuclear spin density, leading to (see e.g. [90])

�SD
T (ER) = 32µ2G2

F [(JT + 1)/JT ]
⇥
hSpiap + hSnian

⇤2
F 2
SD(ER). (25)

Here, JT is the nuclear spin, ap,n are the WIMP couplings to p and n and
F 2
SD(ER) is the nuclear form factor, with F 2

SD(0)=1. hSp,ni, the expecta-
tion values of the p and n spin content in the target nucleus, are numbers .
O(1) that can di↵er easily by factors of 2 or more in di↵erent nuclear mod-
els (see for example Ref. [93]). Since also the nuclear spins are of O(1), SD
cross sections are a factor A2

T smaller than SI cross sections. The bounds
on the second are therefore typically better than the bounds on the first
(Figs. 4, 5).

There are many other types of possible DM-nucleus interactions be-
sides the two mentioned, and many of them have been considered in recent

25

��H ⇠ (0.002� 0.02)
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Future: LZ
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m� = 10GeV ��H ⇡ 0.005

EWSB contributes a small mass  
to the DM



Indirect detection:
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Figure 2. Upper: Possible diagrams contributing to an induced coupling between DM and Higgs. Lower:

Processes leading to photon continuum and scattering with nucleons at direct detection. The blobs represent

(one-loop) induced coupling between DM and Higgs through charged matter.

a common mass mS . The relevant interactions are

�L � ��S�2|S|2 + �HS |S|2|H|2 + ��H�2|H|2 + m2

S;0

|S|2 + �S |S|4 +
1

2
m2

��2 + ���4

� µ2

H |H|2 + �H |H|4 (2.1)

with the annihilation processes into two photons depicted in Fig. 3. In the case of more than one
S species, |S|2 should be interpreted as

P
i |Si|2 and |S|4 as

�P
i |Si|2

�
2

; one could consider more
general contractions of the S flavor indices, but there would be no qualitatively di↵erent physics. Here
µH = 1p

2

mh is fixed by the measured Higgs mass mh ⇡ 125 GeV, which together with the measured
Higgs VEV also determines �H ⇡ 0.13. The physical S mass is given by

m2

S = m2

S;0

+
1

2
�HSv2. (2.2)

(In the case that S carries SU(2)W quantum numbers, additional couplings may be present, e.g.
(H†S)(S†H) where SU(2)W indices are contracted within the parentheses. We will not discuss the
full parameter space of such couplings, which we expect would not qualitatively change any of our
conclusions.) Thanks to the Higgs low-energy theorem [69, 70], we see that we require �HS < 0 if
loops of the S field are to increase the h ! �� rate. In order to prevent the potential from being
unbounded from below due to this negative quartic, we require

�S � �S;min ⌘ �2

HS

4�H
; (2.3)

allowing a metastable, rather than absolutely stable, vacuum ameliorates this constraint by about a
factor of 2, according to a tree-level calculation of the bounce action for vacuum decay [40].
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Figure 3. The annihilation processes leading to 2 photons.

2.1.1 The constraint from the gamma ray continuum

The interaction ��H�2|H|2 provides a dark matter annihilation channel DM + DM ! h⇤ ! WW,ZZ
with cross section given by [68]

h�vi =
X

i=W,Z
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(2.4)
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2

3⇥ 10�26cm3s�1, (2.5)

taking m� = 130 GeV and mh = 125 GeV. In the first line ni = 1 for W bosons and 1/2 for Z
bosons is the Bose factor in the case of identical final state particles. There is also a phase-space
suppressed annihilation to the hh final state. Note that ��H in our notation corresponds to what was
denoted �hX/2 in Ref. [14]. Based on studies of continuum gamma rays from the galactic center in
Refs. [11–13, 71] (as well as comparably strong constraints from radio in Ref. [72]), it appears safe
to say that an annihilation rate of 10�25 cm3s�1 to WW and ZZ is ruled out even with conservative
assumptions about astrophysical backgrounds, while a slightly more aggressive approach to the data
would extend the limit down to around 1 to 2⇥ 10�26 cm3s�1. We will quote the bound as:

|��H | ⇠< 0.05. (2.6)

Note that di↵erent models could shut o↵ this indirect detection channel; for example, Majorana fermion
DM is in a CP-odd initial state when annihilating, so annihilation through an o↵-shell CP-even Higgs
is suppressed.

2.1.2 Direct detection constraint

The cross section of the scalar DM � scattering o↵ a nucleon through Higgs exchange is

�SI =
|��H |2 m4
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⇡m4

hm2
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(2.7)
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where we take the nucleon mass mn = 0.94 GeV and f parametrizes the nucleon matrix element

hn|mq q̄q|ni ⌘ fqmn[n̄n], f =
X

q=u,d,s,c,b,t

fq =
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9
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9
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fq. (2.9)
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annihilation cross section of DM into a combination of WW , ZZ, hh and tt̄ final states.
The shaded region is excluded by LUX assuming � makes up all the dark matter, f� = 1.
The spectrum for the marked point in the parameter space is shown on the right. Right :
spectrum for the candidate point. The annihilation branching fractions are 48%, 22%, 28%,
and 2% for WW , ZZ, hh, and tt̄ respectively, and J = 3. The grey region represents the
envelope of the four Fermi spectra shown in Figure 1.

states. As we will now show, dark matter which annihilates to an order one admixture of
these states could also fit the observed spectrum.

In the left panel of Figure 10 we show the parameter space for this model. The anni-
hilation cross section into the various channels, as well as the direct detection cross section,
can be found in [118]. For direct detection we show the limits assuming the e↵ective Higgs-
nucleon coupling from [119] which is fN = 0.29, with a few percent uncertainties. We see
that a thermal relic scalar dark matter is consistent with direct detection limits so long as the
dark matter mass is above ⇠125 GeV. From Figure 4 we see that for DM masses above 150
GeV the required cross section to be consistent with the Fermi best fit spectra is significantly
higher than the thermal cross section, even after the uncertainty in the line-of-sight integral
J is considered. We note however, that Figure 4 is not a proper fit to Fermi data and that
once all uncertainties are considered lower cross sections may be allowed. Even if the Fermi
region remains at higher cross section the GCE can easily be consistent with Higgs portal
DM if the couplings � is taken to be larger than its thermal value. In this case the thermal
abundance of � is lower, but the full DM abundance may come from a non-thermal source,
such as a late decay of another thermal relic. Such a scenario is consistent with limits from
direct detection, if fN is su�ciently small. This is seen in Figure 10, where the right panel
shows the spectrum produced by DM annihilations at the parameter point marked as a blue
dot on the left for J = 3.

It is interesting to ask - is it possible to get dark matter annihilating dominantly to
Higgs bosons? In the framework of the minimal Higgs portal model the annihilation into
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Figure 3: The DM-nucleon scattering cross section weighted by the fractional relic density

predicted by a standard thermal history RDD = �n ⇥ ⇢TH/⇢0 as a function of the Higgs

portal coupling c� for a variety of masses from 100 GeV < m� < 500 GeV in steps of 25 GeV.

Masses m� < 2mh are shown in solid black and m� > 2mh in dashed red. Regions where

DM is over-produced are not shown. This demonstrates that direct detection predictions for

the Higgs portal with a standard thermal history only depend very weakly on the coupling

and exclusions stronger than �n < O(1 ⇥ 10�45cm2) typically exclude the Higgs portal with

a standard thermal history independent of the coupling. The suppression with large coupling

is shown whenever the � + � ! h + h starts to dominate when kinematically accessible.
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• If the Z2 symmetry is approximate and only stabilizes � on the timescale ⌧ & 10�8s

but is allowed to decay in the early Universe, or if the Z2 symmetry is exact but � has

hidden sector decays to other neutral states then colliders are the only probes of the

Higgs Portal coupling, above or below threshold.

The Higgs Portal ties together aspects of cosmology and collider physics, allowing for very

di↵erent probes of this coupling depending on the symmetry structure, mass, and thermal
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Figure 4: An example of the loop processes contributing to the E/T + j signal from gluon

associated production at hadron colliders.

of jet-grooming algorithms is entirely unknown for future colliders, we do not estimate the

e↵ects of pileup at
p

s = 100 TeV.

3.2 The Higgs Portal in E/T + j associated production

Next, we consider the sensitivity of searches for the Higgs Portal in the j + E/T channel via

gluon fusion with an associated jet. A sample diagram for this channel is depicted in Fig. 4.

Although this channel sets a sub-leading limit at
p

s = 8 TeV [15], the increasing gluon

partonic luminosity at higher center-of-mass energies makes it a promising channel for future

colliders. The primary backgrounds for this process are again Z+jets, W+jets, tt̄ + jets,

and QCD multijets. Here we simulate Zj and Wj matched up to one additional jet and tt̄

matched up to two additional jets, and again do not simulate QCD multijets but adopt a cut

flow designed to minimize this background.
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Figure 5: The ratio of the di↵erential cross section for j + E/T for the full one-loop result

relative to the HEFT result at 14 and 100 TeV for a variety of singlet scalar masses. When

pT ⇠ 2mt there can be an O(1) enhancement due to the top mass threshold in the loop. At

higher pT > 2mT the HEFT calculation may overestimate the signal rate significantly.

As
p

s � 2mt for the majority of signal events, the HEFT calculation of gg ! gh⇤ ! g��

(which is accurate only to lowest order in 1/m2
t ) is not valid. To correct for this we perform a
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Collider: for DM heavier than half of the Higgs mass; 

3.3 The Higgs Portal in E/T + tt̄ associated production

Finally, we consider the sensitivity of searches for the Higgs Portal in the tt̄ + E/T channel.

This channel sets a promising limit on invisible Higgs decays at
p

s = 8 TeV [18], suggesting

it may potentially be interesting in future Higgs Portal searches at the LHC and beyond.

The dominant backgrounds in this channel are expected to be tt̄+jets and W+jets. To

improve statistics, we separately simulate semi-leptonic and di-leptonic decays for the tt̄

background matched up to two additional jets, while we simulate leptonic Wjj matched up

to two additional jets. To extract the sensitivity in this channel, we first apply the following

requirements:

njet � 4 |⌘j
1,2,3,4 | < 2.4 E/T > 300 GeV (3.7)

In addition, we require exactly one isolated e±/µ± with

P `
T > 10 GeV

and at least one b-tag among the leading four jets. We also require that the transverse mass

between the lepton and E/T is constrained to mT > 200 GeV and that MW
T2 > 200 GeV [70].

4 Results and Discussion
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Figure 6: Left: 95% exclusion reach in all three channels at
p

s = 14 TeV determined from

S/
p

S + B = 1.96, neglecting systematic errors. Right: 5� discovery reach in the VBF and

monojet channels at
p

s = 14 TeV determined from S/
p

B = 5, again neglecting systematic

errors.

We have performed a simple cut and count analysis following the cut flows for the searches

outlined in Sections 3.1, 3.2, and 3.3. For
p

s = 14 TeV we assume an integrated luminosity
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Figure 9: Left: Approximate 95% exclusion reach from the combination of VBF, ggH

and tt̄H channels with 3 ab�1 at
p

s = 14 and 3, 30 ab�1 at
p

s = 100 TeV determined

from S/
p

B = 1.96, neglecting systematic errors and correlations between channels. Right:

Approximate 5� discovery reach from the same combination at
p

s = 14, 100 TeV.

of 3 ab�1. For
p

s = 100 TeV we consider scenarios with 3 ab�1 and 30 ab�1, respectively.

We compute the significance of a search in terms of signal events S and background events

B passing cuts as

Exclusion Sign. =
Sp

S + B
Discovery Sign. =

Sp
B

(4.1)

neglecting systematic uncertainties in the signal and background estimates. In principle,

systematic uncertainties in background determination could have a substantial impact atp
s = 100 TeV since S/B is quite small. However, in practice one expects data-driven deter-

mination of Z+jets and other backgrounds to substantially lower systematic uncertainties by

the 100 TeV era.

Results for the exclusion and discovery reach of the VBF, monojet, and tt̄ searches atp
s = 14 TeV are presented in Fig. 6. For the VBF channel at 14 TeV, our preliminary study of

pileup e↵ects indicates that S/
p

B is reduced approximately by a factor of 2 � 3 for hNi
PU

⇠
100. This may potentially be mitigated through the use of next-generation jet-grooming

algorithms (see for example [71–73]). As expected, all three channels improve significantly

over the
p

s = 8 TeV VBF reach, while the VBF channel substantially outperforms the

monojet and tt̄ channels at
p

s = 14 TeV.

The corresponding results for VBF, monojet, and tt̄ searches at
p

s = 100 TeV are pre-

sented in Figs. 7 and 8 for the 3 ab�1 and 30 ab�1 scenarios, respectively. Here we do not

include pileup estimates, as the operating parameters and e�cacy of jet-grooming algorithms

are entirely unknown. The reach of the VBF search is in fairly good agreement with the

simplified analysis in [17], with a modest reduction in sensitivity due to the additional back-
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For DM with mass below 63 GeV, constrained by  
Higgs invisible decay: in particular, for DM mass below 
10 GeV 

27

s

SI
f�N =

8GinvM2
c

m5
Hv2

b

3
m4

N f 2
N

(M
c

+ mN)2 . (10)

Here, mN represents the nucleon mass, taken as the average of proton and neutron masses,
0.939 GeV, while

p
2v is the Higgs vacuum expectation value of 246 GeV, and b =

q
1 � 4M2

c

/mH2.
The dimensionless quantity fN [8] parameterizes the Higgs-nucleon coupling; we take the cen-
tral values of fN = 0.326 from a lattice calculation [69], while we use results from the MILC
Collaboration [70] for the minimum (0.260) and maximum (0.629) values. We convert the in-
visible branching fraction to the invisible width using B(H ! inv) = Ginv/(GSM + Ginv), where
GSM = 4.07 MeV.

Figure 13 shows upper limits at 90% CL on the DM-nucleon cross section as a function of the
DM mass, derived from the experimental upper limit on B(H ! inv) for mH = 125 GeV, in the
scenarios where the DM candidate is a scalar, a vector, or a Majorana fermion.
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Figure 13: Upper limits on the spin-independent DM-nucleon cross section s

SI
c�N in Higgs-

portal models, derived for mH = 125 GeV and B(H ! inv) < 0.51 at 90% CL, as a function
of the DM mass. Limits are shown separately for scalar, vector and fermion DM. The solid
lines represent the central value of the Higgs-nucleon coupling, which enters as a parameter,
and is taken from a lattice calculation, while the dashed and dot-dashed lines represent lower
and upper bounds on this parameter. Other experimental results are shown for comparison,
from the CRESST [71], XENON10 [72], XENON100 [73], DAMA/LIBRA [74, 75], CoGeNT [76],
CDMS II [77], COUPP [78], LUX [79] Collaborations.

10 Summary

A search for invisible decays of Higgs bosons has been performed, using the vector boson fu-
sion and associated ZH production modes, with Z ! `` or Z ! bb. No evidence for a signal
is observed in any channel. Using a CLs method, upper limits are placed on the Higgs boson
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��H  0.013 m� = 4GeV
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Fermion dark matter (DM) interacting with the standard model through a Higgs portal requires
non-renormalizable operators, signaling the presence of new mediator states at the electroweak scale.
Collider signatures that involve the mediators are a powerful tool to experimentally probe the Higgs
portal interactions, providing complementary information to strong constraints set by direct DM
detection searches. Indirect detection experiments are less sensitive to this scenario. We investigate
the collider reach for the mediators using three minimal renormalizable models as examples, and
requiring the fermion DM to be a thermal relic. The Large Hadron Collider in its high-energy, high-
luminosity phase can probe most scenarios if DM is lighter than about 200 GeV. Beyond this scale,
future high-energy experiments such as an electron-positron collider or a 100-TeV proton-proton
collider, combined with future direct detection experiments, are indispensable to conclusively test
these models.

I. INTRODUCTION

Dark matter (DM) can couple to a gauge invariant operator H†H, where H is the standard model (SM)
Higgs field. Since H†H is the lowest-dimensional Lorentz- and gauge-invariant operator in the SM, such Higgs
portal couplings to DM could dominate the interactions between the visible sector and the dark sector [1–10].
If DM is a scalar, ', the Higgs portal operator, ('†')(H†H), is renormalizable and the theory is in principle
UV-complete. In contrast, if DM is a fermion, �, the Higgs portal interactions are of mass dimension five,

LEFT =
1

⇤
(�̄�)(H†H) +

i5

⇤
(�̄�5�)(H

†H). (1)

This necessarily implies the existence of new states at an energy scale ⇤, the mediators between the Higgs field
and the DM. Integrating out the mediators gives the above interactions in an E↵ective Field Theory (EFT).
The presence of mediators o↵ers new opportunities to experimentally search for the Higgs portal: Instead of
searching directly for DM, one can search for the mediators instead.

The mediators in general fall into two categories: i) mediators that are electroweak singlets, or ii) mediators
that are charged under the electroweak gauge group. In this paper we explore the phenomenology of both
categories using three minimal renormalizable models of the Higgs portal (henceforth called UV completions).
As a representative of the first category we choose a model where both the DM and the mediator are electroweak
singlets (the singlet-singlet model). For the second category we consider two examples, a model where DM
can be an electroweak singlet (the singlet-doublet model), and a model where DM is necessarily part of an
electroweak multiplet (the doublet-triplet model).

For each model we compute the predicted relic density from thermal freeze-out and determine the parameter
space that is consistent with the observed dark matter relic density. The viable parameter regions are con-
fronted with bounds from direct detection, indirect detection and collider experiments. Interestingly, we find
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2

that the combination of these constraints often requires the mediators to have masses of similar magnitude as
the DM fermion, �. This means that the EFT Lagrangian in Eq. (1) is in general not a good description for
the computation of the relic density and the collider phenomenology. For these observables, we therefore treat
all fields in the dark sector as dynamical degrees of freedom, i.e. we “integrate in” the Higgs portal.

Finally, we analyze how the UV Higgs portal completions can be probed by future direct detection and
collider experiments. In particular, we consider the upcoming 14-TeV run of the Large Hadron Collider (LHC)
with up to 3000 fb�1 luminosity, a future e+e� collider with a center-of-mass energy of up to

p
s = 1 TeV,

and a future pp collider with
p
s = 100 TeV.

The paper is organized as follows. In Sec. II we introduce the three minimal UV completions of the fermion
DM Higgs portal, in Sec. III we calculate the respective thermal relic densities, and in Sec. IV we estimate
the DM direct detection rates. Sec. V deals with the constraints following from Higgs decays. In Sec. VI we
combine all the above constraints with the expected sensitivity of the LHC 14-TeV run and future colliders
on the mediators. Appendix A contains the analytic formulae for loop-induced DM-Higgs interactions in a
version of the doublet-triplet model that give the dominant direct detection signal.

II. THE MODELS

We start by introducing three minimal UV completions of the Higgs portal models with fermionic DM:
(A) the singlet-singlet model, (B) the singlet-doublet model, and (C) the doublet-triplet model. All three
examples are treated as simplified models rather than full theories, i.e. we do not consider issues such as
anomaly cancellation and stability under renormalization group running to high scales.

A. The Singlet-Singlet Model

The dark sector is assumed to consist of DM, which is a Z2-odd SM-singlet Majorana fermion, �, and of a
mediator, which is a Z2-even real singlet scalar, �S . All SM fields are Z2 even. This model has already been
discussed at length in the literature, see for example Refs. [11–17]. In this paper we update the limits on the
model and show projections for the 14-TeV LHC and a future 100-TeV pp collider.

The relevant terms for interactions between the dark sector and the SM in the Lagrangian are

LS �� µ2
0|H|2 � �0|H|4 � 1

2m
2
S,0�

2
S � V0(�S)� µ0

0|H|2�S � �0
0|H|2�2

S

� 1
2m�,0�̄�� 1

2y0�̄��S � i
2y5,0�̄�5��S ,

(2)

where H is the SM Higgs field and V0(�S) contains cubic and quartic �S self-interactions. Here we use the four-
component notation for the Majorana fermion �. The scalar fields H and �S acquire the vacuum expectation
values (vevs) v = 246 GeV and vS , respectively. The vev v breaks the electroweak symmetry, while vS does
not. We can therefore write

H = (G+, (v + h+ iG0)/
p
2)>, �S = vS + S, (3)

with G+, G0 the would-be Goldstone bosons eaten by the longitudinal components of the W+ and Z bosons,
respectively. In terms of h and S the interaction Lagrangian is

LS � µ2
⇣

h2 +
h3

v
+

h4

4v2

⌘

� 1
2m

2
SS

2 � V (S)� (µ0S + �0S2)
�

vh+ 1
2h

2
�

� 1
2m��̄�� 1

2y�̄�S � i
2y5�̄�5�S,

(4)

where m� = m�,0 + y0vS is the DM mass, y = y0 and y5 = y5,0 are the parity-conserving and parity-violating
Yukawa couplings, respectively, and m2

S = m2
S,0+�0

0v
2+V 00

0 (vS) is the singlet mass squared. The Higgs–singlet

mixing parameter is given by µ0 = µ0
0 + 2�0

0vS , while µ2 = µ2
0 + µ0

0vS + �0
0v

2
S , and �(0) = �

(0)
0 . We also define

V (S) = µSS
3 + �SS

4 that contains triple and quartic singlet scalar interactions.

3

The DM state � interacts with the SM through Higgs-singlet mixing. For µ0 6= 0, the mass eigenstates h1,2

are admixtures of h and S,

h1 = c↵h� s↵S, h2 = s↵h+ c↵S. (5)

Here we use the abbreviations c↵ = cos↵, s↵ = sin↵. The mixing angle ↵ and the masses of h1,2 are given by

s2↵ =
1

2

✓

1� m2
S + 2µ2

�m2

◆

, m2
h1,2

=
1

2

⇣

m2
S � 2µ2 ⌥�m2

⌘

, (6)

with the mass splitting (�m2)2 = (m2
S + 2µ2)2 + 4µ02v2. The state h1 is the observed SM-like scalar with

mass mh1 = 125.09 ± 0.24 GeV [18], whereas h2 is mostly singlet-like. The mixing angle ↵ is constrained by
the measured Higgs production and decay rates and, depending on the mass mh2 , by the non-observation of
a second Higgs scalar at the LHC, as we show in Sec. VIA. In particular, Higgs–singlet mixing leads to the
DM–SM interactions (here and below L̂ denotes Lagrangian in the mass eigenstate basis)

bL � � 1
2y

��s↵ �̄�h1 + c↵ �̄�h2

�� i
2y5

��s↵ �̄�5�h1 + c↵ �̄�5�h2

��
X

f

yfp
2

�

c↵ f̄fh1 + s↵ f̄fh2

�

, (7)

where yf is the SM Yukawa coupling of the fermion f . The scalar interactions also govern direct detection
signatures of spin-independent DM scattering o↵ nuclei. Since the relevant e↵ective coupling ��q̄q is ⇠ sin(2↵)
(see Tab. I), direct detection experiments set strong constraints on the mixing angle ↵ (see Figs. 3 and 4).

B. The Singlet-Doublet Model

In this model the dark sector consists of two fermion fields, �D and �S , transforming under the SM elec-
troweak group SU(2)L ⇥ U(1)Y as

�D ⇠ (2, 1/2), �S ⇠ (1, 0). (8)

The field �D = (�+
D,�0

D) is a doublet of Dirac fermions with vector-like gauge interactions, while the singlet
�S can be either a Dirac or a Majorana fermion. We discuss both of these possibilities. In the dark sector
we impose a Z2 symmetry, �D,S ! ��D,S , under which the SM fermions are even. This forbids mixing with
neutrinos and makes the lighter of the two mass eigenstates in the dark sector stable.

a. Dirac singlet fermion. We first discuss the case where �S is a Dirac fermion. The particle content of
this model consists of two neutral Dirac fermions, �S and �0

D, and a charged Dirac fermion �+
D. The relevant

terms in the Lagrangian are

Lm � �mD�̄D�D �mS�̄S�S � �

y�̄D�SH + h.c.
�

. (9)

Without loss of generality, the Yukawa coupling y can be chosen real by redefining the complex phase of the
�D. After electroweak symmetry breaking (EWSB) this term introduces the mixing between �S and �0

D. For
later convenience, we define the mixing angle ✓a generally as

sin2 ✓a =
1

2

✓

1 +
mD �mS

�ma

◆

, with (�ma)
2 = (mS �mD)2 + a(yv)2 . (10)

Here a = 2, and the heavy and light mass eigenstates, �0
h and �0

l , are given by

�0
h = cos ✓2 �S + sin ✓2 �

0
D, �0

l = � sin ✓2 �S + cos ✓2 �
0
D, (11)

with the corresponding mass eigenvalues

m0
h,l =

1
2

�

mD +mS ±�m2

�

. (12)

mixing angle between singlet and Higgs Higgs

singlet-like heavy Higgs
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FIG. 3: Allowed parameter space for the singlet-singlet model consistent with the requirement that the thermal relic
density of � accounts for all dark matter in the universe, ⌦� = ⌦DM. The di↵erent colors (shapes) of the points indicate
current and future 90% C.L. exclusions from direct detection experiments. Also shown are current 95% C.L. limits from
Higgs coupling measurements at the LHC (dashed line), and future projections for LHC14 with 3000 fb�1 (dotted) and
ILC with

p
s  500 GeV (long dashed). The left panel corresponds to m� < mh2/2, which forbids the annihilation

channels �� ! h2h1,2, while in the right panel m� > mh2/2.

the SM Higgs with mass mh2 . Similarly, the production cross-section is �(h2) = s2↵�(H)SM , and is given by
the would-be SM Higgs production with mass mh2 .

For mh2 > 2mh1 , the decay h2 ! h1h1 is kinematically allowed. It proceeds through the interactions

L � µ2h
3

v
� µ0

2
Sh2 � �0vS2h� µSS

3

= h2h
2
1

h

3
µ2

v
s↵c

2
↵ � µ0

2

�

c2↵ � 2s2↵
�

c↵ � �0v
�

s2↵ � 2c2↵
�

s↵ � 3µSc↵s
2
↵

i

+ · · · .
(53)

If the mixing angle is small, s↵ ⌧ 1, then the h2h1h1 coupling is equal to µ0/2. This means that the h2 ! h1h1

branching ratio can be large and will dominate over h2 ! WW,ZZ, tt̄ for µ0 � v. On the other hand, if µ0 ⌧ v,
the decay h2 ! h1h1 will be subleading. It is also possible to make the h2 ! h1h1 branching ratio small while
keeping s↵ large, by canceling di↵erent contributions in Eq. (53). For mh2 > 2m�, the decay h2 ! inv. is open
and can become dominant for sizeable values of y or y5. The actual constraint from h2 decays thus strongly
depends on the specific realization of the model.

In Fig. 4 (left), we show the bounds from searches for direct decays of h2 into SM final states. They
can be expressed as a constraint on s2↵ ⇥ Br(h2 ! V V, f f̄) as a function of mh2 , where V = W,Z, �, g.
The most constraining channels are h2 ! WW,ZZ, with the resulting bound from CMS shown as a dashed
black curve [52]. The searches in the di-photon channel, h2 ! ��, are e↵ective at lower h2 masses. The
resulting bounds from ATLAS [50] and CMS [51] are shown as solid curves in the upper left corner. In
Fig. 4 (right), we also show bounds on s2↵ ⇥ Br(h2 ! h1h1) from di-Higgs searches. The CMS [53] and
ATLAS [54] bounds from h2 ! h1h1 ! 2�2b are shown as solid black and blue lines, respectively. The CMS
bound from h2 ! h1h1 ! 4b [55] is shown as a dashed black line. There are also CMS di-Higgs searches
with di-photon and leptonic final states [57] and h2 ! ⌧⌧ [58]. However, with their current precision these
results do not constrain s↵. We see that relatively large mixing angles s↵ ⇠ 0.3 are allowed for all h2 masses,
comparable to the constraints from global Higgs coupling measurements in Eq. (49). In Fig. 4 we also show
as dashed (solid) red lines the projected exclusions at 14 TeV LHC with 300 fb�1 (3000 fb�1) obtained in
Ref. [56]. At the end of the high luminosity LHC run, mixing angles as small as s↵ ⇠ 0.05 can be probed for
mh2 ⇠ 400 GeV. Notice that for large h2 masses, large mixings are additionally constrained by electroweak
precision tests [49, 59].

At a 100 TeV collider, one can also search directly for DM production through an o↵-shell singlet mediator
in the monojet signal, pp ! h⇤

1(! ��̄)j, even if h1 does not decay to DM [10]. This signature is quite
challenging due to its very small cross-section, and can thus be observed only in a small parameter region with
m� just above mh1/2. More promising is the signal with two jets and missing energy, where the presence of

3

The DM state � interacts with the SM through Higgs-singlet mixing. For µ0 6= 0, the mass eigenstates h1,2

are admixtures of h and S,

h1 = c↵h� s↵S, h2 = s↵h+ c↵S. (5)

Here we use the abbreviations c↵ = cos↵, s↵ = sin↵. The mixing angle ↵ and the masses of h1,2 are given by

s2↵ =
1

2

✓

1� m2
S + 2µ2

�m2

◆

, m2
h1,2

=
1

2

⇣

m2
S � 2µ2 ⌥�m2

⌘

, (6)

with the mass splitting (�m2)2 = (m2
S + 2µ2)2 + 4µ02v2. The state h1 is the observed SM-like scalar with

mass mh1 = 125.09 ± 0.24 GeV [18], whereas h2 is mostly singlet-like. The mixing angle ↵ is constrained by
the measured Higgs production and decay rates and, depending on the mass mh2 , by the non-observation of
a second Higgs scalar at the LHC, as we show in Sec. VIA. In particular, Higgs–singlet mixing leads to the
DM–SM interactions (here and below L̂ denotes Lagrangian in the mass eigenstate basis)

bL � � 1
2y

��s↵ �̄�h1 + c↵ �̄�h2

�� i
2y5

��s↵ �̄�5�h1 + c↵ �̄�5�h2

��
X

f

yfp
2

�

c↵ f̄fh1 + s↵ f̄fh2

�

, (7)

where yf is the SM Yukawa coupling of the fermion f . The scalar interactions also govern direct detection
signatures of spin-independent DM scattering o↵ nuclei. Since the relevant e↵ective coupling ��q̄q is ⇠ sin(2↵)
(see Tab. I), direct detection experiments set strong constraints on the mixing angle ↵ (see Figs. 3 and 4).

B. The Singlet-Doublet Model

In this model the dark sector consists of two fermion fields, �D and �S , transforming under the SM elec-
troweak group SU(2)L ⇥ U(1)Y as

�D ⇠ (2, 1/2), �S ⇠ (1, 0). (8)

The field �D = (�+
D,�0

D) is a doublet of Dirac fermions with vector-like gauge interactions, while the singlet
�S can be either a Dirac or a Majorana fermion. We discuss both of these possibilities. In the dark sector
we impose a Z2 symmetry, �D,S ! ��D,S , under which the SM fermions are even. This forbids mixing with
neutrinos and makes the lighter of the two mass eigenstates in the dark sector stable.

a. Dirac singlet fermion. We first discuss the case where �S is a Dirac fermion. The particle content of
this model consists of two neutral Dirac fermions, �S and �0

D, and a charged Dirac fermion �+
D. The relevant

terms in the Lagrangian are

Lm � �mD�̄D�D �mS�̄S�S � �

y�̄D�SH + h.c.
�

. (9)

Without loss of generality, the Yukawa coupling y can be chosen real by redefining the complex phase of the
�D. After electroweak symmetry breaking (EWSB) this term introduces the mixing between �S and �0

D. For
later convenience, we define the mixing angle ✓a generally as

sin2 ✓a =
1

2

✓

1 +
mD �mS

�ma

◆

, with (�ma)
2 = (mS �mD)2 + a(yv)2 . (10)

Here a = 2, and the heavy and light mass eigenstates, �0
h and �0

l , are given by

�0
h = cos ✓2 �S + sin ✓2 �

0
D, �0

l = � sin ✓2 �S + cos ✓2 �
0
D, (11)

with the corresponding mass eigenvalues

m0
h,l =

1
2

�

mD +mS ±�m2

�

. (12)
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Direct detection: 

m� condition signs

M
1

M
1

+ µ sin 2� = 0 sign(M
1

/µ) = �1
M

2

M
2

+ µ sin 2� = 0 sign(M
2

/µ) = �1
�µ tan � = 1 sign(M

1,2/µ) = �1⇤

M
2

M
1

= M
2

sign(M
1,2/µ) = �1

Table 1: Table of SI blind spots, which occur when the DM coupling to the Higgs vanishes
at tree-level. The first and second columns indicate the DM mass and blind spot condition,
respectively. All blind spots require relative signs among parameters, as emphasized in the
third column. ⇤For the third row, the blind spot requires that µ and M

1

(M
2

) have opposite
signs when M

2

(M
1

) is heavy.

of any of neutralino to the Higgs boson can then be obtained by replacing v ! v+h, as dictated
by low-energy Higgs theorems [45, 46]:

Lh�� =
1

2
m�i(v + h)�i�i (13)

=
1

2
m�i(v)�i�i +

1

2

@m�i(v)

@v
h�i�i +O(h2), (14)

which implies that @m�i(v)/@v = ch�i�i [47, 48].
Consider the characteristic equation satisfied by one of the eigenvalues m�i(v),

det(M� � 1m�i(v)) = 0. (15)

Di↵erentiating the left-hand side with respect to v and setting @m�i(v)/@v = ch�i�i = 0, one
then obtains a new equation which defines when the neutralino of mass m�i(v) has a vanishing
coupling to the Higgs boson1:

(m�i(v) + µ sin 2�)

✓
m�i(v)�

1

2
(M

1

+M
2

+ cos 2✓W (M
1

�M
2

))

◆
= 0. (16)

The above equation implies that for regions in which ch�i�i = 0, m�i(v) is entirely independent
of v. At such cancellation points, m�i(v) = m�i(0), so the neutralino mass is equal to the mass
of a pure gaugino or Higgsino state and m�i(v) = M

1

,M
2

,�µ. As long as Eq. (16) holds for the
LSP mass, m�1(v), then the DM will have a vanishing coupling to the Higgs boson, yielding a
SI scattering blind spot. It is a nontrivial condition that Eq. (16) holds for the LSP, rather than
a heavier neutralino, because for some choices of parameters the DM retains a coupling to the
Higgs but one of the heavier neutralinos does not. We have identified these physically irrelevant
points and eliminated them from consideration. The remaining points are the SI scattering

1
We have checked that Eq. 16 can also be derived using analytical expressions for bilinears of the neutralino

diagonalization matrix from Ref. [49].
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tuning. In this paper, we are agnostic about the possibility of fine-tunings in both electroweak
symmetry breaking and quantities relevant for DM phenomenology, such as ⌦(th)

� and �
SI,SD.

We survey the entire parameter space of thermal and non-thermal neutralino DM, regardless of
tuning. Indeed, it may be reasonable for a tuning of parameters to produce the observed ⌦ if
environmental selection plays a role in the DM abundance (although a tuning that produces a
small � would be more surprising). In addition, we see in Fig. (2) that the relic density curves
are steep for a wide range of M

1

, as is expected from the phenomenon of well-tempering. In
such a situation, where a large fraction of parameter space is highly sensitive to parameters,
perhaps one should not be surprised to end up with parameters that appear tuned. Despite
these misgivings about avoiding tuned regions, we do view it as interesting to identify regions of
parameter space especially sensitive to parameter choice. At times we will quantify the amount
of tuning in ⌦(th)

� and �
SI,SD. In order to identify DM tunings independently of a possible

electroweak tuning, we use a measure, defined in App. B, that mods out the dependence on the
direction of parameter space that changes the electroweak VEV.

4 Suppression of Dark Matter Scattering

In general, SI scattering is mediated by squarks, Z bosons, or Higgses. Since squark-mediated
scattering is model dependent—its e↵ects become negligible for su�ciently heavy squark masses—
we postpone our discussion of this scenario to Sec. 5.4. Similarly, we neglect scattering mediated
by the heavy Higgses, which decouple quickly in the limit mA � mZ . This leaves scattering
mediated by the light Higgs or Z, which may be suppressed compared to naive expectations by
two e↵ects. First, a suppression results whenever the DM is close to a pure gaugino or Higgsino,
and second, the relevant amplitude exactly vanishes at critical values of parameters, which we
call blind spots.

4.1 Suppression from Purity

The leading SI scattering is mediated by Higgs exchange, and the relevant coupling, ch��, orig-
inates, at tree-level, from gaugino Yukawa couplings of the form h†h̃b̃ and h†h̃w̃. Hence SI
scattering is suppressed if � is dominantly Higgsino or dominantly gaugino. Similarly, SD scat-
tering does not occur for pure bino or pure wino because they do not couple to the Z, and
likewise for pure Higgsino because as a Dirac fermion it carries no chiral couplings to the Z.

Recall that the neutralino mass matrix takes the form,

M� =

0

BB@

M
1

0 �1

2

g0v cos � 1

2

g0v sin �
0 M

2

1

2

gv cos � �1

2

gv sin �
�1

2

g0v cos � 1

2

gv cos � 0 �µ
1

2

g0v sin � �1

2

g0v cos � �µ 0.

1

CCA . (7)

Since we are interested in M
1

,M
2

, µ > MZ , Eq. (7) shows that gaugino-Higgsino mixing is gener-
ically small, so that some cross-section suppression is expected for a typical point in parameter
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mixing between bino (wino) and higgsino: 
direct detection through Higgs  
exchange (leading order)

blind spots for neutralino DM,

spin-independent
blind spots

:
m�1 = M

1

,M
2

,�µ, and m�1 + µ sin 2� = 0
m�1 = M

1

= M
2

,
(17)

where in the first line, m�1 = M
1

,M
2

,�µ, depending on whether the LSP becomes pure bino,
wino, or Higgsino, respectively, in the v ! 0 limit. Note that the blind spots in Eq. (17) only
appear for certain choices of relative signs. In the first line, for example, if m�1 = M

1

(M
2

), then
µ and M

1

(M
2

) must have opposite signs; when m�1 = �µ, then µ must have the opposite sign
of M

1

(M
2

) when M
2

(M
1

) is heavy. For the second line, the blind spot occurs if µ and M
1

= M
2

have opposite signs. The complete set of conditions required for a SI blind spot are summarized
in Table 1.

Destructive interference between light and heavy Higgs exchange may also produce cancel-
lations in the SI cross-section [50], but these are outside the scope of this work. We consider
interference between Higgs and squark exchange in section 5.4.

Next, let us consider SD scattering, which is mediated by Z boson exchange. The coe�cient
of the relevant operator vanishes for neutralino DM when

spin-dependent
blind spot

: tan � = 1, (18)

yielding a blind spot for SD direct detection. The cancellation of the SD Z boson coupling to
DM can be understood from symmetry arguments: when vu = vd, the DM Lagrangian enjoys
an enhanced symmetry under which u $ d. In this limit left-right parity is restored and hence
the parity-violating Z coupling which mediates SD scattering will vanish.

So far our discussion of blind spots has been tree-level. One may wonder how the blind spots
change when loop corrections are included. Loop corrections have not been computed in the
full parameter space, but only for the simplifying assumption of pure DM [43, 44], as discussed
above. But our expectation is that the loop corrections are small, generically resulting in a small
shift in the location of the blind spots. Moreover, at a typical point in parameter space, the
mixing angles are small and the multiloop result for pure Higgsino or wino will approximately
apply, leading to a cross-section too small to probe in upcoming experiments like XENON1T.
Full consideration of loop corrections is beyond the scope of our study, but we estimate the size
of these corrections in App. C.

5 Bino/Higgsino Dark Matter

In this section we consider the present and future status of non-thermal, multi-component and
thermal bino/Higgsino DM. Mixed bino/Higgsino has been studied in a variety of contexts
and more recently has been re-examined in light of results from direct detection experiments
[16, 17, 19]. Here we take a simplified model approach to bino/Higgsino DM, decoupling all
superpartners, other than the bino and Higgsinos, and all Higgs-like scalars other than the SM-
like state near 125 GeV. Thus DM is described by just three parameters, (M

1

, µ, tan �). Our
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Direct detection is also insensitive to cases with very small 
mixing. For example, pure wino (decouple bino and higgsino); 
pure higgsino (decouple wino and bino). 
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For those cases, indirect detection (sensitive to gauge interactions)	
could be powerful: search for excesses in the photon continuum 	
spectrum or a line-like feature in a dark matter dense region, e.g., 	
galactic center or dwarf galaxies.
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Figure 9: Complementarity of direct and indirect detection in the higgsino/bino plane. The direct detection bounds are ex-
tracted from Ref. [97]. The darkest purple region is the current XENON100 bound on spin-independent dark matter–nucleus
scattering. The two surrounding lighter purple regions are the projected LUX and XENON1T bounds, respectively. The dark
orange shaded region in the top left plot, and that in the bottom left plot, are IceCube bounds on the spin-dependent dark
matter–nucleus scattering rate (assuming annihilation to W +W �) while the lighter orange region in the top left plot is the
XENON1T spin-dependent projected reach. The red shaded regions are Einasto (lighter) and NFW (darker) exclusions from
Ref. [43]. Dot-dashed green curves show gamma-ray line rates and dashed red lines show gamma-ray continuum rates, com-
puted with MicrOMEGAs [99].

a combination of their data excludes wino dark matter over the entire range of interesting masses, assuming a
favorable halo profile. This is a strong assumption, as the Milky Way’s dark matter halo is relatively unconstrained,
but it brings the complete exclusion of wino dark matter tantalizingly within reach. Future observations will push
the limits down, ameliorating the effect of astrophysical uncertainties. Strategies like searching for gamma rays
from locations somewhat off the galactic center may also help to reduce the impact of uncertain halo profiles.
But it is also important to reduce the astrophysical uncertainties. The exclusion of thermal relic winos currently
hinges on the answer to an important question about the physics of galaxies: can baryonic feedback effects, such
as bar–halo interactions, produce a core of approximately kiloparsec size in a spiral galaxy like the Milky Way?
Such questions are intrinsically interesting, but take on even more importance when they are so strongly linked to
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direct detection, and is already tested by current limits, but a sizable region of parameter
space continues to be viable.

We can also consider indirect detection of high energy particles resulting from dark
matter annihilation near the center of our galaxy. Of course predictions for indirect detec-
tion rates are fraught with astrophysical uncertainties, and it is difficult to get robust limits
in this way. Nonetheless, pure winos are constrained in an interesting way, since their
annihilation cross-section has a significant Sommerfeld enhancement [77]. The absence
of any signals in the HESS experiment for high energy gamma photons from the galactic
center [78] sets limits on the fraction of dark matter a wino of a given mass can comprise.
A 3 TeV wino making up all the dark matter is excluded for a standard NFW dark matter
distribution, though it is allowed for more “cored" profiles [79–83]. The current limits are
summarized in Fig. 2.28.

Figure 2.28 Exclusion plot for an NFW profile with the wino making up only some fraction of the wino
dark matter [83].

Future indirect detection experiments, such as CTA, could move the wino bounds down
to 1 TeV, subject to the same astrophysical uncertainties. But we can see that thermal
relic winos making up an O(1) fraction of dark matter are certainly still consistent. For
both pure higgsinos as well as mixed dark matter, the annihilation is not significantly
Sommerfeld enhanced, and there are no interesting limits from indirect detection,

It is striking that the very simplest models of dark matter—pure winos and higgsinos—
could be completely inaccessible to direct detection experiments, while astrophysical un-
certainties make it hard to interpret indirect detection limits. We are left with directly
producing the dark matter at accelerators. Relic winos and higgsinos forming a signifi-
cant component of dark matter, which have masses in few TeV scale, are hopelessly out
of reach for direct production at the LHC, which has an ultimate reach up to ⇠ 300 � 400

GeV for pure wino and ⇠ 200 GeV for pure higgsino production. Moreover, only a frac-
tion of the parameter space for mixed dark matter is accessible to direct production at the
LHC.

As we will see shortly, however, the huge increase of rate at the SPPC will allow a
much larger range of the relevant parameter space to be explored. The most basic process
we will first consider is dark matter pair production. Since the dark matter escapes the
detector without leaving a trace, we need to look for additional hard radiation of Standard

TeV

Baumgart, Rothstein and Vaidya  
1412.8698

Thermal scenario is excluded  
even when one considers an  
NFW profile with a kpc core

profiles with softened cusps such as cored profiles.
In setting the bounds, we neglected the energy differences of photons in �� and �Z final states for m �̃0 � 200

GeV, assuming the two final states contribute to a single line-like feature in the fit. The energy of the photon in the
�Z final state is larger than that of the photons in �� by an amount

�m =
m 2

Z

4m �̃0
⇡ 10 GeV

Ç
200GeV

m �̃0

å2
. (7)

Given the current energy resolutions of both experiments ⇠> 10 GeV, this is a reasonable approximation for m �̃0 �
200 GeV [53, 58]. For 100 GeV m �̃0 < 200 GeV, we consider only the contribution of the process ending in �Z to
the photon line flux because it is about 2.5�2.8 times that of the process leading to ��.

From Fig. 3, we can see that if dark matter is purely wino, the constraint from line searches rules out winos in the
range (100�300)GeV and (500 GeV�3 TeV), with (700 GeV�1.4 TeV) less constrained or unconstrained depending
on the astrophysical parameters. Combined with constraints from continuum photons from galactic center,
pure wino dark matter in the whole range from 100 GeV to 3 TeV (with the possible exception of a range between
700 GeV and 1.4 TeV) is ruled out for both NFW and Einasto profiles, allowing astrophysical parameters to vary
in the 2� range in [49].

Wino thermal relic
HESS line H1301.1173L
Fermi line H1305.5597L
Fermi dwarf 4 yrs
Hooper et. al. GCH1209.3015L
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Figure 4: Constraints on the relic abundance of wino dark matter (i.e., a wino component in a scenario with multiple dark
matter particles). The burgundy dashed curve is the thermal relic abundance of winos calculated in [21, 22]. The other curves
are constraints from different indirect detection searches. Black dot-dashed: Fermi dwarf galaxy; purple line and bands: Fermi
line search assuming NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (purple solid line), NFW profile with varying ⇢(r�)
(purple band), Einasto profile with varying ⇢(r�) (lighter purple band); green line and bands: HESS line search assuming NFW
profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (green solid line), NFW profile with varying ⇢(r�) (green band), Einasto profile
with varying⇢(r�) (lighter green band); blue line and bands: Fermi galactic center continuum search analyzed in [42] assuming
NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (blue solid line), NFW profile with varying ⇢(r�) (blue band), Einasto
profile with varying ⇢(r�) (lighter blue band). The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

In Fig. 4, we present constraints from various indirect searches using photons on the relic abundance of a wino
dark matter component. In the plot, we also plotted the wino thermal relic abundance calculated in [21, 22]. From
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Fig. 4, the wino dark matter scenario with a thermal relic equal to the observed dark matter relic, which we took
to be ⌦h2 = 0.12 [23], is ruled out for NFW or Einasto profiles. Below 1.5 TeV, the bound on the allowed relic
abundance of winos is above the thermal relic abundance, and thus a non-thermal contribution to the wino relic
abundance is still allowed but is bounded to be less than all of the dark matter.

2.3 Core vs cusp dark matter profiles

Numerical simulations of galaxy formation including only dark matter robustly find cuspy dark matter distribu-
tions like the NFW and Einasto profiles we have discussed so far. Of course, the inner region of the Milky Way
galaxy is not solely composed of dark matter; sufficiently near the center, the galaxy is dominated by baryons. The
effect of baryons on the shapes of dark matter halos is still uncertain. Even the sign of the effect is in dispute. Adi-
abatic contraction tends to make the dark matter profiles steeper in the galactic center, as argued on theoretical
grounds [59] and observed in simulations (e.g. [60]). If this is the dominant effect, it will tend to increase indirect
detection signals from the galactic center, and by ignoring it we are being conservative. However, baryons could
also lead to dark matter distributions without cusps, a possibility that has drawn a great deal of attention in the
context of dwarf satellite galaxies, which appear to have cored halos. Feedback from supernovae, for instance, has
been suggested as a possible culprit in the destruction of cusps. Recent high-quality numerical simulations pro-
ducing realistic spiral galaxies have found that cusps survive even repeated baryonic outflows [61]. Perhaps the
most dangerous effect for the interpretation of indirect detection limits is a resonant bar/halo interaction, which
may lead to formation of a core of kiloparsec size in the Milky Way [62]. Recent work has argued that the Eris simu-
lation shows evidence for a 1 kpc core in the Milky Way [63], in contrast to earlier work arguing that core formation
was an artifact of simulations with too large a timestep [64]. On the other hand, one of the simulated galaxies in
Ref. [61] has a prominent bar and does not have a core. In short, the N -body simulation community does not ap-
pear to have converged on an answer for the expected shape of the Milky Way’s inner halo. Observations also offer
little help; a recent fit claimed a mild preference for a large core [65], but was also compatible with an NFW-like
distribution. It is also worth keeping in mind that even if observations decisively favored a cored profile, this would
not necessarily be good news for proponents of wino dark matter. We would still face the question of whether cold
dark matter with baryonic feedback could produce such a core; if not, the core might well point to self-interacting
dark matter or other new dynamics incompatible with winos. Indeed, in the case of dwarf galaxies, the “core/cusp
problem” is often cited as a motivation for moving beyond the paradigm of cold, collisionless dark matter.
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Collider constraints:

little with respect to wino mass. A mass splitting can also be generated by higher dimension

operators. For the pure wino, the lowest operator that can split the charged and neutral states

is dimension 7, so the splitting cited above is fairly model-independent. In our simulation

we use the lifetime calculated at one-loop. At a collider the lifetime in the lab-frame also

includes the velocity � and boost � so that d = ��c⌧ . Notice that �� can be substantially

larger at 100 TeV than at 14 TeV.

The distribution of chargino track lengths is shown in Fig. 2 (left). At ATLAS the disap-

pearing track search is conducted using the tracker which has a high e�ciency for selecting

disappearing tracks starting at dtrack ⇠ 30 cm. A detector with a similarly designed tracker

would observe a handful of tracks for WIMPs as heavy as m�̃ ⇠ 3 TeV. Fig. 2 (right) shows

directly the number of tracks for a given LSP mass for various requirements on the length

of a track. While no upper limit on track length is enforced in Fig. 2, as the distribution

is exponential the value of the upper limit, dtrack ⇠ 80 cm for ATLAS [64], has a negligible

impact4.
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Figure 3: The mass reach in the pure wino scenario in the disappearing track channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background normalization between 20 � 500%. Only

events passing the analysis cuts in App. A are considered.

Since the dominant background for a disappearing track search would be mismeasured

low pT tracks, it is not possible to accurately project the background in a yet-to-be-designed

detector at a 100 TeV proton-proton collider. Nevertheless, Fig. 2 can serve as a rough

guide. For example, one could require d

track
> 30 cm and there be tens of signal events

4The pure wino scenario results in a chargino lifetime of c⌧ ⇠ 6 cm in the bulk of the mass range. Even

with the boost dtrack = ��c⌧ , most charginos decay before reaching the end of the inner detector. However, if

the chargino lifetime were modified such that c⌧ ⇠ dtracker, then the length of the tracker becomes a relevant

parameter.
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Figure 1: The mass reach in the pure wino scenario in the monojet channel with L =

3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.

For reference, ignoring all systematics, at 14 TeV winos could be excluded at m�̃ ⇠
530 GeV and discovered at m�̃ ⇠ 380 GeV. At 100 TeV the exclusion reach would be

m�̃ ⇠ 1.8 TeV and the discovery reach would be m�̃ ⇠ 1.0 TeV.
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Figure 2: Chargino track distributions for the pure wino scenario showing the number of

tracks for a given track length (left) and the number of tracks for a given wino mass (right).

Only events passing the analysis cuts in App. A and containing at least one chargino track

with pT > 500 GeV are considered.

As mentioned, in the pure wino scenario, the mass splitting between the chargino and

neutralino is generated by loop e↵ects. The value of the splitting has been calculated at two-

loops to be � = 164.6 MeV in the large mass limit [83], though the mass splitting varies very
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Without systematics one finds higgsinos could be excluded at m�̃ ⇠ 410 GeV and dis-

covered at m�̃ ⇠ 290 GeV at 14 TeV, and excluded at m�̃ ⇠ 1.2 TeV and discovered at

m�̃ ⇠ 0.6 TeV at 100 TeV.

It is also imaginable to do a disappearing track such for higgsinos. We note that, in compar-

ison to the wino, it is more likely for heavier new particle states to alter the higgsino splitting

as the lowest higher dimensional operator splitting the charged and neutral higgsinos is di-

mension 5. Therefore choosing a higgsino splitting has a larger degree of model dependence.

In Fig. 5 (left) we show the distance of chargino tracks for the standard one-loop splittings,

as well as for scenarios with twice the splitting and one half of the splitting. Fig. 5 (right)

shows the corresponding plot for the number of tracks.
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Figure 6: The mass reach in the pure higgsino scenario in the disappearing track channel

with L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red).

The bands are generated by varying the background normalization between 20� 500%. Only

events passing the analysis cuts in App. A are considered.

Results are shown in Table 2. We find the monojet channel to reach m�̃ ⇠ 870 GeV. The

disappearing track search is potentially a promising channel too, but depends sensitively on

the chargino-neutralino mass splitting. The disappearing track with the canonical splitting

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case
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case, but all channels are still through an s-channel W± or Z.
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systematic uncertainty is set to 10%.
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Figure 5: Chargino track distributions for the pure higgsino scenario showing the number

of tracks for a given track length (left) and the number of tracks for a given higgsino mass

(right). The dashed lines shows the same plots with a neutralino-chargino mass splitting

half the standard value, and the dashed-dotted lines show the same plots with a neutralino-

chargino mass splitting twice the standard value. Only events passing the analysis cuts in

App. A and containing at least one chargino track with pT > 500 GeV are considered.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. As in

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative to

the LHC. The reach is weaker than that for winos, mainly due to the reduction in production

cross-section.
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thermal

�m ⇡ 166MeV

has a splitting of ⇡ 166 MeV and a pure higgsino has a splitting of ⇡ 355 MeV [54, 55].

Due to the small mass splitting, the dominant decay �̃

± ! ⇡

± + �̃

0 has a long lifetime.

Thus, a fraction of the charginos can live long enough, c⌧ ⇠ 6 cm, to leave a track in the

inner detector. A number of phenomenological studies have been done [54, 56–63]. This is a

promising search channel with no obvious physics background. One possibility is to look for

so-called disappearing tracks, in which a chargino decays in the inner detector, resulting in a

track that disappears where the chargino decays into a neutralino and a soft pion2.

We derive our projections from a recent ATLAS search that reported a 95% exclusion

limit close to 250 GeV, using 20.3 fb�1 of 8 TeV data [64]. Similar to the monojet analysis,

this search triggers on a hard jet and large /

ET , additionally requiring a disappearing track.

While the monojet analysis has not yet reached the sensitivity necessary to probe the pure

wino or pure higgsino scenarios, the disappearing track search is already starting to exclude

regions of the pure wino parameter space. Therefore it is reasonable to expect that this

channel will be much stronger both in the 14 TeV LHC run and at a 100 TeV proton-proton

collider.

The significance of a given search is calculated as

Significance =
S

�B

=
Sp

B + �

2
B

2 + �

2
S

2
, (2.1)

where � and � parameterize the systematic uncertainty on the background and on the signal,

respectively. While we assume the systematics are the same across background channels,

considering di↵erent systematics for each background would not noticeably change the results,

as each search is dominated by one or two backgrounds.

Our analyses have not included e↵ects from pileup. As a future high energy proton-

proton collider will likely operate with high instantaneous luminosity, events will contain a

high level of hadronic contamination from pileup. In a fully realistic projection it is important

to consider the e↵ects of pileup and the e↵ects of applying the appropriate pileup removal

techniques [65–67]. For the analyses presented in this paper, however, events are selected

with a very hard cut on the leading jet and missing energy so we expect such additional

considerations will not significantly alter the results.

3 Pure Wino

The first set of SUSY spectra we consider are those with a pure wino LSP. This scenario can

be realized if anomaly mediation the main mechanism through which the gaugino soft masses

are generated [68, 69]. Models which implement this, along with the feature that the scalar

2The signature has also been called kinked tracks or track stubs. It is worth noting that this signal is

part of a larger class of signatures of particles that traverse macroscopic distances before decaying. While

it is detector-dependent, roughly speaking charged particles with a lifetime c⌧ = O(mm) result in displaced

vertices, charged particles with a lifetime c⌧ = O(cm) result in disappearing tracks, and charged particles with

a lifetime c⌧ = O(m) result in stable charged massive particles.
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Figure 8: The mass reach in the mixed bino/higgsino (� = 30 GeV) scenario in the soft

lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2� 5% and the signal systematic uncertainty is set to 10%.

these spectra typically have very small �m & 0. For very small �m the best search tends

to be the monojet search (covered in Sects. 3, 4, and 6). Because we elect to focus on

the collider phenomenology of compressed spectra with soft leptons, we choose spectra with

�m = 20 � 30 GeV. While these spectra do not thermally saturate the relic density, they

directly demonstrate the utility of soft lepton searches.

Relative to pure winos and higgsinos mixed dark matter can be strongly constrained

by direct detection experiments which already and will continue to exclude large regions of

parameter space [93–95].

In this paper we study the three following representative compressed spectra:

• (i) Bino/higgsino � = 20 GeV: We scan over M1 and set µ = �M1+23 GeV. The low

energy states include three neutralinos and a chargino and the mass splitting is 20 GeV.

• (ii) Bino/higgsino � = 30 GeV: We scan over M1 and set µ = �M1 � 2 GeV. The low

energy states include three neutralinos and a chargino and the mass splitting is 30 GeV.

• (iii) Bino/wino(/higgsino) � = 20 GeV: We scan over M1 and set M2 = M1 + 34 GeV

and µ = M1 + 120 GeV. The low energy states include all four neutralinos and both

charginos and the mass splitting is 20 GeV.

Figs. 7, 8, and 9 show the mass reach for scenarios (i), (ii), and (iii), respectively, in

the soft lepton channel at 100 TeV5. Leptons are considered to be electrons with 10 GeV <

5In Figs. 7, 8, 9, and 10 the significances as a function of mass shown are fitted to a 4th order polynomial.
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Figure 9: The mass reach in the mixed bino/wino(/higgsino) (� = 20 GeV) scenario in the

soft lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue),

0 or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2� 5% and the signal systematic uncertainty is set to 10%.
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Figure 10: The mass reach in the mixed bino/higgsino (� = 20 GeV) scenario in the soft

lepton channel at 14 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2� 5% and the signal systematic uncertainty is set to 10%.

The results for bino/higgsino (� = 30 GeV) and bino/wino (� = 20 GeV) are very similar.

As there are a relatively small number of leptons there are fluctuations in the bands due to statistics. The fit

is not very sensitive to the polynomial used. Using a 3rd or 5th order polynomial instead only changes the
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10GeV < p`T < 30GeV

Mixed compressed spectrum: soft lepton

Compressed spectrum is pretty generic; 
Thoughts for future: dedicated detector to identify 
soft leptons or displaced tracks better?



So far we have mostly discussed Higgs portal DM. 
!
There are other DM portals where the connection to Higgs 
is not explicit; yet if there is dark mediator charged under 
the SM (which is general), dark sector could be connected 
to electroweak physics. 
!
One example: pseudoscalar portal DM 
!
!
!
A DM benchmark model that is unconstrained by direct  
detection and could lead to interesting indirect detection signal. 

Annihilation of DM particles in SM channels has many implications for cosmology, the most
interesting one being the e↵ects of energy injection prior and during the epoch of recombination [73–
78]. The e↵ective ionization energy from DM annihilation can be constrained by CMB measurements,
the most recent ones being from the Planck Collaboration [79]. Recent studies [77, 78] find that
light-lepton final states are excluded for cross sections of order < O(10�27cm3/s) for annihilations to
electron-positron pairs, photons, or V V ! 4e, where V V is a pair of intermediate vector bosons, each
of which decays to an electron-positron pair. Similar constraints on the cross section are obtained for
muon final states.

Given the challenges in direct, indirect, and cosmological experiments, it will be interesting to
explore the power of the Large Hadron Collider (LHC) in testing this simple possibility. Indeed the
pseudoscalars could be produced copiously at the LHC and lead to di↵erent final states and signals
depending on their couplings. If a pseudoscalar (a) is heavy enough, its e↵ect could be encoded by
dimension-six operators, which have been considered in [80–85] and motivates collider signals with a
single (b-)jet and missing transverse energy (E/T ). More recently, the particular simplified model in
the minimal flavor violating framework with pseudoscalar coupling to the SM fermions proportional
to the SM Yukawa couplings has been extensively studied in [86–89]. We will consider two other types
of well-motivated simplified models with the pseudoscalar either dominantly coupled to b quarks or
⌧ leptons among all SM fermions. Since the pseudoscalar couples to both SM particles and DM, it
could decay either visibly or invisibly, which calls for di↵erent search strategies. One needs to take
into account the corresponding branching fractions in evaluating the collider sensitivity to the full
parameter space.

The simple renormalizable pseudoscalar coupling to the SM fermions afLfR is not SM gauge
invariant. It originates from dimension-five operators aHfLfR with H being the Higgs doublet, fL
the left-handed fermion weak doublet and fR the right-handed fermion singlet. This means that the
pseudoscalar simplified model is generated by integrating out some heavy fields that couple to both SM
particles and the pseudoscalar. The coupling between the pseudoscalar and the SM fermions is actually
set by the mass scale of the heavy degrees of freedom. The UV completion (at the LHC energy scale)
most studied in the literature is the two Higgs doublet model (2HDM) and its variants [21, 23, 55].
Yet there exists another simple class of UV completions for the pseudoscalar simplified model, SM
augmented by vector-like generations of fermions. We will demonstrate that this class of models
provides new decay channels and signatures of vector-like quarks and leptons, such as triple b-jet,
b⌧⌧ , and ⌧⌧⌧ resonances. Some of the signatures have already been probed by current multi-jet or
multi-lepton LHC searches. These constraints on the mass scale of the vector-like generations restricts
the pseudoscalar coupling to the SM fermions and thus the parameter space that could explain the
GeV excess. The pure ⌧ -rich final states are only weakly constrained at the moment.

The paper is organized as follows: in Sec. 2, we discuss two simplified models of PPDM in which
the pseudoscalar couples dominantly either to b’s or ⌧ ’s and existing experimental bounds on these
models. In Sec. 3, we construct the class of vector-like fermion models that generate the simplified
models and study their new decay channels and LHC signatures. We conclude in Sec. 4.

2 Simplified Models of PPDM

The general simplified model of PPDM is

LPPDM = i

0

@g��̄�
5�+

X

f

gf f̄�
5f

1

A a, (2.1)
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particles and the pseudoscalar. The coupling between the pseudoscalar and the SM fermions is actually
set by the mass scale of the heavy degrees of freedom. The UV completion (at the LHC energy scale)
most studied in the literature is the two Higgs doublet model (2HDM) and its variants [21, 23, 55].
Yet there exists another simple class of UV completions for the pseudoscalar simplified model, SM
augmented by vector-like generations of fermions. We will demonstrate that this class of models
provides new decay channels and signatures of vector-like quarks and leptons, such as triple b-jet,
b⌧⌧ , and ⌧⌧⌧ resonances. Some of the signatures have already been probed by current multi-jet or
multi-lepton LHC searches. These constraints on the mass scale of the vector-like generations restricts
the pseudoscalar coupling to the SM fermions and thus the parameter space that could explain the
GeV excess. The pure ⌧ -rich final states are only weakly constrained at the moment.

The paper is organized as follows: in Sec. 2, we discuss two simplified models of PPDM in which
the pseudoscalar couples dominantly either to b’s or ⌧ ’s and existing experimental bounds on these
models. In Sec. 3, we construct the class of vector-like fermion models that generate the simplified
models and study their new decay channels and LHC signatures. We conclude in Sec. 4.
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Annihilation of DM particles in SM channels has many implications for cosmology, the most
interesting one being the e↵ects of energy injection prior and during the epoch of recombination [73–
78]. The e↵ective ionization energy from DM annihilation can be constrained by CMB measurements,
the most recent ones being from the Planck Collaboration [79]. Recent studies [77, 78] find that
light-lepton final states are excluded for cross sections of order < O(10�27cm3/s) for annihilations to
electron-positron pairs, photons, or V V ! 4e, where V V is a pair of intermediate vector bosons, each
of which decays to an electron-positron pair. Similar constraints on the cross section are obtained for
muon final states.

Given the challenges in direct, indirect, and cosmological experiments, it will be interesting to
explore the power of the Large Hadron Collider (LHC) in testing this simple possibility. Indeed the
pseudoscalars could be produced copiously at the LHC and lead to di↵erent final states and signals
depending on their couplings. If a pseudoscalar (a) is heavy enough, its e↵ect could be encoded by
dimension-six operators, which have been considered in [80–85] and motivates collider signals with a
single (b-)jet and missing transverse energy (E/T ). More recently, the particular simplified model in
the minimal flavor violating framework with pseudoscalar coupling to the SM fermions proportional
to the SM Yukawa couplings has been extensively studied in [86–89]. We will consider two other types
of well-motivated simplified models with the pseudoscalar either dominantly coupled to b quarks or
⌧ leptons among all SM fermions. Since the pseudoscalar couples to both SM particles and DM, it
could decay either visibly or invisibly, which calls for di↵erent search strategies. One needs to take
into account the corresponding branching fractions in evaluating the collider sensitivity to the full
parameter space.

The simple renormalizable pseudoscalar coupling to the SM fermions afLfR is not SM gauge
invariant. It originates from dimension-five operators aHfLfR with H being the Higgs doublet, fL
the left-handed fermion weak doublet and fR the right-handed fermion singlet. This means that the
pseudoscalar simplified model is generated by integrating out some heavy fields that couple to both SM
particles and the pseudoscalar. The coupling between the pseudoscalar and the SM fermions is actually
set by the mass scale of the heavy degrees of freedom. The UV completion (at the LHC energy scale)
most studied in the literature is the two Higgs doublet model (2HDM) and its variants [21, 23, 55].
Yet there exists another simple class of UV completions for the pseudoscalar simplified model, SM
augmented by vector-like generations of fermions. We will demonstrate that this class of models
provides new decay channels and signatures of vector-like quarks and leptons, such as triple b-jet,
b⌧⌧ , and ⌧⌧⌧ resonances. Some of the signatures have already been probed by current multi-jet or
multi-lepton LHC searches. These constraints on the mass scale of the vector-like generations restricts
the pseudoscalar coupling to the SM fermions and thus the parameter space that could explain the
GeV excess. The pure ⌧ -rich final states are only weakly constrained at the moment.

The paper is organized as follows: in Sec. 2, we discuss two simplified models of PPDM in which
the pseudoscalar couples dominantly either to b’s or ⌧ ’s and existing experimental bounds on these
models. In Sec. 3, we construct the class of vector-like fermion models that generate the simplified
models and study their new decay channels and LHC signatures. We conclude in Sec. 4.

2 Simplified Models of PPDM

The general simplified model of PPDM is
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Figure 1. Representative diagrams for production of a pseudoscalar in the first simplified model.

where we assumed DM is a Dirac fermion denoted by � and a is the pseudoscalar. The second
term sums over all SM fermions (denoted by f), except neutrinos. Notice that the operators, iaf̄�5f

(or equivalently iafLf
c
R + cc. in terms of Weyl fermions), summed in the second term are not SM

gauge invariant. They should be understood as dimension-five operators such as iaH†`L⌧
c
R/M⇤ and

iaH†QLb
c
R/M⇤ generated from integrating out some new heavy degrees of freedom beyond the SM

of mass scale M⇤. Thus for the simplified model to be valid, gf ⇠ v/(
p
2M⇤) with v = 245 GeV

is restricted to be . 1 (otherwise the higher-dimensional operators start playing an important role
and can’t be ignored). We choose to study the simplified models rather than the e↵ective contact
interaction operators. The motivation for this choice is because of potential pitfalls of the latter, for
instance, the breakdown of the e↵ective operator approach at the LHC for a relatively light mediator
with mass of a few hundred GeV [90–92].

There are many di↵erent choices of the couplings between a and the SM fermions. The most
studied one in the literature is gf = c yf , with c a common factor for all SM fermions and yf the
SM Yukawa coupling. In this case, the pseudoscalar dominantly couples to the top quarks and its
dominant production channel is the gluon fusion process similar to that of the Higgs boson. The collider
phenomenology of this case has been studied in [86–89]. The implications for the GeV excesses has been
further studied in [89], which showed that current searches already constrain much of the parameter
space that explain the observed excess and that future searches could cover the full parameter space.
Here, we focus on the following two benchmark simplified models:

1. gb � gf (f 6= b);

2. g⌧ � gf (f 6= ⌧).

The choices represent distinctive collider topologies and search strategies. In the first case, the pseu-
doscalar is produced associated with b-quarks through representative diagrams in Fig. 1. Notice that
this set of diagrams is beyond the most studied case with s-channel production of the mediator. In the
second case, the pseudoscalar is produced through electroweak processes, pp ! (Z⇤, �⇤) ! 2⌧+a with
a much smaller rate compared to that of a QCD production channel. Both of the simplified models
could be easily realized in weak-scale models. For example, they all could arise in SM augmented by
vector-like generations of fermions with di↵erent representations. In addition, the first choice could
also be realized in (variants of) Type-II 2HDM with tan� & 10 [21, 23, 55] and the second choice
could be realized in (variants of) Type-III 2HDM. Below we will discuss the current status of each
case.

In the first simplified model, the pseudoscalar might also be produced through gluon fusion with
a heavy-quark loop (e.g., a top-quark loop). We focus on the associated production assuming that
the pseudoscalar-top coupling is negligible, but note that this assumption may not hold in every UV
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previous studies of this simplified model). In general, for an arbitrary choice of (gb, g�), it is important
to consider the branching fractions of the pseudoscalar a and study both types of searches in order to
derive a robust limit. Note that current searches are only sensitive to about & 3 times the coupling
gb value required for a DM explanation of the GeV gamma ray excess in most of a’s mass range.

In the second simplified model, the pseudoscalar is produced in association with two ⌧ ’s through
electroweak processes pp ! (Z⇤, �⇤) ! 2⌧ + a ! 4⌧ or 2⌧ + E/T . An interesting question is whether
the LEP searches were already sensitive to the production of the pseudoscalar through e+e� ! 2⌧ +a

process if a is light enough. We find that the production rate of this channel is too small to have been
constrained at LEP. For instance, for ma = 50 GeV and g⌧ = 1, the production cross section is 13 fb
at

p
s = 200 GeV. Given an integrated luminosity of 233.4 pb�1 collected per LEP experiment in the

year 2000 [100], this led to only 3 events per experiment produced in that year. However note that
even the current LHC searches are not sensitive to this electroweak process. For ma = 50 GeV and
g⌧ = 1, the production cross section of a is 16.6 fb. If a dominantly decays to 2⌧ ’s, the most sensitive
search is the CMS multilepton search [101], which only excludes 30 times the cross section for ma = 50
GeV. Nevertheless, it is perhaps possible to probe such process through the supersymmetry search
with two hadronically decaying ⌧ ’s and missing energy if a decays dominantly to DM particles [102].
Unfortunately, currently these searches are only sensitive to a production cross section of order a few
hundred fb and thus this simplified model is still largely unconstrained.

If, in the second simplified model, the pseudoscalar has a small but non-negligible coupling to
other SM fermions, e.g., bottoms, this will open up new production channel of the pseudoscalar such
as the associated production with b quarks. There are constraints from the MSSM Higgs boson search
in the ⌧⌧ final state [103], which restricts gb to be below 0.03 for ma = 200 GeV and below 0.1 for
ma = 700 GeV assuming 100% branching fraction of a ! ⌧⌧ .

3 New Signatures of UV Completions with Vector-Like Fermions

Concrete models that give rise to the simplified model in Eq. (2.1) could lead to additional interesting
experimental signatures. One simple UV completion of the PPDM model, Type-II 2HDM and its
variants, have been extensively studied in [21, 23, 55]. In this section, we focus on another class of
models that realizes PPDM: the vector-like fermion models. We demonstrate that this model could
lead to new interesting vector-like fermion signatures that could be worth dedicated searches in the
LHC Run 2.

Consider a generation of vector-like quarks, B0, B̃0 with charge (3, 1)�1/3 and (3̄, 1)1/3 under SM
gauge group SU(3)⇥SU(2)L⇥U(1)Y . We assume that it only couples to the third generation quarks
of the SM:

Lint = (MBB̃
0B0 + iYaaB

0bcR + y3H
†Q3B̃

0 + cc.) + ia�̄�5�, (3.1)

where H is the SM higgs doublet and Q3 is the third generation SM quark doublet. Integrating out
the B0 field leads to a dimension-five operator

i
Yay3
MB

H†Q3b
c
Ra+ cc., (3.2)

which gives a (Yay3v/
p
2MB)abLbcR coupling with v = 245 GeV after electroweak symmetry breaking

(EWSB).
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Figure 2. Left: diagram of B0 pair production followed by B0 ! ab, a ! bb̄ decay. Right: bound on the

vector-like B0 quarks with the decay topology B0 ! ab, a ! bb̄ based on the results of the jet counting analysis

in the multijet search in [25]. The dashed curves give the central value of the cross section fitting the GeV

excess in the bb̄ channel. We fixed g� to be gb (green) or gb/3 (blue) so that a ! bb̄ is the dominant decay

channel and gb = v/MB which is equivalent to setting Yay3 =
p
2.
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Figure 3. Left: diagram of B0 pair production followed by B0 ! ab, a ! ⌧ ⌧̄ decay. Right: bound on the

vector-like B0 quarks with the decay topology B0 ! ab, a ! bb̄ based on the results of the jet counting analysis

in the multijet search in [25].

top partner with 500 GeV mass for a certain range of ma. Again in slightly more complicated models,
one could have a top partner decaying to a+ t followed by a ! ⌧ ⌧̄ , which leads to a tt̄+4⌧ final state.

It will be interesting to embed the simple phenomenological model of vector-like fermions in a more
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elaborate model for electroweak symmetry breaking such as little Higgs models [33, 34]. For example,
it has been shown that littlest Higgs model could contain a pseudoscalar with the top partner decaying
dominantly to it and the top quark in at least part of the parameter space [35]. More recently, more
models containing the pseudoscalar and new decay channels of top partner in the broad context of
composite electroweak symmetry breaking have been constructed in [32, 36].

4 Conclusions and Outlook
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Figure 3: LHC bounds for scenario 1, T ! t⌘. Left panel: Exact t-parity case. The

blue shaded area is excluded by the ATLAS search for isolated lepton, jets, and missing

transverse momentum [34], while the red shaded area is excluded by the CMS search using

razor variables [35]. Right panel: Approximate t-parity case, ⌘ ! jj. The blue shaded area

is excluded by the ATLAS multijet analysis [36]. In both panels, below the horizontal gray

line the Higgs decay h ! ⌘⌘ is kinematically accessible.

do not consider the case where LtP lifetime corresponds to displaced decays inside a detector,

since displaced decays into jet pairs are very strongly constrained at the LHC independent of

the details of the event [33]. In all scenarios we assume 100% branching ratio in the channels

of interest for both T and the scalars.

3.1 Scenario 1: T T̄ ! tt̄⌘⌘

If the singlet ⌘ is the LtP, the decay T ! t⌘ dominates. We consider two cases: exact t-parity

(stable LtP) and broken t-parity (unstable LtP).

3.1.1 Exact t-Parity

The signal topology in this case is identical to that of stop squark (t̃) pair-production, where

the stop decays via t̃ ! tÑ and Ñ is a stable neutralino. Many searches for this SUSY process

have been performed at the LHC. The strongest bounds can be derived from the ATLAS

search for isolated lepton, jets, and missing transverse momentum [34] and the CMS search

using razor variables [35]. The ATLAS collaboration supplies acceptances and e�ciencies

to pass the selection cuts as a function of mt̃ and mÑ . We assume that these acceptances

and e�ciencies apply to the fermionic top partners as well, with mT = mt̃ and m⌘ = mÑ .

This assumption ignores the di↵erences in the kinematic distribution of the fermionic and

scalar top partners, which are expected to have only a minor e↵ect on the mass bounds. We

then use the calculated T pair-production cross section and the 95% C.L. bounds reported by

ATLAS to place constraints on the mT -m⌘ plane, shown in the left panel of Fig. 3. Likewise,
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than 300 GeV in order to explain the GeV gamma ray excess. Then the light a could be probed by a
direct mediator search as discussed in Sec. 2.
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Figure 3. Left: diagram of B0 pair production followed by B0 ! ab, a ! bb̄ decay. Right: bound on the

vector-like B0 quarks decaying through B0 ! ab, a ! bb̄ with 100% branching fraction based on the results of

the jet counting analysis in the multijet search in [108] (red solid curve). The green and blue bands give the

cross section of DM annihilation fitting the GeV gamma ray excess in the bb̄ channel within the 1� range. We

fixed g� to be gb (green) or gb/3 (blue) so that a ! bb̄ is the dominant decay channel and gb = v/MB , which

is equivalent to setting Yay3 =
p
2.

One could also consider the SM augmented with a vector-like generation of leptons. One simplest
possibility is L0, L̃0 with charge (1, 1)±1 under the SM gauge group SU(3) ⇥ SU(2)L ⇥ U(1)Y . We
assume that it only couples to the ⌧ leptons in the SM with interactions

Lint = (MLL̃
0L0 + iYaaL

0⌧ cR + y3H
†`3L̃

0 + cc.) + ia�̄�5�, (3.4)

with ` being the lepton doublet in the SM. Similar to the vector-like B0 model, integrating out the
heavy leptons leads to an e↵ective coupling between a and ⌧ leptons. This also leads to a new decay
channel of L0: L0 ! ⌧a ! ⌧⌧ ⌧̄ . Considering L0 pair production, this leads to a 6⌧ final state with
the two correct ⌧ triplet combinations each forming a resonance in the invariant mass spectrum. In
addition, one of the three ⌧ pair combinations in each of the two triplets should also form an invariant
mass peak at the a mass. Currently, the most sensitive experimental probe of this scenario is the
CMS multilepton search [101]. More specifically, the search regions with one hadronically decaying ⌧

and a total number of leptons � 4 are the most sensitive ones to the topology of interest. The results
are shown in Fig. 4. Assuming 100% branching fraction of a ! ⌧+⌧�, the current constraint only
excludes the new leptons below 230 GeV and it is only sensitive to a part of the parameter space that
could explain the GeV gamma ray excess.

Combining the two simplified models above, one could have SM augmented with vector-like B0

quarks, as well as vector-like leptons ⌧ 0, both of which couple to the third-generation particles. Pseu-
doscalar a couples to both B0 and ⌧ 0. This could lead to a new possibility of B0 decay: B0 ! ab ! b⌧ ⌧̄

as shown in the left diagram in Fig. 5. In this case, assuming 100% branching fraction, we find a
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Annihilation of DM particles in SM channels has many implications for cosmology, the most
interesting one being the e↵ects of energy injection prior and during the epoch of recombination [73–
78]. The e↵ective ionization energy from DM annihilation can be constrained by CMB measurements,
the most recent ones being from the Planck Collaboration [79]. Recent studies [77, 78] find that
light-lepton final states are excluded for cross sections of order < O(10�27cm3/s) for annihilations to
electron-positron pairs, photons, or V V ! 4e, where V V is a pair of intermediate vector bosons, each
of which decays to an electron-positron pair. Similar constraints on the cross section are obtained for
muon final states.

Given the challenges in direct, indirect, and cosmological experiments, it will be interesting to
explore the power of the Large Hadron Collider (LHC) in testing this simple possibility. Indeed the
pseudoscalars could be produced copiously at the LHC and lead to di↵erent final states and signals
depending on their couplings. If a pseudoscalar (a) is heavy enough, its e↵ect could be encoded by
dimension-six operators, which have been considered in [80–85] and motivates collider signals with a
single (b-)jet and missing transverse energy (E/T ). More recently, the particular simplified model in
the minimal flavor violating framework with pseudoscalar coupling to the SM fermions proportional
to the SM Yukawa couplings has been extensively studied in [86–89]. We will consider two other types
of well-motivated simplified models with the pseudoscalar either dominantly coupled to b quarks or
⌧ leptons among all SM fermions. Since the pseudoscalar couples to both SM particles and DM, it
could decay either visibly or invisibly, which calls for di↵erent search strategies. One needs to take
into account the corresponding branching fractions in evaluating the collider sensitivity to the full
parameter space.

The simple renormalizable pseudoscalar coupling to the SM fermions afLfR is not SM gauge
invariant. It originates from dimension-five operators aHfLfR with H being the Higgs doublet, fL
the left-handed fermion weak doublet and fR the right-handed fermion singlet. This means that the
pseudoscalar simplified model is generated by integrating out some heavy fields that couple to both SM
particles and the pseudoscalar. The coupling between the pseudoscalar and the SM fermions is actually
set by the mass scale of the heavy degrees of freedom. The UV completion (at the LHC energy scale)
most studied in the literature is the two Higgs doublet model (2HDM) and its variants [21, 23, 55].
Yet there exists another simple class of UV completions for the pseudoscalar simplified model, SM
augmented by vector-like generations of fermions. We will demonstrate that this class of models
provides new decay channels and signatures of vector-like quarks and leptons, such as triple b-jet,
b⌧⌧ , and ⌧⌧⌧ resonances. Some of the signatures have already been probed by current multi-jet or
multi-lepton LHC searches. These constraints on the mass scale of the vector-like generations restricts
the pseudoscalar coupling to the SM fermions and thus the parameter space that could explain the
GeV excess. The pure ⌧ -rich final states are only weakly constrained at the moment.

The paper is organized as follows: in Sec. 2, we discuss two simplified models of PPDM in which
the pseudoscalar couples dominantly either to b’s or ⌧ ’s and existing experimental bounds on these
models. In Sec. 3, we construct the class of vector-like fermion models that generate the simplified
models and study their new decay channels and LHC signatures. We conclude in Sec. 4.

2 Simplified Models of PPDM

The general simplified model of PPDM is
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Figure 1. Representative diagrams for production of a pseudoscalar in the first simplified model.

where we assumed DM is a Dirac fermion denoted by � and a is the pseudoscalar. The second
term sums over all SM fermions (denoted by f), except neutrinos. Notice that the operators, iaf̄�5f

(or equivalently iafLf
c
R + cc. in terms of Weyl fermions), summed in the second term are not SM

gauge invariant. They should be understood as dimension-five operators such as iaH†`L⌧
c
R/M⇤ and

iaH†QLb
c
R/M⇤ generated from integrating out some new heavy degrees of freedom beyond the SM

of mass scale M⇤. Thus for the simplified model to be valid, gf ⇠ v/(
p
2M⇤) with v = 245 GeV

is restricted to be . 1 (otherwise the higher-dimensional operators start playing an important role
and can’t be ignored). We choose to study the simplified models rather than the e↵ective contact
interaction operators. The motivation for this choice is because of potential pitfalls of the latter, for
instance, the breakdown of the e↵ective operator approach at the LHC for a relatively light mediator
with mass of a few hundred GeV [90–92].

There are many di↵erent choices of the couplings between a and the SM fermions. The most
studied one in the literature is gf = c yf , with c a common factor for all SM fermions and yf the
SM Yukawa coupling. In this case, the pseudoscalar dominantly couples to the top quarks and its
dominant production channel is the gluon fusion process similar to that of the Higgs boson. The collider
phenomenology of this case has been studied in [86–89]. The implications for the GeV excesses has been
further studied in [89], which showed that current searches already constrain much of the parameter
space that explain the observed excess and that future searches could cover the full parameter space.
Here, we focus on the following two benchmark simplified models:

1. gb � gf (f 6= b);

2. g⌧ � gf (f 6= ⌧).

The choices represent distinctive collider topologies and search strategies. In the first case, the pseu-
doscalar is produced associated with b-quarks through representative diagrams in Fig. 1. Notice that
this set of diagrams is beyond the most studied case with s-channel production of the mediator. In the
second case, the pseudoscalar is produced through electroweak processes, pp ! (Z⇤, �⇤) ! 2⌧+a with
a much smaller rate compared to that of a QCD production channel. Both of the simplified models
could be easily realized in weak-scale models. For example, they all could arise in SM augmented by
vector-like generations of fermions with di↵erent representations. In addition, the first choice could
also be realized in (variants of) Type-II 2HDM with tan� & 10 [21, 23, 55] and the second choice
could be realized in (variants of) Type-III 2HDM. Below we will discuss the current status of each
case.

In the first simplified model, the pseudoscalar might also be produced through gluon fusion with
a heavy-quark loop (e.g., a top-quark loop). We focus on the associated production assuming that
the pseudoscalar-top coupling is negligible, but note that this assumption may not hold in every UV
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previous studies of this simplified model). In general, for an arbitrary choice of (gb, g�), it is important
to consider the branching fractions of the pseudoscalar a and study both types of searches in order to
derive a robust limit. Note that current searches are only sensitive to about & 3 times the coupling
gb value required for a DM explanation of the GeV gamma ray excess in most of a’s mass range.

In the second simplified model, the pseudoscalar is produced in association with two ⌧ ’s through
electroweak processes pp ! (Z⇤, �⇤) ! 2⌧ + a ! 4⌧ or 2⌧ + E/T . An interesting question is whether
the LEP searches were already sensitive to the production of the pseudoscalar through e+e� ! 2⌧ +a

process if a is light enough. We find that the production rate of this channel is too small to have been
constrained at LEP. For instance, for ma = 50 GeV and g⌧ = 1, the production cross section is 13 fb
at

p
s = 200 GeV. Given an integrated luminosity of 233.4 pb�1 collected per LEP experiment in the

year 2000 [100], this led to only 3 events per experiment produced in that year. However note that
even the current LHC searches are not sensitive to this electroweak process. For ma = 50 GeV and
g⌧ = 1, the production cross section of a is 16.6 fb. If a dominantly decays to 2⌧ ’s, the most sensitive
search is the CMS multilepton search [101], which only excludes 30 times the cross section for ma = 50
GeV. Nevertheless, it is perhaps possible to probe such process through the supersymmetry search
with two hadronically decaying ⌧ ’s and missing energy if a decays dominantly to DM particles [102].
Unfortunately, currently these searches are only sensitive to a production cross section of order a few
hundred fb and thus this simplified model is still largely unconstrained.

If, in the second simplified model, the pseudoscalar has a small but non-negligible coupling to
other SM fermions, e.g., bottoms, this will open up new production channel of the pseudoscalar such
as the associated production with b quarks. There are constraints from the MSSM Higgs boson search
in the ⌧⌧ final state [103], which restricts gb to be below 0.03 for ma = 200 GeV and below 0.1 for
ma = 700 GeV assuming 100% branching fraction of a ! ⌧⌧ .

3 New Signatures of UV Completions with Vector-Like Fermions

Concrete models that give rise to the simplified model in Eq. (2.1) could lead to additional interesting
experimental signatures. One simple UV completion of the PPDM model, Type-II 2HDM and its
variants, have been extensively studied in [21, 23, 55]. In this section, we focus on another class of
models that realizes PPDM: the vector-like fermion models. We demonstrate that this model could
lead to new interesting vector-like fermion signatures that could be worth dedicated searches in the
LHC Run 2.

Consider a generation of vector-like quarks, B0, B̃0 with charge (3, 1)�1/3 and (3̄, 1)1/3 under SM
gauge group SU(3)⇥SU(2)L⇥U(1)Y . We assume that it only couples to the third generation quarks
of the SM:

Lint = (MBB̃
0B0 + iYaaB

0bcR + y3H
†Q3B̃

0 + cc.) + ia�̄�5�, (3.1)

where H is the SM higgs doublet and Q3 is the third generation SM quark doublet. Integrating out
the B0 field leads to a dimension-five operator

i
Yay3
MB

H†Q3b
c
Ra+ cc., (3.2)

which gives a (Yay3v/
p
2MB)abLbcR coupling with v = 245 GeV after electroweak symmetry breaking

(EWSB).
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78]. The e↵ective ionization energy from DM annihilation can be constrained by CMB measurements,
the most recent ones being from the Planck Collaboration [79]. Recent studies [77, 78] find that
light-lepton final states are excluded for cross sections of order < O(10�27cm3/s) for annihilations to
electron-positron pairs, photons, or V V ! 4e, where V V is a pair of intermediate vector bosons, each
of which decays to an electron-positron pair. Similar constraints on the cross section are obtained for
muon final states.

Given the challenges in direct, indirect, and cosmological experiments, it will be interesting to
explore the power of the Large Hadron Collider (LHC) in testing this simple possibility. Indeed the
pseudoscalars could be produced copiously at the LHC and lead to di↵erent final states and signals
depending on their couplings. If a pseudoscalar (a) is heavy enough, its e↵ect could be encoded by
dimension-six operators, which have been considered in [80–85] and motivates collider signals with a
single (b-)jet and missing transverse energy (E/T ). More recently, the particular simplified model in
the minimal flavor violating framework with pseudoscalar coupling to the SM fermions proportional
to the SM Yukawa couplings has been extensively studied in [86–89]. We will consider two other types
of well-motivated simplified models with the pseudoscalar either dominantly coupled to b quarks or
⌧ leptons among all SM fermions. Since the pseudoscalar couples to both SM particles and DM, it
could decay either visibly or invisibly, which calls for di↵erent search strategies. One needs to take
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Figure 1. Representative diagrams for production of a pseudoscalar in the first simplified model.

where we assumed DM is a Dirac fermion denoted by � and a is the pseudoscalar. The second
term sums over all SM fermions (denoted by f), except neutrinos. Notice that the operators, iaf̄�5f

(or equivalently iafLf
c
R + cc. in terms of Weyl fermions), summed in the second term are not SM

gauge invariant. They should be understood as dimension-five operators such as iaH†`L⌧
c
R/M⇤ and

iaH†QLb
c
R/M⇤ generated from integrating out some new heavy degrees of freedom beyond the SM

of mass scale M⇤. Thus for the simplified model to be valid, gf ⇠ v/(
p
2M⇤) with v = 245 GeV

is restricted to be . 1 (otherwise the higher-dimensional operators start playing an important role
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The diagrams generating the S-parameter are shown in Fig. 5. Notice that in order for the first diagram to
contribute, it is important that the SU(2)L structure of the coupling is
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rather than (h†h)(Q̃†

3Q̃3),
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t
and the SU(2)L D-term potential contributes / g 2, but there is no U(1)Y D-term contribution / g 02. The leading
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parameter space, it depends on a combination Atµ tan�/m4

˜t
, and so results in a weaker constraint on

At when tan� is small. This has interesting implications for the heavy Higgs bosons of the 2HDM,
H0, A0, and H±, which should not be too heavy [17, 70] and may have interesting e↵ects of their own
on precision observables [58, 71]. As we will discuss in Sec. 7.1, it could be the main sensitive probe
to the “blind spot” region.

Charginos and neutralinos have relatively small e↵ects on the observables we have mentioned so
far. This is largely because they have dominantly vectorlike masses and sensitivity to SU(2)L breaking
through the Higgs is a small e↵ect. On the other hand, integrating out higgsinos or winos will always
generate the triple gauge coupling operator cWWW g✏ijkW

i
µ⌫W

j⌫
⇢ W k⇢µ. Unfortunately, the coe�cient

generated by integrating out an SU(2)L multiplet is small [72]:

cWWW =
g2

2880⇡2

X

rep R, mass M

(�1)F
T (R)

M2

, (2.20)

where T (R) is the Dynkin index of the representation and the sum is over Weyl fermions for which
F = 1 and complex scalars for which F = 0. (That the e↵ect of a complex scalar and that of a Weyl
fermion cancel for equal masses is a result of a supersymmetric Ward identity [73].) Expected bounds
from the ILC are expressed in terms of dimensionless coe�cients �� and �Z , which are both equal
to 6m2

W cWWW . The ILC can bound the coe�cient at 1� to be |��,Z | ⇠< 6 ⇥ 10�4 with 500 fb�1 atp
s = 500 TeV or half that with 1 ab�1 at

p
s = 800 GeV [23, 74]. Even for the bound assuming

higher energy and luminosity, this does not probe wino or higgsino (or left-handed stop) masses above
100 GeV.

Similarly, any particles with SU(2)L quantum numbers contribute above threshold to the run-
ning of gauge couplings. At future very high energy proton–proton colliders this might be detected
with precision Drell-Yan measurements [75]. At an e+e� collider it would be di�cult, but if the
collider attains high luminosities at energies near 1 TeV it may be possible to probe running. There
is also a “below-threshold running e↵ect” arising from the operator cJJD

µW i
µ⌫D�W

i�⌫ , which has
coe�cient [72]

cJJ = � g2

960⇡2

X

rep R, mass M

aF
T (R)

M2

, (2.21)

where aF = 4 for Weyl fermions and 1 for complex scalars. By the equation of motion, DµW
iµ⌫ =

�gJ i⌫ , where J i⌫ is the SU(2)L current, so this operator is a current–current interaction that may be
thought of as a power-law (p2/M2) running of the gauge coupling below the scaleM . In the usual QED
calculation of vacuum polarization, one obtains an expression like

R
1

0

dx x(1�x) log(M2� p2x(1�x))
and expands for �p2 � M2 to obtain logarithmic running. This operator is simply the corresponding
result if we expand for M2 � p2. Again, it will be di�cult to obtain interesting constraints from this
operator simply because the number in the denominator is so large.

2.7 Comments on the Use of E↵ective Field Theory

In the remainder of the paper we will use formulas for S, T , and Rb originating in refs. [41, 52] and
presented in Appendix A. These include complete loop functions based on the original Peskin-Takeuchi
definitions of S and T in terms of gauge boson vacuum polarizations, allowing for arbitrary stop-sector
mixing. In particular, nontrivial functions of ratios like mtXt/m

2

ũ3
, if expanded in powers of the Higgs

VEV, may e↵ectively come from operators of dimension higher than 6 in an EFT treatment. In
this sense, the full loop functions include e↵ects of higher order than the operator analysis we have
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mixing. In particular, nontrivial functions of ratios like mtXt/m
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ũ3
, if expanded in powers of the Higgs

VEV, may e↵ectively come from operators of dimension higher than 6 in an EFT treatment. In
this sense, the full loop functions include e↵ects of higher order than the operator analysis we have
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parameter space, it depends on a combination Atµ tan�/m4

˜t
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i
µ⌫W

j⌫
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cWWW =
g2

2880⇡2

X

rep R, mass M

(�1)F
T (R)

M2

, (2.20)
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µW i
µ⌫D�W
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cJJ = � g2

960⇡2

X

rep R, mass M

aF
T (R)

M2

, (2.21)
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R
1

0

dx x(1�x) log(M2� p2x(1�x))
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presented in Appendix A. These include complete loop functions based on the original Peskin-Takeuchi
definitions of S and T in terms of gauge boson vacuum polarizations, allowing for arbitrary stop-sector
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Backup



Recap: Higgs portal scalar DM 
!
DM mass below half of Higgs mass, constrained by direct 
detection and Higgs invisible decay; 
!
Direct detection probes the coupling between DM and Higgs  
down to (0.02 - 0.2) for a DM with mass (100 GeV - 500 GeV); 
Future bound could be improved by a factor of 10; 
Indirect detection has similar (numerically weaker) sensitivity; 
!
LHC (VBF channel mostly) could probe DM up to 250 GeV; 
future 100 TeV collider could probe it up to around 400 GeV. 
!
Thermal scenario could be excluded by direct detection soon. 
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Figure 2: Contours of relic DM density from freeze-out through the Higgs Portal. Constraints

on the parameter space from the LUX direct detection experiment [50] are shown in dotdashed

red (labelled LUXNT) where an additional assumption is made that in regions where thermal

freeze-out over- or under-produces DM, additional fields and couplings lead to late-time DM

dilution or production to realize the observed density. On the other hand, the solid red line

(labelled LUXTH) and shaded region show the parameter space which is excluded if one only

takes the Lagrangian of Eq. (1.1) and the assumption of a standard thermal history. In this

case ⌦� / c�2
� and �n / c2� thus the exclusion is almost independent of the coupling, and

largely depends only on the mass.

rate essentially becomes a function of the mass only. This is demonstrated in Fig. 3 where

the cross-section is weighted by the fractional density of Higgs Portal DM from a standard

thermal history to give RDD as a function of c�. The coupling c� is varied over two orders in

magnitude, however the direct detection rate predicted by a standard thermal history only

varies by O(10’s%). This demonstrates that over the mass range 100 GeV < m� < 500 GeV

direct detection exclusions stronger than O(1 ⇥ 10�45cm2) actually exclude the Higgs portal

with a standard thermal history independent of the Higgs portal coupling. It should be noted

that non-standard thermal histories may significantly modify the constraint.

For m� > mh annihilation can also proceed into two Higgs bosons, hence for large c� we

have h�vi / c4� in the limit of large c�. Now taking the product of thermal abundance and

direct detection cross section we have RDD / c�2
� . Thus the suppression of relic density can

overcome the enhancement of scattering cross section and a standard thermal history leads to

smaller direct detection rates for larger couplings, as demonstrated in Fig. 3 . On the other

hand, the collider cross sections scale as c2�, with the exception of mono-Higgs signals which

scale as a polynomial up to c4�.

Thus we are led to a strong sense of complementarity between direct detection and collider
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assuming ɸ with a thermal relic  
abundance



New triangle for the vector-like fermion search
Br(B0 ! b+E/T ) =1 at the three vertices. At each vertex, the most sensitive search is quite di↵erent,
as we demonstrate in Fig. 7.

Br(B0 ! 3b)=1

Multijet search

Br(B0 ! Wt) = 0.5, Br(Zb)=Br(hb)=0.25

Standard
B0 search

Br(B0 ! b+MET)=1

b’s+ MET search

Figure 7. New triangle of B0 search for model described by Eq. 3.1.

4 Conclusions

In this paper, we explore two simplified models of pseudoscalar portal dark matter and a class of its UV
completion with vector-like fermions. We showed that for pseudoscalar dominantly coupled to b-quarks,
the most sensitive searches could be either the direct search for scalar particles decaying into b-quark
pairs or the b-jets+E/T searches. The current sensitivity still allows for a dark matter explanation of the
GeV gamma ray excesses in the Galactic center and/or Reticulum II. If the pseudoscalar dominantly
couples to ⌧ ’s, current LHC searches are not sensitive to it due to the small electroweak production
rate. The pseudoscalar coupling to SM could be realized in SM augmented by vector-like fermions
with the coupling strength set by the mass scale of the new fermions. These new vector-like models
give rise to interesting signatures such as bbb, b⌧⌧, ⌧⌧⌧ resonances. Considering pair production of
the new quarks, the 6 b-jet and 2b+4⌧ final states have already been strongly constrained by the
current multijet or multilepton searches. Thus in the vector-like quark model, the parameter space for
dark matter explanation of GeV excess is further constrained. On the other hand, pair production of
new leptons with 6⌧ final state (with two triple-⌧ resonances, and also resonances in one of the di-⌧
pairs in each triplet) is only weakly constrained due to the small production cross section. It will be
interesting to explore these types of simplified models and new vector-like fermion signatures further
in the upcoming LHC runs.
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