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Each step required revolutionary theoretical/experimental leaps 

Fermi Scale Identified

W/Z Bosons Discovered 

(1930s)

Discovery of  Radioactivity (1890s)

Higgs Discovered 

Non-Abelian Gauge Theory (1950s)

(1970s)

(2010s)

Higgs Mechanism (1960s)

t ⇠ 100 years

Understanding the Electroweak Sector
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Fermi Scale Identified GF ⇠ 1

(100GeV)2
(1930s)



No clear target for non-gravitational contact
Discovery time frame? 

Discovery of  missing mass (1930s)

Relevant scale? > 2017

Precision CMB measurements (1990s)

Rotation curves (1970s)

t > 80 yrs

Understanding the Dark Sector?
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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
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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

����
T=m�

g & 10�8

✓
⇤

10GeV

◆2 ✓GeV

m�

◆3/2

 Hubble expansion

Applies to nearly all testable models
(rare counterexample: QCD axion DM) 

Thermal Equilibrium
Advantage #0:  Easily Realized 



Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

Griest et. al. 1992

Observed density requires

Asymmetric or Coannihilation

 Rate can be bigger, but not smaller

Symmetric Thermal DM 

�vsym ⇠ 3⇥ 10�26cm3s�1

⌦� ⇠ h�vi�1

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!

�v > 3⇥ 10�26cm3 s�1

Observed density requires



Initial condition known

Thermal Equilibrium
Advantage #2:  Insensitive To High Scales

Mass & couplings set abundance

Calculable & compatible with nearly all UV scenarios

Can learn a lot from a discovery!

Only other UV insensitive mechanism is “freeze-in”
DM produced through feeble couplings, very hard to test 



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

Neff  / BBN

Many searches for elastic interactions w/traditional freeze out
What about inelastic couplings w/ co-annihilation freeze out)?
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µ +M  ̄ +HD ̄
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Break dark U(1) with dark Higgs VEV

Dirac
mass

Vector
current 

Charge 2
dark Higgs 

Lmass = M  ̄ + hHDi ̄c 

Diagonalizing to mass basis splits Dirac 
components (pseudo-Dirac)

Dirac Majorana

 ⌘ (⇠, ⌘†)
int. eigenstates

(�1,�2) , � ⌘ m2 �m1

mass eigenstates

Representative Model 
Four component  fermion + dark photon
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Vector current off-diagonal in mass basis

L � gDA0
µ�̄2�

µ�1 + h.c.

Dominant process for relic abundance

mA0 > m1 +m2Direct Coannihilation 

↵D ⌘ g2D
4⇡

Representative Model 

Can have large couplings without  (in)direct detection!



Coannihilation 
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FIG. 3: 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.
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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.

Excited State Decays 

�(�2 ! �1 e+e�) =
4✏2↵↵D�5

15⇡m4
A0

Downscattering

Inelastic Novelties  



Conventional  Thermal Freeze Out

Single stable species 

dY�

dx

= � �

x
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h�|v|i

Jungman et. al. ’96

In the usual WIMP story
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dY
1,2

dx
= ��12

A

x2


Y
1

Y
2

� Y
(0)

1

Y
(0)

2

�

��11,22
A

x2


Y 2

1,2 � (Y 0

1,2)
2

�

±�S

x2

Y
(0)

f


Y
2

� Y
(0)

2

Y
(0)

1

Y
1

�

±x�D

"
Y
2

� Y
(0)

2

Y
(0)

1

Y
1

#
, (20)

where Yi ⌘ ni/s is the comoving number density of each
species, a (0) superscript denotes an equilibrium quan-
tity, s(T ) = 2⇡2gs,⇤T

3/45 is the entropy density, and
�A, �S , and �D are dimensionless annihilation, scatter-
ing, and decay rates respectively. gs,⇤(T ) is the number
of entropic degrees of freedom. The first line of the right-
hand side characterizes the change in DM density due to
co-annihilation, the second line gives the change due to
self-annihilation, and the third and fourth lines charac-
terize scattering and decay processes that keep �

1

and �
2

in chemical equilibrium with one another and in kinetic
equilibrium with the SM. Using the Hubble rate during
radiation domination H(T ) = 1.66

p
g⇤T

2/mP ` (g⇤ is the
number of relativistic degrees of freedom), the dimen-
sionless rates are defined to be

�ij
A =

s(m
2

)

H(m
2
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h�v(�i�j ! SM)i (21)
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+ SM)i, (23)

for �
1

�
2

co-annihilation, �
2

f ! �
1

f inelastic scattering,
and �

2

! �
1

+ SM decays respectively. The diagonal
rate �ii

A is non-zero if there exist processes that allow
�i�i ! SM + SM annihilation.

For the dark photon model, the scalar dark matter
scenario is purely inelastic and so �ii

A = 0. For fermion
DM, there exists a self-annihilation channel whose rate
is proportional to the di↵erence of Majorana masses in
Eq. (10), and is also p-wave (helicity) suppressed for the
SM vector (SM axial) current. For the pure dipole sce-
nario, the �i�i ! ��, �Z, and ZZ channels are always
open if kinematically accessible, but the self-annihilation
rate is suppressed by additional powers of the dipole mo-
ment.

As in most co-annihilation scenarios, the scatter-
ing/decay processes preserve kinetic and chemical equi-
librium between �

2

and �
1

throughout freeze-out, and
so the system of Boltzmann equations for Y

1,2 can be re-
placed by a single Boltzmann equation for Y
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= Y
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+Y
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,
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FIG. 12: Freeze-out for fermion iDM (including co-
annihilation and sub-dominant self-annihilation) mediated by
an s-channel A

0 with m1 = 10 GeV, � = 0.2 m1, and
mA0 = 3 m1 with h�vi ⇠ 10�24cm3 s�1, for which ⌦�1 ⇠ ⌦DM

at late times. The solid (dashed) curves represent the actual
(equilibrium) number densities for the �1,2 species and we de-
fine the dimensionless evolution parameter x ⌘ m2/T . Note
that the excited state continues to steadily decay and down-
scatter into �1 o↵ SM particles even after �1 has frozen out.

This approximation is valid over our parameter space.
Considering an example point in the dark photon

model, we show in Fig. 12 the �
1

and �
2

yields as a
function of m

2

/T . For each model, we determine the pa-
rameters of the theory that give the observed DM relic
abundance as a function of m

1

, and we show these curves
in Figs. 2-5. We provide more comprehensive information
on the rates that appear in the Boltzmann equations in
Appendix A.

V. CONSTRAINTS

In this section, we consider other constraints on the
parameter space of the dark photon and dipole mod-
els, reviewing those which are complementary to collider
searches and those which are ine↵ective in iDM models.
These probes include direct detection experiments, preci-
sion measurements of SM parameters, indirect detection,
and LEP.

A. Precision Electroweak and QED Measurements

For models with new neutral gauge interactions,
mixing between the massive gauge bosons can lead to
shifts in observed SM electroweak couplings that are
excluded by electroweak precision and other observables.

Heavier state feels Boltzmann suppression earlier  
Need larger coupling to compensate! 
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Useful Variables
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Define new variable optimized for thermal targets 

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

Reduces complicated parameter space to 2D comparison
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DM Mass Range ~ 100 MeV - TeV

If Smaller: other methods better
If Larger: need unphysically large couplings (unitarity)

Inelastic Splittings ~ O(10%)

If  Larger: need huge couplings for freeze out, easy to exclude
If  Smaller: other methods better 

Mediator Mass ~ DM Mass 

If  Smaller: annihilation t-channel, other methods better
If  Larger: need large SM coupling for freeze-out, eays to exclude

Where’s the Interesting Parameter Space?
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modify this ratio [40], we consider the simplest case where
the ratio is given by the weak mixing angle, and we pa-
rameterize our results in terms of µ� . Because dipole
moments vanish for Majorana fermions, there is no di-
agonal coupling akin to the interactions of fermion iDM
with a dark photon. However, in computing DM anni-
hilation rates, we include the e↵ects of the higher-order
t-channel processes �

1

�
1

! ��, �Z, and ZZ (see Fig. 6).
As in the A0 scenario, our focus is on covering the pa-

rameter space that induces a thermal-relic annihilation
in the early universe. However, a crucial di↵erence in
this case is that, for a given �, the annihilation rate
depends only on µ� and m

1

, so no additional assump-
tions need to be made in order to compare di↵erent kinds
of experimental bounds against the thermal relic bench-
mark. Thermal Majorana MiDM with a mass splitting
� ⇠> 0.2m

1

is nearly excluded already by a combination
of direct, indirect, and collider searches (see Fig. 5). For
smaller mass splittings, only the m

1 ⇠> 100 GeV region
is robustly ruled out by gamma-ray line searches, so the
searches proposed in this paper are designed to target
the remaining viable parameter space.

III. COLLIDER SEARCH PROPOSALS

Dark matter searches at high-energy colliders tradi-
tionally feature missing (transverse) energy (/ET or MET)
and fit into two broad categories: searches for DM pro-
duced from the decays of additional new SM-charged
states such as t-channel mediators [77–79], and searches
targeting direct DM production through the reaction
pp ! DM + DM + X where X is some visible SM state.
The former class is more model-dependent by nature, al-
though well-motivated frameworks like supersymmetry
(SUSY) fall into this category; by contrast, the latter is
more model-independent because it relies primarily on
DM’s direct coupling to the SM. In recent years, there
have been many proposed searches and analyses for DM
pair-production, which yields /ET in association with SM
final states, including monojet, monophoton, and mono-
boson [13–39]. Indeed, the LHC is particularly well-
suited for discovering classes of DM models with con-
tact interactions of light DM, where the sensitivity of di-
rect and indirect-detection experiments is sub-optimal,
although these searches remain insensitive to contact-
interaction strengths su�cient to induce thermal-relic an-
nihilation rates in the early universe for light mediators.

In an extended DS, two di↵erent particles in the DS
can be produced in association at colliders, in contrast
with mono-X searches that target only the production
of ground-state particles. As a result, we show that the
collider sensitivity to scenarios such as iDM can be en-
hanced by tagging the decay products of the associated
state(s), providing a powerful handle for background re-
jection. We focus on the representative models in Sec. II.
However, there also exist models where the DM lives in
an extended DS, which can give rise to more varied and

� = 0.1 m
1

� = 0.4 m
1
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6 /
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m
]

Average Lab Frame Decay Length s = 13 TeV

FIG. 7: Lab frame decay lengths in the fermion iDM dark
photon model for boosted �2 de-exictation via �2 ! �1µ

+
µ

�,
which is mediated by an o↵-shell A

0. Events are shown atp
s = 13 TeV and requiring a leading jet pT > 120 GeV. The

results are normalized to y = 10�6 for simple comparison with
Figs. 2 – 4.

spectacular signatures than those we consider (see, for
example, Refs. [44–50]).

We now propose a series of new searches at both the
LHC and B-factories that can dramatically improve the
sensitivity to the scenarios introduced in Sec. II. We
organize our searches by model, since the models give
very di↵erent signatures at colliders.

A. Dark photon

LHC

We describe the LHC signatures of the dark photon
iDM model introduced in Sec. II. We focus on the regime
of few-GeV iDM masses, where existing constraints on
thermal DM are relatively weak and for which dedicated
collider searches must be developed to tag the SM states
from DM⇤ decay. In our model, the excited state DM⇤

decays via A0(⇤) to DM + f̄f with the latter being SM
fermions. Since �

DM

⇤ ⇠ �5/m4

A0 (see Appendix A),
DM⇤ is long-lived on collider scales for GeV-scale masses
and moderate mass splittings (�/m

1

⇠ 0.01 � 0.1), giv-
ing rise to decays within the LHC detectors at a dis-
placed vertex. The signature is striking, but the leptons
are typically both collimated and soft, motivating dedi-
cated collider searches. We show a representative decay
length distribution in Fig. 7. A part of the parameter
space was explored in Ref. [21] in the context of iDM for
fully hadronic �

2

! �
1

decays over a range of masses
at fixed splitting, with a focus on contact operators with
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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.

��2 =
4✏2↵↵D�5

15⇡m4
A0

↵D = 0.1 , m1/mA0 = 1/3LHC 13 TeV

Signal Feature: Displaced Vertex
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FIG. 9: Distributions of |��| between the momentum of the lepton jet and the /

ET of the event in the dark photon model. We
consider � = 0.1m1 and � = 0.4m1, assuming m1 = 5 GeV and mA0 = 15 GeV.

tons from photon conversions will peak at zero mass
as they originate from an on-shell photon. Finally,
the photon conversion probability to muons is sup-

pressed relative to electrons by m2
e

m2
µ
⇡ 10�5. All of

these considerations combine to allow an estimate
of negligible background from photon conversions.

• QCD. Displaced tracks could originate from QCD-
initiated jets, particularly those giving rise to long-
lived B or K hadrons which in turn decay to ⇡
and/or µ. Estimating this background from first
principles is not feasible due to the dependence
on hadronization e↵ects and the challenge of esti-
mating muon mis-identification rates; nonetheless,
we determine an approximate upper bound on the
probability for a QCD-initiated event to give a hard
leading jet with p

T

> 120 GeV, and two muon-
tracks with pT > 5 GeV appearing at a displaced
vertex (both muon tracks have transverse impact
parameter |d

0

| between 1 mm and 30 cm, and the
point of closest approach of the tracks is < 1 mm).
We estimate this probability to be < 10�7, which
bounds the QCD cross section to be . 100 fb. This
requirement is before requiring significant missing
energy from hadrons in the event, and before re-
quiring that the missing energy be near the muon-
tracks or any other kinematic features characteris-
tic of signal.

• Pile-up. In the QCD estimate, we assumed that
the jet and the muons from long-lived hadron de-
cays originate from the same primary vertex. In
upcoming running of the LHC, the increased lu-
minosity comes with the price of a large number
of primary vertices per bunch crossing due to pile-

up. Therefore, it is possible that the soft, displaced
muons could originate from a di↵erent primary ver-
tex. Since the signal muons are highly collimated,
however, they point in the same direction as the
long-lived particle, which passes through the pri-
mary vertex with the high-p

T

jet. Therefore, even
though each muon has a high impact parameter,
applying a selection requirement that the dimuon
momentum approximately point back to the pri-
mary vertex can be used to suppress long-lived
hadronic backgrounds from other primary vertices.

• Jet + di-tau. The cross section for a high-p
T

jet,
along with two ⌧ leptons within �R < 0.01 of one
another, at the LHC at

p
s = 13 TeV is ⇡ 10 fb.

Accounting for the requirement that both taus de-
cay to a muon further reduces this rate to ⇠ 10�1

fb. In addition, for this background component to
mimic the signal, both taus need to decay within
⇠ 100 µm of each other. And finally, we note that
since each muon-track originates from a di↵erent ⌧
parent, the mµµ distribution will be distinct from
the signal where both tracks originate from the �

2

.

• Jets + V ! /ET . A potential background may
originate from the reaction pp ! jets + V , with
V either a Z or a W boson decaying to give miss-
ing energy. For this background to contaminate
the signal region, one would need the two tracks to
originate from the jets. Through a reasoning anal-
ogous to that used above for the QCD background,
this background component should be in the range
of less than ⇠ 0.01 fb, and so relatively negligible
for our analyses.

• Backgrounds from fake missing energy. Typically,

↵D = 0.1 , m1/mA0 = 1/3LHC 13 TeV

Signal Feature: MET/Lepton Correlated
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FIG. 10: pT distributions for the leading and subleading muons in �2 ! �1µ
+

µ

� decays at the LHC at
p

s = 13 TeV in the
A

0-mediated scenario for representative masses and splittings.

We expect backgrounds from resonances (arising from
the decay of a hadron, or through radiative return)
in this channel to be low, particularly after requiring
significant /E and removing dilepton pairs consistent with
hadronic resonances. Studies of backgrounds in related
searches for B0 ! J/ � [99] and radiative decays of
⌥ ! �(A0 ! µ+µ�) [100] (where A0 is a light exotic
scalar) suggest that this may indeed be the case for our
proposed channel. Additionally, from Ref. [101], another
potential background is that from �⇡+⇡�, and �� with
one of the � converting to a `+`� pair. However, the
former can be reduced with the requirement that the
tracks originate from a high impact parameter vertex,
and the both the former and the latter could be reduced
through a combination of a missing mass cut and a cut
on the invariant mass of the tracks.

Results: The above proposed searches at BaBar prove
complementary to the searches at the LHC that we ad-
vocate. In particular, we find they have the poten-
tial to cover thermal-relic territory for the O(10)% frac-
tional mass splittings that are the focus of our analysis.
Figs. 2 – 4 illustrate the potentially powerful reach that
BaBar could achieve with a dedicated monophoton + dis-
placed tracks search. Additional improvements could be
achieved by future B-factories [96] depending on whether
or not they are instrumented with a monophoton trigger,
especially outside of the control region where the sensitiv-
ity scales as

pL; therefore, our analysis provides further
motivation for the development of a monophoton trigger
for Belle II.

B. Magnetic Dipole Interaction

LHC

The second simplified model we consider is dark matter
coupled inelastically via a magnetic dipole moment (see
Sec. II). In this scenario, the excited DM state �

2

decays
via �

2

! �
1

+ �. We are interested specifically in the
m� ⇠ 100 MeV-100 GeV, O(10%) splitting inelastic limit
considered earlier. As before, the decay products of �

2

!
�
1

+ � are typically too soft to serve as the main trigger
objects, and so we rely on the associated production of
a high-p

T

jet. Thus, we predict a pp ! j + /E
T

+ �
signature. Existing work has studied the scenario with
a hard photon originating from larger splittings between
DM states in both the prompt and long-lived limits [40,
47].

There are two principal distinctions between the dipole
scenario and the dark photon considered earlier. The
dipole is a dimension-5 operator, and so the decay width
of �

2

through the dipole µ� in the limit of small splittings
� goes like � ⇠ µ2

��3 (see Appendix A); by contrast, de-
cays through an o↵-shell dark photon scale like �5/m4

A0

and is suppressed by 3-body phase space. As a result,
the decays are prompt over a wide range of the dipole
parameter space, and consequently the backgrounds are
significantly larger than in the displaced muon jet anal-
ysis. Furthermore, it is more challenging to reconstruct
soft photons than soft muons, with the photon recon-
struction e�ciency > 0.5 only above E

T

= 15 GeV (see,
for example, Ref. [102]). Thus, the sensitivity of a dedi-
cated search for the existence and kinematics of the soft
photon is lower than for the dimuons. Nevertheless, we
find that dedicated monojet + photon + missing energy

↵D = 0.1 , m1/mA0 = 1/3LHC 13 TeV

PT (µ1)

PT (µ2) PT (µ1)

PT (µ1)

note range 

Signal Feature/Bug: Soft Leptons



Leptons from photon conversion in detector 

pp ! j�Z ! j�(Z ! ⌫⌫) , � ⇡ 100 fb

Reduction Strategy

Verdict: Very Small

LHC Backgrounds: conversion 

• Veto (leptons point to detector region) 

• Veto (strict lepton isolation) 

• Veto (dilepton invariant mass near ~ 0) 

• Demand muons, reduce conversion prob. 
(me/mµ)

2 ⇡ 10�5



Leptons from displaced QCD Processes
Difficult to calculate fully, but can estimate by demanding: 

• QCD event w/ hard jet + 2 muons  

• Muon displacement 1cm - 30 cm  

• Point of  closest approach < 1 mm  

Total prob.  

Verdict: Probably Very Small

�QCD,BG < 100 fb⇠ 10�7 =)

All this is before demanding large MET 

Similar argument for  j + W/Z  BG

LHC Backgrounds: Leptons



High Impact-parameter muons from other vertex 

Verdict: Probably Very Small, Very Reducible

LHC Backgrounds: Pile Up

• Signal muons highly collimated from decay of  
boosted particle 

• Dimuon momentum points back to primary vertex  

• Same primary vertex as leading jet  



Boosted taus decay to yield displaced muons

• Total cross section ~ 10 fb 

• Add muon decay penalty ~ 0.1 fb  

• Also need both to decay within 

• Dimuon distribution will be different (single parent)   

Verdict: Very Small, Very Reducible

⇠ µm

LHC Backgrounds: Jets + di-tau



• Trigger on monojet  +  

• Leading jet 

• Leading jet &        back-to-back   

• Displaced muon jet  ~ 1mm - 30cm  

• Muon 

• Muons not  isolated

6ET > 120 GeV

PT (j) > 120 GeV

6ET

PT (µ) > 5 GeV
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experimental analyses require a minimum separa-
tion between missing energy and other objects in
the event to suppress fake missing energy from
calorimeter or momentum mis-measurement. By
contrast, our signal is collimated with the miss-
ing energy, and so fake missing energy is a poten-
tial concern. We exploit the fact that the muons
from signal decays are relatively soft (typically, the
summed muon p

T

//E
T

is . 0.2; see Fig. 10), and
so fake missing momentum is not expected to be
important.

Signal region: The above considerations motivate the
following selections for the signal region:

• Trigger on a monojet + �ET

. For Run 1, for in-
stance, CMS used a /HT > 120 GeV trigger [36],
where /HT is the missing momentum as computed
in all subsystems excluding the muon system. We
assume such a trigger for our sensitivity estimates
for

p
s = 13 TeV, although note that the exact val-

ues for Run 2 could be higher. The additional use of
the soft leptons could help keep trigger thresholds
low; for example, ATLAS has an analysis which
has requirements as low as p

T

> 6 GeV for muons
at trigger level [92]. Nevertheless, we also checked
that with a trigger of p

Tj > 200 GeV and⇢⇢H
T

> 200
GeV, the signal sensitivity is degraded by approxi-
mately a factor of two in rate;

• One leading jet with pT > 120 GeV and allow only
one extra jet with p

T

> 30 GeV; the leading jet
and ⇢⇢H

T

should be back-to-back;

• One displaced muon jet, µJ , consisting of at least
two muons with |d

0

| between 1 mm and 30 cm,
and whose tracks cross within 1 mm; the two muon
tracks each have pT > 5 GeV;

• /HT > 120 GeV;

• |��(/ET , µJ)| < 0.4.

We show our projections for the LHC sensitivity to this
topology at

p
s = 13 TeV, assuming L = 300 fb�1 of in-

tegrated luminosity in Fig. 2 through Fig. 4 for fermionic
and scalar DM. As motivated above, we assume a mostly
background-free signal region, and therefore plot sensi-
tivities for 10 signal events. The unique kinematics of
the signals we study could allow the LHC to probe the
very couplings responsible for establishing the DM abun-
dance in the early universe through thermal freeze-out.

B factories

B-factories have the potential to make significant
progress in the exploration of DM with inelastic inter-
actions for DM masses within kinematic reach (below a

few GeV). This is due to the very high luminosity and
clean environment of an e+e� collider.

There are two potential avenues to pursue at a B-
factory. One possibility is to search for direct production
of the ground and excited states with subsequent decay
of the excited state to (displaced) tracks. It is unclear,
however, whether such displaced tracks are su�ciently
energetic or well-reconstructed to pass the trigger in
analyses such as Ref. [93]. Alternatively, one can trigger
on and reconstruct a visible SM state Y produced
in association with DM (e+e� ! DM + DM⇤ + Y ).
In particular, the BaBar experiment instrumented a
monophoton trigger for ⇡ 60 fb�1 of the total dataset.
In our study, we conservatively consider only the latter
scenario as a trigger for our proposals, although both
possibilities should be investigated by B-factories. We
base the following results on the analysis from Ref. [94],
which used a photon trigger with threshold E� > 2 GeV.

Monophoton + missing energy: The analysis from
Ref. [94] performed a search for (untagged) decays of
⌥(3S) ! A0 +� (L ⇡ 25 fb�1), where A0 is an invisibly-
decaying pseudoscalar, with a stringent veto on addi-
tional activity in the detector. The dark photon in our
model is produced through the reaction e+e� ! � + A0,
with subsequent decay A0 ! �

2

�
1

. Although our model
produces visible states in �

2

decays, the kinematics of the
dark photon signal can still populate the BaBar signal
region, which consisted of a bump search in the missing
mass variable m2

X = m2

⌥(3S)

� 2E�,CM

m
⌥(3S)

. For our
signal to appear in this search, the �

2

has to decay either
outside the detector or into soft final states that fall be-
low BaBar’s thresholds (we use the thresholds listed in
Ref. [95]).

A complication of this analysis is that, for mA0 <
1 GeV, the signal could appear in the BaBar control
region, in which case the signal mimics the kinematics
of the irreducible �� background. In this mass regime,
we set a conservative bound by assuming that the signal
represents all of the events in the control region.

The results of the BaBar monophoton + missing
energy recast are shown in Fig. 2 to 4. We also provide
a projection for Belle II assuming 50 ab�1 of luminosity
with an instrumented monophoton trigger [96]. For a
more extensive discussion of the details of this analysis,
see Ref. [97] and Ref. [96].

Monophoton + displaced tracks + missing en-
ergy: A potentially more striking signature of iDM at
B-factories could be uncovered by a re-analysis of BaBar
data. In particular, the reaction e+e� ! � +A0 can give
rise to displaced tracks and missing momentum in the
final state. As before, we assume use of the monophoton
trigger, and o✏ine selection of two displaced leptons with
p > 100 MeV and transverse impact parameter |d

0

| be-
tween 1 cm and 50 cm, as in Ref. [93]. Based on Ref. [98],
we use a lepton reconstruction e�ciency of 50% in our
estimates.

LHC Signal Region



e+e� ! �A0 ! ��1�2 ! � 6E + `+`�

Hadronic resonances (can reconstruct) 

e+e� ! �⇡+⇡� e+e� ! ��

• Trigger on lepton p > 100 MeV  

• Transverse impact param. ~ 1mm - 30cm  

Conversion from  
reducible w/ missing mass and displacement 

Potential BGs low:  

Signal Region

B-Factory Search
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FIG. 2: Collider projections for fermionic iDM in the dark photon model with ↵D = 0.1 and mA0
/m1 = 3 vs. thermal relic

density target and other constraints. For LHC projections (red dashed), we consider a jet + /

ET + displaced lepton-jet topology
in 13 TeV running with 300 fb�1. For B-factory projections, we consider existing constraints from BaBar on photon + /

E (green
solid), projected reach of photon + /

E + displaced lepton signatures (green dashed), and projections for a possible Belle II
monophoton + /

E search (purple dashed). See Sec. III for details. For � = 0.1m1, we also show the projection for a proposed
fixed-target missing-momentum experiment (orange dashed) drawn from Ref. [61]; since this search would veto visible energy
from �2 de-excitation, we conservatively assume it only has sensitivity to � = 0.1m1. Also shown are constraints from LEP
[62] and (g � 2)µ [9], whose sensitivities do not scale with y; see Sec. V. Both experimental constraints are only sensitive to the
visible coupling ✏ and mA0 . To avoid overstating these bounds, we conservatively show their y contours for the reasonably large
values of ↵D and mA0

/m1 given above, which reveals most of the allowed parameter space (see Sec. II). For smaller values of
↵D(m1/mA0)4, as shown in Fig. 3, the y-reach for these bounds is greater and shifts linearly downwards to cover more of the
thermal relic line. The jagged spikes represent annihilation to hadronic final states as discussed in Appendix A.

grangian contains

✏Y
2
F 0
µ⌫Bµ⌫ ! ✏Y

2
F 0
µ⌫ (cos ✓WFµ⌫ � sin ✓WZµ⌫) . (2)

After diagonalizing the kinetic terms, the dark photon’s
couplings to SM fermions are approximately given by [66]

gA0ff ⇡ �✏Y
m2

Z cos ✓W eQf �m2

A0gYf

m2

Z �m2

A0
, (3)

where (Yf )Qf is the SM fermion’s (hyper)charge. In the
limit of a light A0, the mixing is predominantly with the
photon and gA0

¯ff ⇠ ✏Y cos ✓W eQf , so the visible sector
acquires a millicharge under U(1)D and we exchange ✏Y
for the related parameter

✏ ⌘ ✏Y cos ✓W . (4)

After U(1)D symmetry breaking, the DM charge eigen-
states will generically mix, giving rise to a split spectrum

Conservative ↵D = 0.1 , mA0/m1 = 3
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FIG. 3: Collider projections for fermionic iDM in the dark photon model with varying ↵D and mA0
/m1. The plots in this

figure depict the same mass range and mass splittings as the top row of Fig. 2. Top row: same mA0
/m1 ratio as Fig. 2, but

with ↵D = ↵ instead of ↵D = 0.1. Bottom row: same ↵D as in Fig. 2, but with the DM-mediator mass ratio mA0
/m1 = 10.

Similar scaling applies to the scalar scenario shown in Fig. 4.

and inelastic DM, and we show the spectrum and inter-
actions below.

In addition to proposing collider searches for DM cou-
pled via A0, we also explore how the collider constraints
compare to the parameters giving the observed relic
abundance and other constraints. Since the A0-mediated
scenario depends on five parameters – the lightest DM
mass, m

1

; the DM mass splitting, �; the A0 mass, mA0 ;
the dark gauge coupling, ↵D ⌘ g2D/4⇡; and ✏ – care must
be taken to avoid overstating bounds on the parameter
space. In the � ⌧ m

1

. mA0/2 limit, the DM annihi-
lation rate largely depends on only two parameters: m

1

,
and the dimensionless interaction strength, y:

�v / ✏2↵D

✓
m

1

mA0

◆
4

⌘ y , (5)

which is insensitive to individual choices for each param-
eter so long as their product remains fixed [67]. Small
values of ↵D or of m

1

/mA0 would lead to an overabun-
dance of dark matter unless ✏ is correspondingly larger;
on the other hand, di↵erent experimental bounds may
not scale straightforwardly with y. For example, preci-
sion QED constraints depend only on ✏ and mA0 , and are
independent of m

1

and ↵D. These constraints, expressed
in terms of y, would therefore be overstated for small val-
ues of ↵D and m

1

/mA0 relative to the y value required
for the observed relic abundance. To be conservative, it
su�ces to choose large, order-one values of these quan-
tities in computing experimental bounds on y. We show
later how the results scale for di↵erent values of ↵D and
m

1

/mA0 .

For the secluded DM scenario (mA0 < m
1

) [9], the

Less conservative:  ↵D = ↵EM,mA0 = 3m1
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FIG. 2: Collider projections for fermionic iDM in the dark photon model with ↵D = 0.1 and mA0
/m1 = 3 vs. thermal relic

density target and other constraints. For LHC projections (red dashed), we consider a jet + /

ET + displaced lepton-jet topology
in 13 TeV running with 300 fb�1. For B-factory projections, we consider existing constraints from BaBar on photon + /

E (green
solid), projected reach of photon + /

E + displaced lepton signatures (green dashed), and projections for a possible Belle II
monophoton + /

E search (purple dashed). See Sec. III for details. For � = 0.1m1, we also show the projection for a proposed
fixed-target missing-momentum experiment (orange dashed) drawn from Ref. [61]; since this search would veto visible energy
from �2 de-excitation, we conservatively assume it only has sensitivity to � = 0.1m1. Also shown are constraints from LEP
[62] and (g � 2)µ [9], whose sensitivities do not scale with y; see Sec. V. Both experimental constraints are only sensitive to the
visible coupling ✏ and mA0 . To avoid overstating these bounds, we conservatively show their y contours for the reasonably large
values of ↵D and mA0

/m1 given above, which reveals most of the allowed parameter space (see Sec. II). For smaller values of
↵D(m1/mA0)4, as shown in Fig. 3, the y-reach for these bounds is greater and shifts linearly downwards to cover more of the
thermal relic line. The jagged spikes represent annihilation to hadronic final states as discussed in Appendix A.

grangian contains

✏Y
2
F 0
µ⌫Bµ⌫ ! ✏Y

2
F 0
µ⌫ (cos ✓WFµ⌫ � sin ✓WZµ⌫) . (2)

After diagonalizing the kinetic terms, the dark photon’s
couplings to SM fermions are approximately given by [66]

gA0ff ⇡ �✏Y
m2

Z cos ✓W eQf �m2

A0gYf

m2

Z �m2

A0
, (3)

where (Yf )Qf is the SM fermion’s (hyper)charge. In the
limit of a light A0, the mixing is predominantly with the
photon and gA0

¯ff ⇠ ✏Y cos ✓W eQf , so the visible sector
acquires a millicharge under U(1)D and we exchange ✏Y
for the related parameter

✏ ⌘ ✏Y cos ✓W . (4)

After U(1)D symmetry breaking, the DM charge eigen-
states will generically mix, giving rise to a split spectrum

Conservative ↵D = 0.1 , mA0/m1 = 3
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FIG. 2: Collider projections for fermionic iDM in the dark photon model with ↵D = 0.1 and mA0
/m1 = 3 vs. thermal relic

density target and other constraints. For LHC projections (red dashed), we consider a jet + /

ET + displaced lepton-jet topology
in 13 TeV running with 300 fb�1. For B-factory projections, we consider existing constraints from BaBar on photon + /

E (green
solid), projected reach of photon + /

E + displaced lepton signatures (green dashed), and projections for a possible Belle II
monophoton + /

E search (purple dashed). See Sec. III for details. For � = 0.1m1, we also show the projection for a proposed
fixed-target missing-momentum experiment (orange dashed) drawn from Ref. [61]; since this search would veto visible energy
from �2 de-excitation, we conservatively assume it only has sensitivity to � = 0.1m1. Also shown are constraints from LEP
[62] and (g � 2)µ [9], whose sensitivities do not scale with y; see Sec. V. Both experimental constraints are only sensitive to the
visible coupling ✏ and mA0 . To avoid overstating these bounds, we conservatively show their y contours for the reasonably large
values of ↵D and mA0

/m1 given above, which reveals most of the allowed parameter space (see Sec. II). For smaller values of
↵D(m1/mA0)4, as shown in Fig. 3, the y-reach for these bounds is greater and shifts linearly downwards to cover more of the
thermal relic line. The jagged spikes represent annihilation to hadronic final states as discussed in Appendix A.

grangian contains

✏Y
2
F 0
µ⌫Bµ⌫ ! ✏Y

2
F 0
µ⌫ (cos ✓WFµ⌫ � sin ✓WZµ⌫) . (2)

After diagonalizing the kinetic terms, the dark photon’s
couplings to SM fermions are approximately given by [66]

gA0ff ⇡ �✏Y
m2

Z cos ✓W eQf �m2

A0gYf

m2

Z �m2

A0
, (3)

where (Yf )Qf is the SM fermion’s (hyper)charge. In the
limit of a light A0, the mixing is predominantly with the
photon and gA0

¯ff ⇠ ✏Y cos ✓W eQf , so the visible sector
acquires a millicharge under U(1)D and we exchange ✏Y
for the related parameter

✏ ⌘ ✏Y cos ✓W . (4)

After U(1)D symmetry breaking, the DM charge eigen-
states will generically mix, giving rise to a split spectrum

Conservative ↵D = 0.1 , mA0/m1 = 3
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FIG. 2. 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. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 23] 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 [24]. 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.

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 [29, 30]. 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,
Higgs, or lepton portals

B
µ⌫

, H†H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 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

4 A fermionic mediator coupled to the lepton portal requires additional

Lower Masses? Beam Dumps

New: BDX, MiniBooNE  (Cosmic Visions Report 1707.04591)
Old: LSND, E137
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New: LDMX, NA64  (Cosmic Visions Report 1707.04591)
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FIG. 2. 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,
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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
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of its energy and that there is no additional SM activity downstream.

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 [29, 30]. 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,
Higgs, or lepton portals

B
µ⌫

, H†H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 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

4 A fermionic mediator coupled to the lepton portal requires additional
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Here we combine the results of this paper with the LHC, BaBar, and Belle II constraints and projections presented in Ref. [17]. The combined
reach from the sum of these efforts suffices to cover nearly all remaining parameter space for thermal coannihilation; thermal DM models with
masses below the MeV scale suffer generic conflicts with Ne↵ [61] and masses above ⇠ 100 TeV generically violate perturbative unitarity
[5]. The only gaps not covered by this program of searches occur at very small mass splittings � ⌧ 0.01m1, depicted in the lower left panel
of Fig. 7. For such small splittings, the decay searches become weak on account of the ��2 / �5 scaling, and are not even kinematically
allowed at low masses since � < 2me.

large that the small 1% mass splitting does not affect the reach.

In the bottom-right plot, we show results for a larger hi-
erarchy, m

A

0/m
1

= 10. For a given m
1

, �, and ↵
D

,
the production rate is decreased as that event now arises
from a much heavier A0. If we parameterize the produc-
tion rates at m

A

0/m
1

= 3 and m
A

0/m
1

= 10 as N
3

✏2 and
N

10

✏2, respectively, the total decay or scattering yield scales
as N

3,10

✏4/m4

A

0 . Thus, for a fixed event yield, ✏ scales lin-
early with m

A

0 but only as N
1/4

3,10

. Far from any kinematic
boundaries, the sensitivity in y / ✏2/m4

A

0 improves relative
to the thermal target since the scaling with m

A

0 dominates
the scaling with (N

3

/N
10

)

1/4. However, the reach at large
masses degrades as the A0 mass approaches the maximum
available energy more rapidly and A0 production shuts off.

We now turn to the potential of new proposals to largely
cover the entire parameter space motivated by thermal iDM.
We focus on three experiments representative of the setups we
have previously discussed: MiniBooNE, BDX, and LDMX,
which are proton beam dump, electron beam dump, and miss-
ing energy experiments, respectively. As discussed in Sec. III,
the dominant signal at MiniBooNE is �

2

decay in the detec-
tor whenever it is kinematically allowed. Since MiniBooNE
has particle ID [53, 62], electrons can in principle be distin-
guished from photons, and thus a well-separated e+/e� pair
and no other activity in the detector is a signal with few irre-
ducible backgrounds. This stands in sharp contrast to the case
of elastic DM scattering at MiniBooNE [50], which must al-
ways contend with an irreducible neutrino background. Note
that the lower boundary of the decay curve is set by the energy

Small Splitting ~ 10%

Intensity Frontier  Complementarity

Izaguirre, Kahn,GK, Moschella  
1703.06881
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FIG. 8. Same parameter space as the top-left and bottom-right panels of Fig. 6, but with the mass range extended out to the electroweak scale.
Here we combine the results of this paper with the LHC, BaBar, and Belle II constraints and projections presented in Ref. [17]. The combined
reach from the sum of these efforts suffices to cover nearly all remaining parameter space for thermal coannihilation; thermal DM models with
masses below the MeV scale suffer generic conflicts with Ne↵ [61] and masses above ⇠ 100 TeV generically violate perturbative unitarity
[5]. The only gaps not covered by this program of searches occur at very small mass splittings � ⌧ 0.01m1, depicted in the lower left panel
of Fig. 7. For such small splittings, the decay searches become weak on account of the ��2 / �5 scaling, and are not even kinematically
allowed at low masses since � < 2me.

large that the small 1% mass splitting does not affect the reach.

In the bottom-right plot, we show results for a larger hi-
erarchy, m

A

0/m
1

= 10. For a given m
1

, �, and ↵
D

,
the production rate is decreased as that event now arises
from a much heavier A0. If we parameterize the produc-
tion rates at m

A

0/m
1

= 3 and m
A

0/m
1

= 10 as N
3

✏2 and
N

10

✏2, respectively, the total decay or scattering yield scales
as N

3,10

✏4/m4

A

0 . Thus, for a fixed event yield, ✏ scales lin-
early with m

A

0 but only as N
1/4

3,10

. Far from any kinematic
boundaries, the sensitivity in y / ✏2/m4

A

0 improves relative
to the thermal target since the scaling with m

A

0 dominates
the scaling with (N

3

/N
10

)

1/4. However, the reach at large
masses degrades as the A0 mass approaches the maximum
available energy more rapidly and A0 production shuts off.

We now turn to the potential of new proposals to largely
cover the entire parameter space motivated by thermal iDM.
We focus on three experiments representative of the setups we
have previously discussed: MiniBooNE, BDX, and LDMX,
which are proton beam dump, electron beam dump, and miss-
ing energy experiments, respectively. As discussed in Sec. III,
the dominant signal at MiniBooNE is �

2

decay in the detec-
tor whenever it is kinematically allowed. Since MiniBooNE
has particle ID [53, 62], electrons can in principle be distin-
guished from photons, and thus a well-separated e+/e� pair
and no other activity in the detector is a signal with few irre-
ducible backgrounds. This stands in sharp contrast to the case
of elastic DM scattering at MiniBooNE [50], which must al-
ways contend with an irreducible neutrino background. Note
that the lower boundary of the decay curve is set by the energy
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Concluding Remarks  

• Coannihilation: simple, viable, interesting, 
and hard to probe; large blind spot  

• Clear, bounded opportunity: conservatively test 
thermal iDM for O(1) splittings, comparable masses, 
small kinetic mixing 

• Cosmology @ Colliders (jet/photon+MET
+displaced dimuons) can close nearly all remaining 
thermal territory w/ LHC run 2 and BaBar 

• Future Challenge: Exploit direct and/or resonant 
production mode (no jet/photon) LHCb Triggerless 
readout?... 


