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

• Can we find other mesons 
decaying to dark photons?
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• channels we can use 

Bremsstrahlung /Drell-Yan process 

meson decays 

• challenges:  
what is the signal rate? 
many potential sources of dark photons  
with uncertain production rates
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• Background from EM process
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CMS goes scouting for dark photons 
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FASER 

Felix Kling FASER: ForwArd Search ExpeRiment at the LHC 
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FASER Reach
 - signal acceptance almost 100%
 - includes                               modes
 - almost background free

 - low ε: limited production rate
 - high ε:  A’ decay before detector
 - high mass: direct production?

 - reach similar to SeaQuest, SHiP
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Beyond Dark Photons

to baryon number and to leptons via B–� kinetic mixing, and on a vector that mediates

a protophobic force. Finally, summary and discussion are provided in Sec. 4. N.b., all

information required to recast dark photon searches to any vector model, including software

to perform any such recasting, is provided at https://gitlab.com/philten/darkcast.

2 Generic Vector Boson Model

In this section, we consider a generic model that couples a vector boson X to SM fermions,

f , and to invisible dark-sector particles, �, according to

L ⇢ gX

X

f

xf f̄�
µ
fXµ +

X

�

LX��̄ , (2.1)

where gXxf is the coupling strength to fermion f , and the form of the X��̄ interaction

does not need to be specified.1 For example, in the minimal A0 scenario, where the A

0

coupling to SM fermions arises due to �–A0 kinetic mixing, gX = "e, x` = �1, x⌫ = 0, and

xq = 2/3 or �1/3. The A

0 also has a model-dependent coupling to the weak Z current

that scales as O(m2

A0/m
2

Z), see e.g. Ref. [65]. For mA0
> 10 GeV, we adopt the model of

Refs. [66, 67]. The A

0 decays visibly if mA0
< 2m� for all �, and predominantly invisibly

otherwise. The more general model has 14 parameters: the 12 fermion couplings, the X

boson mass, mX , and its decay branching fraction into invisible dark-sector final states.

Recasting a dark photon search that used the final state F involves solving the following

equation for each mX = mA0 :

�XBX!F ✏(⌧X) = �A0BA0!F ✏(⌧A0) , (2.2)

where �X,A0 denotes the production cross section, BX,A0!F is the decay branching fraction,

and ✏ is the detector e�ciency, whose lifetime dependence is made explicit. From Eq. (2.2),

one can see that what is needed are the ratios �X/�A0 , BX!F/BA0!F , and ✏(⌧X)/✏(⌧A0).

N.b., in models where the X couples to an anomalous SM current, there are additional

strong constraints from the Bu,d ! KX, Z ! �X, and K ! ⇡X processes, which arise

due to the enhanced production rates of the longitudinal X mode [68–70].

2.1 X production

The ratio of production cross sections for both electron-beam bremsstrahlung and e

+

e

�

annihilation is
�eZ!eZX

�eZ!eZA0
=

�e+e�!X�

�e+e�!A0�
=

(gXxe)2

("e)2
. (2.3)

For proton-beam bremsstrahlung the situation is more complicated, but to a good approx-

imation the ratio can be taken to be

�pZ!pZX

�pZ!pZA0
⇡ g

2

X(2xu + xd)2

("e)2
, (2.4)

1This model is flavor-conserving due to its diagonal couplings. Of course, one could also consider

flavor-violating X couplings; however, in such cases, the constraints from studies of flavor-changing neutral

currents are much stronger than those from A

0 searches. Furthermore, we only consider real xf for similar

reasons, making this a CP -conserving model as well.

– 3 –
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[P. Ilten, Y. Soreq, M. Williams, WX  (2018)]
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• dark photon searches @ LHCb  
   D0* ➛ D0 + 𝛾   
   inclusive search  

• beyond dark photon 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Dark Photons

✏2
⌘

↵
0 ↵

mA0 [GeV]

Move to a triggerless detector readout in Run 3 will have a huge impact on 
low-mass BSM searches, including dark photons.

Inclusive A’ →μμ
Ilten, Soreq, Thaler, MW, Xue 

[1603.08926]

Radiative Charm Decays
Ilten, Thaler, MW, Xue 

[1509.06765]
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Figure 4. Constraints on visible A

0 decays considered in this study from (red) electron beam
dumps, (cyan) proton beam dumps, (green) e

+
e

� colliders, (blue) pp collisions, (magenta) meson
decays, and (yellow) electron on fixed target experiments. The constraint derived from (g � 2)e is
shown in grey [82, 83].
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Figure 5. Constraints derived on B�L decays to SM final states using the same experimental
color scheme as in Fig. 4. The (orange) invisible constraints also apply to B�L due to its coupling
to neutrinos. The grey constraints are from Borexino [86, 87], and from SPEAR, DORIS, and
PETRA [88, 89].
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Cosmology, Galaxies and Stars 
dark photon dark matter  
      production , small scale issues  
      detections



• light dark photon mass  
     10⁻²² eV < mᵧ  ≪ eV

• stable in the cosmological time scale  

• de Broglie wavelength  
galactic scale for dark matter of mass 10⁻²² eV 
 
     ℓ ~ kpc ( mA’ / 10⁻²² eV )⁻¹ ( v0 / 10⁻³ )⁻¹

• large occupancy number  

31

Dark Photon Dark Matter

A’

2

in the galactic time scale, such that the density profile is
similar to the collisionless DM. Following the same logic,
the kinetic equilibrium regions for CoIDM can have core
profiles as SIDM. We analyze the interactions between
A0 and  to understand the dynamical time scale for
the dominant DM approaching equilibrium distributions.
Two situations are considered: either A0 or  dominant.

The evolution of the phase space density functions
N
 ,A

0 are determined by the Boltzmann equations,

(@
t

+ v
i

@
xi + v̇

i

@
vi)N (x,p, t) = C(x,p, t) , (2)

where C is the collision kernel to decide the time scale for
N to reach equilibrium. The v̇

i

term is proportional to
the forces on A0 or  , which can come from the gravita-
tional potentials or from the fields themselves. For the
scattering process of  (k

1

) + A0(p
1

) !  (k
2

) + A0(p
2

),
the leading collisional kernel for DM  is

C
 

' P
spin

R
d

3p1d
3k2

(2⇡)

5
8m

2
A0m

2
 
|M (k1,p1,k2,p2) |2 (3)

⇥ �(E
k1 + E

p1 � E
k2 � E

p2)NA

0

p1
NA

0

p2

⇣
N 

k2
�N 

k1

⌘
,

where the limits of the Bose enhancement NA

0 � 1 and
non-relativistic DM are taken. The leading collisional
kernel for dark photon A0 is the same as eq. (3), up to
substituting

R
d3p1 to

R
d3k1,

C
A

0 ' P
spin

R
d

3k1d
3k2

(2⇡)

5
8m

2
A0m

2
 
|M (k1,p1,k2,p2) |2 (4)

⇥ �(E
k1 + E

p1 � E
k2 � E

p2)NA

0

p1
NA

0

p2

⇣
N 

k2
�N 

k1

⌘
.

Due to the mass hierarchy m
A

0 ⌧ m
 

and the large

occupancy number NA

0 � 1, the interaction rates have
several distinct features from ordinary particle scatter-
ings:

• enhancement from the large occupation number in

the final state. In the galaxies, the velocity dis-
persion v

0

of A0 is O(10�3), and A0 has a typical
momentum of about m

A

0v
0

. Therefore, the occu-
pation number of A0 is estimated as

hNA

0i ⇠ ⇢
A

0/m
A

0

m3

A

0v3
0

⇠ 3⇥ 1076

⇥
✓

⇢
A

0

0.1M�/pc3

◆⇣ m
A

0

10�18eV

⌘�4

⇣ v
0

10�3

⌘�3

. (5)

In terms of classical physics, the above process is
the Thompson scattering with stimulated A0 emis-
sion. It is the dark photon version of the laser emis-
sion, that the o↵-shell  in the scattering diagram
plays the role of excited atoms in laser physics.

• suppression from the forward-backward scattering

cancellation. In eq. (3) and (4), the collision kernel
contains the cancellation from inverse scattering,

specifically in the N 

k2
� N 

k1
term. The momen-

tum k1 and k2 are very close to each other be-
cause m

 

� m
A

0 . The typical momentum of  is
⇠ m

 

v
0

, while the exchange �p
 

is ⇠ m
A

0v
0

per

collision. Therefore,
⇣
N 

k2
�N 

k1

⌘
⇠ N ⇥ mA0

m 

introduces one suppression factor m
A

0/m
 

.

• suppression from multiple scattering requirement

for  . Scattering once changes the momentum of
 by a small amount, ⇠ m

A

0v
0

. In order to ther-
malize  and form a core density profile, the mo-
mentum change has to be ⇠ O(1)m

 

v
0

. There-
fore, multiple scatterings for  is necessary, and
the number of A0- collision should be around
⇠ m2

 

/m2

A

0 as the result of random walking. There-
fore, the e↵ective interaction rates for  should pay
the penalty factor m2

A

0/m2

 

accordingly. This argu-
ment does not apply for A0 (or SIDM), since one
collision is normally enough to change the momen-
tum of lighter (or equal mass) DM by O(1) fac-
tor. The other way to understand this multiple
scattering suppression is to consider the momen-
tum exchange rate instead of single A0- collision
rate, then the suppression factor is automatically
included.

Having  and A0 with similar velocities in the galaxies,
and considering the suppression and enhancement e↵ects
above, the e↵ective interaction rate of  is estimated as,

�e↵

 

' m2

A

0

m2

 

C
 

' n
A

0 h�vi
 A

0 hNA

0im
3

A

0

m3

 

, (6)

where the cross-section for  A0 !  A0 scattering is

h�vi
 A

0 ' g04v
rel

4⇡m2

 

, (7)

and v
rel

is the relative velocity between  and A0. The
e↵ective interaction rate for A0 does not need multiple
scatterings,

�e↵

A

0 ' n
 

h�vi
 A

0 hNA

0i
✓
m

A

0

m
 

◆
. (8)

Due to the large ratio of m
 

/m
A

0 , normally the collision
rate for A0 is much larger than the collision rate for  ,
�
A

0 � �
 

.
To reach the kinetic equilibrium and form core pro-

files, the momentum exchange rate from A0- collision
should satisfy � ⇠ 0.1Gyr�1 for the dominant DM [37].
This depends on the density and velocity of DM in the
galaxies. In the central region of typical Dwarf galaxies,
⇢
DM

⇠ 0.1M�/pc3, and velocity dispersion v
0

⇠ 10km/s
[52, 53]. When A0 and  are in the same DM halo,
v
rel

⇠ v
0

is a good approximation. We will use these
requirements to map out the parameter spaces for the



• normal thermal freeze-out or freeze-int does NOT work

• by inflationary quantum fluctuations

• cosmic string decays 
 

• a → γ’ γ’
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Dark Photon Dark Matter Production

[P. Graham, J. Mardon, S. Rajendran (2015)]

[A. Long, L. Wang (2019)]
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PART II 
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Small Scale Observations
• core/cusp  
 
 
 
 

• too big to fail 
diversity problem 
…
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the center of halo
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• missing satellites
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Two Dark Matter Solutions
• self-interacting DM  

thermalize in the center  
of galaxies 
mDM ~ 1 GeV 

Core
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D

en
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ty

Distance from  
the center of halo

Cusp

• fuzzy dark matter 
quantum pressure in the center 
 
ma ~ 10⁻²² eV 
de Broglie wavelength ~ kpc  
 
tension with  
Lyman-α measurement

DM

?

DM

DMDM
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Co-Interacting Dark Matter

• any interactions can thermalize dark matter 

• models 
 dark photon + dark electrons  
 
 
 
  

[J. Liu, X. Wang, WX  2019]

2

processes in the early Universe, for instance, through
inflationary quantum fluctuations [15], parametric res-
onances [16–19], and a network of cosmic strings [20].
The other component is ferminoic particles  , interact-
ing with A0 via a gauge coupling g0,

L � g0 ̄�
µ

 A0µ . (1)

Summing the fractions of relic abundance for the two
components gives the total DM abundance, F

A

0+F
 

= 1.
(Should we comment the dissipative DM here, or
conclusion? Maybe we wrote another section for
observation? –xw) This model is simple and particular
interesting. As  being asymmetric DM, a sizable cou-
pling of g0 can dissipate the kinetic energy of  in galaxies
and form compact obejcts, which leads to plenty of in-
teresting observations, including gravitaional lensing and
gravitational waves [51]. (Not sure whethere I should
comment the self interaction here or not –xw)Nor-
mally, the self-interactions of dark photons A0 is small,
and we have checked that it is negligible in the process of
thermalization(to be checked –xw). The dark photons
have a similar Euler-Heisenberg Lagarangian as the stan-
dard model photon. The self-interactions are suppressed
by the small velocity of DM, the mass ratio of A0 and �,
and the coupling constant g04.

JL: comment WIMP-WIMP case in discussion section.
(Should we worry A0 and  thermalize in the

early universe? To be checked –xw) (If kinetic
eqilibrium, the temperatures equal or velocity
equal? –xw) Interaction rate and small scale

structure. The SIDM reaches kinetic equlibrium in the
center of galaxies, where it forms a core density profile;
outside the central region, it has less than one collision
in the galactic time scale, such that the density profile is
similar to the collisionless DM. Following the same logic,
the kinetic equlibrium region of CoIDM has a core profile
as SIDM. We analyze the interactions between A0 and  
to understand the dynamical time scale for the dominant
component DM to approach quilibrium distribution. The
two cases are considered here: A0 as the dominant com-
ponent or  as the dominant one.

The evolution of the density functions N
 ,A

0 are de-
termined by the Boltzmann equations,
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vi)N (x,p, t) = C(x,p, t) , (2)

where C is the collision kernel to decide the time scale
for N to reach equilibrium. The v̇

i

term is proportional
to the forces on A0 or  , which can come from the grav-
itational potential or from the fields themselves. For the
process of  (k
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collisional kernel for DM  is
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where we assumed the Bose enhancement NA

0 � 1 and
DMs are non-relativistic. The collisional kernel for dark
photon A0 is similar, by changing

R
d3p1 to

R
d3k1 in

eq.(3).
Due to the mass hierarchy m

A

0 ⌧ m
 

and the large

occupancy number NA

0 � 1, the interaction rates have
several distinct features from ordinary particle scattering:

• enhancement from the large occupation number in

the final state. In the galaxies, the velocity dis-
persion v

0

of A0 is about O(10�3), and A0 has a
typical momentum of about m

A

0v
0

. Therefore, the
occupation number of A0 is estimated as
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• suppression from the inverse scattering cancella-

tion. In eq. (3), the collision kernel contains the
cancellation from inverse scattering, specifically in
the N 

k2
� N 

k1
term. The momentum k1 and k2

are very close to each other because m
 

� m
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The typical momentum of  is ⇠ m
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, while the
exchange �p
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introduces one suppres-

sion factor m
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. The same cancellation ap-
pears in the scattering rate for A0.

• suppression from requiring multiple scattering for

 . Scattering once changes the momentum of  by
only a small amount, ⇠ m

A

0v
0

. In order to ther-
malize  and form a core density profile, the mo-
mentum change has to be ⇠ m

 

v
0

. Therefore, mul-
tiple scatterings for  is necessary, and the number
of A0- collision should be around ⇠ m2

 

/m2

A

0 . To
consider the e↵ect of random walking, the e↵ective

interaction rates for  should pay a penalty factor
of m2

A

0/m2

 

accordingly. This argument does not
apply for A0 (or SIDM), since one collision is nor-
mally enough to change the momentum of lighter
(or equal mass) DM by O(1) factor. The other way
to understand this multiple scattering suppression
is to consider the momentum exchange rate instead
of single A0- collision rate, then the suppression
factor is included.

Having  and A0 with similar velocity in the galaxies,
and considering the suppression and enhancement e↵ects
above, the e↵ective interaction rate for  is estimated as,
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where the cross-section for  A0 !  A0 scattering is
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Thermalization Rate

• Boltzmann equations  

• thermalization rate 
 
    normal rate

2

m
⇡

⇠ f
⇡

⇠ ⇤
d

at electroweak scale, while m
a

⌧ ⇤
d

.
This ultralight ALP a can be produced via misalignment
as a condensation in the early universe, which provides
the left fraction of DM relic density with F

a

+ F
⇡

= 1.
Later in the galaxies its occupation number is pretty
high, which can enhance its scattering with DM ⇡.

Momentum exchange interaction rate and small

scale structure. Starting from a cusp density profile
for both a and ⇡ in the galaxy, e.g. the Navarro-Frenk-
White (NFW) profile [40], we analyze the interactions be-
tween them and study the dynamical time scale for the
dominant component to approach the equilibrium dis-
tribution and the core density profile. We denote our
scenario as Co-Interacting dark matter (CoIDM). The
self-interactions for both a and ⇡ are neglected here. For
a, it is proportional to m2

a

/f4

a

which is too small to con-
sider, while for ⇡ it is suppressed by its heavy mass. To
have a core profile, the momentum exchange rate from
a�⇡ collision should satisfy � ⇠ 0.1Gyr�1 for the domi-
nant DM component [31], in the central region of typical
dwarf galaxy ⇢

DM

⇠ 0.1M�/pc3, vrel ⇠ 50km/s and ve-
locity dispersion v

0

⇠ 10km/s [41, 42]. JL: For dwarf, do
we need to use velocity dispersion v

0

⇠ 10km/s?? Why
vrel = 50? We use this requirement to map out the pa-
rameter spaces for the CoIDM model.

The evolution of the density functions N
�,a

are deter-
mined by the Boltzmann equation,
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xi + v̇
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@
vi)N (x,p, t) = C(x,p, t) , (2)

where C is the collision kernel which determines the time
scale for N to reach equilibrium. The v̇

i

term is propor-
tional to the forces on � or a, which can come from the
gravitational potential or from the fields themselves. For
ALPs a, in most of the cases, the force from the gravi-
tational potential is dominant over the one from its self-
interaction, unless f
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is very small [?]. For the process
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where we have used the assumptions of the Bose en-
hancement N a � 1 and the particles are non-relativistic.
The collisional kernel for ALPs a is similar, by changingR
d3p1 to

R
d3k1.

Comparing with SIDM, the Boltzmann equation is
quite di↵erent for CoIDM. Due to the mass hierarchy
m

a

⌧ m
⇡

and the large occupancy number N a � 1, the
interaction rate has several distinct features from ordi-
nary particle scattering:

• enhancement from the large occupation number in

the final state. In the galaxies, the velocity disper-
sion v

0

of DM a is about O(10�3), thus it has a

typical momentum of about m
a

v
0

. Therefore, the
occupation number of a can be estimated as
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• suppression from the inverse scattering cancella-

tion. In eq. (3), the collision kernel contains the
cancellation from inverse scattering, specifically in
the N ⇡

k

2

� N ⇡

k

1

term. The momentum k1 and k2

are very close by due to m
⇡

� m
a

. The typ-
ical momentum of ⇡ is ⇠ m
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v
0

, while the ex-
change �p
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v
0

per collision. Therefore,�N ⇡
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introduces one suppres-
sion factor m

a

/m
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. The same cancellation appears
in the scattering rate for a as well.

• suppression from requiring multiple scattering for

⇡. One scattering changes the momentum of � by
a small amount, ⇠ m

a

v
0

. In order to thermalize
DM ⇡ and form a core density profile, the momen-
tum change has to be ⇠ m

⇡

v
0

. Therefore, multiple
scattering for ⇡ is necessary, and the number of
a � ⇡ collision should be ⇠ m2

⇡

/m2

a

such that the
root mean square of variation in the momentum is
⇠ m

⇡

v
0

. Hence the e↵ective interaction rate for ⇡
has to pay the penalty factor m2

a

/m2

⇡

for random
walking. This argument does not apply for a (or
SIDM), since one collision is normally enough to
change the momentum of lighter (or equal mass)
DM by O(1) factor. The other way to understand
this multiple scattering suppression is to consider
the momentum exchange rate instead of single a�⇡
collision rate, then the suppression factor is in-
cluded.

Having ⇡ and ⇡ with similar velocity in the galaxies,
and considering the suppression and enhancement e↵ects
above, the momentum exchange rate for ⇡ is estimated
as,
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where the cross-section
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v
rel

⇠ v
0

is the relative velocity between ⇡ and a. With
eq. (5), we list the last feature for the momentum ex-
change rate

• dependence on velocity. The Bose enhancement
term hN ai depends on DM a velocity dispersion
inside the halo or subhalo. Therefore, the momen-
tum exchange rate � depends on both v�3

0

and v
rel

.
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• Boltzmann equations  

• thermalization rate 
    1) large occupancy number enhancement  
 
 
    
 
   

2
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⇡

⇠ f
⇡

⇠ ⇤
d

at electroweak scale, while m
a

⌧ ⇤
d

.
This ultralight ALP a can be produced via misalignment
as a condensation in the early universe, which provides
the left fraction of DM relic density with F

a

+ F
⇡

= 1.
Later in the galaxies its occupation number is pretty
high, which can enhance its scattering with DM ⇡.

Momentum exchange interaction rate and small

scale structure. Starting from a cusp density profile
for both a and ⇡ in the galaxy, e.g. the Navarro-Frenk-
White (NFW) profile [40], we analyze the interactions be-
tween them and study the dynamical time scale for the
dominant component to approach the equilibrium dis-
tribution and the core density profile. We denote our
scenario as Co-Interacting dark matter (CoIDM). The
self-interactions for both a and ⇡ are neglected here. For
a, it is proportional to m2

a

/f4

a

which is too small to con-
sider, while for ⇡ it is suppressed by its heavy mass. To
have a core profile, the momentum exchange rate from
a�⇡ collision should satisfy � ⇠ 0.1Gyr�1 for the domi-
nant DM component [31], in the central region of typical
dwarf galaxy ⇢

DM

⇠ 0.1M�/pc3, vrel ⇠ 50km/s and ve-
locity dispersion v

0

⇠ 10km/s [41, 42]. JL: For dwarf, do
we need to use velocity dispersion v

0

⇠ 10km/s?? Why
vrel = 50? We use this requirement to map out the pa-
rameter spaces for the CoIDM model.

The evolution of the density functions N
�,a

are deter-
mined by the Boltzmann equation,
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vi)N (x,p, t) = C(x,p, t) , (2)

where C is the collision kernel which determines the time
scale for N to reach equilibrium. The v̇

i

term is propor-
tional to the forces on � or a, which can come from the
gravitational potential or from the fields themselves. For
ALPs a, in most of the cases, the force from the gravi-
tational potential is dominant over the one from its self-
interaction, unless f
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is very small [?]. For the process
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where we have used the assumptions of the Bose en-
hancement N a � 1 and the particles are non-relativistic.
The collisional kernel for ALPs a is similar, by changingR
d3p1 to

R
d3k1.

Comparing with SIDM, the Boltzmann equation is
quite di↵erent for CoIDM. Due to the mass hierarchy
m

a

⌧ m
⇡

and the large occupancy number N a � 1, the
interaction rate has several distinct features from ordi-
nary particle scattering:

• enhancement from the large occupation number in

the final state. In the galaxies, the velocity disper-
sion v

0

of DM a is about O(10�3), thus it has a

typical momentum of about m
a

v
0

. Therefore, the
occupation number of a can be estimated as
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• suppression from the inverse scattering cancella-

tion. In eq. (3), the collision kernel contains the
cancellation from inverse scattering, specifically in
the N ⇡

k
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term. The momentum k1 and k2

are very close by due to m
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. The typ-
ical momentum of ⇡ is ⇠ m
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, while the ex-
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per collision. Therefore,�N ⇡
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introduces one suppres-
sion factor m
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. The same cancellation appears
in the scattering rate for a as well.

• suppression from requiring multiple scattering for

⇡. One scattering changes the momentum of � by
a small amount, ⇠ m

a

v
0

. In order to thermalize
DM ⇡ and form a core density profile, the momen-
tum change has to be ⇠ m

⇡

v
0

. Therefore, multiple
scattering for ⇡ is necessary, and the number of
a � ⇡ collision should be ⇠ m2

⇡

/m2

a

such that the
root mean square of variation in the momentum is
⇠ m

⇡

v
0

. Hence the e↵ective interaction rate for ⇡
has to pay the penalty factor m2

a

/m2

⇡

for random
walking. This argument does not apply for a (or
SIDM), since one collision is normally enough to
change the momentum of lighter (or equal mass)
DM by O(1) factor. The other way to understand
this multiple scattering suppression is to consider
the momentum exchange rate instead of single a�⇡
collision rate, then the suppression factor is in-
cluded.

Having ⇡ and ⇡ with similar velocity in the galaxies,
and considering the suppression and enhancement e↵ects
above, the momentum exchange rate for ⇡ is estimated
as,
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where the cross-section
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is the relative velocity between ⇡ and a. With
eq. (5), we list the last feature for the momentum ex-
change rate

• dependence on velocity. The Bose enhancement
term hN ai depends on DM a velocity dispersion
inside the halo or subhalo. Therefore, the momen-
tum exchange rate � depends on both v�3
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and v
rel

.
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in the galactic time scale, such that the density profile is
similar to the collisionless DM. Following the same logic,
the kinetic equilibrium regions for CoIDM can have core
profiles as SIDM. We analyze the interactions between
A0 and  to understand the dynamical time scale for
the dominant DM approaching equilibrium distributions.
Two situations are considered: either A0 or  dominant.

The evolution of the phase space density functions
N
 ,A

0 are determined by the Boltzmann equations,
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vi)N (x,p, t) = C(x,p, t) , (2)

where C is the collision kernel to decide the time scale for
N to reach equilibrium. The v̇

i

term is proportional to
the forces on A0 or  , which can come from the gravita-
tional potentials or from the fields themselves. For the
scattering process of  (k
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the leading collisional kernel for DM  is
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where the limits of the Bose enhancement NA

0 � 1 and
non-relativistic DM are taken. The leading collisional
kernel for dark photon A0 is the same as eq. (3), up to
substituting
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Due to the mass hierarchy m
A

0 ⌧ m
 

and the large

occupancy number NA

0 � 1, the interaction rates have
several distinct features from ordinary particle scatter-
ings:

• enhancement from the large occupation number in

the final state. In the galaxies, the velocity dis-
persion v

0

of A0 is O(10�3), and A0 has a typical
momentum of about m

A

0v
0

. Therefore, the occu-
pation number of A0 is estimated as
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In terms of classical physics, the above process is
the Thompson scattering with stimulated A0 emis-
sion. It is the dark photon version of the laser emis-
sion, that the o↵-shell  in the scattering diagram
plays the role of excited atoms in laser physics.

• suppression from the forward-backward scattering

cancellation. In eq. (3) and (4), the collision kernel
contains the cancellation from inverse scattering,

specifically in the N 
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tum k1 and k2 are very close to each other be-
cause m
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• suppression from multiple scattering requirement

for  . Scattering once changes the momentum of
 by a small amount, ⇠ m

A

0v
0

. In order to ther-
malize  and form a core density profile, the mo-
mentum change has to be ⇠ O(1)m

 

v
0

. There-
fore, multiple scatterings for  is necessary, and
the number of A0- collision should be around
⇠ m2

 

/m2

A

0 as the result of random walking. There-
fore, the e↵ective interaction rates for  should pay
the penalty factor m2

A

0/m2

 

accordingly. This argu-
ment does not apply for A0 (or SIDM), since one
collision is normally enough to change the momen-
tum of lighter (or equal mass) DM by O(1) fac-
tor. The other way to understand this multiple
scattering suppression is to consider the momen-
tum exchange rate instead of single A0- collision
rate, then the suppression factor is automatically
included.

Having  and A0 with similar velocities in the galaxies,
and considering the suppression and enhancement e↵ects
above, the e↵ective interaction rate of  is estimated as,
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where the cross-section for  A0 !  A0 scattering is
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and v
rel

is the relative velocity between  and A0. The
e↵ective interaction rate for A0 does not need multiple
scatterings,
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Due to the large ratio of m
 

/m
A

0 , normally the collision
rate for A0 is much larger than the collision rate for  ,
�
A

0 � �
 

.
To reach the kinetic equilibrium and form core pro-

files, the momentum exchange rate from A0- collision
should satisfy � ⇠ 0.1Gyr�1 for the dominant DM [37].
This depends on the density and velocity of DM in the
galaxies. In the central region of typical Dwarf galaxies,
⇢
DM

⇠ 0.1M�/pc3, and velocity dispersion v
0

⇠ 10km/s
[52, 53]. When A0 and  are in the same DM halo,
v
rel

⇠ v
0

is a good approximation. We will use these
requirements to map out the parameter spaces for the
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d

at electroweak scale, while m
a

⌧ ⇤
d

.
This ultralight ALP a can be produced via misalignment
as a condensation in the early universe, which provides
the left fraction of DM relic density with F

a

+ F
⇡

= 1.
Later in the galaxies its occupation number is pretty
high, which can enhance its scattering with DM ⇡.

Momentum exchange interaction rate and small

scale structure. Starting from a cusp density profile
for both a and ⇡ in the galaxy, e.g. the Navarro-Frenk-
White (NFW) profile [40], we analyze the interactions be-
tween them and study the dynamical time scale for the
dominant component to approach the equilibrium dis-
tribution and the core density profile. We denote our
scenario as Co-Interacting dark matter (CoIDM). The
self-interactions for both a and ⇡ are neglected here. For
a, it is proportional to m2

a

/f4

a

which is too small to con-
sider, while for ⇡ it is suppressed by its heavy mass. To
have a core profile, the momentum exchange rate from
a�⇡ collision should satisfy � ⇠ 0.1Gyr�1 for the domi-
nant DM component [31], in the central region of typical
dwarf galaxy ⇢

DM

⇠ 0.1M�/pc3, vrel ⇠ 50km/s and ve-
locity dispersion v

0

⇠ 10km/s [41, 42]. JL: For dwarf, do
we need to use velocity dispersion v

0

⇠ 10km/s?? Why
vrel = 50? We use this requirement to map out the pa-
rameter spaces for the CoIDM model.

The evolution of the density functions N
�,a

are deter-
mined by the Boltzmann equation,
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where C is the collision kernel which determines the time
scale for N to reach equilibrium. The v̇
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term is propor-
tional to the forces on � or a, which can come from the
gravitational potential or from the fields themselves. For
ALPs a, in most of the cases, the force from the gravi-
tational potential is dominant over the one from its self-
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where we have used the assumptions of the Bose en-
hancement N a � 1 and the particles are non-relativistic.
The collisional kernel for ALPs a is similar, by changingR
d3p1 to

R
d3k1.

Comparing with SIDM, the Boltzmann equation is
quite di↵erent for CoIDM. Due to the mass hierarchy
m

a

⌧ m
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and the large occupancy number N a � 1, the
interaction rate has several distinct features from ordi-
nary particle scattering:

• enhancement from the large occupation number in

the final state. In the galaxies, the velocity disper-
sion v

0

of DM a is about O(10�3), thus it has a

typical momentum of about m
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v
0

. Therefore, the
occupation number of a can be estimated as

hN ai ⇠ ⇢
a

/m
a

m3

a

v3
0

⇠ 1044

⇥
✓

⇢
a

GeV/cm3

◆⇣ m
a

10�10eV

⌘�4

⇣ v
0

10�3

⌘�3

. (4)

• suppression from the inverse scattering cancella-

tion. In eq. (3), the collision kernel contains the
cancellation from inverse scattering, specifically in
the N ⇡
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. The same cancellation appears
in the scattering rate for a as well.

• suppression from requiring multiple scattering for

⇡. One scattering changes the momentum of � by
a small amount, ⇠ m

a

v
0

. In order to thermalize
DM ⇡ and form a core density profile, the momen-
tum change has to be ⇠ m
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v
0

. Therefore, multiple
scattering for ⇡ is necessary, and the number of
a � ⇡ collision should be ⇠ m2
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such that the
root mean square of variation in the momentum is
⇠ m
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. Hence the e↵ective interaction rate for ⇡
has to pay the penalty factor m2
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/m2

⇡

for random
walking. This argument does not apply for a (or
SIDM), since one collision is normally enough to
change the momentum of lighter (or equal mass)
DM by O(1) factor. The other way to understand
this multiple scattering suppression is to consider
the momentum exchange rate instead of single a�⇡
collision rate, then the suppression factor is in-
cluded.

Having ⇡ and ⇡ with similar velocity in the galaxies,
and considering the suppression and enhancement e↵ects
above, the momentum exchange rate for ⇡ is estimated
as,
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is the relative velocity between ⇡ and a. With
eq. (5), we list the last feature for the momentum ex-
change rate

• dependence on velocity. The Bose enhancement
term hN ai depends on DM a velocity dispersion
inside the halo or subhalo. Therefore, the momen-
tum exchange rate � depends on both v�3
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and v
rel

.

DM

?

DM

A’ A’

nh�viNA0

<latexit sha1_base64="r3zb7BrIR4+XbZOM5IFy2Y4ziGo=">AAACJHicbVDLSgMxFM34rPVVdekmWERXZUYEBTdVN66kgn1Ap5Y76W0bmskMSaZQhvkYN/6KGxc+cOHGbzF9LHwdCBzOuTc5OUEsuDau++HMzS8sLi3nVvKra+sbm4Wt7ZqOEsWwyiIRqUYAGgWXWDXcCGzECiEMBNaDweXYrw9RaR7JWzOKsRVCT/IuZ2Cs1C6cSeoLkD2B1Ne8FwIdUl9NhdSf3J8q7GTUD8H0GYj0OrtLzw8ySrN2oeiW3AnoX+LNSJHMUGkXXv1OxJIQpWECtG56bmxaKSjDmcAs7ycaY2AD6GHTUgkh6lY6CZHRfat0aDdS9khDJ+r3jRRCrUdhYCfHUfVvbyz+5zUT0z1tpVzGiUHJpg91E0FNRMeN0Q5XyIwYWQJMcZuVsj4oYMb2mrcleL+//JfUjkqeW/Jujovli1kdObJL9sgh8cgJKZMrUiFVwsg9eSTP5MV5cJ6cN+d9OjrnzHZ2yA84n1+oXKTO</latexit><latexit sha1_base64="r3zb7BrIR4+XbZOM5IFy2Y4ziGo=">AAACJHicbVDLSgMxFM34rPVVdekmWERXZUYEBTdVN66kgn1Ap5Y76W0bmskMSaZQhvkYN/6KGxc+cOHGbzF9LHwdCBzOuTc5OUEsuDau++HMzS8sLi3nVvKra+sbm4Wt7ZqOEsWwyiIRqUYAGgWXWDXcCGzECiEMBNaDweXYrw9RaR7JWzOKsRVCT/IuZ2Cs1C6cSeoLkD2B1Ne8FwIdUl9NhdSf3J8q7GTUD8H0GYj0OrtLzw8ySrN2oeiW3AnoX+LNSJHMUGkXXv1OxJIQpWECtG56bmxaKSjDmcAs7ycaY2AD6GHTUgkh6lY6CZHRfat0aDdS9khDJ+r3jRRCrUdhYCfHUfVvbyz+5zUT0z1tpVzGiUHJpg91E0FNRMeN0Q5XyIwYWQJMcZuVsj4oYMb2mrcleL+//JfUjkqeW/Jujovli1kdObJL9sgh8cgJKZMrUiFVwsg9eSTP5MV5cJ6cN+d9OjrnzHZ2yA84n1+oXKTO</latexit><latexit sha1_base64="r3zb7BrIR4+XbZOM5IFy2Y4ziGo=">AAACJHicbVDLSgMxFM34rPVVdekmWERXZUYEBTdVN66kgn1Ap5Y76W0bmskMSaZQhvkYN/6KGxc+cOHGbzF9LHwdCBzOuTc5OUEsuDau++HMzS8sLi3nVvKra+sbm4Wt7ZqOEsWwyiIRqUYAGgWXWDXcCGzECiEMBNaDweXYrw9RaR7JWzOKsRVCT/IuZ2Cs1C6cSeoLkD2B1Ne8FwIdUl9NhdSf3J8q7GTUD8H0GYj0OrtLzw8ySrN2oeiW3AnoX+LNSJHMUGkXXv1OxJIQpWECtG56bmxaKSjDmcAs7ycaY2AD6GHTUgkh6lY6CZHRfat0aDdS9khDJ+r3jRRCrUdhYCfHUfVvbyz+5zUT0z1tpVzGiUHJpg91E0FNRMeN0Q5XyIwYWQJMcZuVsj4oYMb2mrcleL+//JfUjkqeW/Jujovli1kdObJL9sgh8cgJKZMrUiFVwsg9eSTP5MV5cJ6cN+d9OjrnzHZ2yA84n1+oXKTO</latexit><latexit sha1_base64="r3zb7BrIR4+XbZOM5IFy2Y4ziGo=">AAACJHicbVDLSgMxFM34rPVVdekmWERXZUYEBTdVN66kgn1Ap5Y76W0bmskMSaZQhvkYN/6KGxc+cOHGbzF9LHwdCBzOuTc5OUEsuDau++HMzS8sLi3nVvKra+sbm4Wt7ZqOEsWwyiIRqUYAGgWXWDXcCGzECiEMBNaDweXYrw9RaR7JWzOKsRVCT/IuZ2Cs1C6cSeoLkD2B1Ne8FwIdUl9NhdSf3J8q7GTUD8H0GYj0OrtLzw8ySrN2oeiW3AnoX+LNSJHMUGkXXv1OxJIQpWECtG56bmxaKSjDmcAs7ycaY2AD6GHTUgkh6lY6CZHRfat0aDdS9khDJ+r3jRRCrUdhYCfHUfVvbyz+5zUT0z1tpVzGiUHJpg91E0FNRMeN0Q5XyIwYWQJMcZuVsj4oYMb2mrcleL+//JfUjkqeW/Jujovli1kdObJL9sgh8cgJKZMrUiFVwsg9eSTP5MV5cJ6cN+d9OjrnzHZ2yA84n1+oXKTO</latexit>

�A0 ' nh�vihNA0
i
✓
mA0

m 

◆

<latexit sha1_base64="V2RVAPNu9uPh9wwIq2nnuYsfK/k="></latexit><latexit sha1_base64="V2RVAPNu9uPh9wwIq2nnuYsfK/k="></latexit><latexit sha1_base64="V2RVAPNu9uPh9wwIq2nnuYsfK/k="></latexit><latexit sha1_base64="V2RVAPNu9uPh9wwIq2nnuYsfK/k="></latexit>

Thermalization Rate



39

• Boltzmann equations  

• thermalization rate 
    1) large occupancy number enhancement  
 
 
     2) back and forward scattering  
 
 
     3) random walk suppression  ( momentum exchange~ mA’v )
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This ultralight ALP a can be produced via misalignment
as a condensation in the early universe, which provides
the left fraction of DM relic density with F

a

+ F
⇡

= 1.
Later in the galaxies its occupation number is pretty
high, which can enhance its scattering with DM ⇡.

Momentum exchange interaction rate and small

scale structure. Starting from a cusp density profile
for both a and ⇡ in the galaxy, e.g. the Navarro-Frenk-
White (NFW) profile [40], we analyze the interactions be-
tween them and study the dynamical time scale for the
dominant component to approach the equilibrium dis-
tribution and the core density profile. We denote our
scenario as Co-Interacting dark matter (CoIDM). The
self-interactions for both a and ⇡ are neglected here. For
a, it is proportional to m2
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/f4
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which is too small to con-
sider, while for ⇡ it is suppressed by its heavy mass. To
have a core profile, the momentum exchange rate from
a�⇡ collision should satisfy � ⇠ 0.1Gyr�1 for the domi-
nant DM component [31], in the central region of typical
dwarf galaxy ⇢

DM

⇠ 0.1M�/pc3, vrel ⇠ 50km/s and ve-
locity dispersion v

0

⇠ 10km/s [41, 42]. JL: For dwarf, do
we need to use velocity dispersion v

0

⇠ 10km/s?? Why
vrel = 50? We use this requirement to map out the pa-
rameter spaces for the CoIDM model.

The evolution of the density functions N
�,a

are deter-
mined by the Boltzmann equation,
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where we have used the assumptions of the Bose en-
hancement N a � 1 and the particles are non-relativistic.
The collisional kernel for ALPs a is similar, by changingR
d3p1 to

R
d3k1.

Comparing with SIDM, the Boltzmann equation is
quite di↵erent for CoIDM. Due to the mass hierarchy
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and the large occupancy number N a � 1, the
interaction rate has several distinct features from ordi-
nary particle scattering:
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10�10eV

⌘�4

⇣ v
0

10�3

⌘�3

. (4)

• suppression from the inverse scattering cancella-

tion. In eq. (3), the collision kernel contains the
cancellation from inverse scattering, specifically in
the N ⇡

k

2

� N ⇡

k

1

term. The momentum k1 and k2

are very close by due to m
⇡

� m
a

. The typ-
ical momentum of ⇡ is ⇠ m

⇡

v
0

, while the ex-
change �p

⇡

is ⇠ m
a

v
0

per collision. Therefore,�N ⇡

k

2

�N ⇡

k

1

� ⇠ N ⇡ ⇥ ma
m⇡

introduces one suppres-
sion factor m

a

/m
⇡

. The same cancellation appears
in the scattering rate for a as well.

• suppression from requiring multiple scattering for

⇡. One scattering changes the momentum of � by
a small amount, ⇠ m

a

v
0

. In order to thermalize
DM ⇡ and form a core density profile, the momen-
tum change has to be ⇠ m

⇡

v
0

. Therefore, multiple
scattering for ⇡ is necessary, and the number of
a � ⇡ collision should be ⇠ m2

⇡

/m2

a

such that the
root mean square of variation in the momentum is
⇠ m

⇡

v
0

. Hence the e↵ective interaction rate for ⇡
has to pay the penalty factor m2

a

/m2

⇡

for random
walking. This argument does not apply for a (or
SIDM), since one collision is normally enough to
change the momentum of lighter (or equal mass)
DM by O(1) factor. The other way to understand
this multiple scattering suppression is to consider
the momentum exchange rate instead of single a�⇡
collision rate, then the suppression factor is in-
cluded.

Having ⇡ and ⇡ with similar velocity in the galaxies,
and considering the suppression and enhancement e↵ects
above, the momentum exchange rate for ⇡ is estimated
as,

�
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@
t
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' n
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hN ai m
3
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, (5)

where the cross-section

h�vi
⇡a!⇡a

' m2

⇡

v
rel

16⇡f4

a

, (6)

v
rel

⇠ v
0

is the relative velocity between ⇡ and a. With
eq. (5), we list the last feature for the momentum ex-
change rate

• dependence on velocity. The Bose enhancement
term hN ai depends on DM a velocity dispersion
inside the halo or subhalo. Therefore, the momen-
tum exchange rate � depends on both v�3

0

and v
rel

.
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Co-Interacting Dark Matter (Co-IDM)

[J. Liu, X. Wang, WX  2019]
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Having  and A

0 with similar velocity in the galaxies,
and considering the suppression and enhancement e↵ects
above, the e↵ective interaction rate for  is estimated as,
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where the cross-section for  A0 !  A

0 scattering is

h�vi
 A

0 ' g

04
v

rel

4⇡m2

 

, (6)

v

rel

is the relative velocity between  and A

0. And the
e↵ective momentum exchange rate for A0 does not need
multiple scatterings,
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Due to the large ratio of m
 

/m

A

0 , normally the collision
rate for A

0 is much larger than the collision rate for  ,
�
A

0 � �
 

.
To reach the kinetic equlibrium and form a core profile,

the momentum exchange rate from A

0- collision should
satisfy � ⇠ 0.1Gyr�1 for the dominant DM component
[39]. This depends on the density and velocity of DM
in the galaxies. In the central region of typical dwarf
galaxes, ⇢

DM

⇠ 0.1M�/pc3, (use GeV/cm

3 unit? –
xw) and velocity dispersion v

0

⇠ 10km/s [51, 52]. When
A

0 and  are in the same DM halo, v
rel

⇠ v

0

is a good
approximation. We will use these requirements to map
out the parameter spaces for the CoIDM model, consid-
ering the following two possibilities:
1) A

0
dominant, F

A

0 ⇡ 1 � F

 

. In dwarf galaxies, the
e↵ective collision rate for the dominant A0
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For the collision rate of  , �e↵

 

will be much smaller

than 0.1Gyr�1 due to the multiple scattering suppres-
sion. Furthermore, we have checked  self-scattering rate
�self

 

= n

 

�

T

v

rel

. The self-scattering rate is so small be-
cause it su↵ers from very small g0. Thus,  can not be in
equilibrium and is same as collisionless DM, having cuspy
density profiles. (to be checked. And to update fig
1. –xw)
2)  dominant, F

 

⇡ 1 � F

A

0 . The e↵ective collision
rate for  in dwarf galaxies,
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FIG. 1. The parameter space for the dominant DM com-
ponent (either ultralight A0 or WIMP �), which has e↵ective
momentum exchange rate equals to 0.1Gyr�1 in the dwarf
galaxes. The solid, dashed and dot-dashed lines indicate the
dominant DM with density fraction FD = 0.9, 0.99 and 0.999.
We also plot the current black hole superradiance limits on
A0 and the future projection from LISA [53].

This rate ism2

 

/m

2

A

0 times smaller than �e↵

A

0 , and the sub-
dominant A

0 will reach equlibrium immediately relative
to the galaxy time scale. We expect that A0 cool the DM
 e�ciently, and dissipate the energy of  . The cooling
will spoil the core profile, since  keep losing energy. We
will leave it for future study.

In Fig. 1, we plot the parameter spaces for the two
cases that e↵ective momentum exchange rate of the dom-
inant DM component (A0 or �) equals to 0.1Gyr�1 in
the dwarf galaxies. The density fraction for the domi-
nant component is denoted as F

D

, and is chosen to be
0.9, 0.99 and 0.999, respectively. The constraints is from
the black hole superradiance limit for ultralight vector A0

[53] and future reaches from LISA [54] is plotted as well.
The self-interaction limit for  is given in ... lines. (to
be checked –xw)

As a caveat, the above analysis uses the approxima-
tion that v

rel

⇠ v

0

, since the two DM components are in
the same (sub)halo. When considering the interactions
between two halos, this condition is not satisfied. This
is relevant for subhalos moving in the main halo back-
grounds, and for the constraints from galaxy collisions.
Furthermore, the final state Bose enhancement hNA

0i de-
pends on DM A

0 velocity dispersion v

0

and the final state
momentum of A0. If A0 and  are in the same halo, it
is naturally to have |~p

2

|/m
A

0 ⇡ v

0

. In this case, the
condition for final state Bose enhancement is valid, be-
cause NA

0

p2
is close to the average number hNA

0i in eq. 4.
However, if A

0 and  comes from di↵erent DM halos,
with a relative velocity between the two halos v

rel

� v

0

,
the final state A

0 will have a velocity of order O(v
rel

) for
a typical collision. For a Maxwellian distribution, there
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bremsstrahlung process can be written as
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where the singularity at ! = 0 clearly shows the e↵ect
of the infrared enhancement and the logarithmic factor is
from the long range e↵ect of the Column interaction, cut-
o↵ by the Debye screening e↵ect. The factor (1� e�!/T )
is due to the stimulated radiation. The above calculation
is in good agreement with [31], with a minor di↵erence
in the coe�cient of the logarithmic term. Despite the
inverse bremsstrahlung, there is also contribution from
Compton scattering,

�Com

T =
8⇡↵2

EM

3m2

e

ne. (14)

Adding up the two pieces, we have the total interaction
rate �T = �inv

T + �Com

T for transverse photon. Then the
attenuation factor is

R
�T dt =

R
�T dr/v(r), where v(r)

is the group velocity of photon in the plasma at radius
r. The longitudinal photons are not considered here, be-
cause they can not propagate to Earth. In the chromo-
sphere, the temperature is only about 103 K, and the
ne and nN are also orders of magnitude larger than in
the corona sphere. Therefore, just using the Eq. (13) to
estimate the absorption rate, we know that in this re-
gion SKA cannot give us sensitivity surpassing current
bounds.

We end up the integration at 106 km above the photo-
sphere because of the electron density data [25]. Further
extending the range will not change the result signifi-
cantly because the electron density is so low that the
interaction rate is quite small. We found out that the
converted photon from A0 mass mA0 & 5 ⇥ 10�6 eV can
not come out of the Sun due to the opacity. In term of
distance, only photons converted 2300 km above the pho-
tosphere (higher than solar transition region) can escape
the Sun. This corresponds to the gray shaded region in
Fig. 1.

V. THE RESULT AND DISCUSSIONS

We plot the sensitivity for SKA Phase 1 for dark pho-
ton dark matter in Fig. 2. The blue solid curve is our
result, which contains the attenuation e↵ect for the out
coming photons. If no attenuation, the result is the
dashed cyan curve. The existing haloscope limits for
dark photon dark matter have been plotted in black solid
curve, while the recent WISPDMX result has been plot-
ted in gray solid curve. The dashed brown curve is the
exclusion from CMB distortion due to dark photon con-
version. The purple curve is helioscope produced dark
photon in Xenon10 detection and orange curve is longi-
tudinal mode A0 production at the Sun.

10-9 10-8 10-7 10-6 10-5 10-4 10-3
10-20
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Dark photon dark matter mA' (eV)

ϵ CMB
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Helio-Xe

AL
�

Solar Radio (this work)

Figure 2. The sensitivity reach for SKA Phase 1 for dark
photon dark matter. The blue solid curve is our result, which
contains the attenuation e↵ect for the out coming photons.
If no attenuation, the result is the dashed cyan curve. The
other constraints are existing haloscope axion searches, recent
WISPDMX dark photon searches, CMB distortion, Ne↵ , he-
lioscope Xenon detection (Helio-Xe) and longitudinal mode

A0 production at Sun (A
0
L). (JL: this is old result using

Solar radio emission flux directly )

The dark photon signal ranges from mass�
8⇥ 10�8, 5⇥ 10�6

�
eV, which corresponds to the

frequency (20, 1210) MHz. The lower end is coming
from the data of quiet Sun radio emission. If both ne

and this measurement can improve, dark photon signal
can extend to even lower mass region. For the higher
end, it is coming from the opacity of the converted
photon. The SKA-mid Phase-1 can cover (350, 15300)
MHz, while SKA-low Phase-1 can cover (50, 350) MHz
[32]. Thus SKA1 can cover most of the parameter space.
Below 50 MHz, LOFAR can go down to 10 MHz [33].
(JL: Are there any constraints I am missing? )

(JL: I have once checked the calculation de-

tails with Fapeng on Skype. Fapeng, could you

look at my mathematica notebook and make sure

the calculation is done correctly? See Ap-to-

photon-constraint-calc-11-with-constraints.nb in

the dropbox. All the calculations are listed there.

)

A’
γ

[H. An, F. Huang, J. Liu, WX  in progress  ]



Conclusion

• dark photon searches @ LHCb  
   D0* ➛ D0 + 𝛾   
   inclusive search  
 
 

• dark photon dark matter  
  solve small structure issues  
  detect dark photons from the Sun  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Dark Photons

✏2
⌘

↵
0 ↵

mA0 [GeV]

Move to a triggerless detector readout in Run 3 will have a huge impact on 
low-mass BSM searches, including dark photons.

Inclusive A’ →μμ
Ilten, Soreq, Thaler, MW, Xue 

[1603.08926]

Radiative Charm Decays
Ilten, Thaler, MW, Xue 

[1509.06765]

3

Having  and A

0 with similar velocity in the galaxies,
and considering the suppression and enhancement e↵ects
above, the e↵ective interaction rate for  is estimated as,
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where the cross-section for  A0 !  A

0 scattering is
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v

rel

is the relative velocity between  and A

0. And the
e↵ective momentum exchange rate for A0 does not need
multiple scatterings,
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Due to the large ratio of m
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A

0 , normally the collision
rate for A

0 is much larger than the collision rate for  ,
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To reach the kinetic equlibrium and form a core profile,

the momentum exchange rate from A

0- collision should
satisfy � ⇠ 0.1Gyr�1 for the dominant DM component
[39]. This depends on the density and velocity of DM
in the galaxies. In the central region of typical dwarf
galaxes, ⇢
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⇠ 0.1M�/pc3, (use GeV/cm

3 unit? –
xw) and velocity dispersion v
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⇠ 10km/s [51, 52]. When
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0 and  are in the same DM halo, v
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is a good
approximation. We will use these requirements to map
out the parameter spaces for the CoIDM model, consid-
ering the following two possibilities:
1) A

0
dominant, F
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. In dwarf galaxies, the
e↵ective collision rate for the dominant A0

�e↵

A

0 ⇡ 0.14Gyr�1

F

 

0.05

✓
g

0

10�12

◆
4

✓
10�18eV

m

A

0

◆
3

✓
1GeV

m

 

◆
4

⇥
✓

v

rel

10km/s

◆✓
10km/s

v

0

◆
3

✓
⇢

DM

0.1M�/pc3

◆
2

. (8)

For the collision rate of  , �e↵

 

will be much smaller

than 0.1Gyr�1 due to the multiple scattering suppres-
sion. Furthermore, we have checked  self-scattering rate
�self
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. The self-scattering rate is so small be-
cause it su↵ers from very small g0. Thus,  can not be in
equilibrium and is same as collisionless DM, having cuspy
density profiles. (to be checked. And to update fig
1. –xw)
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FIG. 1. The parameter space for the dominant DM com-
ponent (either ultralight A0 or WIMP �), which has e↵ective
momentum exchange rate equals to 0.1Gyr�1 in the dwarf
galaxes. The solid, dashed and dot-dashed lines indicate the
dominant DM with density fraction FD = 0.9, 0.99 and 0.999.
We also plot the current black hole superradiance limits on
A0 and the future projection from LISA [53].

This rate ism2

 

/m

2

A

0 times smaller than �e↵

A

0 , and the sub-
dominant A

0 will reach equlibrium immediately relative
to the galaxy time scale. We expect that A0 cool the DM
 e�ciently, and dissipate the energy of  . The cooling
will spoil the core profile, since  keep losing energy. We
will leave it for future study.

In Fig. 1, we plot the parameter spaces for the two
cases that e↵ective momentum exchange rate of the dom-
inant DM component (A0 or �) equals to 0.1Gyr�1 in
the dwarf galaxies. The density fraction for the domi-
nant component is denoted as F

D

, and is chosen to be
0.9, 0.99 and 0.999, respectively. The constraints is from
the black hole superradiance limit for ultralight vector A0

[53] and future reaches from LISA [54] is plotted as well.
The self-interaction limit for  is given in ... lines. (to
be checked –xw)

As a caveat, the above analysis uses the approxima-
tion that v

rel

⇠ v

0

, since the two DM components are in
the same (sub)halo. When considering the interactions
between two halos, this condition is not satisfied. This
is relevant for subhalos moving in the main halo back-
grounds, and for the constraints from galaxy collisions.
Furthermore, the final state Bose enhancement hNA

0i de-
pends on DM A

0 velocity dispersion v

0

and the final state
momentum of A0. If A0 and  are in the same halo, it
is naturally to have |~p

2

|/m
A

0 ⇡ v

0

. In this case, the
condition for final state Bose enhancement is valid, be-
cause NA

0

p2
is close to the average number hNA

0i in eq. 4.
However, if A

0 and  comes from di↵erent DM halos,
with a relative velocity between the two halos v

rel

� v

0

,
the final state A

0 will have a velocity of order O(v
rel

) for
a typical collision. For a Maxwellian distribution, there
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• axion couples to massless dark photons 

• particle production  

44

L =
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