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Thermal Dark Matter
• Why thermal dark matter? initial condition  

keV GeVMeV TeV unitarity 
bound
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Plan
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One of the Simplest Models  
vector portal dark matter

5

• U(1)’ dark photon can kinetically mix with photon

Standard Model matter fields, 
Higgs &  
g,W,Z, 𝛾

dark matter 
& dark force
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In the absence of the 3 ! 2 scattering, this would be an
example of the Forbidden Dark Matter scenario; we thus
refer to ours as Not-Forbidden Dark Matter (NFDM). If
the hidden sector is secluded (i.e., has su�ciently small
couplings to the SM), then the mediator and DM both
contribute to the final DM density, and the 3 ! 2 process
is the only one that can change the total number density
in the dark sector.

We illustrate our paradigm with one of the simplest
DM models, where the DM is a Dirac fermion that is
charged under a hidden U(1) symmetry, with dark gauge
boson A0. This mediator can provide a portal to the SM
by having a small coupling to the electromagnetic current
Jµ

EM

through kinetic mixing,

L = �̄(i /D �m
�

)�+ 1
2m

2
A

0 A0

µ

A0

µ

+ e✏A0

µ

Jµ

EM

. (1)

Depending upon the size of the kinetic mixing parameter
✏, there are three possible regimes of interest:

(1): If ✏ is relatively large, such that A0 decays
promptly to SM particles during freeze-out, the num-
ber density of A0 remains equal to its equilibrium value
n
A

0
,0, while ✏ is still su�ciently small so that the 3 ! 2

processes (such as ���̄ ! �A0) or 2 ! 2 between the
hidden sector particles only is dominant over annihila-
tion of � to SM particles.

(2): If ✏ is su�ciently small that the lifetime of A0

exceeds the time of DM freeze-out; then the number
density of A0 will not be tied to its equilibrium value
n
A

0
,0.

(3): In the limit ✏ ! 0, we have a secluded hidden
sector and 3 ! 2 interactions are the only number
changing processes. We will perform systematic anal-
ysis for the cases (1) and (3) in the reminder of this
letter, and more briefly discuss the region of (2). (Can
we explain why we treat case (2) more briefly
here? –jc) (can we say that (2) is in the middle
of (1) and (3), and the results can be quite sim-
ilar to (3) for r > 1. depending on the hidden
sector temperature. –xw)

The remainder of the letter is organized as follows:
In section II, we will discuss the freeze-out history of
our Not-Forbidden Dark Matter (NFDM) model, and by
solving the Boltzmann equation, we deduce the parame-
ter space {m

�

, m
A

0 , ✏} of DM and dark photon proper-
ties which yield the observed the relic density. In section
III we consider the constraints on the parameters from
a variety of astrophysical and laboratory considerations,
showing that a significant region is still consistent with
our production mechanism. We draw conclusions in sec-
tion IV. In the appendix we compile cross sections for
the relevant scattering processes.

II. COSMOLOGY

In this section we discuss the model of Dirac DM plus
dark photon as an example of the NFDM framework.
Most previous studies (cite? –xw) based on 2 ! 2 DM
annihilation channels characterize the parameter space
by just two regions, m

�

< m
A

0 or m
�

> m
A

0 . In the
case of m

�

> m
A

0 , the dominant process at the epoch
of thermal freeze-out is � + �̄ ! A0 + A0 followed by
A0 decays to standard model particles. In the region of
m

�

< m
A

0 , the s-channel annihilation to SM particles via
o↵-shell A0, �+�̄ ! SM+SM, is dominant. Here however
we focus on the intermediate region m

�

⇠ m
A

0 , where it
is possible for the 3 ! 2 scatterings �+ �+ �̄ ! �+A0

or � + � + A0 ! � + �̄ (Should we comment out
the second process? –xw)to have an important e↵ect
on the dark matter thermal freeze-out. Within this re-
gion, we will be most interested in the two regimes where
(1) the hidden sector and the standard model remain in
thermal equilibrium, requiring values of the kinetic mix-
ing ✏ & 10�7 (but still small enough to avoid dominance
of the � + �̄ ! SM + SM process); and (2) the hidden
sector is secluded from the standard model, i.e., ✏ ! 0.

A. Physics during thermal freeze-out

At the epoch of DM thermal freeze-out, the tempera-
ture T

f

⌘ m
�

/x
f

is of order one-tenth of the DM mass,
x
f

⇠ 10 � 30. In addition to dark matter annihilation
and 3 ! 2 processes in the hidden sector, DM interac-
tions with SM particles and dark photon decay can be
relevant for freeze-out, depending upon how the associ-
ated rates compare to the annhilation and 3 ! 2 rate at
and before the freeze-out time. The kinetic mixing pa-
rameter ✏ controls the decay rate of A0, the kinetic equi-
libration of the two sectors (via �e± ! �e±), and also
the DM annihilation to SM particles. If the two sectors
are in kinetic equilibrium, they have the same temper-
ature, T

DM

= T
SM

. Comparing the elastic scattering
rate �kin with H

f

, the condition for maintaining kinetic
equilibrium is

✏ &
✓
10�7

g0

◆⇣ m
�

1GeV

⌘1/2
(2)

where we estimated x
f

⇠ 20, taking the e± to be rela-
tivistic, and m

A

0 ' m
�

.
The decays and inverse decays of the dark photon,

A0 $ e+e�, are important for determining whether A0

remains in chemical equilibrium with the SM, in which

case its number density follows the equilibrium value n(0)
A

0

at early times, as illustrated in fig. 2(a). are important
for derterming the evolution of n

A

0 after freeze-out. Be-
fore freeze-out, 2 $ 2 and 3 $ 2 already make number
density n

A

0 follows the equilibrium value. The n
A

0 after
freeze-out still influences the final thermal relic, which is
di↵erent from normal DM freeze-out case. If the decay

• effective Lagrangian ( dark matter + dark photon )  



Vector Portal Dark Matter
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Challenges for MeV-GeV Dark Matter
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FIG. 4: The upper panel shows the fe↵ coe�cients as a function of DM mass for each of a range of SM final states, as indicated
in the legend. The V V ! 4X states correspond to DM annihilating to a pair of new neutral vector bosons V , which each
subsequently decay into e

+
e

�, µ+
µ

� or ⌧+
⌧

� (labeled by X). The lower panels show the resulting estimated constraints from
recent Planck results [8], as a function of DM mass, for each of the channels. The left panel covers the range from keV-scale
masses up to 5 GeV, and only contains results for the e

+
e

�, �� and V V ! 4e channels; the right panel covers the range
from 5 GeV up to 10 TeV, and covers all channels provided in the PPPC4DMID package [27]. The light and dark gray regions
in the lower right panel correspond to the 5� and 3� regions in which the observed positron fraction can be explained by DM
annihilation to µ

+
µ

�, for a cored DM density profile (necessary to evade �-ray constraints), taken from [36]. The solid yellow
line corresponds to the preferred cross section for the best fit 4-lepton final states identified by [37], who argued that models
in this category can still explain the positron fraction without conflicts with non-observation in other channels. The red and
black circles correspond to models with 4e (red) and 4µ (black) final states, fitted to the positron fraction in [38]; as in that
work, filled and open circles correspond to di↵erent cosmic-ray propagation models.

but its e↵ect is generally small (at the percent level).
In general, we see that the final states considered fall

into three categories:

• Final states where the bulk of the power pro-
ceeds into e

+

e

� and photons, where at masses
above 100 GeV the constraint approaches h�vi .
10�27(m�/1GeV) cm3/s.

• Annihilation to neutrinos, where the constraint
arises entirely from electroweak corrections, and is
negligible below ⇠ 200 GeV; at O(TeV) masses,
cross sections as low as a few ⇥10�23 cm3/s can be
constrained. Interestingly, this bound is competi-
tive with that placed by IceCube from observations
of galaxy clusters [41], the Galactic Center [42], and
the Milky Way halo [43], and unlike those limits is
independent of uncertainties in the local DM den-
sity, the DM distribution, and the amount of DM

substructure.

• A band with a width of roughly a factor of 150% in
h�vi that encompasses all the other channels stud-
ied, which at high masses corresponds to h�vi .
2� 3⇥ 10�27(m�/1GeV) cm3/s.

Accordingly, for any linear combination of these final
states that does not contain a significant branching ratio
for DM annihilation directly to neutrinos, one must have
h�vi . 3⇥10�27(m�/1GeV) cm3/s. It is thus challenging
to obtain the correct thermal relic cross section for s-wave
annihilating DM with mass much below m� ⇠ 10 GeV,
without violating these limits (although models with sup-
pressed annihilation at late times may still be viable,
e.g. asymmetric DM models or the scenarios proposed in
[44, 45]). At higher masses, the cross sections constrained
are well above the thermal relic value, but are highly rele-
vant for DM explanations of the positron excess observed

CMB contraints

thermal cross section <σv> ~ 3 x10-26 cm3/s 

7
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Vector Portal Dark Matter
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  Forbidden Dark Matter
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Not Forbidden Dark Matter
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Why 3↔2? Not-Forbidden DM
• In the early universe, dark matter density is pretty high 

• Boltzmann distribution  
         

• χ ̅ is forbidden ( ᵪ ᵪ ) 
    
     ᵪ  

        
                    
    ᵪ  

• ≳  
    ≳  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r (≡ mA/mᵪ) ≳ 1.5

3→2 longer 
freeze-out

nA ≠ nA0  
even ΓA≫H

mχ = 0.3 GeV, α = 1
mA'/mχ = 1.9, ϵ = 10-6
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Constraints and Signatures 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NFDM parameter space
• observed thermal relic
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Dark Photon Constraints
• predictive dark photon mass

mA'/mχ = 1.8
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CMB Constraints
• pretty strong constraints.  

set limits on many MeV- GeV dark matter models
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χχ → SM SM Dominant

Planck

Beam Dump

SN Cooling

Kinetic Equilibrium with SM

Perturbative
Lim

it

10-3 10-2 10-1 1 101
10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

mχ (GeV)

ϵ



Direct Detection Constraints
• LUX, PandaX, CDMSlite   ~ 10 GeV
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Future Direct Detection
• superCDMS 

…
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Cusp/Core Problem  
≲ ≲

mA'/mχ = 1.8
χχ → SM SM Dominant
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When we search for dark matter,  
…
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Dark Photons from Charm Mesons at LHCb

Philip Ilten,1, ∗ Jesse Thaler,2, † Mike Williams,1, ‡ and Wei Xue2, §

1Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.
2Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.

We propose a search for dark photons using rare charm meson decays. At its nominal luminosity,
the LHCb experiment can produce over a trillion D∗0 → D0γ transitions per year. Replacing the
photon with a kinetically-mixed dark photon A′, LHCb is therefore sensitivity to the rare process
D∗0 → D0A′. Because the dark photon is often produced with a large Lorentz boost factor and
because LHCb has fantastic vertexing, the dark photon is reconstructed as a displaced electron-
positron pair over most of the relevant parameter space. This search relies crucially on the planned
LHCb Run 3 upgrade to triggerless readout, allowing the identification of relatively soft, displaced
electrons that would not normally pass a hardware trigger. For dark photon masses below around
100 MeV, LHCb can fully close the wedge between existing collider and beam dump limits.

(Should we change to mm throughout? –jdt)

I. INTRODUCTION

Rare meson decays are a powerful probe of physics
beyond the standard model (SM). Through precise mea-
surements of branching ratios and decay kinematics, one
can place indirect constraints on new physics by bound-
ing symmetry-violating or higher-dimension operators.
More directly, one can search for new particles produced
in rare meson decays, and depending on their lifetimes,
these new particles can yield striking signals with dis-
placed vertices. A particularly well-motivated new par-
ticle is a dark photon A′, which inherits a small coupling
to the SM via kinetic mixing with the ordinary photon γ
[1–5] (need to expand cite block –jdt). Indeed, some
of the most stringent constraints on dark photons come
from rare meson decays [6] (need to expand cite block
–jdt), including π0 → γA′ [7–14], J/ψ → ℓ+ℓ−A′ [15],
η/η′ → γA′ [12, 16, 17], φ→ ηA′ [18], and ∆ → γA′ [12]
(huh? ∆ is not a meson –jdt). (literature search
for other modes. Look at slides from Richard.
–jdt) (Done. Should I add BaBar here? –xw)

In this paper, we propose using the LHCb experiment
[] to search for dark photons through rare charm meson
decays. As a crucial component of the Run 3 upgrade [19]
(right? –xw), LHCb will implement triggerless readout
of the detector and full online reconstruction and calibra-
tion of physics objects, allowing searches for new physics
that would otherwise be difficult with a hardware trig-
ger. With its phenomenal vertexing and tracking as well
as its boosted kinematics, LHCb can exclusively recon-
struct a variety of D meson decay chains, including ones
involving relatively soft electrons. Here we focus on the

∗Electronic address: philten@cern.ch
†Electronic address: jthaler@mit.edu
‡Electronic address: mwill@mit.edu
§Electronic address: weixue@mit.edu

decay

D∗0 → D0A′, A′ → e+e−, (1)

where both theD0 and the A′ can have displaced vertices.
The mass difference between the D∗0 and the D0 is [20]

∆mD = m(D∗0)−m(D0) = 142 MeV, (2)

such that the leading decay D∗0 → D0π0 is phase space
suppressed. Thus, the branching ratio D∗0 → D0γ is
surprisingly large at 38%, favorable for an A′ search since
the A′ directly inherits the photon’s couplings through
kinetic mixing.1

There are a variety of motivations for dark photons,
most especially as a possible messenger between dark
matter and the SM [1–5] (Need many more here. –
jdt). The minimal dark photon scenario involves a sin-
gle broken U(1) gauge boson which mixes with the SM
hypercharge field strength via an F ′

µνB
µν operator. Af-

ter electroweak symmetry breaking and diagonalizing the
gauge boson kinetic terms, the dark photon gains a sup-
pressed coupling to the ordinary electromagnetic current
Jµ
EM:

L = −1

4
F ′
µνF

′µν +
1

2
m2

A′A′
µA

′µ + ϵeA′
µJ

µ
EM. (3)

This minimal scenario has two free parameters: the dark
photon mass mA′ and the kinetic-mixing parameter ϵ
(typically reported in terms of ϵ2).

Current constraints on dark photons in the mA′–ϵ2

plane are shown in Fig. 1, assuming that the A′ dom-
inantly decays visibly to SM states.2 From Eq. (1), we
are interested in the mass range

mA′ ∈ [2me,∆mD]. (4)

1 One could also look for D∗± → D±A′, but this channel is less
favorable since the corresponding D∗± → D±γ branching ratio
is only 1.6%.

2 There are also interesting searches where the dark photon decays
invisibly to dark matter [5, 21, 22] (Need more cites here –
jdt).



Why LHCb 
• no pile-up ( Run 1 and 2 ) 

• good vertexing :VELO detector  (10 μm ) 

• good invariant mass resolution (O(MeV)) 

• triggerless readout ( Run 3)
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• Large Branching ratio 38% 
• clean decay modes 
• MeV decay width  

SUSY’s Ladder:

Reframing Sequestering at Large Volume

Matthew Reecea and Wei Xueb
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Figure 1: Gravitational loop corrections to scalar masses. Similar diagrams exist at two loops attaching graviton lines to
one-loop diagrams involving renormalizable couplings of φ. These pictures are an oversimplification: the blobs must include
enough structure to make the lack of a shift symmetry on φ manifest.
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• why this region is hard?  
production rate is low 
boost is smaller

���������

�����

����

����

����

����

�����*

���

���

����
��������

�����/���

�����-��

����

����

������ ���

������ ��-���� ����� ����

����/� ��/���� �����
����

�����/��� ������� ��� ��-�

�����-�� ������� �� ��-�

����

����� ���� ���� ���� ��� ��� ��� � � � �� �� ����-��

��-��

��-��

��-�

��-�

��-�

��-�

��-�

��� [���]

ϵ�



• why this region is hard?  
production rate is low 
boost is smaller

• Can we find other mesons 
decaying to dark photon?

���������

�����

����

����

����

����

�����*

���

���

����
��������

�����/���

�����-��

����

����

������ ���

������ ��-���� ����� ����

����/� ��/���� �����
����

�����/��� ������� ��� ��-�

�����-�� ������� �� ��-�

����

����� ���� ���� ���� ��� ��� ��� � � � �� �� ����-��

��-��

��-��

��-�

��-�

��-�

��-�

��-�

��� [���]

ϵ�



inclusive dimuon search

• dark photon mix with photon and also vector mesons 

• Background from EM process
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Data driven method
• ratio ( form factor are cancelled )  
 

• per mass bin 
 
 
 
 
 
 

• the continuous dimuon spectrum that LHC have is the 
background

26

2

FIG. 1. Previous and planned experimental bounds on dark photons (adapted from Ref. [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from Ref. [48], and Belle-II comes from Ref. [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A0/m2
Z) and O(↵EM) corrections, this process has

the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�pp!XA0
!Xµ+µ�

d�pp!X�⇤
!Xµ+µ�

= ✏4
m4

µµ

(m2
µµ �m2

A0)2 + �2
A0m2

A0
, (8)

where mµµ is the di-muon invariant mass, for the case
�A0 ⌧ |mµµ �mA0 | ⌧ mA0 .

To obtain a signal event count, we integrate over an
invariant-mass range of |mµµ � mA0 | < 2�mµµ , where
�mµµ is the detector resolution on mµµ. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A0

�A0�mµµ

⇡ 3⇡

8

mA0

�mµµ

✏2

↵EM(N` +Rµ)
, (9)

neglecting phase space factors for N` leptons lighter than
mA0/2. This expression already accounts for the A0 !
µ+µ� branching-fraction suppression when Rµ is large.

We emphasize that (9) holds for any final state X (and
any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single photon processes. In particular, it already
includes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
mA0 comes from meson decays M ! µ+µ�Y , denoted
as BM . There are also two other important components:
final state radiation (FSR) and Drell-Yan (DY).
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡
misID: Two pions (and more rarely a kaon and

pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-
sign di-muon candidates [56, 57].

• B⇡µ
misID: A fake di-muon pair can also arise from

one real muon (primarily from charm or beauty de-
cays) combined with one misID pion or kaon. This
background can be subtracted similarly to B⇡⇡

misID.

• BBH: The Bethe-Heitler (BH) background played
�e+e�!hadrons
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from Ref. [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from Ref. [48], and Belle-II comes from Ref. [49].
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which originates from the EM current
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up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
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fore, for any selection criteria on X, µ+, and µ�, the
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= ✏4
m4

µµ

(m2
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where mµµ is the di-muon invariant mass, for the case
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neglecting phase space factors for N` leptons lighter than
mA0/2. This expression already accounts for the A0 !
µ+µ� branching-fraction suppression when Rµ is large.

We emphasize that (9) holds for any final state X (and
any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single photon processes. In particular, it already
includes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
mA0 comes from meson decays M ! µ+µ�Y , denoted
as BM . There are also two other important components:
final state radiation (FSR) and Drell-Yan (DY).
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡
misID: Two pions (and more rarely a kaon and

pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-
sign di-muon candidates [56, 57].

• B⇡µ
misID: A fake di-muon pair can also arise from

one real muon (primarily from charm or beauty de-
cays) combined with one misID pion or kaon. This
background can be subtracted similarly to B⇡⇡
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• BBH: The Bethe-Heitler (BH) background played



) [MeV]µµ(m
310 410 510

Ca
nd

id
at

es

210

310

410

510

610

710

)γ(µµ→η
η

ρ/ω φ

ψJ/

(2S)ψ (1S)Υ
(2S)Υ

(3S)Υ

Z

LHCb preliminary Prompt Trigger Output
) < 9µµ(

V
2χ) < 6, µ(

IP
2χ) > 1 GeV, µ(

T
p

-ID neural network > 0.95µ

−µ+µ
±µ±µ

2016 Data
New triggers produced for 2016 to do both the prompt and displaced di-muon 
searches (rely heavily on advances to the LHCb online system in Run 2). 

Prompt trigger 
output, no offline 
reconstruction!

In 2016, require pT(μ) > 1 GeV (instead of 0.5 GeV; mostly due to limitations 
imposed by the hardware stage). SM rate agrees with our prediction, which 
means that the potential A’ production rate does too—first search is ongoing!
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Possible improvement
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Conclusion

• MeV - GeV dark matter is our future target 

• NOT-forbidden dark matter  
3→2 process cannot be neglected for mA ~ mᵪ 

• dark photon searches in the future  
D0* ➛ D0 + 𝛾  and inclusive search 
the (di-muon) data-drive method can be applied to  
other experiments
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Thank you
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Background and Signal Rate
• amplitude generating dark photon  

• amplitude generating off-shell photon  

• ratio ( form factor are cancelled )

33

3.1.1 The X ! Y A0 rate

The amplitude of X ! Y A0 is

iMX!Y A0 =i✏ehY |Jµ
EM|Xi✏(k)µ , (9)

and the average spin amplitude square is

|MX!Y A0 |2 = ✏2e2

SX
Oµ⌫(gµ⌫ � kµk⌫/m

2
A0) =

✏2e2

SX
Oµ

µ , (10)

where SX is the number of spin polarization of X. Thus, the resulting rate is

�X!Y A0 =
✏2↵

4SX

Oµ
µ

mX

s✓
1� (mA0 �mY )2

m2
X

◆✓
1� (mA0 +mY )2

m2
X

◆
, (11)

3.1.2 The X ! Y `+`� rate

The amplitude of X ! Y (pY )`+(k2)`�(k1) is

iMX!Y `+`� =ie2hY |Jµ
EM|Xi �igµ⌫

(k1 + k2)2
ū(k1)�

⌫v(k2) , (12)

and the amplitude square is

|MX!Y `+`� |2 =� e4

SX(k1 + k2)4
Oµ↵Tr [(/k1 +m`)�µ(/k2 �m`)�↵]

=� 4e4

SX(k1 + k2)4
Oµ↵

�
k1µk2↵ + k2µk1↵ � g↵µk1k2 �m2

`gµ↵
�

=
2e4

SX(k1 + k2)2
Oµ↵

✓
gµ↵ � 2

k1µk2↵ + k2µk1↵
(k1 + k2)2

◆
, (13)

where SX is the number of states of X and we use (k1 + k2)2 = 2m2
` + 2k1k2. Therefore, the

rate is

d�X!Y `+`�

dk2 d⌦1 d⌦3

=
↵2

32⇡3SX

Oµ↵

m2
Xk

3

✓
gµ↵ � 2

k1µk2↵ + k2µk1↵
k2

◆
|k1| |pY | , (14)

|k1| =k

2
�` , (15)

|pY | =mX

2

s✓
1� (k +mY )2

m2
X

◆✓
1� (k �mY )2

m2
X

◆
, (16)

where k1 is the momentum of `� in the rest frame of `� and `+, ⌦3 is the angle of Y in
the rest frame of X and �` =

p
1� 4m2

`/k
2. Let us focus on the second term of Eq. (21),

Oµ↵(k1µk2↵ + k2µk1↵)/k2. In the k rest frame we can write

k = (k, 0, 0, 0) , k1,2 =
k

2
(1,±�`n̂) , n̂ = (s✓c�, s✓s�, c✓) , (17)

Oµ↵ = vµv↵ , v = (0,~v) = (0, a, b, c) . (18)

From this we get the right properties for Oµ↵: (i) Oµ↵ = O⌫↵ ; (ii) kµOµ↵ = 0 . In addition,
Oµ↵ is a function of k2 only. By using Eqs. (17)–(18) we get that

Oµ↵
k1µk2↵ + k2µk1↵

k2
= ��2

`

2
(n̂ · ~v)2 . (19)
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from Ref. [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from Ref. [48], and Belle-II comes from Ref. [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A0/m2
Z) and O(↵EM) corrections, this process has

the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�pp!XA0
!Xµ+µ�

d�pp!X�⇤
!Xµ+µ�

= ✏4
m4

µµ

(m2
µµ �m2

A0)2 + �2
A0m2

A0
, (8)

where mµµ is the di-muon invariant mass, for the case
�A0 ⌧ |mµµ �mA0 | ⌧ mA0 .

To obtain a signal event count, we integrate over an
invariant-mass range of |mµµ � mA0 | < 2�mµµ , where
�mµµ is the detector resolution on mµµ. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A0

�A0�mµµ

⇡ 3⇡

8

mA0

�mµµ

✏2

↵EM(N` +Rµ)
, (9)

neglecting phase space factors for N` leptons lighter than
mA0/2. This expression already accounts for the A0 !
µ+µ� branching-fraction suppression when Rµ is large.

We emphasize that (9) holds for any final state X (and
any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single photon processes. In particular, it already
includes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
mA0 comes from meson decays M ! µ+µ�Y , denoted
as BM . There are also two other important components:
final state radiation (FSR) and Drell-Yan (DY).
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡
misID: Two pions (and more rarely a kaon and

pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-
sign di-muon candidates [56, 57].

• B⇡µ
misID: A fake di-muon pair can also arise from

one real muon (primarily from charm or beauty de-
cays) combined with one misID pion or kaon. This
background can be subtracted similarly to B⇡⇡

misID.

• BBH: The Bethe-Heitler (BH) background played



Prompt Search
• “good” Background 

proportional to EM currents  
Mesons, FSR/DY 

• “bad” Background 

• Beith-Heitler,  subdominant, small photon PDF 
 
 
 

• mis-identified pions ( fake rate ~ 10-3):  
Bππ - two pions are misidentified  
Bπμ - one pion is misidentified and one real muon 
subtract them in a data-driven way ( same-sign dimuon )
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an important role in the analysis of Ref. [7]. This is
a subdominant process at the LHC due in part to
the small e↵ective photon luminosity function. We
verified that BBH is small using a parton shower
generator (see below), and it will be neglected in
estimating the reach.

True displaced di-muon pairs, which arise from beauty
decays, are rarely reconstructed as prompt at LHCb.
Such backgrounds, however, are dominant in the dis-
placed search discussed below.

Summarizing, the reconstructed prompt di-muon sam-
ple contains the following background components:

Bprompt = BM +BFSR +BDY| {z }
BEM

+B⇡⇡
misID +B⇡µ

misID| {z }
BmisID

. (10)

After subtracting BmisID from Bprompt [56, 57], we can
use (9) to infer S from BEM for any mA0 and ✏2.

We now present an inclusive search strategy for dark
photons at LHCb. The LHCb experiment will upgrade
to a triggerless detector-readout system for Run 3 of the
LHC [58], making it highly e�cient at selecting A0 !
µ+µ� decays in real time. Therefore, we focus on Run 3
and assume an integrated luminosity of (see Ref. [48])

Z
L dt = 15 fb�1. (11)

The trigger system currently employed by LHCb is e�-
cient for many A0 ! µ+µ� decays included in our search.
We estimate that the sensitivity in Run 2 will be equiv-
alent to using about 10% of the data collected in Run 3.
Therefore, inclusion of Run 2 data will not greatly impact
the reach by the end of Run 3, though a Run 2 analysis
could explore much of the same mA0�✏2 parameter space
in the next few years.

The LHCb detector is a forward spectrometer covering
the pseudorapidity range 2 < ⌘ < 5 [59, 60]. Within this
acceptance, muons with three-momentum p > 5 GeV are
reconstructed with near 100% e�ciency with a momen-
tum resolution of �p/p ⇡ 0.5% and a di-muon invariant
mass resolution of [60, 61]

�mµµ ⇡
⇢

4 MeV mµµ < 1 GeV
0.4%mµµ mµµ > 1 GeV

. (12)

For the displaced A0 search, the vertex resolution of
LHCb depends on the Lorentz boost factor of the A0;
we therefore use an event-by-event selection criteria in
the analysis below. That said, it is a reasonable approx-
imation to use a fixed A0 proper-lifetime resolution [60]

�⌧ ⇡ 50 fs , (13)

except near the di-muon threshold where the opening
angle between the muons is small.

To suppress fake muons, our strategy requires muon
candidates have (transverse) momenta (pT > 0.5 GeV)
p > 10 GeV, and are selected by a neural-network muon-
identification algorithm [62] with a muon e�ciency of
✏2µ ⇡ 0.50 and a pion fake rate of ✏2⇡ ⇡ 10�6 [57]. To a
good approximation, the neural-network performance is
independent of the kinematics. Such a low pion misID
rate is a unique feature of LHCb and is vital for probing
the low-mA0 region in A0 ! µ+µ� decays.
To further suppress BmisID for mA0 > m� ' 1.0 GeV,

we require muons to satisfy an isolation criterion based
on clustering the final state with the anti-kT jet algo-
rithm [63] with R = 0.5 in FastJet 3.1.2 [64]; muons
with pT (µ)/pT (jet) < 0.75 are rejected, excluding the
contribution to pT (jet) from the other muon if it is con-
tained in the same jet. The di-muon isolation e�ciencies
obtained from simulated LHCb data (see below) are 50%
for FSR, DY, and BH, 25% for meson decays (dominantly
from charmonium states), and 1% for fake pions (⇡⇡ and
⇡µ have similar e�ciencies).
The baseline selection for the LHCb inclusive A0 search

is therefore:

1. two opposite-sign muons with ⌘(µ±) 2 [2, 5],
p(µ±) > 10 GeV, and pT (µ±) > 0.5 GeV;

2. a reconstructedA0 ! µ+µ� candidate with ⌘(A0) 2
[2, 5], pT (A0) > 1 GeV, and passing the isolation
criterion for mA0 > m�;

3. an A0 ! µ+µ� decay topology consistent with ei-
ther a prompt or displaced A0 decay [48, 57].

Following a similar strategy to Ref. [48], we use the recon-
structed muon impact parameter (IP) and A0 transverse
flight distance `T to define three non-overlapping search
regions:

1. Prompt: IPµ± < 2.5�IP;

2. Displaced (pre-module): `T 2 [5�`T , 6mm];

3. Displaced (post-module): `T 2 [6mm, 22mm].

The resolution on IP and `T are taken from Ref. [48] (see
also [65]) replacing the electrons from that study with
muons. The displaced A0 search is restricted to `T <
22mm to ensure at least three hits per track in the vertex
locator (VELO), and we define two search regions based
on the average `T to the first tracking module (i.e. 6mm).
To estimate the reach for this A0 search using (9), we

need to know Bprompt(mµµ) with the above selection cri-
teria applied. To our knowledge, LHCb has not pub-
lished such a spectrum, so we use Pythia 8.212 [66]
to simulate the various components of BEM.1 LHCb

1
We caution the reader that the di-muon spectra published by

ATLAS [67] and CMS [68] do not impose prompt selection crite-

ria nor do they subtract fake di-muons. To estimate the reach at

those experiments, one would have to account for such e↵ects.

“good” “bad”
scales as signal does not scale as signal

selections:
• 2<η(μ±)<5
• p(μ±)>10GeV
• pT(μ±)>0.5GeV
• pT(A’)>1.0GeV
• μ isolation:  
mA’>mφ∼1 GeV



Displaced Search Background
• pre-module : semi-leptonic heavy meson decays  

b → c μ± X, c → μ± Y  
104 events per ± 2 σ inv mass bin 

• post-module : τA ≫ τD,B 
mostly material interactions.  
25 events per mass bin  
(rescaled from Ks → μ+ μ- search)  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Why LHCb  2)
• Run 3 triggerless readout: 

removing the first-level hardware trigger 

realtime calibration 

no hardware limited  
only disk space limitation 

triggerless readout opens new possibilities for particle 
physics search in Run3 

we should test it right now!
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Relic Density
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Simplified Example I 
A’ Prompt decay  
nA = nA0  (Γ → ∞)
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One Boltzmann Equation
• set  ( ε large)  

two Boltzmann equations are reduced to one 

• the stronger process matters  
    when the weaker process rate ~ Hubble, ᵪ ᵪ   
    When the stronger process rate ~ Hubble , ᵪ deviates from ᵪ  
   

dn�

dt
+ 3Hn� = �1

4
h�v2i���̄!�A0
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n2
�

n2
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!
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r (≡ mA/mᵪ) ≲ 1.5 (Simplified)
• dominant process is 2→2 

this process is forbidden  
χ ̅ ≃ ᵪ ∝  

freeze-out happens at   

• Relic density  
    Ω h² ∝ 1 χ ̅
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r (≡ mA/mᵪ) ≳ 1.5 (Simplified)
• dominant process is 3 → 2   

≃ ᵪ  
r-dependence  ∝

• Relic density  
    Ω h² ∝ 1 /  

Ωch2 = 0.12
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Two Coupled Boltzmann Equations
• Boltzmann equations  
 
 

• nA = nA0  and nᵪ = nᵪ0 

• the second strongest process matters 
   when the 3rd strongest process rate ~ Hubble, nᵪ = nᵪ0  
   when the 2nd strongest process rate ~ Hubble , nᵪ deviates from nᵪ0  
   

3

(a) (b)

FIG. 2. Relic density in the NFDM scenario, assuming kinetic equilibrium of the dark sector with the SM. (a) The evolution
of the energy density of � (red) and A0 (blue) for all processes (bold) and the corresponding energy density of � excluding the
3 ! 2 process (red, dotted). The equilibrium distribution of � (orange) and A0 (purple) are also shown for reference; (Does
this plot show that our Boltzmann equation approximation is wrong?, nA = nA,0 –xw) (b) contours of the observed
present-day relic density in the r�m� plane for di↵erent values of the coupling constant ↵0. (can we label the contours in
a way that would also be readable in greyscale? –jc)
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where n
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(n
�,0) denotes the (equilibrium) density of

�+ �̄, and similarly n0

A

(n
A

0
,0) for the dark photon. The

1/4 is the symmetry factor for Dirac (as opposed to Ma-
jorana) DM. The process of ��̄A0 ! ��̄ are included,
but it only a↵ect r < 1 in the secluded DM in Sec. II B.
All the analytic functions of the relevant cross sections
are presented in Appendix IVA.

It is interesting to compare the rate of 3 ! 2 to 2 ! 2
reaction in (3-4). We can estimate the associated rates as
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�,0 and �2A0
!��̄

(�) ⇠ h�vin2
A

0
,0/n�,0.

Comparing the exponential dependences in the equilib-
rium number densities n0 ⇠ exp(�m/T ), we find that if
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, (& or ⇠<? –xw)the 3 ! 2 reaction domi-
nates. We expect the physics of DM thermal freeze-out
will change at m

A

0 ⇠ 1.5m
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.

The Boltzmann equations are solved numerically, and
the results shown in fig 2. The left plot (a) shows the
evolution of the � and A0 abundances as a function of
x = m

�

/T with m
�

= 0.3 GeV, gauge coupling ↵0 = 1,
kinetic mixing ✏ = 10�6 and the ratio r ⌘ m

A

0/m
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= 1.8
as an example. The freeze-out time is at x

f

⇠= 15, soon af-
ter which the DM number per comoving volume becomes
constant, with number density n / a�3. The 3 ! 2 pro-
cess plays an essential role in determining the relic den-
sity; if we neglected its e↵ect, the resulting abundance
would be wrong by many orders of magnitude.

The contours in fig. 2(b) show that the relic density
is exponentially sensitive to r for r . 1.5, the Forbidden
DM regime, due to the r-dependence in the ��̄ ! A0A0

cross section, h�vi / e�2(r�1)x. For r & 1.5, the NFDM
regime, we consider various ✏. 1) when n

A

0 = n
A

0
,0,

the two coupled Boltzmann equations are redueced to
one; the 2 ! 2 process becomes irrelevant, the 3 ! 2
with larger rate will determine the DM freeze-out. The
dependence on r changes. The 3 ! 2 cross section grows
as r ! 2 due to resonant enhancement when the virtual
A0 starts to go on-shell. 2) ✏ = 10�6. for r > 1.5, ↵ = 1
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1/4 is the symmetry factor for Dirac (as opposed to Ma-
jorana) DM. The process of ��̄A0 ! ��̄ are included,
but it only a↵ect r < 1 in the secluded DM in Sec. II B.
All the analytic functions of the relevant cross sections
are presented in Appendix IVA.
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1/4 is the symmetry factor for Dirac (as opposed to Ma-
jorana) DM. The process of ��̄A0 ! ��̄ are included,
but it only a↵ect r < 1 in the secluded DM in Sec. II B.
All the analytic functions of the relevant cross sections
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,0) for the dark photon. The

1/4 is the symmetry factor for Dirac (as opposed to Ma-
jorana) DM. The process of ��̄A0 ! ��̄ are included,
but it only a↵ect r < 1 in the secluded DM in Sec. II B.
All the analytic functions of the relevant cross sections
are presented in Appendix IVA.
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/T with m
�

= 0.3 GeV, gauge coupling ↵0 = 1,
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as an example. The freeze-out time is at x
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ter which the DM number per comoving volume becomes
constant, with number density n / a�3. The 3 ! 2 pro-
cess plays an essential role in determining the relic den-
sity; if we neglected its e↵ect, the resulting abundance
would be wrong by many orders of magnitude.

The contours in fig. 2(b) show that the relic density
is exponentially sensitive to r for r . 1.5, the Forbidden
DM regime, due to the r-dependence in the ��̄ ! A0A0
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r (≡ mA/mᵪ) ≳ 1.5

3→2 longer 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Thermal Relic Contours
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Relic Density

Ωch2 = 0.12

NFDM

α' = 0.01
α' = 0.1

α' = 1
α' = 10

nA= nA,0
ϵ = 10-6

ϵ = 10-7

10-3 10-2 10-1 1 101
1.0

1.2

1.4

1.6

1.8

2.0

mχ (GeV)

r≡
m
A'
/m

χ

α' = 0.01

α' = 0.1

α' = 1

α' = 10

Ωch2 = 0.12

10-3 10-2 10-1 1
1.0

1.2

1.4

1.6

1.8

2.0

mχ (GeV)

r≡
m
A'
/m

χ

46



Coupled Boltzmann Equations
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FIG. 2. Relic density in the NFDM scenario, assuming kinetic equilibrium of the dark sector with the SM. (a) The evolution
of the energy density of � (red) and A0 (blue) for all processes (bold) and the corresponding energy density of � excluding the
3 ! 2 process (red, dotted). The equilibrium distribution of � (orange) and A0 (purple) are also shown for reference; (Does
this plot show that our Boltzmann equation approximation is wrong?, nA = nA,0 –xw) (b) contours of the observed
present-day relic density in the r�m� plane for di↵erent values of the coupling constant ↵0. (can we label the contours in
a way that would also be readable in greyscale? –jc)
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