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Present Understanding

Structure formation of the universe: Luminous matter (∼ 4%) is not
sufficient, non-luminous matter (dubbed as dark matter ∼ 26%) is
required (Cannoni M., 2016, Eur. Phys. J. C, 76, 137).

They are dark as they can’t absorb, emit, reflect light! They does not
interact with the electromagnetic force like SM particles.

Their interaction with the SM particles is very weak whereas they are
highly massive (WIMPs).

Primary evidences are anomaly in galaxy rotation curve, gravitational
lensing and bullet cluster.
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Detection Strategies
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Direct detection experiments

Experiments : XENON, SENSEI, DarkSide
Basic working principle : To measure the recoil energy of electron/nucleus
assuming that the DM particles scatter off the target.

Light mediator Heavy mediator
Courtesy : Dark matter limit plotter v5.18
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Limitation of Direct detection experiments

Direct Detection experiments lose sensitivity for low mass DM.

Below DM mass of ∼ 0.3 GeV for DM-nucleon cross-section.

Below DM mass of ∼ 0.3 MeV for DM-electron crosssection

Very light DM particles cannot produce enough recoil to be detected.

Courtesy : Dark matter limit plotter v5.18
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Cosmic-ray Boosted Dark Matter

The energy transfer to the cold DM by the CR particle:

Tχ = Tmax
χ

(
1− cos θ

2

)
Tmax
χ =

(Ti )
2 + 2Timi

Ti +
(
mi +mχ

)2
/
(
2mχ

)
θ is the scattering angle at the centre of momentum frame.
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Cosmic-ray Boosted Dark Matter

Tmin
i =

(
Tχ

2
−mi

)1±
√√√√1 +

2Tχ

mχ

(
mi +mχ

)2(
2mi − Tχ

)2


(
dΦχ

dTχ

)
i

= Deff ×
ρlocalχ

mχ

∫ ∞

Tmin
i

dTi
dΦi

dTi

1

Tmax
χ (Ti )

Deff = Effective distance out to which we take into account CRs as the
source of a possible high-velocity tail in the DM velocity distribution
ρχ,mχ = Density and mass of DM particles
Ti = Kinetic energy of the CR particle i
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Components of Cosmic Ray

Cosmic Rays

Protons + Nuclei
(98%)

Electrons
(2%)

Protons
(87%)

Helium Nuclei
(12%)

Heavier Nuclei
(1%)

Longair, M. S. , “High Energy Astrophysics”, Cambridge University Press
(2011).
Cosmic Rays, Particle Data Group, PDG-2022.
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Flux of CR electron, proton and nuclei

Phys. Rev. D 98, 030001 (2018) Astrophys. J. 854, 94 (2018)
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Models for our analysis

Secluded dark sector (Dark photon):

L = LSM + χ̄
(
i /∂ −mχ

)
χ− gχχ̄γµχÂ′µ

+
1

2
m2

Â′Â
′
µÂ′µ − 1

4
Â′

µνÂ′µν − sin ε

2
B̂µνÂ′µν

U(1)B−L :

LB−L ⊃ gB−L

[
−l̄γµA

′
µl − ν̄Rγ

µA
′
µνR +

1

3
q̄γµA

′
µq

]
− gχχ̄γµχÂ′µ

Le − Lµ :

LLe−Lµ ⊃ gL

[
l̄eγ

µA
′
µle − l̄µγ

µA
′
µlµ
]
− gχχ̄γµχÂ′µ
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Dark Photon Model

L = LSM + χ̄
(
i /∂ −mχ

)
χ− gχχ̄γµχÂ′µ

+
1

2
m2

Â′Â
′
µÂ′µ − 1

4
Â′

µνÂ′µν − sin ε

2
B̂µνÂ′µν

We use the transformations

B̂ = cŴA−
(
tεsξ + sŴ cξ

)
Z +

(
sŴ sξ − tεcξ

)
A′

Ŵ3 = sŴA+ cŴ cξZ − cŴ sξA
′

Â′ =
sξ
cε
Z +

cξ
cε
A′ ; tan 2ξ = −

m2
Ẑ
sŴ sin 2ε

m2
Â′ −m2

Ẑ

(
c2ε − s2ε s

2
Ŵ

)
to diagonalize away the kinetic mixing term

L ⊃ A′
µ

[
gA′
fL f̄ γµPLf + gA′

fR f̄ γµPR f + gA′
χ χ̄γµχ

]
+ Zµ

[
gZ
fL f̄ γµPLf + gZ

fR f̄ γµPR f + gZ
χ χ̄γµχ

]
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Flux of Boosted Dark Matter

dΦχ

dTχ
= Deff ×

ρlocalχ

mχ

[∫ ∞

Tmin
e

dTe
dΦe

dTe

dσχe

dTχ

+

∫ ∞

Tmin
p

dTp
dΦp

dTp

dσχp

dTχ
G 2
p (2mχTχ)

+

∫ ∞

Tmin
He

dTHe
dΦHe

dTHe

dσχHe

dTχ
G 2
He(2mχTχ)

]

dσχi

dTχ
= gA′

iχ

2 2mχ (mi + Ti )
2 − Tχ

{(
mi +mχ

)2
+ 2mχTi

}
+mχT

2
χ

8π
(
2miTi + T 2

i

) (
2mχTχ +m2

A′

)2
i = e, p,He; Gi

(
q2
)
=

(
1 +

q2

Λ2
i

)−2

→ nucleon electromagnetic form factor

where, Λp = 770 MeV, ΛHe = 410 MeV, gA′
iχ = gA′

i gA′
χ
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Flux of Boosted Dark Matter
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Rate equation

Predicted differential rate at the detector

dR

dER
= ℵ

∫ ∞

Tmin
χ (ER)

dTχ

∑
i=e,p,He

(
dΦχ

dTχ

)
i

dσχe
dER

with

dσχi

dER
= gA′

eχ

2 2me

(
mχ + Tχ

)2 − ER

{(
me +mχ

)2
+ 2meTχ

}
+meE

2
R

8π
(
2mχTχ + T 2

χ

) (
2meER +m2

A′

)2
Recoil spectrum for XENON1T is obtained by taking ℵ = ZXe/mXe ,
where ZXe is atomic number of Xenon and mXe is the mass of a
single Xenon atom.
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Exclusion Limit

To find the exclusion region, we perform a χ2 analysis

χ2 =
∑
i

(Oi − Ei )
2

Ei +
(
σ2
i

)
data

(1)

∆χ2 = χ2(BDM + B0)− χ2(B0 only) (2)

Oi are the observed number of events

Ei are the expected number of events

(σi )data is uncertainity in the measured data

( For the (BDM + B0) case, to calculate the Ei values, we sum the BDM
signal and the background B0 for each energy bin. )
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Exclusion Limit on the kinetic mixing parameter

Figure: Shaded regions are excluded at 95% confidence level for gχ = 1, in the ε
vs mA′ plane, for the invisible decay scenario (Left) and for the visible decay
scenario (Right).
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Exclusion Limit on the kinetic mixing parameter

Figure: Shaded regions are excluded at 95% confidence level for gχ = 1, in the ε
vs mχ plane, both for the light and the heavy mediator scenario. For mA′ = 1
GeV, there is no valid kinetic mixing parameter (ε ≤ 1) which can produce
enough recoil at the detector.
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Exclusion Limit on the couplings

Figure: Shaded regions are excluded at 95% confidence level for gχ = 1, in the
coupling vs mχ plane, for light mediator (Left) and heavy mediator scenario
(Right).
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Exclusion Limit on the DM-electron crosssection

Conventionally normalized form of DM-electron scattering crossection :

|Mfree |2 =
∣∣Mfree(αme)

∣∣2 ×∣∣FDM(q)
∣∣2

σ̄χe =
µ2
χe

∣∣Mfree(αme)
∣∣2

16πm2
χm

2
e

For our case, the form factor at the detector

∣∣∣FDM (q =
√

2meER )
∣∣∣2 =

(α2m2
e + m2

A′ )
2

(2meER + m2
A′ )

2
×

2me (mχ + Tχ)2 − ER

[
(mχ + me )

2 + 2meTχ

]
+ meE

2
R

2mem2
χ

In the non-relativistic limit ER ,Tχ ≪ me∣∣FDM(q)
∣∣2 = (α2m2

e +m2
A′)2

(q2 +m2
A′)2

For heavy-mediator limit
∣∣FDM(q)

∣∣ = 1
For light-mediator limit

∣∣FDM(q)
∣∣ ∼ 1

q2
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Exclusion Limit on the DM-electron crosssection

With these definitions and gA′
iχ = eε cos θW / gL / gB−L for gχ = 1

∣∣Mfree(αme)
∣∣2 =

16 gA′
eχ

2
m2

em
2
χ

(α2m2
e +m2

A′)2

σ̄χe =
gA′
eχ

2
µ2
χe

π(α2m2
e +m2

A′)2

=⇒ σ̄χe =


gA′
eχ

2
µ2
χe

π(α2m2
e)

2 for light mediator,

gA′
eχ

2
µ2
χe

π(m2
A′ )

2 for heavy mediator.

Using these relations we translate our exclusion limit on the kinetic mixing
parameter to the crosssection.
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Exclusion Limit on the DM-electron crosssection

Figure: Shaded regions are excluded at 95% confidence level for gχ = 1, in the σχe

vs mχ plane, for light mediator (Left) and for heavy mediator scenario (Right).
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Conclusions

For low mass dark matter, exclusion limits becomes stronger if we
invoke energy dependence of the crosssection by considering exact
model of interaction between DM and SM particles.

Cosmic ray boosted dark matter could be an alternative to probe low
mass dark matter compared to the cold dark matter searches in
standard direct detection experiments.
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The End
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Existing Bound

Cao et al, Chin. Phys. C 45, 045002 (2021), arXiv:2006.12767 [hep-ph].
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Flux of CR electron, proton and nuclei

dΦe

dTe
(Te) =


1.799×1044 T−12.061

e

1+2.762×1036 T−9.269
e +3.853×1040 T−10.697

e
if Te < 6880 MeV

3.259× 1010 T−3.505
e + 3.204× 105 T−2.620

e if Te ⩾ 6880 MeV

where the unit of dΦe
dTe

(Te) is given in
(
m2 s sr MeV

)−1
and the kinetic

energy (Te) of the CR electrons is in MeV.

Astrophys. J. 854, 94 (2018), arXiv:1801.04059 [astro-ph.HE].
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Flux of CR electron, proton and nuclei

dI

dR
× R2.7 =


∑5

i=0 aiR
i , if R ⩽ 1 GV

b + c
R + d1

d2+R + e1
e2+R + f1

f2+R + gR , if R > 1 GV

with the following parameter set

a0 a1 a2 a3 a4 a5
p 94.1 −831 0 16700 −10200 0
He 1.14 0 −118 578 0 −87

b c d1 d2 e1 e2 f1 f2 g
p 10800 8590 −4230000 3190 274000 17.4 −39400 0.464 0
He 3120 −5530 3370 1.29 134000 88.5 −1170000 861 0.03

Cosmic ray proton and Helium flux is then obtain by the following relations

dΦp

dTp
(Tp) = 4π

dR

dTp

dI

dR

dΦHe

dTHe
(THe) = 4π

dR

dTHe

dI

dR
Astrophys. J. 840, 115 (2017), arXiv:1704.06337 [astro-ph.HE].
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Dark Photon Model

Relevant couplings are : (JHEP 1102:100,2011)

gA
′

fL = −
e

cW sW
cξ

{
T3

sW tε − tξ +
1

2
ω

tξ +
sW t2W tε

1 − t2
W




+ Q

s2W tξ − sW tε +
1

2
t2Wω

 tξ − sW tε

1 − t2
W


}

gA
′

fR = −
e

cW sW
cξQ

s2W tξ − sW tε +
1

2
t2Wω

 tξ − sW tε

1 − t2
W




gA
′

χ = −gχ
cξ

cε
; gZχ = −gχ

sξ

cε

gZfL = −
e

cW sW
cξ

{
T3

[
1 +

ω

2

]
− Q

s2W + ω

 2 − t2W

2
(
1 − t2

W

)



}

gZfR =
e

cW sW
cξQ

s2W + ω

 2 − t2W

2
(
1 − t2

W

)



with ω = sW tξtε and tξ can be found by

1 + sŴ tξtε =
c2
Ŵ
s2
Ŵ

c2W s2W
; ρ =

s2W
s2
Ŵ

; ρ− 1 = 4+8
−4 × 10−4
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