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The power of the dark side

Strongest evidence for DM comes from its interactions 
with visible matter in the Milky Way 

total stellar mass.

Among these options, it turns out that stars serve as the best DM tracers and time-and-again

have provided important clues about its distribution. The reason for this is that stars in the disk

are essentially collisionless. The time between collisions is ⇠1021 years—far longer than the age of

the Universe!

Exercise: Show that the stars in the Galactic disk are collisionless. You may assume that the stars

have a radius similar to that of the Sun (R� = 2 ⇥ 10�8 pc) and a random velocity of ⇠50 km/s.

1.1 Rotation Curves

One of the strongest pieces of evidence for DM comes from studying the rotational velocity of

stars. The fact that stars rarely collide means that their motion is dictated by their gravitational

interactions. From standard Newtonian gravity, we know that the stars’ circular velocity, v
c

, is

v
c

(r) =

r

GM

r
,

where M is the enclosed mass, r is the radial distance, and G is the gravitational constant. For

distances that extend beyond the Galactic disk (r & R
disk

), Gauss’ Law tells us that M should

remain constant assuming all the mass is concentrated in the disk, and v
c

/ r�1/2. Instead,

observations find that the circular velocity curve flattens out at these distances, implying that

M(r) / r. This suggests that there is an additional ‘dark’ component of matter beyond the visible

matter in the disk.1 Evidence for flat rotation curves began to build in the 1970s (e.g., [4, 5]),

leading to several ground-breaking papers in the early 1980s [6, 7]. Figure 1 shows the 21 Sc

rotation curves measured by Rubin et al. in [6], which illustrate the approximate flattening of the

circular velocity at large radial distances. Since then, further evidence has continued to strengthen

these conclusions—see e.g., [8].

From rotation curves, we infer that the DM mass density distribution is

⇢(r) / M(r)

r3

⇠ 1

r2

.

Note the implicit assumption being made here: namely, that the DM is distributed in a spherically

symmetric halo about the center of the Galaxy, in contrast to the baryons which are concentrated

in the disk. Because baryons can interact strongly amongst themselves, they have a means of

1Another interpretation for the flattening of the rotation curve is the possibility that Newton’s laws of gravity
are altered at large distances [3]. MOdified Newtonian Dynamics (MOND) is a class of phenomenological models
that seek to address this point. While MOND is most successful at explaining galaxy-scale e↵ects, it has not been
absorbed into a fully cosmological picture to date.
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Standard Newtonian gravity

But, observations show
flattening of vc , hence

Holds the Universe together and 
makes 85% of all the matter in it! 

Something invisible is holding stars in orbit 



Evidence for DM on many scales at many times

Images of distant galaxies 
distorted by bending of 

light by strong 
gravitational fields

Gravitational Lensing

Two galaxies collided, leaving 
behind the interacting gas, while 
the DM of both galaxies passed 
through è upper limit on the self 
interaction of the DM 

Galaxy Cluster Collisions



CMB Power Spectrum

Evidence for DM on many scales at many times

Constraints on the third peak  yield the first direct evidence for dark matter 
at the epoch of recombination.

Fluctuations in the CMB temperature  
spectrum at different angular scales on the sky



Evidence for DM on many scales at many times

Matter Power Spectrum

Observation & theory agree with ~ 85% pressure-less matter, 15% conventional baryonic



Evidence for DM on many scales at many times
Big Bang Nucleosynthesis

Hot soup of protons & neutrons, 
can predict light element abundance 
~ 5% into baryons 

BBN earliest epoch of which we 
have data,  at T ~ MeV

Most DM candidates are relics from the 
pre-BBN era, from which we have no data 

Key point: Ωb= ρb/ρc counts everything, hence DM cannot be SM particles



Makes up 23% of the universe 

Has attractive gravitational interactions (like ordinary matter but is non-baryonic)

Is either stable or has a lifetime ≫ tU.

Is not observed to interact with light (weakly coupled, neutral or  “milli-charged”,    

The bulk of the DM must be dissipationless, but part of it could be dissipative

Has been mostly assumed to be collisionless, however the upper limit on DM self-
interactions is very large. 

Was non-relativistic at time of CMB  (Cold or Warm possible  to account for all the large 
scale structure observations, hence New physics BSM needed)

What do we know about DM? 

What is it?
Which are its detailed properties?
Does it have Higgs-like interactions?
How to search for it?



Understanding the DM Sector

Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV

15

DM Prognosis?
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Good news: Most discoverable DM candidates are in Thermal 
equilibrium with us in the early universe

Why is this good?

Particle physics properties constrains the range of possible masses

Folding in assumptions about the evolution of the DM density in the early Universe 
can motivate more specific mass scales

Black Holes



Thermal Equilibrium: 
Easily realized in the early Universe

Applies to nearly all models with couplings large enough for detection 
(rare counter example: QCD axion DM, freeze in DM)

H ⇠ n�v =)

If interaction rate exceeds Le↵ =
g2

⇤2
(�̄�µ�)(f̄�µf)

Equilibrium is easily achieved in the early universe if 

T 2

mPl
⇠ g2T 5

⇤4
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T=m�

g & 10�8
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⇤
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◆2 ✓GeV

m�

◆3/2

 Hubble expansion

Applies to nearly all models with couplings large enough 
for detection (rare counterexample: QCD axion DM) 
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Thermal Equilibrium
Advantage #0:  Easily Realized 

< <
χ

Axions may provide a solution to the strong CP problem and be a CDM candidate

Freeze in: Feebly Interacting Massive Particle (FIMP) interacting so feebly with the 
thermal bath that it never attains thermal equilibrium (indep. of UV conditions)



Evolution of the Dark Matter Density: Thermal  DM 
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Figure 4: An illustration of the inelastic �� ! XX (left) and elastic �X ! �X (right) scattering
processes that dictate chemical and kinetic equilibrium. Note that time points from left to right.

is in thermal equilibrium in the early Universe via its interactions with Standard Model particles.

2.1 Thermal Dark Matter

Figure 4 shows two possible 2 ! 2 interaction diagrams that are allowed with � the DM particle

and X a Standard Model particle, which is essentially massless and in equilibrium with the photon

bath. When the interaction �� $ XX is in equilibrium, the DM particles are constantly being

replenished. As the Universe expands, though, it becomes increasingly harder for a DM particle to

find a partner to annihilate with and the forward reaction shuts o↵. At this point, the DM density

remains frozen in time. The ‘freeze-out’ time occurs when the annihilation rate, �
inelastic

, is on the

order of the Hubble rate, H:

�
inelastic

= n
�

h�vi ⇠ H ,

where n
�

is the DM number density and h�vi is the velocity-averaged cross section. Cold DM is

non-relativistic at freeze-out, with n
�

⇠ T 3/2e�m

�

/T , with T the temperature of the DM species;

hot DM is relativistic at freeze-out, with n
�

⇠ T 3. Warm DM falls somewhere in between these

two cases.

Exercise: The number density of a given particle is related to its phase-space density, f(E, t), via

n = g

Z

f(E, t)
d3p

(2⇡)3
, (2.1)

where g is the number of spin degrees of freedom of the particle. Determine the scaling of n with

temperature in the non-relativistic and relativistic limits.

After freeze-out, the DM is no longer in chemical equilibrium, but it remains in thermal equi-

librium with the surrounding plasma via the elastic interaction shown in the right panel of Fig. 4.
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At sufficiently high Temperature, the interaction 
χ χ      XX is in thermal equilibrium, 
DM particles are constantly replenished  

Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

Griest et. al. 1992

Observed density requires

Asymmetric Thermal DM:
Just need to deplete antiparticles

 Rate can be bigger, but not smaller

Symmetric Thermal DM 

�vasym > 3⇥ 10�26cm3s�1

�vsym ⇠ 3⇥ 10�26cm3s�1

⌦� ⇠ h�vi�1

10

n(eq.)
DM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

DM is overproduced, need to annihilate away the excess!

Freeze out

Either way, there’s a target!

  Cosmology data      Dark Matter       New physics at the EW scale

Evolution of the Dark Matter Density Being produced

and annihilating

(T!m
x
)

• Heavy particle initially in thermal equilibrium

• Annihilation stops when number density drops

• i.e., annihilation too slow to keep up with

         Hubble expansion (“freeze out”)

• Leaves a relic abundance:� 

H > !
A
" n# < $

A
v >

Interactions

suppressed (T<m
x
)

Freeze out

!
DM
h

2
"  < #

A
v>

-1

If m
x
 and !A determined by electroweak physics,

!
A
" k#

W

2 / mX

2
! a few pb then !DM h2~0.1 for mx~0.1-1 TeV

Kolb and Turner

Remarkable agreement with WMAP-SDSS !
DM
h
2
= 0.104 ± 0.009

��� f̄ f

��� f̄ f

Frank Steffen’s Talk

�inelastic = n� <�v>
chemical equilibrium

As the Universe expands & temperature decreases
number density decreases

For T< mDM interactions get suppressed (Cold DM)

Finally forward reaction stops (too hard for DM 
particles to find each other to annihilate) 
DM density frozen in time: 

time flow
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n(eq.)
DM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

DM is overproduced, need to annihilate away the excess!

Freeze out

Either way, there’s a target!

�inelastic = n� <�v>⇠ H

nDM ⇠ T3/2e�mDM/T

nDM ⇠ T3/2e�mDM/T

(Cold DM)
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�inelastic = n� <�v> �elastic = nX <�v>

chemical equilibrium kinetic equilibrium

nDM ⇠ T3/2e�mDM/T
Cold Dark Matter is non-relativistic at Freeze out è

Hot Dark Matter is relativistic at Freeze out -è nDM ⇠ T3

After freeze out, DM is no longer in chemical  eq., but it remains in thermal eq. with 

the surrounding plasma via elastic interactions.

After a certain point it decouples and DM is free streaming  (Γelastic < H)

Warm dark matter is in between

nX~ T3 

As X are relativistic

For Cold (Hot) Dark Matter kinetic decoupling happens only after freeze out (earlier).

Detailed studies of the DM free streaming after decoupling constrain warm DM 

candidates, that predict less structure on small scales than actually observed.

time flowtime flow

Cold Dark Matter Preferred



The WIMP Miracle
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Figure 6: An illustration of the DM number density Y as a function of x. Before freeze-out
(x < x

f

), the density tracks the equilibrium expectation (dashed black). After freeze-out, the
density remains nearly constant as a function of time, as indicated by the solid black line. Figure
courtesy of S. Mishra Sharma.

case where b
0

dominates is referred to as s-wave annihilation. The case where the second term

dominates is called p-wave annihilation.

There is no analytic solution for equations that take the form of (2.6), so one must rely on

numerical solutions for exact results. However, we can consider the behavior of the solutions in

limiting cases to build intuition for how the DM number density evolves with time. Remember

that the evolution depends on how the annihilation rate compares with the expansion rate. When

� � H, then the annihilation process is very e�cient and equilibrium can be maintained between

the DM and photon bath. However, when � ⌧ H, the DM particles can no longer find each other

fast enough compared to the expansion rate, and thus fall out of equilibrium, as illustrated in Fig. 6.

Said another way,

Y (x . x
f

) ' Y
eq

(x) and Y (x & x
f

) ' Y
eq

(x
f

) ,

where x
f

is the freeze-out time. For CDM, Y (x) decreases exponentially before freeze-out. After

freeze-out, however, the abundance is larger than what its equilibrium value would have been if

freeze-out had not occurred (as Y
eq

is decreasing, Y
eq

(x
f

) > Y
eq

(x > x
f

) trivially). Therefore, (2.6)

becomes
dY

dx
' � �

xn+2

Y 2 , where � =
h�vi

0

s
0

H(m)
.

Note that the x dependence has been pulled out of the cross section and entropy to define �. That

is, h�vi = h�vi
0

x�n and s = s
0

x�3.4 Taking n = 0 as an example, we can solve for the DM

4We are assuming that either s- or p-wave annihilation dominate, which is oftentimes true. More precisely, though,
the thermally averaged cross section is a series in x, as shown in (2.8).
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Ωχh2∼(10-26cm3/s)/<σv> ≃ 0.1 (0.01/α)2 (m/100 GeV)2

Taking xf∼10 and⟨σv⟩ ∼α2/m2,  the fraction of critical 
density contributed by the DM today  is

è correct abundance today as measured by Planck 
and WMAP, for α ~ 0.01 and  m ~ 100 GeV 

Weak-scale DM naturally gives the correct DM density
Many well-motivated BSM models  contain a parity symmetry

SM à SM      BSM à - BSM

the “WIMP miracle”

e.g. R-parity in SUSY (proton decay)
T-parity in little Higgs models (precision EW observables) 
KK-parity in extra-dimensional models ..... 

Lightest Parity Odd Particle is stable, may be a DM candidate 
Always produced in pairs and leaves detector as MET 
A wide-ranging of  experimental  programs targeted for WIMP searches



Thermal Equilibrium: 
Narrows viable Mass range

How much of a miracle are WIMPs? 
What is really constrained is the ratio of the squared coupling to the mass.

It is possible to open up a wider band of allowed masses for thermal DM by taking 
α≪1 while keeping α2/m2 fixed (α2 m2 /M4, if heavy mediators) 

WIMPs: Interact through SM weak forces for masses below ~ 2GeV or higher than several 
TeV the annihilation cross section is too small, hence overabundance of thermal DM expected

Hidden Sector DM: Particles neutral under SM forces, but charged under new forces 
not yet discovered. Can have portal interactions with the SM & thermal freeze out or not
Mass viable over a wider range than WIMPs including  Light DM down to keV range

Low mass region Hidden Sector DM pheno is quite different from WIMP pheno

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {
18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 
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Hidden Sector



Many BSM models with DM Candidates



Minimal Annihilation Rate for symmetric and asymmetric DM 

Rate can be bigger, but not smaller

Symmetric Thermal DM:
Observed density requires  à

Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

Griest et. al. 1992

Observed density requires

Asymmetric Thermal DM:
Just need to deplete antiparticles

 Rate can be bigger, but not smaller

Symmetric Thermal DM 

�vasym > 3⇥ 10�26cm3s�1

�vsym ⇠ 3⇥ 10�26cm3s�1

⌦� ⇠ h�vi�1

10

n(eq.)
DM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

DM is overproduced, need to annihilate away the excess!

Freeze out

Either way, there’s a target!
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Thus many searches for Symmetric DM also Asymmetric DM scenarios

“Symmetric” DM means the DM is its own antiparticle and its relic abundance 
is produced by thermal freeze out

“Asymmetric” DM is realized when the DM relic abundance is created by an 
asymmetry between DM particles and antiparticles, in addition to the possible 
one induced by thermal freeze out



Hidden Sector DM with other Thermal Histories

Normal CDM

cannibalization

WIMPless-miracle 
SIMP-miracle 
ELDER, etc
Smoothly connected in
parameter space

Relevant role of elastic 
DM-SM scatter



Accelerator searches explore the relativistic production and/or interactions of DM 
candidates
Direct detection experiments search for the scattering of DM in the Milky Way halo off 
matter, with relative velocity ~ 10-3c 

Such big kinematic difference may make DM scenarios accessible to one technique 
and not at the other techniques. 

Accelerator Searches Vs Direct Detection 

FIG. 3: Schematic illustration of the complementarity of di↵erent types of experiments in exploring
sharp targets and general regions of interest for hidden-sector DM. Anomalies in data (see Section
III B 5) highlight regions of interest in mediator mass and/or coupling to visible or dark matter; the
red arrows highlight the suggested regions of mediator mass. Blue horizontal arrows for production
mechanisms (see Sections III B 2-III B 4) indicate the parameter regions over which they are viable
(dashed), regions in which they motivate a sharp parameter-space target (solid arrow), and, in
the case of asymmetric DM, a “natural” range where the DM and baryon number densities are
comparable (thick band). Blue and red vertical arrows highlight directions in “theory space” that
have significant impact on detection strategies, while the green vertical arrows indicate the models
to which di↵erent experimental approaches are most sensitive. Direct detection is discussed in
Section IV, accelerator-based experiments in Section VI, and cosmology and nuclear and atomic
physics probes in Section VII.

represents a precise target of interest. For elastically scattering scalar DM charged under a
new force, most of the sub-GeV parameter space for this scenario can be explored by the
next generation of both accelerator and direct detection experiments. If instead the DM is
axially coupled (as a Majorana fermion must be) or scatters inelastically, then direct detec-
tion rates are suppressed by anywhere from 6 to 18 orders of magnitude, while accelerator
production rates are within one to two decades. Therefore, while both techniques can ex-
plore this possibility, only accelerators are able to do so robustly. The converse is true if
the mediator of DM-SM scattering is much lighter than the DM itself. In this case, direct
detection rates are parametrically enhanced by up to 12 orders of magnitude, because of
their low momentum transfer. This opens the possibility of testing the idea that the DM
abundance “freezes in” through DM and SM interactions with a very light mediator, which
would be too weakly coupled to be seen at accelerators.
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FIG. 3: Schematic illustration of the complementarity of di↵erent types of experiments in exploring
sharp targets and general regions of interest for hidden-sector DM. Anomalies in data (see Section
III B 5) highlight regions of interest in mediator mass and/or coupling to visible or dark matter; the
red arrows highlight the suggested regions of mediator mass. Blue horizontal arrows for production
mechanisms (see Sections III B 2-III B 4) indicate the parameter regions over which they are viable
(dashed), regions in which they motivate a sharp parameter-space target (solid arrow), and, in
the case of asymmetric DM, a “natural” range where the DM and baryon number densities are
comparable (thick band). Blue and red vertical arrows highlight directions in “theory space” that
have significant impact on detection strategies, while the green vertical arrows indicate the models
to which di↵erent experimental approaches are most sensitive. Direct detection is discussed in
Section IV, accelerator-based experiments in Section VI, and cosmology and nuclear and atomic
physics probes in Section VII.
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next generation of both accelerator and direct detection experiments. If instead the DM is
axially coupled (as a Majorana fermion must be) or scatters inelastically, then direct detec-
tion rates are suppressed by anywhere from 6 to 18 orders of magnitude, while accelerator
production rates are within one to two decades. Therefore, while both techniques can ex-
plore this possibility, only accelerators are able to do so robustly. The converse is true if
the mediator of DM-SM scattering is much lighter than the DM itself. In this case, direct
detection rates are parametrically enhanced by up to 12 orders of magnitude, because of
their low momentum transfer. This opens the possibility of testing the idea that the DM
abundance “freezes in” through DM and SM interactions with a very light mediator, which
would be too weakly coupled to be seen at accelerators.

17

March 7, 2017 1:31 WSPC/INSTRUCTION FILE LHCDMReview

Review of LHC Dark Matter Searches 3

Fig. 1. Illustration of the connection between thermal freeze-out and DM searches at the LHC.
The observed DM relic abundance can be readily reproduced if the cross section for DM annihi-
lation (left) is sizeable. It should then be possible to invert this annihilation process by colliding
SM particles. To obtain an observable DM signal at the LHC, it is necessary to produce DM in
association with SM states (right).

DM annihilation cross section should roughly be given by

h�DM DM!SM SM vi ⇡ 3 ⇥ 10�26cm3 s�1 . (1)
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lation processes that happened frequently in the early Universe, see figure 1. This
strong link to the idea of thermal freeze-out justifies the excitement for DM searches
at the LHC.
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and focus on searches for the direct pair-production of DM making use of SM par-

bSuch DM candidates are often referred to as weakly-interacting massive particles (WIMPs) and
the successful prediction of their relic abundance is sometimes called the WIMP miracle.
cOn the other hand, the presence of these additional states means that it may be much easier to
infer the properties of the DM particle, such as its mass, from kinematic distributions.

FIG. 3: Schematic illustration of the complementarity of di↵erent types of experiments in exploring
sharp targets and general regions of interest for hidden-sector DM. Anomalies in data (see Section
III B 5) highlight regions of interest in mediator mass and/or coupling to visible or dark matter; the
red arrows highlight the suggested regions of mediator mass. Blue horizontal arrows for production
mechanisms (see Sections III B 2-III B 4) indicate the parameter regions over which they are viable
(dashed), regions in which they motivate a sharp parameter-space target (solid arrow), and, in
the case of asymmetric DM, a “natural” range where the DM and baryon number densities are
comparable (thick band). Blue and red vertical arrows highlight directions in “theory space” that
have significant impact on detection strategies, while the green vertical arrows indicate the models
to which di↵erent experimental approaches are most sensitive. Direct detection is discussed in
Section IV, accelerator-based experiments in Section VI, and cosmology and nuclear and atomic
physics probes in Section VII.
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Figure 2: Cartoons to help explain the parametrization (a) and the results (b, c, d).

2 Mono-object searches for dark matter

Mono-object† analyses are considered the most model-independent searches for dark matter at the LHC.
The targeted interaction is pp ! ��+X, where the X represents the “mono” system of observable particles
recoiling against the DM pair, ��. A list for X is, generally speaking, a system composed of jets, photons,
weak bosons, Higgs bosons, or heavy flavor quarks (b and t), although this list has been growing recently with
the increasing number of theoretical ideas. In this section, three analyses are mentioned to capture the spirit
of mono-object searches: the canonical mono-jet analysis and analyses of mono-photon and mono-Higgs.

The mono-jet search looks for a jet recoiling against a DM pair, the latter which manifest itself as Emiss
T .

Figure 3a shows the Emiss
T distribution, where the stacked histogram of background processes is overlaid

on various signal models depicted as thick lines. In the plot, it is notable that the Emiss
T distribution for

the signal model for the axial-vector mediator of 2TeV mass is flatter than that of the backgrounds, so the
signal-to-background ratio (S-to-B) increases with Emiss

T . At lower values of around 200GeV the ratio is
O(10�3) and reaches O(10�1) around 800GeV. The small ratios are due to the relatively high cross section
values of the production of single weak bosons in association with a hard jet. For this reason, the Emiss

T
o✏ine selection in these analyses, which are around 200GeV [3], are generally higher than the lowest online
trigger requirement at around 150GeV [5]. Figure 3b shows the event display of one such event with a Emiss

T
of around 1TeV; the jet with pT of 1TeV is not balanced by anything opposite it in the r-� cutaway.

The mono-photon search, with a lower expected cross-section with respect to the mono-jet, follows a
similar analysis strategy as described above. As discussed in Section 1 and Figure 2a, two of the parameters
must be fixed in order to exclude a region defined by a curve in a two-dimensional plane. Figure 3c interprets
the null result by excluding a region in the mmed-mDM plane at 90% confidence level assuming the coupling
values of gq = 0.25 and gDM = 1 in the Dirac DM model with an axial-vector mediator [6]. As described in
the introduction, the null result can also be interpreted as a region of exclusion in the mDM-�sd

DM-p plane by

trading mmed for �sd
DM-p using Equation 1.

The mono-Higgs search involves the s-channel production of the dark matter mediator A and a Higgs
boson; the propagator here is another mediator Z 0. Figure 3e shows the Feynman diagram for the process.
Experimentally, the decay channel of H ! bb is chosen for its large branching ratio (around 60%) and is
fully visible to the detector. A relatively new technique of “boosted jets” is used, wherein the high value
of the Higgs boson pT merges the two b-quark jets within a radius (in the ⌘-� plane) of 2mH/pT [7]. The

†It should be noted that the nomenclature of “mono-” is historical because early searches were focused on mono-jet, where
one jet is recoiling against the DM pair. Nowadays it is broadly construed as any system of observable particles recoiling against
the DM pair, so it is a bit of an anachronistic misnomer that we are stuck with.
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Mono-object† analyses are considered the most model-independent searches for dark matter at the LHC.
The targeted interaction is pp ! ��+X, where the X represents the “mono” system of observable particles
recoiling against the DM pair, ��. A list for X is, generally speaking, a system composed of jets, photons,
weak bosons, Higgs bosons, or heavy flavor quarks (b and t), although this list has been growing recently with
the increasing number of theoretical ideas. In this section, three analyses are mentioned to capture the spirit
of mono-object searches: the canonical mono-jet analysis and analyses of mono-photon and mono-Higgs.

The mono-jet search looks for a jet recoiling against a DM pair, the latter which manifest itself as Emiss
T .

Figure 3a shows the Emiss
T distribution, where the stacked histogram of background processes is overlaid

on various signal models depicted as thick lines. In the plot, it is notable that the Emiss
T distribution for

the signal model for the axial-vector mediator of 2TeV mass is flatter than that of the backgrounds, so the
signal-to-background ratio (S-to-B) increases with Emiss

T . At lower values of around 200GeV the ratio is
O(10�3) and reaches O(10�1) around 800GeV. The small ratios are due to the relatively high cross section
values of the production of single weak bosons in association with a hard jet. For this reason, the Emiss

T
o✏ine selection in these analyses, which are around 200GeV [3], are generally higher than the lowest online
trigger requirement at around 150GeV [5]. Figure 3b shows the event display of one such event with a Emiss
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of around 1TeV; the jet with pT of 1TeV is not balanced by anything opposite it in the r-� cutaway.

The mono-photon search, with a lower expected cross-section with respect to the mono-jet, follows a
similar analysis strategy as described above. As discussed in Section 1 and Figure 2a, two of the parameters
must be fixed in order to exclude a region defined by a curve in a two-dimensional plane. Figure 3c interprets
the null result by excluding a region in the mmed-mDM plane at 90% confidence level assuming the coupling
values of gq = 0.25 and gDM = 1 in the Dirac DM model with an axial-vector mediator [6]. As described in
the introduction, the null result can also be interpreted as a region of exclusion in the mDM-�sd

DM-p plane by

trading mmed for �sd
DM-p using Equation 1.

The mono-Higgs search involves the s-channel production of the dark matter mediator A and a Higgs
boson; the propagator here is another mediator Z 0. Figure 3e shows the Feynman diagram for the process.
Experimentally, the decay channel of H ! bb is chosen for its large branching ratio (around 60%) and is
fully visible to the detector. A relatively new technique of “boosted jets” is used, wherein the high value
of the Higgs boson pT merges the two b-quark jets within a radius (in the ⌘-� plane) of 2mH/pT [7]. The

†It should be noted that the nomenclature of “mono-” is historical because early searches were focused on mono-jet, where
one jet is recoiling against the DM pair. Nowadays it is broadly construed as any system of observable particles recoiling against
the DM pair, so it is a bit of an anachronistic misnomer that we are stuck with.
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Mono-object† analyses are considered the most model-independent searches for dark matter at the LHC.
The targeted interaction is pp ! ��+X, where the X represents the “mono” system of observable particles
recoiling against the DM pair, ��. A list for X is, generally speaking, a system composed of jets, photons,
weak bosons, Higgs bosons, or heavy flavor quarks (b and t), although this list has been growing recently with
the increasing number of theoretical ideas. In this section, three analyses are mentioned to capture the spirit
of mono-object searches: the canonical mono-jet analysis and analyses of mono-photon and mono-Higgs.

The mono-jet search looks for a jet recoiling against a DM pair, the latter which manifest itself as Emiss
T .

Figure 3a shows the Emiss
T distribution, where the stacked histogram of background processes is overlaid

on various signal models depicted as thick lines. In the plot, it is notable that the Emiss
T distribution for

the signal model for the axial-vector mediator of 2TeV mass is flatter than that of the backgrounds, so the
signal-to-background ratio (S-to-B) increases with Emiss

T . At lower values of around 200GeV the ratio is
O(10�3) and reaches O(10�1) around 800GeV. The small ratios are due to the relatively high cross section
values of the production of single weak bosons in association with a hard jet. For this reason, the Emiss

T
o✏ine selection in these analyses, which are around 200GeV [3], are generally higher than the lowest online
trigger requirement at around 150GeV [5]. Figure 3b shows the event display of one such event with a Emiss

T
of around 1TeV; the jet with pT of 1TeV is not balanced by anything opposite it in the r-� cutaway.

The mono-photon search, with a lower expected cross-section with respect to the mono-jet, follows a
similar analysis strategy as described above. As discussed in Section 1 and Figure 2a, two of the parameters
must be fixed in order to exclude a region defined by a curve in a two-dimensional plane. Figure 3c interprets
the null result by excluding a region in the mmed-mDM plane at 90% confidence level assuming the coupling
values of gq = 0.25 and gDM = 1 in the Dirac DM model with an axial-vector mediator [6]. As described in
the introduction, the null result can also be interpreted as a region of exclusion in the mDM-�sd

DM-p plane by

trading mmed for �sd
DM-p using Equation 1.

The mono-Higgs search involves the s-channel production of the dark matter mediator A and a Higgs
boson; the propagator here is another mediator Z 0. Figure 3e shows the Feynman diagram for the process.
Experimentally, the decay channel of H ! bb is chosen for its large branching ratio (around 60%) and is
fully visible to the detector. A relatively new technique of “boosted jets” is used, wherein the high value
of the Higgs boson pT merges the two b-quark jets within a radius (in the ⌘-� plane) of 2mH/pT [7]. The
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one jet is recoiling against the DM pair. Nowadays it is broadly construed as any system of observable particles recoiling against
the DM pair, so it is a bit of an anachronistic misnomer that we are stuck with.
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Model Building: s- Channel Mediators
v Scalar mediators:  Add a scalar gauge singlet with interactions with          

singlet DM : Dirac or Majorana fermion or a scalar.

J. Abdallah et al. / Physics of the Dark Universe 9–10 (2015) 8–23 13

3.1. Fermionic DM

MFV dictates that the coupling of a scalar to the SM fermions
will be proportional to the fermion masses. However, it allows
these couplings to be scaled by separate factors for the up-type
quarks, down-type quarks, and the charged leptons. Assuming that
DM is a Dirac fermion � , which couples to the SM only through a
scalar � or pseudoscalar a, the most general tree-level Lagrangians
compatible with the MFV assumption are [23,35]:

Lfermion,� � �g���̄�

� �p
2
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�
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Here the sums run over the three SM families and we are using
Yukawa couplings yfi normalized as yfi = p

2mf
i /v with v the Higgs

VEV. We parameterize the DM-mediator coupling by g� , rather
than by a Yukawa coupling y� = p

2m�/v, since the DMparticle�
most likely receives its mass from other (unknown) mechanisms,
rather than electroweak symmetry breaking.

The most general Lagrangians including new scalars or pseu-
doscalars will have a potential containing interactions with the SM
Higgs field h. As stated above,we choose to take amoreminimal set
of possible interactions, and leave the discussions of the couplings
in the Higgs sector to the section on Higgs portal DM. Given this
simplification, the minimal set of parameters under consideration
is
�
m� , m�/a, g� , gu, gd, g`

 
. (13)

The simplest choice of couplings is gu = gd = g`, which is re-
alized in singlet scalar extensions of the SM (see Section 4.2). If
one extends the SM Higgs sector to a two-Higgs-doublet model,
one can obtain other coupling patterns such as gu / cot� and
gd / ge / tan� with tan� denoting the ratio of VEVs of the two
Higgs doublets. The case gu 6= gd 6= g` requires additional scalars,
whose masses could be rather heavy. For simplicity, we will use
universal couplings gv = gu = gd = g` in the remainder of this
section, though one should bear in mind that finding ways to test
this assumption experimentally would be very useful.

The signal strength in DMpair production does not only depend
on themassesm� andm�/a and the couplings gi, but also on the to-
tal decaywidth of themediator �/a. In theminimalmodel as spec-
ified by (11) and (12), the widths for the mediators are given by:
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The first term in each width corresponds to the decay into SM
fermions (the sum runs over all kinematically accessible fermions,
Nc = 3 for quarks and Nc = 1 for leptons). The second term is the
decay into DM (assuming that this decay is kinematically allowed).
The factor of two between the decay into SM fermions and into DM
is a result of our choice of normalization of the Yukawa couplings.
The last term corresponds to decay into gluons. Since we have as-
sumed that gv = gu = gd = g`, we have included in the partial de-
cay widths � (�/a ! gg) only the contributions stemming from
top loops, which provide the by far largest corrections given that
yt � yb, etc. At the loop level the mediators can decay not only to
gluons but also to pairs of photons and other final states if these
are kinematically accessible. The decay rates � (�/a ! gg) are
however always larger than the other loop-induced partial widths,
and in consequence the total decay widths ��/a are well approx-
imated by the corresponding sum of the individual partial decay
widths involving DM, fermion or gluon pairs. Notice finally that if
m�/a > 2mt and gu & g� the total widths of �/a will typically be
dominated by the partial widths to top quarks.

3.1.1. LHC searches
Under the assumption of MFV, supplemented by gv = gu =

gd = g`, the most relevant couplings between DM and the
SM arising from (11) and (12) are those that involve top quarks.
Two main strategies have been exploited to search for scalar and
pseudoscalar interactions of this type using LHC data. The first
possibility consists in looking for a mono-jet plus missing energy
signal /ET + j, where the mediators that pair produce DM are
radiated from top-quark loops [36], while the second possibility
relies on detecting the top-quark decay products that arise from
the tree-level reaction /ET + t t̄ [37]. In the first paper [36] that
discussed the /ET + j signal the effects of DM fermions coupled to
heavy-quark loopswere characterized in terms of effective higher-
dimensional operators, i.e. with mediators being integrated out.
The effects of dynamical scalar and pseudoscalarmessengers in the
s-channel mediating interactions between the heavy quarks in the
loop and DM were computed in characterizing the LHC signatures
for DM searches in [38,33,39–41].

Final states involving top-quark pairs were considered in the
articles [42–45,39,41]. Searches for a /ET + bb̄ signal [37,42,45] also
provide an interesting avenue to probe (11) and (12), while the
constraints frommono-jet searches on the scalar and pseudoscalar
interactions involving the light quark flavors are very weak due to
the strong Yukawa suppression (as discussed in detail in [38,46]),
and thus are unlikely to be testable at the LHC. Scenarioswhere the
DM–SM interactions proceed primarily via gluons have also been
considered [47].

Predictingmono-jet cross sections in the simplifiedmodels (11)
and (12) is complicated by the fact that the highly energetic initial-
state and/or final-state particles involved in the process are able to
resolve the structure of the top-quark loops that generate the /ET +j
signal (see the left-hand side of Fig. 3). Integrating out the topquark
and describing the interactions by an effective operator of the form
�Ga

µ⌫G
a,µ⌫ (aGa

µ⌫ G̃
a,µ⌫) with Ga

µ⌫ the field strength tensor of QCD
and G̃a,µ⌫ = 1/2✏µ⌫�⇢Ga

�⇢ its dual, is in such a situation a poor
approximation [36,38]. Already in the LHC Run I environment the
mt ! 1 limit overestimates the exact cross sections by a factor
of 5 (40) for m� ' 10GeV (m� ' 1 TeV) [41]. Removing the top
quark as an active degree of freedom becomes even less justified at
13 (14) TeV, where the /ET and pT ,j selection requirements have to
be harsher than at (7) 8 TeV to differentiate the DM signal from the
SM background. In order to infer reliable bounds on (11) and (12),
one therefore has to calculate the mono-jet cross section keeping
the full top-quark mass dependence. Such calculations are now
publicly available at leading order (LO) in MCFM [38] and at LO plus

Scalar couples directly to SM fermions or there  
will be a scalar potential coupling it to the Higgs. 
Minimal case, with MFV and gu = gd = gl, is 
only a  4 param. model  mχ, mφ/a, gχ, gu,

v Higgs portals to DM 
1) Direct Higgs portal:  DM scalar singlet under the SM couples through a 

quartic interaction with the Higgs

2) Higgs portal through S: DM fermion singlet under the SM couples to a scalar 
boson which itself mixes with the Higgs

3) Singlet-doublet DM couples to Higgs doublets and singlets (as in the MSSM 
where it is a bino/higgsino mixture or in the NMSSM where it can be bino-
higgsino or singlino-higgsino)
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where xf = m�/Tf 2 [20, 30] with Tf the freeze-out
temperature. For reasonable earlyUniverse parameters, the correct
relic abundance ⌦�h2 ' 0.11 occurs in the ballpark of

3 ⇥ 10�26 cm3/s = 2.57 ⇥ 10�9 GeV�2 = a + 3b/xf . (21)

Keep in mind that these equations require some modification
when the DM-mediator system is on resonance. Further, recall that
it is unknown whether or not DM is a thermal relic, or if the only
annihilation process in play in the early Universe proceeds through
the mediator considered in the simplified model. Therefore, while
it is appropriate to compare the sensitivity of experimental results
to the thermal cross section, this is not the only range of parameters
of theoretical interest.

3.1.3. Direct detection
In contrast to the situation discussed before, elastic scattering

of DM on nucleons induced by �/a exchange can be very well
described in terms of an EFT. Integrating out the mediators leads
to the expressions

O� = g�gvyqp
2m2

�

�̄� q̄q, Oa = g�gvyqp
2m2

a

�̄�5� q̄�5q, (22)

at tree level, aswell as contact terms consisting of four DMor quark
fields. Removing the top quark as an active degree of freedom
generates an effective interaction between DM and gluons. At the
one-loop level, one obtains

OG = ↵s g�gv

12⇡vm2
�

�̄�Ga
µ⌫G

a,µ⌫, OG̃ = ↵sg�gv

8⇡vm2
a

�̄�5�Ga
µ⌫ G̃

a,µ⌫, (23)

by employing the Shifman–Vainshtein–Zakharov relations [52].
At the bottom- and charm-quark threshold, one has to integrate
out the corresponding heavy quark by again applying (23). Note
that this matching procedure is crucial to obtain the correct
DM-nucleon scattering cross section associated with effective
spin-0 DM-quark interactions.

The DM scattering cross section with nuclei is then obtained
by calculating the nucleon matrix elements of the operators (22)
and (23) at a hadronic scale of the order of 1 GeV. Direct detection
provides relevant constraints only on the scalar mediator model
and not the pseudoscalar case, since only the operators O� and OG
lead to a spin-independent (SI) cross section, while for Oa and OG̃
the DM-nucleon scattering turns out to be spin-dependent (SD)
and momentum-suppressed.

The scalar interactions with the nuclear targets used for direct
detection are (to good approximation) isospin-conserving, so that
the elastic DM-nucleon cross section can be written as (N = n, p)

� SI
��N = µ2

��Nm
2
N

⇡

 
g�gv

vm2
�

!2

f 2N , (24)

where µ��N is the DM-nucleon reduced mass µ��N = m�mN/
(m� +mN) andmN ' 0.939 GeV is the average nucleon mass. The
form factor fN is given by

fN =
X

q=u,d,s

f qN + 2
9
f GN ' 0.3, (25)

where the numerical value has been obtained using f uN ' 0.017,
f dN ' 0.036, f sN ' 0.043 [53,54] and f GN = 1�P

q=u,d,s f
q
N ' 0.904.

Notice that the constraints arising from existing and future direct
limits on (24) can be evaded by assuming that � is not stable
on cosmological time scales, but lives long enough to escape the
ATLAS and CMS detectors. When comparing the bounds set by
direct detection and the LHC, this loophole should be kept in mind.

4. Higgs portal DM

DMmay predominantly couple to the SM particles through the
SM Higgs. There are three broad classes of models of this kind:

A. The DM particle is a scalar singlet under the SM gauge group,
which couples through a quartic interaction with the Higgs.
The collider phenomenology of this DM scenario has been
extensively studied in the literature (see for instance [55–61]).

B. The DM particle is a fermion singlet under the gauge sym-
metries of the SM, which couples to a scalar boson which it-
self mixes with the Higgs. This model class provides a specific
realization of the s-channel scalar mediator case discussed in
Section 3. Its implications for the LHC have been studied for ex-
ample in [62–65].

C. The DM particle itself may be a mixture of an electroweak sin-
glet and doublet [66–68], as in the MSSM where it has both
bino and higgsino components. Generically, this is referred to
as ‘‘singlet–doublet’’ DM [69].

The first two cases capture important features ofmodels [70,60,71]
where the SM is extended to be classically scale invariant [72–75]
with the aim of addressing the electroweak gauge hierarchy prob-
lem.

4.1. Scalar singlet DM

In the case where an additional real scalar singlet � is the DM
candidate, the Lagrangian of the scalar Higgs portal can be written
as

Lscalar,H � ����4 � �p�
2|H|2, (26)

where H denotes the usual SM Higgs doublet. Augmenting the La-
grangian with a discrete Z2 symmetry that takes � ! �� and
H ! H leads to stable DM, and in addition guarantees that there
is no singlet-Higgs mixing, which leaves the couplings of the SM
Higgs unaltered at tree level. The self-coupling �� of the scalar � is
in general irrelevant to determining how well the portal coupling
�p can be probed through LHC DM searches, and thus may be ig-
nored.

For mh > 2m� , the most obvious manifestation of the interac-
tions (26) is through their contributions to the invisible decay of
the Higgs. The corresponding decay width reads

� (h ! ��) = �2
pv

2

2⇡mh

 

1 � 4m2
�

m2
h

!1/2

, (27)

with mh the Higgs mass and v its VEV. In fact, both ATLAS [76]
and CMS [77] have already interpreted their Run I h ! invisible
searches in terms of the Higgs portal scenario (26). For DM candi-
dates with m� . 10 GeV these searches are competitive with or
even stronger than the SI results provided by direct detection ex-
periments.

When mh < 2m� , the Higgs cannot decay on-shell to a pair of
� particles, so that DM pair production necessarily has to proceed
off-shell. The cross section for this process is then suppressed by an
additional factor of �2

p aswell as the two-body phase space, leading
to a rate that rapidly diminishes withm� . This featuremakes a LHC
discovery challenging even at 14 TeV and high luminosity [61].

4.2. Fermion singlet DM

A simple model including both a real scalar mediator s and a
fermionDM singlet� , which couple through aHiggs portal is given
by

Lfermion,H � �µss3 � �ss4 � y� �̄�s � µps|H|2 � �ps2|H|2, (28)
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where xf = m�/Tf 2 [20, 30] with Tf the freeze-out
temperature. For reasonable earlyUniverse parameters, the correct
relic abundance ⌦�h2 ' 0.11 occurs in the ballpark of

3 ⇥ 10�26 cm3/s = 2.57 ⇥ 10�9 GeV�2 = a + 3b/xf . (21)

Keep in mind that these equations require some modification
when the DM-mediator system is on resonance. Further, recall that
it is unknown whether or not DM is a thermal relic, or if the only
annihilation process in play in the early Universe proceeds through
the mediator considered in the simplified model. Therefore, while
it is appropriate to compare the sensitivity of experimental results
to the thermal cross section, this is not the only range of parameters
of theoretical interest.

3.1.3. Direct detection
In contrast to the situation discussed before, elastic scattering

of DM on nucleons induced by �/a exchange can be very well
described in terms of an EFT. Integrating out the mediators leads
to the expressions

O� = g�gvyqp
2m2

�

�̄� q̄q, Oa = g�gvyqp
2m2

a

�̄�5� q̄�5q, (22)

at tree level, aswell as contact terms consisting of four DMor quark
fields. Removing the top quark as an active degree of freedom
generates an effective interaction between DM and gluons. At the
one-loop level, one obtains

OG = ↵s g�gv

12⇡vm2
�

�̄�Ga
µ⌫G

a,µ⌫, OG̃ = ↵sg�gv

8⇡vm2
a

�̄�5�Ga
µ⌫ G̃

a,µ⌫, (23)

by employing the Shifman–Vainshtein–Zakharov relations [52].
At the bottom- and charm-quark threshold, one has to integrate
out the corresponding heavy quark by again applying (23). Note
that this matching procedure is crucial to obtain the correct
DM-nucleon scattering cross section associated with effective
spin-0 DM-quark interactions.

The DM scattering cross section with nuclei is then obtained
by calculating the nucleon matrix elements of the operators (22)
and (23) at a hadronic scale of the order of 1 GeV. Direct detection
provides relevant constraints only on the scalar mediator model
and not the pseudoscalar case, since only the operators O� and OG
lead to a spin-independent (SI) cross section, while for Oa and OG̃
the DM-nucleon scattering turns out to be spin-dependent (SD)
and momentum-suppressed.

The scalar interactions with the nuclear targets used for direct
detection are (to good approximation) isospin-conserving, so that
the elastic DM-nucleon cross section can be written as (N = n, p)

� SI
��N = µ2

��Nm
2
N
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g�gv

vm2
�

!2

f 2N , (24)

where µ��N is the DM-nucleon reduced mass µ��N = m�mN/
(m� +mN) andmN ' 0.939 GeV is the average nucleon mass. The
form factor fN is given by

fN =
X

q=u,d,s

f qN + 2
9
f GN ' 0.3, (25)

where the numerical value has been obtained using f uN ' 0.017,
f dN ' 0.036, f sN ' 0.043 [53,54] and f GN = 1�P

q=u,d,s f
q
N ' 0.904.

Notice that the constraints arising from existing and future direct
limits on (24) can be evaded by assuming that � is not stable
on cosmological time scales, but lives long enough to escape the
ATLAS and CMS detectors. When comparing the bounds set by
direct detection and the LHC, this loophole should be kept in mind.

4. Higgs portal DM

DMmay predominantly couple to the SM particles through the
SM Higgs. There are three broad classes of models of this kind:

A. The DM particle is a scalar singlet under the SM gauge group,
which couples through a quartic interaction with the Higgs.
The collider phenomenology of this DM scenario has been
extensively studied in the literature (see for instance [55–61]).

B. The DM particle is a fermion singlet under the gauge sym-
metries of the SM, which couples to a scalar boson which it-
self mixes with the Higgs. This model class provides a specific
realization of the s-channel scalar mediator case discussed in
Section 3. Its implications for the LHC have been studied for ex-
ample in [62–65].

C. The DM particle itself may be a mixture of an electroweak sin-
glet and doublet [66–68], as in the MSSM where it has both
bino and higgsino components. Generically, this is referred to
as ‘‘singlet–doublet’’ DM [69].

The first two cases capture important features ofmodels [70,60,71]
where the SM is extended to be classically scale invariant [72–75]
with the aim of addressing the electroweak gauge hierarchy prob-
lem.

4.1. Scalar singlet DM

In the case where an additional real scalar singlet � is the DM
candidate, the Lagrangian of the scalar Higgs portal can be written
as

Lscalar,H � ����4 � �p�
2|H|2, (26)

where H denotes the usual SM Higgs doublet. Augmenting the La-
grangian with a discrete Z2 symmetry that takes � ! �� and
H ! H leads to stable DM, and in addition guarantees that there
is no singlet-Higgs mixing, which leaves the couplings of the SM
Higgs unaltered at tree level. The self-coupling �� of the scalar � is
in general irrelevant to determining how well the portal coupling
�p can be probed through LHC DM searches, and thus may be ig-
nored.

For mh > 2m� , the most obvious manifestation of the interac-
tions (26) is through their contributions to the invisible decay of
the Higgs. The corresponding decay width reads

� (h ! ��) = �2
pv

2

2⇡mh

 

1 � 4m2
�

m2
h

!1/2

, (27)

with mh the Higgs mass and v its VEV. In fact, both ATLAS [76]
and CMS [77] have already interpreted their Run I h ! invisible
searches in terms of the Higgs portal scenario (26). For DM candi-
dates with m� . 10 GeV these searches are competitive with or
even stronger than the SI results provided by direct detection ex-
periments.

When mh < 2m� , the Higgs cannot decay on-shell to a pair of
� particles, so that DM pair production necessarily has to proceed
off-shell. The cross section for this process is then suppressed by an
additional factor of �2

p aswell as the two-body phase space, leading
to a rate that rapidly diminishes withm� . This featuremakes a LHC
discovery challenging even at 14 TeV and high luminosity [61].

4.2. Fermion singlet DM

A simple model including both a real scalar mediator s and a
fermionDM singlet� , which couple through aHiggs portal is given
by

Lfermion,H � �µss3 � �ss4 � y� �̄�s � µps|H|2 � �ps2|H|2, (28)
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v Vector s-channel mediators (spin-1 mediators)
Add  new mediator to SM, by extending its gauge symmetry by a new U(1)′ spontaneously 
broken such that the mediator gets a mass MV
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.

� gp
2
(Ui3W�

µ �̄i�
µPL�+ � U⇤

i2W
�
µ �̄i�

µPR�+ + h.c.), (36)

where i, j = 1, 3 and

cZ�i�j = g
4 cos ✓w

(Ui3U⇤
j3 � Ui2U⇤

j2),

ch�i�j = 1p
2
(y1Ui2Uj1 + y2Ui3Uj1),

(37)

with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ

6⇡

 

1 � 4m2
�1

m2
Z

!3/2 ��cZ�1�1

��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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j2),

ch�i�j = 1p
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with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡

 

1 � 4m2
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Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ

6⇡

 

1 � 4m2
�1
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!3/2 ��cZ�1�1

��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

Simplified models either purely vector or axial vector mediators: mχ,MV,gχ,guV/A,gdV/A,glV/A

[ For Majorana DM, the vector coupling gχV vanishes, while a real scalar 
cannot have any CP-conserving interactions with V ]

Details of the new U(1)’
Dark Higgs sector: additional Higgs field Φ with  non-zero vev gives mass to mediator

mixes with SM Higgs; mass of Dark Higgs close to MV (LHC pheno)

Mediator Mixing with SM gauge bosons

Mediators decay back in SM particles and could show up in di-jets and di-lepton searches, 
unless quark-mediator couplings were too small.   Di-leptons are tightly constrained by LHC. 

18 J. Abdallah et al. / Physics of the Dark Universe 9–10 (2015) 8–23

Moreover, if the theory is chiral, i.e. if gA
� 6= 0, the dark

Higgs will also be responsible for generating the DM mass. In
order for the Yukawa interaction ��̄� to be gauge invariant, we
have to require that the U(1)0 charge of the left-handed and the
right-handed component of the DM field differ by exactly qL �
qR = q� . Consequently, the axialvector coupling of DM to the
mediator will necessarily be proportional to q� . The longitudinal
component of V (i.e. the would-be Goldstone mode) then couples
to � with a coupling strength proportional to gA

�m�/MV . Requiring
this interaction to remain perturbative gives the bound

m� .
p
4⇡
gA
�

MV , (44)

implying that the DM mass cannot be raised arbitrarily compared
to the mediator mass.

A similar consideration also applies in the visible sector. If the
axialvector couplings to the SM states gA

f are non-zero, the only
way to have SM Yukawa couplings is if the SM Higgs doublet H
carries a charge qH under the new gauge group. This charge must
satisfy g 0qH = �gA

u = gA
d = gA

e (where g 0 is the gauge coupling of
the U(1)0) in order for quark and charged lepton masses to be con-
sistent with the U(1)0 symmetry. However, having qH 6= 0 gener-
ically implies corrections to electroweak precision measurements,
so that one must require MV & 2 TeV for consistency with low-
energy data.

5.1.2. Mixing with SM gauge bosons
As soon as there are fermions charged under both the SM gauge

group and the new U(1)0, loop effects will induce mixing between
the new vector mediator and the neutral SM gauge bosons, in
particular kinetic mixing of the form

Lkinetic � ✏

2
F 0µ⌫Bµ⌫, (45)

where F 0
µ⌫ = @µV⌫ � @⌫Vµ and Bµ⌫ = @µB⌫ � @⌫Bµ denote the

U(1)0 and U(1)Y field strength tensors. Parametrically, this mixing
is given by

✏ ⇠
X

q

(gA
q )2

16⇡2 ⇠ 10�2 (gA
q )2. (46)

If MV is too close to the Z-boson mass MZ , this mixing can
lead to conflicts with electroweak precision observables [89,84,
90,91]. For example, the correction to the ⇢ parameter, �⇢ =
M2

W/(M2
Z cos2 ✓w) � 1, can be estimated to be

�⇢ ⇠ ✏2 M2
Z

M2
V � M2

Z
. (47)

Requiring�⇢ . 10�3 [92] then implies gA
q . 1 andMV & 100 GeV.

5.2. Phenomenological aspects

The first observation is that in models with s-channels
mediators, the possibility for such particles to decay back to the
SM is unavoidably present. This can show up as di-jets [86] or
di-leptons at the LHC. Indeed the leptonic couplings gV

` and gA
`

are very tightly constrained by searches for di-lepton resonances
[87,88]. If the quark couplings of the mediator are equally small, it
becomes very difficult to have sizable interactions between the SM
andDMand therewould typically be no observable DMsignals.We
therefore focus on the casewhere the quark couplings of the vector
mediator are much larger than the lepton couplings, for example
because the SM quarks are charged under the new U(1)0 while

couplings to leptons only arise at loop-level (a so-called leptophobic
Z 0 boson).

For such a set-up to be theoretically consistent wemust require
additional fermions charged under the U(1)0 and the SM gauge
group to cancel anomalies. Themasses of these additional fermions
are expected to be roughly of the order of MV , so they can often
be neglected in phenomenology, unless the mass of the vector
mediator is taken to be small compared to the typical energy
scales of the collider. Indeed, it is possible to construct anomaly-
free models with no direct couplings to leptons (for example
in the context of a baryonic Z 0 boson [93,94]). In this case, the
leptonic couplings will not give a relevant contribution to the DM
phenomenology of themodel and one can simply set gV

` = gA
` = 0.

5.2.1. Collider searches
If the vectormediator is kinematically accessible at the LHC, the

resulting phenomenology depends crucially on its decay pattern.
For arbitrary vector and axialvector couplings, one finds in the case
of Dirac DM the following expression for the total width:

�V = MV

12⇡

X

i=f ,�

Ni
c

✓
1 � 4m2

i

M2
V

◆1/2

⇥

(gV

i )2 + (gA
i )2 + m2

i

M2
V

�
2(gV

i )2 � 4(gA
i )2

��
. (48)

Here the sum extends over all fermions i that are above threshold,
while Ni

c = 3 for quarks and Ni
c = 1 for leptons and DM.

There are several important conclusions that can be drawn from
(48). The first one concerns the maximal size that the couplings
can take to be consistent with �V/MV < 1, which is a necessary
requirement in order for a perturbative description of themediator
to be valid. Assuming thatMV � mi and setting for simplicity gV

q =
gV
� = g and gV

` = gA
i = 0, one finds that �V/MV ' 0.5g2. This

implies that one has to have g . 1.4 in order for the width of the
mediator to be smaller than its mass and values of g significantly
below unity for the NWA (which calls for �V/MV . 0.25) to be
applicable.

In cases where the NWA can be used, production and decay
factorize such that for instance � (pp ! Z + ��̄) = � (pp !
Z + V ) ⇥ Br(V ! ��̄). The resulting LHC phenomenology is thus
determined to first approximation by the leading decay mode of
the vector mediator. Considering a situation with MV � mi and
gV
` = gA

i = 0, one finds that decays into quarks dominate if
gV
� /gV

q . 4, while invisible decays dominate if gV
� /gV

q & 4. For
gV
� /gV

q ' 4 both decay channels have comparable branching ratios.
If invisible decays dominate, the strongest collider constraints are
expected from searches for /ET in association with SM particles. To
illustrate this case, we discuss mono-jet searches below. If, on the
other hand, the invisible branching ratio is small,we expectmost of
themediators produced at the LHC to decay back into SM particles.
In this case, strong constraints can be expected from searches for
heavy resonances, and we focus on di-jet resonances.

Mono-Jets
LHC searches for /ET plus jet signals place strong constraints

on the interactions between quarks and DM mediated by a
vector mediator [20,21,14,95,40,96–98]. The corresponding cross
sections can be calculated at next-to-leading order (NLO) in
MCFM [38] and at NLO plus parton shower in the POWHEG BOX [46].
Some of the relevant diagrams are shown in Fig. 5. If the mediator
is too heavy to be produced on-shell at the LHC and assuming
equal vector couplings of the mediator to all quarks as well as
gV
` = gA

i = 0, themono-jet cross section at the LHC is proportional
to (gV

q )2 (gV
� )2. The same scaling applies if the mediator is forced

Loops of Fermions  (charged under the SM and new U(1)′è



Model Building: T- Channel Flavored Mediators
v For fermionic DM, the mediator can be a colored scalar or a vector particle Φ.

scalar case = squarks in SUSY (easy UV completion)

Given the interaction: Φχq, either Φ or χ need to carry color charge to be in a MFV case
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velocity, both of which lead to a suppression of 10�3 or more), and
can therefore be neglected.

Substituting the expressions for the effective couplings into the
formulas for the DM-nucleon scattering cross sections, we obtain

� SI
��N = 1.4 ⇥ 10�37 cm2 gV

� g
V
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

, (53)

� SD
��N = 4.7 ⇥ 10�39 cm2 gA

�g
A
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

. (54)

Crucially, SI interactions receive a coherent enhancement propor-
tional to the square of the target nucleus mass, leading to very
strong constraints from direct detection experiments unless the
DM mass is very small. Consequently, the estimates above imply
that for gq ' 1, SI interactions are sensitive to mediator masses
of up to MV ' 30 TeV, while SD interactions only probe mediator
masses up to around MV ' 700 GeV. This should be contrasted
with the constraints arising from the LHC, which are close to iden-
tical for vector and axialvector mediators.

5.2.3. Annihilation
Two processes contribute to DM annihilation in the early Uni-

verse: annihilation of DM into SM fermions and (provided MV
. m� ) direct annihilation into pairs of mediators, which subse-
quently decay into SM states. For the first process, the annihilation
cross section is given by

(�v)(��̄ ! V ! qq̄)

= 3m2
�

2⇡
⇥
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V � 4m2
� )2 + � 2

V M
2
V
⇤
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q

M2
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!

+ 2 (gA
q )2
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q
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!#

+ (gA
q )2(gA

� )2
m2

q

M2
V

(4m2
� � M2

V )2

M4
V

)

, (55)

where �V is the total decay width of the vector mediator as given
in (48). For m� ' MV/2 the annihilation rate receives a resonant
enhancement, leading to a very efficient depletion of DM.

An important observation is that for gV
� = 0, the annihilation

cross section is helicity-suppressed. Formb ⌧ m� < mt the factor
m2

q/m
2
� can be very small, such that it is important to also include

the p-wave contribution for calculating the DM relic abundance.
Including terms up to second order in the DM velocity v, we obtain
for the special case gV

q = gV
� = 0 the expression

(�v)(��̄ ! V ! qq̄)

= (gA
q )2(gA

� )2 m2
�

2⇡
⇥
(M2
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V M
2
V
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+
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q
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!

v2

)

. (56)

Finally, the annihilation cross section for direct annihilation into
pairs of mediators is given by

(�v)(��̄ ! VV ) = (m2
� � M2

V )3/2

4⇡ m�M2
V (M2

V � 2m2
� )2

⇥
⇣
8(gA

� )2(gV
� )2m2

� + ⇥
(gA

� )4 � 6(gA
� )2(gV

� )2 + (gV
� )4

⇤
M2

V

⌘
. (57)

We note that for the coupling strengths and mass ranges
typically considered in the context of LHC DM searches, it is easily

possible to achieve sufficiently large annihilation cross sections
to deplete the DM abundance in the early Universe. In fact, the
generic prediction in large regions of parameter space would be
that the DM particle is underproduced. In this case, the observed
DM relic abundance can still be reproduced if one assumes an
initial particle–antiparticle asymmetry in the dark sector, such that
only the symmetric component annihilates away and the final DM
abundance is set by the initial asymmetry.

6. t-channel flavored mediator

If the DM is a fermion � , the mediator can be a colored scalar
or a vector particle �. We focus on the scalar case, which makes
contact with the MSSM and is easier to embed into a UV-complete
theory. A coupling of the form ��̄q requires either� or � to carry a
flavor index in order to be consistentwithMFV.We choose the case
where the colored scalar � carries the flavor index (much like in
the MSSM case, where the colored scalar quarks come in the same
flavors as the SM quarks). This class of models has been considered
previously in [103–108,16], while models where � carries the
flavor index have been studied in [109–111].

There are variations where the mediator couples to right-
handed up-type quarks, right-handed down-type quarks, or
left-handed quark doublets. For definiteness, we discuss the right-
handed up-type case (the other cases are obtained in a similar
fashion). In this case, there are three mediators �i = �

ũ, c̃, t̃
 
,

which couple to the SM and DM via the interaction

Lfermion,ũ �
X

i=1,2,3

g�⇤
i �̄PRui + h.c. (58)

Note that MFV requires both the masses M1,2,3 of the three
mediators to be equal and universal couplings g = g1,2,3 between
the mediators and their corresponding quarks ui = {u, c, t}. This
universality can however be broken by allowing for corrections to
(58) and the mediator masses which involve a single insertion of
the flavor spurion Yu ÑYu. Because of the large top-quark Yukawa
coupling, in this way the mass of the third mediator and its
coupling can be split from the other two. In practice this means
that the generic parameter space is five-dimensional:
�
m� , M1,2, M3, g1,2, g3

 
. (59)

These simplified models are very similar to the existing ones for
squark searches [112], and results can often be translated from
one to the other with relatively little work. Note that most studies
will involve g1,2 together with M1,2 or g3 together with M3. So
specific applicationswill often have a smaller dimensional space of
relevant parameters. In the discussion below, we restrict attention
to the parameter space with g1,2, M1,2, and m� . For models where
g3 andM3 are relevant, see [113,114,111,115].

6.1. Collider constraints

Given the masses and couplings, the widths of the mediators
are calculable. One finds

� (�i ! � ūi) = g2
i

16⇡M3
i
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i � m2
ui � m2
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⇥
q
M4
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>>><

>>>:
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i
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, Mi,m� � mui .

g2
i

16⇡
Mi, Mi � m� ,mui .

(60)
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velocity, both of which lead to a suppression of 10�3 or more), and
can therefore be neglected.

Substituting the expressions for the effective couplings into the
formulas for the DM-nucleon scattering cross sections, we obtain

� SI
��N = 1.4 ⇥ 10�37 cm2 gV

� g
V
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

, (53)

� SD
��N = 4.7 ⇥ 10�39 cm2 gA

�g
A
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

. (54)

Crucially, SI interactions receive a coherent enhancement propor-
tional to the square of the target nucleus mass, leading to very
strong constraints from direct detection experiments unless the
DM mass is very small. Consequently, the estimates above imply
that for gq ' 1, SI interactions are sensitive to mediator masses
of up to MV ' 30 TeV, while SD interactions only probe mediator
masses up to around MV ' 700 GeV. This should be contrasted
with the constraints arising from the LHC, which are close to iden-
tical for vector and axialvector mediators.

5.2.3. Annihilation
Two processes contribute to DM annihilation in the early Uni-

verse: annihilation of DM into SM fermions and (provided MV
. m� ) direct annihilation into pairs of mediators, which subse-
quently decay into SM states. For the first process, the annihilation
cross section is given by

(�v)(��̄ ! V ! qq̄)

= 3m2
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2⇡
⇥
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V � 4m2
� )2 + � 2
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, (55)

where �V is the total decay width of the vector mediator as given
in (48). For m� ' MV/2 the annihilation rate receives a resonant
enhancement, leading to a very efficient depletion of DM.

An important observation is that for gV
� = 0, the annihilation

cross section is helicity-suppressed. Formb ⌧ m� < mt the factor
m2

q/m
2
� can be very small, such that it is important to also include

the p-wave contribution for calculating the DM relic abundance.
Including terms up to second order in the DM velocity v, we obtain
for the special case gV

q = gV
� = 0 the expression

(�v)(��̄ ! V ! qq̄)

= (gA
q )2(gA
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Finally, the annihilation cross section for direct annihilation into
pairs of mediators is given by

(�v)(��̄ ! VV ) = (m2
� � M2

V )3/2

4⇡ m�M2
V (M2

V � 2m2
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⇥
⇣
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We note that for the coupling strengths and mass ranges
typically considered in the context of LHC DM searches, it is easily

possible to achieve sufficiently large annihilation cross sections
to deplete the DM abundance in the early Universe. In fact, the
generic prediction in large regions of parameter space would be
that the DM particle is underproduced. In this case, the observed
DM relic abundance can still be reproduced if one assumes an
initial particle–antiparticle asymmetry in the dark sector, such that
only the symmetric component annihilates away and the final DM
abundance is set by the initial asymmetry.

6. t-channel flavored mediator

If the DM is a fermion � , the mediator can be a colored scalar
or a vector particle �. We focus on the scalar case, which makes
contact with the MSSM and is easier to embed into a UV-complete
theory. A coupling of the form ��̄q requires either� or � to carry a
flavor index in order to be consistentwithMFV.We choose the case
where the colored scalar � carries the flavor index (much like in
the MSSM case, where the colored scalar quarks come in the same
flavors as the SM quarks). This class of models has been considered
previously in [103–108,16], while models where � carries the
flavor index have been studied in [109–111].

There are variations where the mediator couples to right-
handed up-type quarks, right-handed down-type quarks, or
left-handed quark doublets. For definiteness, we discuss the right-
handed up-type case (the other cases are obtained in a similar
fashion). In this case, there are three mediators �i = �

ũ, c̃, t̃
 
,

which couple to the SM and DM via the interaction

Lfermion,ũ �
X

i=1,2,3

g�⇤
i �̄PRui + h.c. (58)

Note that MFV requires both the masses M1,2,3 of the three
mediators to be equal and universal couplings g = g1,2,3 between
the mediators and their corresponding quarks ui = {u, c, t}. This
universality can however be broken by allowing for corrections to
(58) and the mediator masses which involve a single insertion of
the flavor spurion Yu ÑYu. Because of the large top-quark Yukawa
coupling, in this way the mass of the third mediator and its
coupling can be split from the other two. In practice this means
that the generic parameter space is five-dimensional:
�
m� , M1,2, M3, g1,2, g3

 
. (59)

These simplified models are very similar to the existing ones for
squark searches [112], and results can often be translated from
one to the other with relatively little work. Note that most studies
will involve g1,2 together with M1,2 or g3 together with M3. So
specific applicationswill often have a smaller dimensional space of
relevant parameters. In the discussion below, we restrict attention
to the parameter space with g1,2, M1,2, and m� . For models where
g3 andM3 are relevant, see [113,114,111,115].

6.1. Collider constraints

Given the masses and couplings, the widths of the mediators
are calculable. One finds

� (�i ! � ūi) = g2
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velocity, both of which lead to a suppression of 10�3 or more), and
can therefore be neglected.

Substituting the expressions for the effective couplings into the
formulas for the DM-nucleon scattering cross sections, we obtain

� SI
��N = 1.4 ⇥ 10�37 cm2 gV

� g
V
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

, (53)

� SD
��N = 4.7 ⇥ 10�39 cm2 gA

�g
A
q

⇣µ��N

1 GeV

⌘2
✓
300 GeV

MV

◆4

. (54)

Crucially, SI interactions receive a coherent enhancement propor-
tional to the square of the target nucleus mass, leading to very
strong constraints from direct detection experiments unless the
DM mass is very small. Consequently, the estimates above imply
that for gq ' 1, SI interactions are sensitive to mediator masses
of up to MV ' 30 TeV, while SD interactions only probe mediator
masses up to around MV ' 700 GeV. This should be contrasted
with the constraints arising from the LHC, which are close to iden-
tical for vector and axialvector mediators.

5.2.3. Annihilation
Two processes contribute to DM annihilation in the early Uni-

verse: annihilation of DM into SM fermions and (provided MV
. m� ) direct annihilation into pairs of mediators, which subse-
quently decay into SM states. For the first process, the annihilation
cross section is given by
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where �V is the total decay width of the vector mediator as given
in (48). For m� ' MV/2 the annihilation rate receives a resonant
enhancement, leading to a very efficient depletion of DM.

An important observation is that for gV
� = 0, the annihilation

cross section is helicity-suppressed. Formb ⌧ m� < mt the factor
m2

q/m
2
� can be very small, such that it is important to also include

the p-wave contribution for calculating the DM relic abundance.
Including terms up to second order in the DM velocity v, we obtain
for the special case gV

q = gV
� = 0 the expression
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Finally, the annihilation cross section for direct annihilation into
pairs of mediators is given by

(�v)(��̄ ! VV ) = (m2
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We note that for the coupling strengths and mass ranges
typically considered in the context of LHC DM searches, it is easily

possible to achieve sufficiently large annihilation cross sections
to deplete the DM abundance in the early Universe. In fact, the
generic prediction in large regions of parameter space would be
that the DM particle is underproduced. In this case, the observed
DM relic abundance can still be reproduced if one assumes an
initial particle–antiparticle asymmetry in the dark sector, such that
only the symmetric component annihilates away and the final DM
abundance is set by the initial asymmetry.

6. t-channel flavored mediator

If the DM is a fermion � , the mediator can be a colored scalar
or a vector particle �. We focus on the scalar case, which makes
contact with the MSSM and is easier to embed into a UV-complete
theory. A coupling of the form ��̄q requires either� or � to carry a
flavor index in order to be consistentwithMFV.We choose the case
where the colored scalar � carries the flavor index (much like in
the MSSM case, where the colored scalar quarks come in the same
flavors as the SM quarks). This class of models has been considered
previously in [103–108,16], while models where � carries the
flavor index have been studied in [109–111].

There are variations where the mediator couples to right-
handed up-type quarks, right-handed down-type quarks, or
left-handed quark doublets. For definiteness, we discuss the right-
handed up-type case (the other cases are obtained in a similar
fashion). In this case, there are three mediators �i = �

ũ, c̃, t̃
 
,

which couple to the SM and DM via the interaction

Lfermion,ũ �
X

i=1,2,3

g�⇤
i �̄PRui + h.c. (58)

Note that MFV requires both the masses M1,2,3 of the three
mediators to be equal and universal couplings g = g1,2,3 between
the mediators and their corresponding quarks ui = {u, c, t}. This
universality can however be broken by allowing for corrections to
(58) and the mediator masses which involve a single insertion of
the flavor spurion Yu ÑYu. Because of the large top-quark Yukawa
coupling, in this way the mass of the third mediator and its
coupling can be split from the other two. In practice this means
that the generic parameter space is five-dimensional:
�
m� , M1,2, M3, g1,2, g3

 
. (59)

These simplified models are very similar to the existing ones for
squark searches [112], and results can often be translated from
one to the other with relatively little work. Note that most studies
will involve g1,2 together with M1,2 or g3 together with M3. So
specific applicationswill often have a smaller dimensional space of
relevant parameters. In the discussion below, we restrict attention
to the parameter space with g1,2, M1,2, and m� . For models where
g3 andM3 are relevant, see [113,114,111,115].

6.1. Collider constraints

Given the masses and couplings, the widths of the mediators
are calculable. One finds
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MFV requires both equal masses M 1,2,3  of the mediators, and universal couplings 
g=g1,2,3  between the mediators and their corresponding quarks ui= {u,c,t}.
T
his universality can be broken by allowing for corrections  that split the  mass of the 
third mediator (govern by the large top Yukawa coupling ) from the other.

The generic parameter space is  mχ,M1,2,M3,g1,2,g3

These simplified models are very similar to SUSY and  studies consider  
independently cases with light squarks or stops/sbottoms (3 param, space)



Mono-object searches for DM

Sensitivity of mono-boson searches  (W,Z,H) to this model is low,  UNLESS we 
consider the effects of the Higgs portal (upper middle diagram or right diagrams). 

With the MFV assumption, however,  the top and bottom quarks can play an 
important role in the phenomenology.
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Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
m

c

, m
f,a, g

c

, gq (and G
f,a) parameter space that differ significantly

from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses m
c

and m
f,a.

Figure 2.23 and 2.24 show typical dependencies for scalar and

v Scalar and Pseudoscalar
mediator, s-channel

Monojet search
mχ,mφ/a, gχ, gu,
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

L
f

= g
c

fc̄c +
fp
2 Â

i

⇣

guyu
i ūiui + gdyd

i d̄idi + g`y`i ¯̀ i`i

⌘

, (2.6)

La = ig
c

ac̄g5c +
iap

2 Â
i

⇣

guyu
i ūig5ui + gdyd

i d̄ig5di+

g`y`i ¯̀ ig5`i

⌘

. (2.7)

where f and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
p

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ⌘ gu = gd = g`.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling g

c

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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Fig. 3. Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant contribution to a mono-jet signature. Right: A tree-level
graph that leads to a /ET + t t̄ signal.

parton shower (LOPS) in the POWHEG BOX [41]. Given that the /ET +
t t̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see
the right-hand side of Fig. 3), event generation through programs
like MadGraph5 [48] is possible, and UFO model files [49] from
different groups [39–41] are available for this purpose.

Since (11) and (12) is a simplified DM model, it is possible
that the mediator can decay into additional states present in the
full theory that we have neglected. For example, �/a may decay
into new charged particles which themselves eventually decay
into DM, but with additional visible particles that would move the
event out of the selection criteria of the mono-jet or similar /ET
searches. Another possibility is that the mediator can also decay
invisibly into other particles of the dark sector. In either case, the
expressions for ��/a as given in (14) and (15) are lower bounds
on the total decay-width of the mediators. To understand how the
actual value of ��/a influences the LHC sensitivity, one has to recall
that for m�/a ⌧ p

ŝ (where
p
ŝ is some characteristic fraction of

the center-of-mass energy of the collider in question) and m�/a >
2m� , DM-pair production proceeds dominantly via an on-shell
mediator. If the narrow width approximation (NWA) is applicable,
the mono-jet cross section factorizes into a product of on-shell
production of �/a times its branching ratio into ��̄ , i.e. � (pp !
/ET + j) = � (pp ! �/a + j) Br(�/a ! ��̄). One can draw three
conclusions from this result. First, in the parameter region where
m�/a > 2m� and ��/a ⌧ m�/a, a change in ��/a will simply lead to
a rescaling of the cross section, namely � (pp ! /ET + j) / 1/��/a.
This implies in particular that kinematic distributions of simple /ET
signals will to first approximation be unaltered under variations of
��/a. Second, for parameter choices where the partial decay width
to �̄� DM pairs is dominant, the cross section scales as � (pp !
/ET + j) / g2

v . If the partial decay width to SM particles gives the
largest contribution to ��/a, one has instead � (pp ! /ET + j) /
g2
� . Third, the scaling � (pp ! /ET + j) / g2

�g
2
v only holds for

off-shell production, which occurs form�/a < 2m� . Notice that for
m�/a . 2m� , the total decay width of �/a will have a non-trivial
impact on the constraints that the LHC can set, since the amount of
off-shell production depends sensitively on ��/a.

Similarly, the total decay width effect is non-trivial when the
mediator can decay into other particles in the invisible sector
beyond the cosmologically stable DM. To apply the simplified
models framework to these scenarios, it was proposed in [39,40]
to treat the mediator width as an independent parameter in the
simplified model characterization.

We now turn to the constraints on these models from non-
collider experiments: thermal relic abundance, indirect detection,
and direct detection. The first two results can be considered
together, as they depend on the same set of annihilation cross
sections.

3.1.2. Thermal cross sections
The thermally-average annihilation of DM through the spin-0

mediators can be calculated from the simplified model (11) and
(12). The resulting cross sections for annihilation into SM fermions
are given by
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where T denotes the DM temperature. Notably, scalar mediators
do not have a temperature-independent contribution to their
annihilation cross section, while pseudoscalars do. As T / v2

(where v is the DM velocity), there is no velocity-independent
annihilation through scalars. In the Universe today v ' 1.3 ⇥
10�3c , so there are no non-trivial constraints on DM annihilation
from indirect detection in the scalarmediatormodel (see, however,
Refs. [50,51]).

The parameter space of the pseudoscalar model, on the other
hand, can be constrained by indirect detection. Most constraints
from indirect detection arewritten in terms of a single annihilation
channel, and so the constraints for the full simplified model
(with multiple annihilation channels open) require some minor
modifications of the available results. In the case at hand, good
estimates can be obtained by considering the most massive
fermion into which the DM can annihilate (bottom and top quarks
if they are accessible), as they dominate the annihilation cross
section. Note that, away from resonance, the total width �a
entering in (18) is relatively unimportant for obtaining the correct
indirect detection constraints.

The thermal relic calculation requires the same input cross
sections as indirect detection. Here, the cross sections are summed
over all kinematically available final states, and can be written as

h�vi = a + bT . (19)

If the DM particles are Dirac fermions, one has to include a factor
of 1/2 in the averaging, because Dirac fermions are not their own
anti-particles. In the Majorana case no such factor needs to be
taken into account. The thermal relic abundance of DM is then

⌦�h2 = 0.11
7.88 ⇥ 10�11xf GeV�2

a + 3b/xf
, (20)
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Fig. 3. Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant contribution to a mono-jet signature. Right: A tree-level
graph that leads to a /ET + t t̄ signal.

parton shower (LOPS) in the POWHEG BOX [41]. Given that the /ET +
t t̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see
the right-hand side of Fig. 3), event generation through programs
like MadGraph5 [48] is possible, and UFO model files [49] from
different groups [39–41] are available for this purpose.

Since (11) and (12) is a simplified DM model, it is possible
that the mediator can decay into additional states present in the
full theory that we have neglected. For example, �/a may decay
into new charged particles which themselves eventually decay
into DM, but with additional visible particles that would move the
event out of the selection criteria of the mono-jet or similar /ET
searches. Another possibility is that the mediator can also decay
invisibly into other particles of the dark sector. In either case, the
expressions for ��/a as given in (14) and (15) are lower bounds
on the total decay-width of the mediators. To understand how the
actual value of ��/a influences the LHC sensitivity, one has to recall
that for m�/a ⌧ p

ŝ (where
p
ŝ is some characteristic fraction of

the center-of-mass energy of the collider in question) and m�/a >
2m� , DM-pair production proceeds dominantly via an on-shell
mediator. If the narrow width approximation (NWA) is applicable,
the mono-jet cross section factorizes into a product of on-shell
production of �/a times its branching ratio into ��̄ , i.e. � (pp !
/ET + j) = � (pp ! �/a + j) Br(�/a ! ��̄). One can draw three
conclusions from this result. First, in the parameter region where
m�/a > 2m� and ��/a ⌧ m�/a, a change in ��/a will simply lead to
a rescaling of the cross section, namely � (pp ! /ET + j) / 1/��/a.
This implies in particular that kinematic distributions of simple /ET
signals will to first approximation be unaltered under variations of
��/a. Second, for parameter choices where the partial decay width
to �̄� DM pairs is dominant, the cross section scales as � (pp !
/ET + j) / g2

v . If the partial decay width to SM particles gives the
largest contribution to ��/a, one has instead � (pp ! /ET + j) /
g2
� . Third, the scaling � (pp ! /ET + j) / g2
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v only holds for

off-shell production, which occurs form�/a < 2m� . Notice that for
m�/a . 2m� , the total decay width of �/a will have a non-trivial
impact on the constraints that the LHC can set, since the amount of
off-shell production depends sensitively on ��/a.

Similarly, the total decay width effect is non-trivial when the
mediator can decay into other particles in the invisible sector
beyond the cosmologically stable DM. To apply the simplified
models framework to these scenarios, it was proposed in [39,40]
to treat the mediator width as an independent parameter in the
simplified model characterization.

We now turn to the constraints on these models from non-
collider experiments: thermal relic abundance, indirect detection,
and direct detection. The first two results can be considered
together, as they depend on the same set of annihilation cross
sections.

3.1.2. Thermal cross sections
The thermally-average annihilation of DM through the spin-0

mediators can be calculated from the simplified model (11) and
(12). The resulting cross sections for annihilation into SM fermions
are given by
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where T denotes the DM temperature. Notably, scalar mediators
do not have a temperature-independent contribution to their
annihilation cross section, while pseudoscalars do. As T / v2

(where v is the DM velocity), there is no velocity-independent
annihilation through scalars. In the Universe today v ' 1.3 ⇥
10�3c , so there are no non-trivial constraints on DM annihilation
from indirect detection in the scalarmediatormodel (see, however,
Refs. [50,51]).

The parameter space of the pseudoscalar model, on the other
hand, can be constrained by indirect detection. Most constraints
from indirect detection arewritten in terms of a single annihilation
channel, and so the constraints for the full simplified model
(with multiple annihilation channels open) require some minor
modifications of the available results. In the case at hand, good
estimates can be obtained by considering the most massive
fermion into which the DM can annihilate (bottom and top quarks
if they are accessible), as they dominate the annihilation cross
section. Note that, away from resonance, the total width �a
entering in (18) is relatively unimportant for obtaining the correct
indirect detection constraints.

The thermal relic calculation requires the same input cross
sections as indirect detection. Here, the cross sections are summed
over all kinematically available final states, and can be written as

h�vi = a + bT . (19)

If the DM particles are Dirac fermions, one has to include a factor
of 1/2 in the averaging, because Dirac fermions are not their own
anti-particles. In the Majorana case no such factor needs to be
taken into account. The thermal relic abundance of DM is then

⌦�h2 = 0.11
7.88 ⇥ 10�11xf GeV�2

a + 3b/xf
, (20)
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh
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1 � 4m2
�1

m2
h

!3/2 ��ch�1�1

��2 . (38)

Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ
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��2 , (39)

if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (40)

Lscalar,V � ig'Vµ('⇤@µ' � '@µ'⇤)
+

X

f=q,`,⌫

Vµ f̄ � µ(gV
f � gA

f �5)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

Mono-V search
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:
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if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.
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In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV

� , gV
u , gV

d , gV
`

 
, (42)

while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

Mono-Higgs search

Top (bottom) pair search
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh

4⇡
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Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ
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if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]
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where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
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while, in the latter case, the corresponding set is
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m� , MV , gA
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Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.
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Fig. 4. Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z signal. Right: Two possible one-loop graphs that contribute to a
mono-Higgs signal.
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with g the SU(2)L coupling and cos ✓w the cosine of the weak
mixing angle. Due to these interactions, DM can annihilate to SM
fermions via s-channel Higgs or Z-boson exchange and to bosons
again through a Higgs or a Z boson in the s-channel or via �i or
�+ in the t-channel. Likewise, Higgs (Z-boson) exchange leads to
SI (SD) DM nucleon scattering. The corresponding phenomenology
has been studied in [66,67,69,81].

As in the case of the other Higgs portal models, a possible
collider signature is the invisible width of the Higgs, if the decay
h ! �1�1 is kinematically allowed:

� (h ! �1�1) = mh
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Since the Z boson couples directly to pairs of DM particles �1, the
model (34) will also give rise to an additional contribution to the
invisible decay width of the Z boson of the form

� (Z ! �1�1) = mZ
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if mZ > 2m�1 . This possibility is constrained by the Z-pole mea-
surements performed at LEP [82], which require � (Z ! �1�1) .
3 MeV.

Since the model (34) contains one charged and two neutral
fermions in addition to the DM state �1, LHC searches for elec-
troweak Drell–Yan production allow to set bounds on the new
fermions arising in scalar-doublet scenarios. The relevant produc-
tion modes are qq̄ ! �i�j and qq̄ ! �+�� via a Z boson
or qq̄(0) ! �±�i through W -boson exchange. Generically, the
latter productionmode has themost relevant LHC constraints. Pro-
duction in gluon–gluon fusion gg ! �i�i through an intermedi-
ate Higgs produced via a top-quark loop is also possible. Like in
the case of electroweakino production in the MSSM, final states
involving leptons and /ET provide the cleanest way to probe sin-
glet–doublet models [66,67,81]. A particularly promising channel
is for instance pp ! �±�2,3 ! W±�1Z�1 that leads to both a
2` + /ET and 3` + /ET signature. The scenario (34) predicts further
collider signals with /ET such as mono-jets that await explorations.

5. Vector s-channel mediator

5.1. Model-building aspects

One of the simplest ways to add a new mediator to the SM is
by extending its gauge symmetry by a new U(1)0, which is sponta-
neously broken such that the mediator obtains a massMV [83,84].
Depending onwhether DM is a Dirac fermion� or a complex scalar
', the interactions this new spin-1 mediator take the form [18,85,
21,86–88]

Lfermion,V � Vµ �̄� µ(gV
� � gA

��5)�

+
X

f=q,`,⌫
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+
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f=q,`,⌫

Vµ f̄ � µ(gV
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where q, ` and ⌫ denote all quarks, charged leptons and neutrinos,
respectively. Under the MFV assumption the couplings of V to the
SM fermions will be flavor independent, but they can depend on
chirality (such that gA

f 6= 0). For Majorana DM, the vector coupling
gV
� vanishes, while a real scalar cannot have any CP-conserving in-

teractions with V .
In the literature, one often finds a distinction between vector

mediators with vanishing axialvector couplings (gA
f = 0) and axi-

alvector mediators with vanishing vector couplings (gV
f = 0). Ne-

glecting the couplings to neutrinos, the relevant parameters in the
former case are
�
m� , MV , gV
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while, in the latter case, the corresponding set is
�
m� , MV , gA

� , gA
u , gA

d , gA
`

 
. (43)

Note, however, that it is rather difficult to engineer purely axi-
alvector couplings to all quarks, while being consistent with the
SM Yukawa interactions and MFV (as explained below). In the fol-
lowing, wewill consider the general casewith non-zero vector and
axialvector couplings. Although in this case the spin-1 mediator is
not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs sector
The most straightforward way to generate the mass of the

vector mediator is by introducing an additional dark Higgs field
� with a non-zero VEV. Generically, this particle will not couple
directly to SM fermions, but it could in principle mix with the SM
Higgs, leading to a phenomenology similar to that of Higgs portal
models described in Section 4. The mass of the dark Higgs cannot
be very much heavier than that of the vector mediator, and so �
may need to be included in the description ifMV is small compared
to the typical energies of the collider.

The targeted interaction is pp→ χχ+X,
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

L
f

= g
c

fc̄c +
fp
2 Â

i

⇣

guyu
i ūiui + gdyd

i d̄idi + g`y`i ¯̀ i`i

⌘

, (2.6)

La = ig
c

ac̄g5c +
iap

2 Â
i

⇣

guyu
i ūig5ui + gdyd

i d̄ig5di+

g`y`i ¯̀ ig5`i

⌘

. (2.7)

where f and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
p

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ⌘ gu = gd = g`.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling g

c

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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Fig. 3. Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant contribution to a mono-jet signature. Right: A tree-level
graph that leads to a /ET + t t̄ signal.

parton shower (LOPS) in the POWHEG BOX [41]. Given that the /ET +
t t̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see
the right-hand side of Fig. 3), event generation through programs
like MadGraph5 [48] is possible, and UFO model files [49] from
different groups [39–41] are available for this purpose.

Since (11) and (12) is a simplified DM model, it is possible
that the mediator can decay into additional states present in the
full theory that we have neglected. For example, �/a may decay
into new charged particles which themselves eventually decay
into DM, but with additional visible particles that would move the
event out of the selection criteria of the mono-jet or similar /ET
searches. Another possibility is that the mediator can also decay
invisibly into other particles of the dark sector. In either case, the
expressions for ��/a as given in (14) and (15) are lower bounds
on the total decay-width of the mediators. To understand how the
actual value of ��/a influences the LHC sensitivity, one has to recall
that for m�/a ⌧ p

ŝ (where
p
ŝ is some characteristic fraction of

the center-of-mass energy of the collider in question) and m�/a >
2m� , DM-pair production proceeds dominantly via an on-shell
mediator. If the narrow width approximation (NWA) is applicable,
the mono-jet cross section factorizes into a product of on-shell
production of �/a times its branching ratio into ��̄ , i.e. � (pp !
/ET + j) = � (pp ! �/a + j) Br(�/a ! ��̄). One can draw three
conclusions from this result. First, in the parameter region where
m�/a > 2m� and ��/a ⌧ m�/a, a change in ��/a will simply lead to
a rescaling of the cross section, namely � (pp ! /ET + j) / 1/��/a.
This implies in particular that kinematic distributions of simple /ET
signals will to first approximation be unaltered under variations of
��/a. Second, for parameter choices where the partial decay width
to �̄� DM pairs is dominant, the cross section scales as � (pp !
/ET + j) / g2

v . If the partial decay width to SM particles gives the
largest contribution to ��/a, one has instead � (pp ! /ET + j) /
g2
� . Third, the scaling � (pp ! /ET + j) / g2

�g
2
v only holds for

off-shell production, which occurs form�/a < 2m� . Notice that for
m�/a . 2m� , the total decay width of �/a will have a non-trivial
impact on the constraints that the LHC can set, since the amount of
off-shell production depends sensitively on ��/a.

Similarly, the total decay width effect is non-trivial when the
mediator can decay into other particles in the invisible sector
beyond the cosmologically stable DM. To apply the simplified
models framework to these scenarios, it was proposed in [39,40]
to treat the mediator width as an independent parameter in the
simplified model characterization.

We now turn to the constraints on these models from non-
collider experiments: thermal relic abundance, indirect detection,
and direct detection. The first two results can be considered
together, as they depend on the same set of annihilation cross
sections.

3.1.2. Thermal cross sections
The thermally-average annihilation of DM through the spin-0

mediators can be calculated from the simplified model (11) and
(12). The resulting cross sections for annihilation into SM fermions
are given by
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2
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where T denotes the DM temperature. Notably, scalar mediators
do not have a temperature-independent contribution to their
annihilation cross section, while pseudoscalars do. As T / v2

(where v is the DM velocity), there is no velocity-independent
annihilation through scalars. In the Universe today v ' 1.3 ⇥
10�3c , so there are no non-trivial constraints on DM annihilation
from indirect detection in the scalarmediatormodel (see, however,
Refs. [50,51]).

The parameter space of the pseudoscalar model, on the other
hand, can be constrained by indirect detection. Most constraints
from indirect detection arewritten in terms of a single annihilation
channel, and so the constraints for the full simplified model
(with multiple annihilation channels open) require some minor
modifications of the available results. In the case at hand, good
estimates can be obtained by considering the most massive
fermion into which the DM can annihilate (bottom and top quarks
if they are accessible), as they dominate the annihilation cross
section. Note that, away from resonance, the total width �a
entering in (18) is relatively unimportant for obtaining the correct
indirect detection constraints.

The thermal relic calculation requires the same input cross
sections as indirect detection. Here, the cross sections are summed
over all kinematically available final states, and can be written as

h�vi = a + bT . (19)

If the DM particles are Dirac fermions, one has to include a factor
of 1/2 in the averaging, because Dirac fermions are not their own
anti-particles. In the Majorana case no such factor needs to be
taken into account. The thermal relic abundance of DM is then

⌦�h2 = 0.11
7.88 ⇥ 10�11xf GeV�2

a + 3b/xf
, (20)
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Fig. 3. Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant contribution to a mono-jet signature. Right: A tree-level
graph that leads to a /ET + t t̄ signal.

parton shower (LOPS) in the POWHEG BOX [41]. Given that the /ET +
t t̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see
the right-hand side of Fig. 3), event generation through programs
like MadGraph5 [48] is possible, and UFO model files [49] from
different groups [39–41] are available for this purpose.

Since (11) and (12) is a simplified DM model, it is possible
that the mediator can decay into additional states present in the
full theory that we have neglected. For example, �/a may decay
into new charged particles which themselves eventually decay
into DM, but with additional visible particles that would move the
event out of the selection criteria of the mono-jet or similar /ET
searches. Another possibility is that the mediator can also decay
invisibly into other particles of the dark sector. In either case, the
expressions for ��/a as given in (14) and (15) are lower bounds
on the total decay-width of the mediators. To understand how the
actual value of ��/a influences the LHC sensitivity, one has to recall
that for m�/a ⌧ p

ŝ (where
p
ŝ is some characteristic fraction of

the center-of-mass energy of the collider in question) and m�/a >
2m� , DM-pair production proceeds dominantly via an on-shell
mediator. If the narrow width approximation (NWA) is applicable,
the mono-jet cross section factorizes into a product of on-shell
production of �/a times its branching ratio into ��̄ , i.e. � (pp !
/ET + j) = � (pp ! �/a + j) Br(�/a ! ��̄). One can draw three
conclusions from this result. First, in the parameter region where
m�/a > 2m� and ��/a ⌧ m�/a, a change in ��/a will simply lead to
a rescaling of the cross section, namely � (pp ! /ET + j) / 1/��/a.
This implies in particular that kinematic distributions of simple /ET
signals will to first approximation be unaltered under variations of
��/a. Second, for parameter choices where the partial decay width
to �̄� DM pairs is dominant, the cross section scales as � (pp !
/ET + j) / g2

v . If the partial decay width to SM particles gives the
largest contribution to ��/a, one has instead � (pp ! /ET + j) /
g2
� . Third, the scaling � (pp ! /ET + j) / g2
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v only holds for

off-shell production, which occurs form�/a < 2m� . Notice that for
m�/a . 2m� , the total decay width of �/a will have a non-trivial
impact on the constraints that the LHC can set, since the amount of
off-shell production depends sensitively on ��/a.

Similarly, the total decay width effect is non-trivial when the
mediator can decay into other particles in the invisible sector
beyond the cosmologically stable DM. To apply the simplified
models framework to these scenarios, it was proposed in [39,40]
to treat the mediator width as an independent parameter in the
simplified model characterization.

We now turn to the constraints on these models from non-
collider experiments: thermal relic abundance, indirect detection,
and direct detection. The first two results can be considered
together, as they depend on the same set of annihilation cross
sections.

3.1.2. Thermal cross sections
The thermally-average annihilation of DM through the spin-0

mediators can be calculated from the simplified model (11) and
(12). The resulting cross sections for annihilation into SM fermions
are given by
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where T denotes the DM temperature. Notably, scalar mediators
do not have a temperature-independent contribution to their
annihilation cross section, while pseudoscalars do. As T / v2

(where v is the DM velocity), there is no velocity-independent
annihilation through scalars. In the Universe today v ' 1.3 ⇥
10�3c , so there are no non-trivial constraints on DM annihilation
from indirect detection in the scalarmediatormodel (see, however,
Refs. [50,51]).

The parameter space of the pseudoscalar model, on the other
hand, can be constrained by indirect detection. Most constraints
from indirect detection arewritten in terms of a single annihilation
channel, and so the constraints for the full simplified model
(with multiple annihilation channels open) require some minor
modifications of the available results. In the case at hand, good
estimates can be obtained by considering the most massive
fermion into which the DM can annihilate (bottom and top quarks
if they are accessible), as they dominate the annihilation cross
section. Note that, away from resonance, the total width �a
entering in (18) is relatively unimportant for obtaining the correct
indirect detection constraints.

The thermal relic calculation requires the same input cross
sections as indirect detection. Here, the cross sections are summed
over all kinematically available final states, and can be written as

h�vi = a + bT . (19)

If the DM particles are Dirac fermions, one has to include a factor
of 1/2 in the averaging, because Dirac fermions are not their own
anti-particles. In the Majorana case no such factor needs to be
taken into account. The thermal relic abundance of DM is then

⌦�h2 = 0.11
7.88 ⇥ 10�11xf GeV�2

a + 3b/xf
, (20)

The targeted interaction is pp→ χχ+X,
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Figure 13: Exclusion limits at 90% CL in the mDM vs. sSI/SD plane for vector (left) and axial-
vector (right) mediator models. The solid red (dotted black) line shows the contour for the
observed (expected) exclusion in this search. Limits from CDMSLite [89], LUX [90], PandaX-
II [91], and CRESST-II [92] experiments are shown for the vector mediator. Limits from Pi-
casso [93], PICO-60 [94], IceCube [95], and Super-Kamiokande [96] experiments are shown for
the axial-vector mediator.
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Figure 11: Exclusion limits at 95% CL on the µ = s/sth in the mmed–mDM plane assuming vector
(left) and axial-vector (right) mediators. The solid (dotted) red (blue) line shows the contour
for the observed (expected) exclusion. The solid contours around the observed limit and the
dashed contours around the expected limit represent one standard deviation due to theoretical
uncertainties in the signal cross section and the combination of the statistical and experimental
systematic uncertainties, respectively. Constraints from the Planck satellite experiment [86] are
shown with the dark blue contours. DM is overabundant in the shaded area.
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of parameters, the amplitude from light Higgs exchange and heavy Higgs exchange exactly

cancel against each other, which we call generalized blind spots, since they provide a more

general version of the ones previously discussed in the literature, that are present for very

large values of the non-standard Higgs masses.
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FIG. 1: Feynman diagram for a neutralino scattering o↵ a heavy nucleus through a CP-even Higgs

First consider a neutralino scattering o↵ a down-type quark. As stated above, the am-

plitude associated with the heavy, non-standard Higgs exchange is enhanced by tan �. At
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Direct Dark Matter Detection Cross Section

Putting all together, one gets

with

One can do a similar calculation for neutrons, and the expression is very similar. Indeed, 
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d + F (p)

u /tan2 �)
1

m2
H

�2
, (18)

with F
(p)
u ⌘ f

(p)
u + 2 ⇥ 2

27f
(p)
TG ⇡ 0.15 and F

(p)
d = f

(p)
Td + f

(p)
Ts + 2

27f
(p)
TG ⇡ 0.14. The first term

denotes the contribution of the lightest Higgs and its cancellation leads to the traditional

blind spot scenarios [29]. The second term is the contribution of the heavy Higgs and as

mentioned before for values of |µ|>⇠ m� and large tan � may become of the same order as

the SM-like Higgs one.

In the above, we have used the proton scattering amplitudes to define the spin indepen-

dent scattering cross section. The result remains valid after including the neutron contri-

butions, since for a neutralino scattering o↵ a neutron the form factors are f
(n)
Tu = 0.011,

f
(n)
Td = 0.0273, f (n)

Ts = 0.0447 and f
(n)
TG =0.917 [38] and therefore F (n)

u ⇡ 0.15 and F
(n)
d ⇡ 0.14,

same as F (p)
u and F

(p)
d .

Therefore, the tree-level scattering cross section due to the light and heavy CP-even Higgs

exchange cancel against each other when

(F (p)
d + F (p)

u )(m� + µ sin 2�)
1

m2
h

' F
(p)
d µ tan � cos 2�

1

m2
H

, (19)

7

which we call generalized blind spots. Taking into account the values of F (p,n)
u and F

(p,n)
d

given above, and for moderate or large values of tan �, the blind spot can be simplified as

2 (m� + µ sin 2�)
1

m2
h

' � µ tan �
1

m2
H

(20)

Similar to the case in which the heavy Higgs decouples, for intermediate values of mA the

suppression due to the blind spots only happens when µ < 0. This e↵ect was studied

before [30, 31, 33], and the suppression in DDMD was identified numerically from a scan of

the parameter space of the CMSSM. Our expressions provide an analytical understanding

of this phenomenon. We find out that indeed, as can be seen from Eqs. (18)–(20), negative

values of µ have two e↵ects on the scattering amplitudes : On one hand, they suppress

the coupling of the lightest neutralino to the lightest CP-even Higgs boson. On the other

hand, they lead to a negative interference between the light and heavy Higgs exchange

amplitudes. For su�ciently low values ofmA (large values of tan �) the heavy Higgs exchange

contribution may become dominant. On the other hand, for large values of mA the SM

contribution becomes dominant and the main contribution from exchange of a heavy Higgs

comes from the interference with the SM-like one and is only suppressed by 1/m2
A.

III. NUMERICAL STUDY

To perform a numerical study of the SI scattering cross section when all sfermions are

heavy, the relevant parameters are the Bino mass M1, the Wino mass M2, the Higgsino mass

µ, the CP odd Higgs mass mA and tan �. In the following, we will concentrate on the case

in which LSP is mostly bino-like for simplicity, but the analysis can be easily generalized

to the case in which LSP is wino-like. In the traditional blind spot scenario, at moderate

or large values of tan � the blind spot condition, m� + µ sin 2� = 0, can only be satisfied if

|µ| is very large, which makes the obtention of the right thermal relic density very di�cult.

The generalized blind spots, instead, may be obtained for smaller values of |µ|, which may

be consistent with the ones necessary to obtain a thermal DM density.

In order to analyze the parameters consistent with the generalized blind spots, we first

look at the parameter space away from the traditional blind spot, µ ⇠ �2M1. We use

ISAJET [39] to calculate the spectrum and the SI scattering cross section for di↵erent

values of tan � and mA, which agrees with MicrOMEGA 2.4.5 [38] almost perfectly. We

The cross section is greatly reduced when the parameters fulfill the 
approximate relation

which at moderate or large values of tanβ reduce to

We shall call this region of parameters the “blind spot region”

P. Huang, C.W.’15

Huang, Wagner, ‘15
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FIG. 2: SI scattering cross section as a function of mA for tan� = 50 (up left), tan� = 30 (up

right) and tan� = 10 (down left), µ ⇠ �2M1 and tan� = 30, µ ⇠ �4M1 (down right). The red

dots are for the µ > 0 case, and blue dots are for µ < 0 case. The green shaded area are excluded by

the CMS H,A ! ⌧⌧ searches. The orange line is the LUX limit, and the blue line is the projected

Xenon 1T limit

.

is enhanced by tan �, but since µ grows together with tan �, the down-Higgsino component

is suppressed roughly by tan �. At large mA, the cross section approaches 10�13 pb�1, which

is below the atmospheric and di↵use supernova neutrino backgrounds. There are various

contributions to this asymptotic value, including squarks, incomplete cancellation of the

couplings and loop e↵ects.

We also analyze the relic density. Considering a thermally produced neutralino DM, the

annihilation cross section is too small for Bino-like DM, which leads to DM density over

abundance, while the annihilation is too e�cient for pure wino or Higgsino-like DM, which

results in under abundance unless the LSP is heavier than 1 TeV [41, 42] or 2.7 TeV [42, 43],

Dependence of the cross section on the heavy Higgs mass 

Future
Sensitivity
(Xenon1T,
  LZ) 

Blind 
Spot 
Region

Application of the naive blind spot formula gives MA = 478 GeV
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before [30, 31, 33], and the suppression in DDMD was identified numerically from a scan of

the parameter space of the CMSSM. Our expressions provide an analytical understanding

of this phenomenon. We find out that indeed, as can be seen from Eqs. (18)–(20), negative

values of µ have two e↵ects on the scattering amplitudes : On one hand, they suppress

the coupling of the lightest neutralino to the lightest CP-even Higgs boson. On the other

hand, they lead to a negative interference between the light and heavy Higgs exchange

amplitudes. For su�ciently low values ofmA (large values of tan �) the heavy Higgs exchange

contribution may become dominant. On the other hand, for large values of mA the SM

contribution becomes dominant and the main contribution from exchange of a heavy Higgs

comes from the interference with the SM-like one and is only suppressed by 1/m2
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III. NUMERICAL STUDY

To perform a numerical study of the SI scattering cross section when all sfermions are

heavy, the relevant parameters are the Bino mass M1, the Wino mass M2, the Higgsino mass

µ, the CP odd Higgs mass mA and tan �. In the following, we will concentrate on the case

in which LSP is mostly bino-like for simplicity, but the analysis can be easily generalized

to the case in which LSP is wino-like. In the traditional blind spot scenario, at moderate

or large values of tan � the blind spot condition, m� + µ sin 2� = 0, can only be satisfied if

|µ| is very large, which makes the obtention of the right thermal relic density very di�cult.

The generalized blind spots, instead, may be obtained for smaller values of |µ|, which may

be consistent with the ones necessary to obtain a thermal DM density.

In order to analyze the parameters consistent with the generalized blind spots, we first

look at the parameter space away from the traditional blind spot, µ ⇠ �2M1. We use

ISAJET [39] to calculate the spectrum and the SI scattering cross section for di↵erent

values of tan � and mA, which agrees with MicrOMEGA 2.4.5 [38] almost perfectly. We
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Blind Spots in Direct DM detection in the NMSSM
Possible to have a three way cancellation between the hs, h and H contributions

assumed 90% 
composition

Cheung, Papucci, Sanford,
Shah, Zurek ’14

A SM-like Higgs would have couplings that vanish 
when  mχ = ±μ sin(2β ). The plus and minus signs 
correspond to the cases in which the neutralino is 
Bino-Higgsino or Singlino-Higgsino admixtures. 

μ < 0 μ > 0

Contributions to the SI cross section

A SM-like Higgs would have couplings that vanish when
m� ' ±µ sin(2�).
The plus and minus signs correspond to the cases in which
the neutralino is Bino-Higgsino or Singlino-Higgsino admixtures.

Huang and C.W. ‘ 14, Cheung, Papucci, Shah, Zurek ‘ 15
Badziak, Olechowski, Pokorski ‘15

Baum, Carena, Shah, C.W.. to appear

Higgs Mixing Effects:
Couplings to the 125 GeV 

Higgs tend to be 
suppressed close to the

blind spots. However, they 
remain relevant in the 

singlino region, denoting 
the presence of relevant 

interferences 

Baum, M.C. Shah, Wagner ‘18



Contributions to SI XS of the different (scalar) Higgs bosons 

Mostly Binos: SM-like Higgs provides the 
dominant contribution. 
NEW Bino well-tempered region, with small 
couplings to Higgs and proximity to blind spot
Thermal Relic density via resonant Z, Higgs annih, 
or co-annihilation of bino with singlino

Mostly singlinos:  coupling to Higgs larger than for 
Bino è SM-like Higgs coupling close to blind spot 
and destructive interference with singlet and non-SM 
CP even doublet needed
Thermal Relic can be obtained via Z (G) annih.

and sign of the different scalar contributions to the SI cross section. 

NMSSM opens up new possibilities

S~ B~



Light Dark Matter < GeV model Building

DM must be a SM singlet
(else would have been discovered (LEP...)
Freeze out needs new forces
DM overproduced if no light new “mediators”

< GeV  Model Building
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DM overproduced unless there are light new “mediators”

DM must be a SM singlet 
Else would have been discovered (LEP…)

Even if it weren’t, freeze out still  needs new forces

Simplicty: can’t use higher dimension operators

�v ⇠
↵2m2
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m4
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⇠ 10�29cm3s�1
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GeV

⌘2

Lee/Weinberg ‘79

Requires renormalizable interactions
21observables signatures of Hidden Sector Light DM will depend on the type of force 

between DM & SM matter, and the nature of the DM coupling to that force 

v

scenarios) [19–22]. Each of these mechanisms implies sharp targets in coupling space, which
are strikingly compatible with the (broad) expectations for radiatively generated portal
couplings, and in many cases, experimentally accessible.

The natural mass range for hidden-sector DM is broader than for WIMPs, but still in
the vicinity of Standard Model mass scales — from about 100 TeV down to keV masses
or perhaps even lower. If the physics that generates the weak scale couples to the hidden
sector only through the portal interaction, it is natural for hidden sector matter to be
parametrically lighter than the weak scale [11, 12, 23, 24]. Alternately, the hidden sector
mass scale may arise from confinement of a hidden gauge group. It has long been argued
that supersymmetry breaking (or other mechanism responsible for generating weak-scale
masses) could also generate masses for many hidden-sector particles, triggering a confining
phase transition in the broad vicinity of the weak scale.

The high-mass parameter space for hidden-sector DM, above several GeV, overlaps WIMP
parameter space and has similar phenomenology. In contrast, the low-mass parameter space
for hidden-sector DM, below a few GeV DM mass, is not well explored by traditional WIMP
searches and motivates new experimental strategies for detection. This low-mass region also
opens up the possibility of cosmologically significant DM self-interactions, and also enables
new mechanisms for quasi-thermal DM production.

1. Benchmark Models of Hidden-Sector DM

The observable signatures of hidden sector DM are dictated by the type of new force
coupling the DM to familiar matter, and the nature of the DM coupling to this force.

a. Mediators and their SM Couplings A new force can be mediated by a vector or
scalar boson, which may couple to the SM in a variety of ways. A useful characterization of
these interactions is by the following simplified models:

LV � Vµf̄(g
V
f �µ + aV

f �µ�5)f (1)

LS � f̄(gS
f + �5a

S
f )f� (2)

for (axial) vector mediator Vµ or (pseudo)-scalar mediator �.
The structure of the couplings gf and af depends on how the mediator coupling to familiar

matter arises. Two important special cases are the “horizontal portals” — the unique
renormalizable interactions of an SM-neutral boson compatible with all SM symmetries are
[25–27]:

L �
(
� ✏

2 cos ✓W
Bµ⌫F 0µ⌫ vector portal ) gV

f ⇡ ✏eqf

(µ� + ��2)H†H Higgs portal ) gS
f = µmf/m2

h,
(3)

where Bµ⌫ , F 0
µ⌫ ⌘ @µA0

⌫ � @⌫A0
µ are the hypercharge and dark U(1)D vector boson field

strengths, eqf the electric charge of each SM particle, H is the Higgs doublet, mf the mass
of fundamental fermion f , and mh the SM Higgs mass.

While these are justifiably emphasized as benchmark models, high-energy extensions of
the Standard Model readily open up the more general parameter space of (1) and (2) —
for example, vector couplings to anomalous global symmetries of the SM like baryon or
lepton number; chiral couplings with non-zero aV from Z-mixing or “e↵ective Z 0” models;
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Unique renormalizable int. of an SM-neutral boson compatible with all SM symmetries
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New scalar mediator mixing w/ Higgs
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New vector mediator A’mixing w/ photon

ε small enough to have escaped 
detection, still right relic DM density 



Who’s Heavier? The DM or the Mediator?

• Scalar Mediator à annihilation rate v2 suppressed, ok if  gDM right relic
• Vector Mediator à annihilation rate unsuppressed : excluded by CMB power spectrum

Who’s Heavier? DM or Mediator?

“Secluded” Annihilation 

Direct Annihilation 
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arXiv:1512.04119, GK

No target: independent of mixing
Mediator decays to SM, not DM

      Ruled out for scalar mediators
Predictive: minimum SM coupling
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“Secluded” Annihilation:

<σν> ∝ gDM
4/ mχ

2

v

has an annihilation cross-section scaling as

h�vi ⇠ g2
Dg2

SMm2
�

m4
MED

(6)

for a vector mediator, where gSM is the SM-mediator coupling. This process o↵ers a
clear, predictive target for discovery or falsifiability, since the dark coupling gD and
mass ratio m�/mA0 are at most O(1), so there is a minimum SM-mediator coupling
gSM compatible with a thermal history. This mixing target for the vector portal, at the
level of ✏ ⇠ 10�7m2

A0/(m� MeV
p

↵D) with ↵D = g2
D/4⇡ (and therefore quite compatible

with the level of mixing expected from one- or two-loop e↵ects), is an important
benchmark for both mediator and dark matter searches. Direct annihilation of sub-
GeV DM through a scalar mediator requires fairly large scalar mixing to compensate
for the small Yukawa couplings of SM annihilation products, and is excluded by meson
decay constraints [31].

An important constraint on low-mass thermal DM comes from the e↵ect of late-time
DM annihilation on the CMB power spectrum [37–41]. Planck data constrains the power
injected by DM annihilation at ⇠ eV temperatures [42]:

pann = fe↵h�viT⇠ eV/mDM < 3.5⇥ 10�11 GeV�3 (7)

where fe↵ ⇠ 0.15�1 for most annihilation modes (see e.g. [40]), so that the annihilation rate
of sub-GeV thermal dark matter at eV-scale temperatures must be suppressed by 1–5 orders
of magnitude relative to the annihilation rate at T ⇠ mDM/20 relevant for DM annihilation,
for DM in the MeV-GeV regime.

This constraint rules out secluded annihilation into vectors and direct annihilation of
Dirac fermions through the vector portal, but many of the generic DM models presented
above experience suppressed annihilation at low temperatures, due to one of three e↵ects:

• Velocity-suppression, for example from p-wave annihilation processes with �v / v2

(as in direct annihilation of scalar or Majorana fermion through a vector mediator, or
secluded annihilation to scalars).

• Population suppression, if the leading annihilation process involves an excited state
that decays or is thermally depopulated in between freeze-out and recombination eras
(as in direct annihilation of pseudo-Dirac or inelastic scalar DM through a vector
mediator).

• Particle-anti-particle asymmetry, if annihilation in the early universe is su�ciently
e↵ective to cosmologically deplete the anti-particle; note in this case, cosmological
constraints imply a bound on the minimum annihilation cross-section [43].

In summary, the paradigm of hidden-sector DM that was in thermal equilibrium with
the Standard Model in the early universe features viable models that evade existing con-
straints.Moreover, the subset of models where DM annihilates directly into the SM are of
particular interest to the community, as these o↵er a predictive and bounded target that
new direct detection and accelerator probes can aim to robustly discover or falsify.

The mapping of these thermal targets onto direct detection and accelerator observables
are described in more detail in Sections IV and VI, respectively. Broadly speaking, for
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mχ < mφ <σν> ∝ gDM
2 gSM

2 mχ
2/mMED

4

• Planck CMB power spectrum è ok for DM scalar 
or Majorana fermion via a vector mediator

S-channel annihilation into SM particles è Minimum SM coupling 

gDM & mχ/mA’ at most O(1) è min gSM compatible with Ωχ
Predictive, falsifiable target@ accelerators

(scalar mediator excluded by meson decay constraints) 



Representative Model: Dark QEDRepresentative Model: Dark QED
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DM charged under new force:  eD ~ e

Allowed small A’-photon mixing:   ε << 1

SM acquires small charge under A’ : eε

Viable models by Direct Detection Scattering Classify Viable Models by DD Scattering?
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Light Dark Matter Searches at Accelerators

• Mono-photon  + MET at Lepton colliders  analogous to LHC searches
• Electron and Proton Beam Dump Experiments
• Missing Energy/momentum at fixed target experiments

v

Experiment Machine Type Ebeam ( GeV) Detection Mass range ( GeV) Sensitivity First beam Ref.

Future US initiatives

BDX CEBAF @ JLab electron BD 2.1-11 DM scatter 0.001 < m� < 0.1 y & 10�13 2019+ [211, 212]
COHERENT SNS @ ORNL proton BD 1 DM scatter m� < 0.06 y & 10�13 started [213, 214]
DarkLight LERF @ JLab electron FT 0.17 MMass (& vis.) 0.01 < mA0 < 0.08 ✏2 & 10�6 started [215]
LDMX DASEL @ SLAC electron FT 4 (8)* MMomentum m� < 0.4 ✏2 & 10�14 2020+ [216]
MMAPS Synchr @ Cornell positron FT 6 MMass 0.02 < mA0 < 0.075 ✏2 & 10�8 2020+ [217]
SBN BNB @ FNAL proton BD 8 DM scatter m� < 0.4 y ⇠ 10�12 2018+ [218, 219]
SeaQuest MI @ FNAL proton FT 120 vis. prompt 0.22 < mA0 < 9 ✏2 & 10�8 2017 [220]

vis. disp. mA0 < 2 ✏2 ⇠ 10�14 � 10�8

Future international initiatives

Belle II SuperKEKB @ KEK e+e� collider ⇠ 5.3 MMass (& vis.) 0 < m� < 10 ✏2 & 10�9 2018 [203]
MAGIX MESA @ Mami electron FT 0.105 vis. 0.01 < mA0 < 0.060 ✏2 & 10�9 2021-2022 [205]
PADME DA�NE @ Frascati positron FT 0.550 MMass mA0 < 0.024 ✏2 & 10�7 2018 [206, 207]
SHIP SPS @ CERN proton BD 400 DM scatter m� < 0.4 y & 10�12 2026+ [208, 209]
VEPP3 VEPP3 @ BINP positron FT 0.500 MMass 0.005 < mA0 < 0.022 ✏2 & 10�8 2019-2020 [210]

Current and completed initiatives

APEX CEBAF @ JLab electron FT 1.1-4.5 vis. 0.06 < mA0 < 0.55 ✏2 & 10�7 2018-2019 [197, 198]
BABAR PEP-II @ SLAC e+e� collider ⇠ 5.3 vis. 0.02 < mA0 < 10 ✏2 & 10�7 done [191, 229, 230]
Belle KEKB @ KEK e+e� collider ⇠ 5.3 vis. 0.1 < mA0 < 10.5 ✏2 & 10�7 done [231]
HPS CEBAF @ JLab electron FT 1.1-4.5 vis. 0.015 < mA0 < 0.5 ✏2 ⇠ 10�7** 2018-2020 [232]
NA/64 SPS @ CERN electron FT 100 MEnergy mA0 < 1 ✏2 & 10�10 started [186]
MiniBooNE BNB @ FNAL proton BD 8 DM scatter m� < 0.4 y & 10�9 done [188]
TREK K+ beam @ J-PARC K decays 0.240 vis. N/A N/A done [201, 202]

TABLE II: Summary table of current light DM experiments and future proposals. The sensitivities are quoted either for the kinetic mixing
or the variable y, whichever is most relevant (see the text and the corresponding figures for more detailed predictions). The range quoted for
experiments sensitive to both visible and invisible decays refers to the invisible case. Starting dates are subject to variations. Legend: beam
dump (BD), fixed target (FT), dark matter scattering (DM scatter), missing mass (MMass), missing momentum (MMomentum), missing
energy (MEnergy), prompt/displaced visible decays (vis). Notes: *LDMX beam energy is 4 GeV for phase I, and could be upgraded to
8 GeV for phase II. **Sensitivity to displaced vertices under study.
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FIG. 5: Upper bounds on the coupling of electrons to a me-
diator decaying invisibly to dark-sector states (region (b) of
Fig. 2). The solid black line / blue shaded region shows the
bound from BABAR data (this work), for a vector or pseudo-
vector mediator. The dotted line shows the bound for a scalar
or pseudo-scalar mediator. The black dashed line shows the
projected upper limit from an “improved BABAR” analysis
for a vector or pseudo-vector mediator, where the �/� back-
ground has been reduced by a factor of 10. The projected
reaches of four possible searches for a vector mediator at Belle
II are shown by the solid blue lines: a converted mono-photon
search (dashed, labelled (a) and (b), which respectively as-
sume no (a factor of 10) improvement in the �/� background
rejection over the “improved BABAR” projection), a standard
mono-photon search (solid), and a low-energy mono-photon
search (dot-dashed) (see Sec. VI). The gray shaded region is
excluded by LEP [5]. Additional limits relevant for sub-GeV
mediators are shown in Fig. 7. See text for more details.

in our analysis, since our signal would also appear in
the o↵-resonance sample. The search becomes there-
fore background-limited for mA0 <⇠ 1 GeV in the current
BABAR data. However, an improved background esti-
mate may be possible. We therefore show a projection
for an “improved BABAR” limit, assuming that the �

/

�

background can be reduced by a factor of 10. For this
case, we fit smooth curves to the current BABAR data to
show the expected limit. At Belle II, additional improve-
ments in both background rejection and resolution may
decrease the value of mA0 at which the search becomes
background-limited to a few hundred MeV, see Sec. VI.

We convert the limits on N

signal

into limits on ge using
simulation, accounting for the cut e�ciency as described
above. The limits are shown in Fig. 5, along with pro-
jections for Belle II and limits from LEP (see Secs. VI
and V A). In Figs. 7 and 10 we show our limits in the "

versus mA0 plane for the special case of an invisibly de-
caying hidden photon. The bounds and projected reach
of various other experiments are also shown, and are dis-
cussed further in Sec. V B.
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FIG. 6: Upper limits on geg� for the o↵-shell light media-
tor region (region (c) of Fig. 2), for a fixed mediator mass of
100 MeV. The coloring and assumptions of the BABAR and
Belle II curves are as in Fig. 4. The gray shaded region is ex-
cluded by LEP [5]. With a hidden-photon mediator, there is
a stronger constraint from combining g�-perturbativity with
a search for visibly-decaying hidden-photons at KLOE (green
line). The possible reach of an edge search is not shown,
but may allow some improvement. The solid and dotted blue
line both show the projected reach of Belle II in the vector-
mediated case assuming that the various background compo-
nents are known at the 5� 20% level (“systematics” limited)
or, more idealistically, are known perfectly up to statistical
fluctuations (“statistics” limited) (see Sec. VI for details). See
text for more details.

C. Constraints for O↵-Shell Light Mediators

When 2me < mA0
< 2m� (region (c) of Fig. 2), � +��

production proceeds through a light o↵-shell mediator,
giving a broad mono-photon spectrum as seen in Fig. 3.
This spectrum has a kinematic edge at m

2

�� = 4m

2

�.
Without good control over backgrounds, this spectrum is
di�cult to distinguish from backgrounds, and we conser-
vatively place constraints by requiring that the expected
signal does not exceed the observed number of events by
more than 2� in any bin.

Fig. 6 shows the upper limit on geg� as a func-
tion of m� for a fixed mediator mass of 100 MeV, for
various mediator types. The constraint on geg� from
LEP (see Sec. V A) is shown by the gray shaded re-
gion. In the case of a hidden photon mediator there
is a stronger constraint, shown by the green line. This
combines the requirement g� <

p
4⇡ (for perturbativ-

ity) with bound on a visibly-decaying hidden photon by
the KLOE experiment, which constrains ge < 0.002 for
mA0 = 100 MeV [68]. We note that if the mediator can
decay to a second light state in the hidden sector then
the visible constraints do not apply. However, this second
light state is then constrained by the on-shell constraints
in Sec. IVB, which are of comparable strength.

Also shown is the projected reach of Belle II for the

 mono photon + missing energy 
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FIG. 5: Upper bounds on the coupling of electrons to a me-
diator decaying invisibly to dark-sector states (region (b) of
Fig. 2). The solid black line / blue shaded region shows the
bound from BABAR data (this work), for a vector or pseudo-
vector mediator. The dotted line shows the bound for a scalar
or pseudo-scalar mediator. The black dashed line shows the
projected upper limit from an “improved BABAR” analysis
for a vector or pseudo-vector mediator, where the �/� back-
ground has been reduced by a factor of 10. The projected
reaches of four possible searches for a vector mediator at Belle
II are shown by the solid blue lines: a converted mono-photon
search (dashed, labelled (a) and (b), which respectively as-
sume no (a factor of 10) improvement in the �/� background
rejection over the “improved BABAR” projection), a standard
mono-photon search (solid), and a low-energy mono-photon
search (dot-dashed) (see Sec. VI). The gray shaded region is
excluded by LEP [5]. Additional limits relevant for sub-GeV
mediators are shown in Fig. 7. See text for more details.

in our analysis, since our signal would also appear in
the o↵-resonance sample. The search becomes there-
fore background-limited for mA0 <⇠ 1 GeV in the current
BABAR data. However, an improved background esti-
mate may be possible. We therefore show a projection
for an “improved BABAR” limit, assuming that the �

/

�

background can be reduced by a factor of 10. For this
case, we fit smooth curves to the current BABAR data to
show the expected limit. At Belle II, additional improve-
ments in both background rejection and resolution may
decrease the value of mA0 at which the search becomes
background-limited to a few hundred MeV, see Sec. VI.

We convert the limits on N

signal

into limits on ge using
simulation, accounting for the cut e�ciency as described
above. The limits are shown in Fig. 5, along with pro-
jections for Belle II and limits from LEP (see Secs. VI
and V A). In Figs. 7 and 10 we show our limits in the "

versus mA0 plane for the special case of an invisibly de-
caying hidden photon. The bounds and projected reach
of various other experiments are also shown, and are dis-
cussed further in Sec. V B.
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FIG. 6: Upper limits on geg� for the o↵-shell light media-
tor region (region (c) of Fig. 2), for a fixed mediator mass of
100 MeV. The coloring and assumptions of the BABAR and
Belle II curves are as in Fig. 4. The gray shaded region is ex-
cluded by LEP [5]. With a hidden-photon mediator, there is
a stronger constraint from combining g�-perturbativity with
a search for visibly-decaying hidden-photons at KLOE (green
line). The possible reach of an edge search is not shown,
but may allow some improvement. The solid and dotted blue
line both show the projected reach of Belle II in the vector-
mediated case assuming that the various background compo-
nents are known at the 5� 20% level (“systematics” limited)
or, more idealistically, are known perfectly up to statistical
fluctuations (“statistics” limited) (see Sec. VI for details). See
text for more details.

C. Constraints for O↵-Shell Light Mediators

When 2me < mA0
< 2m� (region (c) of Fig. 2), � +��

production proceeds through a light o↵-shell mediator,
giving a broad mono-photon spectrum as seen in Fig. 3.
This spectrum has a kinematic edge at m

2

�� = 4m

2

�.
Without good control over backgrounds, this spectrum is
di�cult to distinguish from backgrounds, and we conser-
vatively place constraints by requiring that the expected
signal does not exceed the observed number of events by
more than 2� in any bin.

Fig. 6 shows the upper limit on geg� as a func-
tion of m� for a fixed mediator mass of 100 MeV, for
various mediator types. The constraint on geg� from
LEP (see Sec. V A) is shown by the gray shaded re-
gion. In the case of a hidden photon mediator there
is a stronger constraint, shown by the green line. This
combines the requirement g� <

p
4⇡ (for perturbativ-

ity) with bound on a visibly-decaying hidden photon by
the KLOE experiment, which constrains ge < 0.002 for
mA0 = 100 MeV [68]. We note that if the mediator can
decay to a second light state in the hidden sector then
the visible constraints do not apply. However, this second
light state is then constrained by the on-shell constraints
in Sec. IVB, which are of comparable strength.

Also shown is the projected reach of Belle II for the

 mono photon + missing energy 
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• Identified as a narrow resonance over a smooth background. 

• Requires a well-known initial state &  reconstruction of all particles besides the DM.

• A large background usually arises from reactions in which particle(s) escape 
undetected è detectors with good hermeticity required.

e+e- à γ (A’àχχ)

Can explore/test Scalar, Majorana, & pseudo-Dirac DM
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to

Be

Target

Earth

Air

Decay Pipe

Steel

Beam Dump

MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 18] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)

B�L

, U(1)

`

i

�`

j

, U(1)

3B�`

i

, (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
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+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.

a)
A0

Z

e�

e�

�1

�2

�
1

�
2

A0
e+

e�

A0

�
1

�
2

Z, p, n, e�

�
1

A0

�
2

e�

e+

FIG. 7: a) Scalar DM pair production in electron-nucleus col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via 'h ! '`e

+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
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DM is produced pZà pZ(A’ à χχ) οr, if kinematically allowed in π0/η’àγ(A’àχχ)

Typically detected via eχàeχ or Nχ à Nχ scattering in a downstream detector.

• Advantage: probes DM interaction twice, providing sensitivity to DM-mediator coupling
• Requires a large proton flux to compensate for the reduced yields. 
• Signature similar to that of neutrino interactions è limiting factor on sensitivity.

Can explore/test Scalar, Majorana DM
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New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter
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In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models

ar
X

iv
:1

30
7.

65
54

v2
  [

he
p-

ph
]  

18
 N

ov
 2

01
3

Batell, Essig, Zurjuron 1406.2698

9

a)
A0

· · ·

Z

e�

e�

�

 

b)

�
1

A0⇤ �

�

�

�
2

5th force ?

DM
1

DM
2

Z, p, n, e�

FIG. 10: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o↵ diago-
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'` into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via 'h ! '`e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.
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FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via 'h ! '`e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via 'h ! '`e

+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.
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1. (quasi) elastic scattering
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DM is produced e-Zà e-Z(A’à χχ) 

Typically detected via eχàeχ or Nχ à Nχ scattering in a downstream detector.

Can explore/test Scalar, Majorana DM

• Advantage: probes DM interaction twice, providing sensitivity to DM-mediator coupling
• Requires a large proton flux to compensate for the reduced yields. 
• Signature similar to that of neutrino interactions è limiting factor on sensitivity.
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Missing Energy and Missing Momentum
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FIG. 3. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal.
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FIG. 4. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 15] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [16]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

II. SUB-GEV THERMAL COANNIHILATION

In this section, we describe a class of models of coannihi-
lating DM: DM that couples inelastically to the SM through
a kinetically-mixed dark photon. We detail the early universe
cosmology and freeze out of the model, as well as introduce
a useful parametrization of the parameters of the model in
which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [21, 22]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a
renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,

Signatures @ Missing Energy & 
Momentum Experiments

Missing Missing

Izaguirre, GK, Schuster, Toro 1307.6554 NA64 Collaboration  1610.02988

�
�

Observe recoiling electron with 
large missing energy and/or mass

36

Momentum Energy
(e.g. LDMX) (e.g. NA64)

Observe recoiling electron and compared it to the energy of the beam
If ER << EB è missing energy/momentum carried away by the escaping particles

• Critical relevance of the detector hermeticity to achieve excellent background rejection .  
May be important to measure the incoming electrons individually.

• Better signal yield than beam dump experiments for similar luminosity, as the  DM 
particles are not required to scatter in the detector.
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• Define new variable to optimize thermal targets

Useful Variables
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Define new variable optimized for thermal targets 

Insensitive to ratios of inputs, unique “y” for given mass
(up to subleading corrections)
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Insensitive to ratios of inputs, unique 
“y” for given mass  (up to subleading
corrections)

• Direct detection Experiment
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Conclusions
Dark Matter exists but we have no clue what it is made off

Lack of Particle Physics evidence yielded to vast development 
in model building in the past decade, beyond WIMPs  (still 
alive) and Axions.

Idea of existence of whole new Dark Sectors, with little or no 
connection to ours is in fashion

Numerous innovative experiments, pushing technology, are 
being developed

Possible connection of Dark Matter with the Higgs boson/s is 
intriguing and under scrutiny at experiments


