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Motivations

Direct detection experiments are most sensitive to halo dark matter (DM)
when its mass is comparable to the target. However, their sensitivity
decreases rapidly for DM masses below the GeV scale.
In astrophysics, halo DM can be boosted through various mechanisms, such
as up-scattering by high-energy cosmic ray (CR) particles. This process
generates a significant flux of boosted DM, detectable in direct detection
and large-volume neutrino experiments installed deep underground, even for
DM masses below 1 GeV.
In neutrino detectors, the energy scale of DM-SM particle scattering
typically exceeds the mass scale of the DM sector. This hierarchy results in
the presence of large logarithms, making significant contributions to the
differential cross section of DM scattering in terms of DM parton
distribution functions (PDFs).
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The simplified model and DM PDFs
Interaction between Dirac fermion DM χ (χ̄) and dark photon A′:

L ⊃ g′A′
µχ̄γ

µχ (1)
Splitting function:

dPA→B+C
dzdk2

T
≃ 1

N
1

16π2

zz̄ |Msplit|2

(k2
T + z̄m2

B + zm2
C − zz̄m2

A)
2 (2)

A→ B + C
dPA→B+C

dzdk2
T

= PA→B+C(z)

χ/χ̄→ A′T + χ/χ̄ α′

2πk
2
T

1+z̄2

z
− z̄
z

2m2
χz

2+m2
A′(1+z̄2)

k2
T

+m2
χz

2+m2
A′
z̄

k2
T+m2

χz
2+m2

A′ z̄

χ/χ̄→ A′L + χ/χ̄ α′

π k
2
T

m2
A′ z̄

2

z(k2
T+m2

χz
2+m2

A′ z̄)
2

A′T → χ̄/χ+ χ/χ̄ α′

2πk
2
T

z2+z̄2+
zz̄(2m2

χ+m2
A′(z

2+z̄2))
k2
T

+m2
χ−m2

A′
zz̄

k2
T+m2

χ−m2
A′zz̄

A′L → χ̄/χ+ χ/χ̄ 2α′

π k
2
T

m2
A′z

2z̄2

(k2
T+m2

χ−m2
A′zz̄)

2

Table 1: Splitting functions involving χ, χ̄, and A′.

It is noted that terms proportional to (k2
T + z̄m2

B + zm2
C − zz̄m2

A) in Msplit that used

to calculate the splitting functions of processes involving the longitudinal mode of dark

photon have to be eliminated according to the Reference [62].

We use fi (kT , x) to denote the PDF of the particle i (i = χ, χ̄, A′T , A
′
L) with an energy

fraction x at a factorization scale kT . fi(kT , x) evolves according to the DGLAP equations 1

dfi (kT , x)

d ln k2
T

=
∑
m,n

N

∫ 1

x

dz

z
Pm→i+n (z) fm

(
kT ,

x

z

)
−
∑
j,k

∫ 1

0
dzPi→j+k(z)fi (kT , x) ,

(2.10)

where N = 2 (1) is taken when n = i (n 6= i). The initial conditions of the PDFs are

fi (Q0, x) =

{
δ(1− x), i = χ

0, i 6= χ
, Q0 = max (mA′ ,mχ) . (2.11)

In Figure 1, we plot the PDFs for χ, χ̄ and A′ with parameter choices that are most

relevant to this work as will be discussed later. Given the DGLAP evolution equation,

at a scale Q � mχ,A′ , there are large fractions of energy carried by χ̄ and A′ in the DM

PDF. However, we note that, as the PDFs evolve with ln k2
T , varying the scale within one

order of magnitude will not lead to dramatic difference in the PDFs. For g′ = 1, the dark

photon fraction fA′ can exceed the DM fraction fχ when x . 0.5. The anti-DM fraction

fχ̄ becomes comparable to fχ for x . 10−2. Moreover, lighter A′ not only leads to higher

fractions for χ̄ and A′, but also gives higher fχ in the low x region. As the coupling

approaching the perturbative limit g′ = 3, fχ no longer has the peak around x ∼ 1, due

to the intensive splittings. And the dark photon fraction even becomes more important

than the DM fraction for mA′ . 1 MeV. It is also interesting to observe that in the region

x & 0.4, the dark photon fraction decreases for decreasing mA′ , as opposed to the low x

region.

1Since PA→B+C(z) may diverge at z = 0 or 1, the same technologies as those in Reference [63] have

been used to regularize the possible divergences in our numerical calculations.
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The simplified model and DM PDFs
DGLAP equations of PDFs:

dfi (kT, x)
d ln k2

T
=

∑
m,n

N
∫ 1

x

dz
z Pm→i+n(z)fm

(
kT,

x
z
)
−

∑
j,k

∫ 1

0

dzPi→j+k(z)fi (kT, x) (3)
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Figure 1: The PDFs of χ (solid line), χ̄ (dashed line) and A′ (dotted line) at

factorization scale of 100 MeV. Different colors indicate the dark photon mass as shown

in the legend. The coupling g′ = 1 in left panel and g′ = 3 in right panel. The dark

matter mass is taken to be 0.01 MeV.

3 Boosted dark matter from cosmic ray acceleration

There are large amounts of energetic cosmic ray (CR) particles in Milk Way halo. DM

can be accelerated by its interactions with those particles, obtaining velocity much larger

than the escape velocity. We will focus on the DM-electron interaction in this work, i.e.,

assuming the dark photon interaction is electron-philic

L ⊃ ε× gemA
′
µēγ

µe . (3.1)

During the cosmic ray upscattering, the typical momentum transfer is much larger than

the momentum of halo DM. So, we assume the halo DM to be at rest.

To give an upscattered DM with kinetic energy Tχ, the minimal incoming kinetic

energy of cosmic electron is [29]

Tmin
CR =

(
Tχ
2
−me

)[
1±

√
1 +

2Tχ
mχ

(me +mχ)2

(2me − Tχ)2

]
, (3.2)

where the + (-) sign is for Tχ > 2me (Tχ < 2me).

The recoil flux of CR-induced DM (CRDM) is obtained by convoluting the flux of

cosmic electrons dΦe/dTCR with the DM spectrum dσχe/dTχ of fixed incident electron

energy [64]

dΦχ

dTχ
= Deff

ρlocal
χ

mχ

∫ ∞
Tmin

CR

dTCR
dΦe

dTCR

dσχe
dTχ

. (3.3)

In Eq. 3.3, the effective distance Deff = 8.02 kpc is obtained by integrating along the line-

of-sight to 10 kpc, assuming homogeneous CR distribution and NFW DM halo profile with

ρlocal
χ = 0.4 GeV cm−3. The differential flux of cosmic electrons dΦe/dTCR = 4πdI/dTCR,

where the differential intensity of local electrons dI/dTCR is simulated by HelMod-4 [65].

– 5 –
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Boosted dark matter from cosmic ray acceleration

Electron-philic interaction:

L ⊃ ϵ× gemA′
µēγµe (4)

DM scattered by energetic cosmic ray (CR):

dσχe
dTχ

= g′2 (ϵgem)2
2mχ (me + TCR)

2 − Tχ

(
(me + mχ)

2 + 2mχTCR
)
+ mχT2

χ

4π
(
2meTCR + T2

CR
)
(2mχTχ + m2

A)
2 (5)

The recoil flux of CR-induced DM (CRDM):

dΦχ

dTχ
= Deff

ρlocal
χ

mχ

∫ ∞

Tmin
CR

dTCR
dΦe

dTCR

dσχe
dTχ

(6)
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Boosted dark matter from cosmic ray acceleration
Finally, the differential cross section for fixed CR kinetic energy TCR is [29]

dσχe
dTχ

= g′2(εgem)2
2mχ (me + TCR)2 − Tχ

(
(me +mχ)2 + 2mχTCR

)
+mχT

2
χ

4π
(
2meTCR + T 2

CR

) (
2mχTχ +m2

A

)2 . (3.4)
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Figure 2: Differential CRDM flux for different DM and dark photon masses. The masses

are indicated by colors and line types as explained in the legends. In the right panel,

mA′ = 1 MeV is chosen. For both panels, we have chosen g′ = 1 and ε = 1.

In Figure 2, we show the differential CRDM fluxes for several different choices of mχ

and mA′ . In the left panel, for mχ = 10−3.5 MeV, the flux is proportional to m−4
A′ (for

mA′ & 10−3 MeV) in the low Tχ region and is independent from mA′ in the high Tχ region.

As can be observed in Eq. 3.4, this is because the denominator (from the dark photon

propagator in the matrix element) is approximate to m4
A′ for small Tχ and (2mχTχ)2 for

large Tχ, respectively. Similarly, the flux becomes independent of mA′ for mA′ . 10−4

MeV. For heavier DM case, the flux becomes independent of mA′ at smaller mA′ values, as

shown by the dashed curves. Note the dashed green line, dashed red line and dashed blue

line are overlapping with each other. In the right panel, we fix mA′ = 1 MeV and decrease

mχ from 1 MeV to 10−5 MeV. The sizes of fluxes are similar for all mχ when Tχ . 10−1

MeV, because the dependence of the differential crossing section on mχ is cancelled by

the factor of 1/mχ in Eq. 3.3. For larger Tχ & 102 MeV, the flux firstly increases with

decreasing mχ and then decreases for mχ . 10−4 MeV. Overall, we can find that the

differential flux is more flat for lighter DM and heavier dark photon, i.e., higher fraction

of high energy DM. We will focus on this region in current work. Moreover, it should be

noted that the flux is proportional to ε2. Although we have only shown the case for ε = 1,

fluxes for different ε can be simply obtained by overall rescaling.

4 Boosted dark matter scattering with electron

4.1 Dark matter direct detection experiments

The traditional DM direct detections aim to search for non-relativistic halo DM. Those

experiments lose the sensitivity for sub-GeV DM due to the small recoil energy. As has

– 6 –
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Signal rate at DM direct detection experiments

A boosted CRDM scattering off an electron in target atom:

χ (p1) + e− (p2) → χ (k1) + e− (k2) (7)

The differential cross section with respect to the electron recoil kinetic
energy TR:

dσnl
d ln TR

=
2l + 1

16 · (2π)5
TR |p2|

Eχ
(
me − Enl

B
)
|p1|

|iM (p1, p2, k1, k2)|2

× |χnl (|p2|)|2 dϕp2d |p2| dq (8)

The ionization rate:
dRion

d ln TR
=

∑
nl

NT

∫
dTχ

dσnl
d ln TR

dϕχ
dTχ

(9)

Junle Pei Investigating the collinear splitting effects of boosted dark matter at neutrino detectorsJuly 24, 2023 7 / 23



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Signal rate at Neutrino detector: higher threshold

Considering the DM PDFs becomes necessary as we primarily focus
on a parameter region where the masses of DM and dark photon are
significantly smaller than the typical energy scale of DM-electron
scattering in neutrino detectors.
The index i in the PDF runs over χ, χ̄, and A′, corresponding to the
scattering processes χ+ e− → χ+ e−, χ̄+ e− → χ̄+ e−, and
A′ + e− → γ + e−, respectively.
The ionization rate:

dRion
d ln TR

=NSK
T

∑
i

∫
dT0

χ

∫ xmax

0
dx dσi

d ln TR
fi(Q, x)

dϕχ
dT0

χ

Θ(xE0
χ − Emin

i )

+ NSK
T

∫
dTχ

dσχ
d ln TR

dϕχ
dTχ

Θ(Tχ − Tmin
χ )

∫ 1

xmax

fχ(Q, x)

(10)
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Signal rate at Neutrino detector: dark Compton scattering

Dark Compton scattering:

A′ + e− → γ + e− (11)

The corresponding recoil rate:

dR
d ln Eγ

=NSK
T

∫
dT0

χ

∫ xmax

0
dx dσA′

d ln Eγ
fA′(Q, x)dϕχ

dT0
χ

×Θ(xE0
χ − Emin

A′γ )Θ(Emax
A′γ − xE0

χ) (12)
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Results: bounds from XENON1T

For XENON1T experiment,

χ2 =
∑

i

[(dRχ+B0
dTR

)
i
−
(

dRobs
dTR

)
i

]2
σ2i

. (13)

The χ2 value for background only:

χ2
B0

=
∑

i

[(dRB0
dTR

)
i
−
(

dRobs
dTR

)
i

]2
σ2i

= 46.4 (14)

Assuming the test statistic follows a χ2 distribution with two degrees
of freedom, the 2σ bound corresponds to

∆χ2 = χ2 − χ2
B0

= 6.18 . (15)
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Results: bounds from SuperK

Using the Super-K experiment data corresponding to 161.9
kiloton-year exposure, the total measured number of events Nsk is
4042 in the bin 0.1 < Te/GeV < 1.33.
A conservative upper limit on DM signal can be obtained by requiring

ξ × NDM < Nsk , (16)

where the signal efficiency ξ = 0.93.
NDM is calculated by integrating dRion

dTR
over the region

TR > 100 MeV, with total number of electrons inside the Super-K
detector Ne = 7.5× 1033 and data-taking period of 2628.1 days.
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Results: bounds from XENON1T and SuperK

1.33. Following the analysis proposed in reference [37], a conservative upper limit on DM

signal can be obtained by requiring

ξ ×NDM < Nsk , (5.2)

where the signal efficiency ξ = 0.93. The number of DM scattering events NDM is calculated

by integrating dRion
dTR

over the region TR > 100 MeV, with total number of electrons inside

the Super-K detector Ne = 7.5× 1033 and data-taking period of 2628.1 days.

10 3 10 2 10 1 100 101

mA′ [MeV]

10 7
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10 5
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10 3
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m = 10 MeV
m = 10 0.5 MeV
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mA′ = 1 MeV
mA′ = 0.1 MeV
mA′ = 0.01 MeV
mA′ = 0.001 MeV

Figure 3: Left panel: exclusion limits of XENON1T (dashed lines) and Super-K (solid

lines) in the mA′ − ε plane. The values of mχ are indicated by the line colors. Right

panel: exclusion limits of XENON1T (dashed lines) and Super-K (solid lines) in the

mχ − ε plane. The values of mA′ are indicated by the line colors. In both cases, the DM

coupling g′ = 1.

In Figure 3, we plot the exclusion limits for XENON1T and Super-K in the mA′ − ε
plane and mχ − ε plane. In the left panel, it can be observed that the sensitivities of both

experiments degrade with increasing dark photon mass, and the degradation of XENON1T

sensitivity is severer. This feature can be attributed to the dark photon propagators for

both CR-DM scattering and DM-electron scattering. The dark photon propagator contains

terms of m2
A′ , 2mχTχ and 2meTR. For the recoil rate, each of the two propagators will

be suppressed by 1/m2
A′ when mA′ dominates over other terms. The typical energy scale

of DM-electron scattering at Super-K experiment is much larger than that at XENON1T

experiment. So, the mA′ suppression for Super-K occurs at larger mA′ . In the right panel,

given the dark photon mass, both experiments are most sensitive to a certain mχ (the

specific value depends on mA′), while the sensitivities degrade for mχ deviating from this

value. This feature is mainly attributed to the flux of CRDM, as we have been discussed

for the right panel of Figure 2, i.e., for a fixed mA′ , in the kinematic region Tχ & O(1)

MeV, the CRDM flux is highest for a certain value of mχ.

Moreover, in the Figure 3, we can find that the Super-K experiment is complementary

to the XENON1T experiment in exploring the full parameter space. And the Super-K

experiment exhibits a stronger bound than the XENON1T experiment in the large mA′

and light mχ region. From the left panel, the intersection points (between the solid and

– 10 –
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Bounds from SuperK: the PDF effects

dashed lines with the same color) show positive correlation between mχ and mA′ . As

has been discussed before, for the CRDM flux, the fraction of energetic DM is higher for

heavier dark photon. Thus, in the heavy dark photon region, the signal rate at Super-K

detector is less suppressed by the mA′ than that at XENON1T. Nevertheless, the situation

becomes opposite in the light dark photon region, where most CRDM have very small

energy, rendering better sensitivity of XENON1T detector.
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m  [MeV]
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Figure 4: The ratio between the exclusion limits of Super-K with (denoted by ε) and

without (denoted by ε0) considering the PDF effects. The ratios for different dark photon

masses are indicated by the line colors. The dark matter coupling g′ = 1.

101 102 103

TR [MeV]

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

dR
/d

ln
T R

 [y
ea

r
1 ]

1e15

T =200 MeV
T =500 MeV
T =1255 MeV
T =1990 MeV
T =3154 MeV
T =5000 MeV

101 102 103

TR [MeV]

1015

1016

dR
/d

ln
T R

 [y
ea

r
1 ]

mA′=10 MeV
mA′ = 1 MeV
mA′ = 0.1 MeV

Figure 5: Left panel: the differential recoil rate with fixed incident DM kinetic energy as

indicated in the legend, where we have chosen mχ = 0.32 MeV, mA′ = 10 MeV, g′ = 1

and ε = 1. Right panel: the differential recoil rate for three different values of mA′ , where

we have taken incident DM kinetic energy Tχ = 1255 MeV, mχ = 0.32 MeV, g′ = 1 and

ε = 1.
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The PDF effects: photon signal at SuperK
The Super-K is a water-based Cherenkov detector in which the Cherenkov
rings produced by photons and electrons exhibit similarities. It is
challenging to distinguish a mono-energetic photon with a threshold of
O(1) ∼ O(10) MeV.
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Figure 6: The differential recoil rate (at Super-K with data taking of 2628.1 days) for

recoiled electron without DM PDF effects (solid line), with DM PDF effects (dashed line)

and for the outgoing photon (dotted line), where we have taken fixed dark photon mass

as indicated in the legend, DM mass mχ = 0.01 MeV, signal efficiency ξ = 0.93 and the ε

is chosen as the maximal value that satisfies the XENON1T and Super-K bounds. Left

panel: DM coupling g′ = 1; Right panel: DM coupling g′ = 3.

In Figure 6, we show the differential recoil rate for the outgoing photon induced by

the dark photon component in the DM PDF at the Super-K detector, where we also plot

the corresponding differential recoil rate for the recoiled electron for comparison. The

parameter choices are explained in the caption, in particular the ε values are chosen as the

maximal values that satisfy the XENON1T and Super-K bounds, which are 1.92 × 10−4,

1.59 × 10−5 and 1.56 × 10−6 for mA′ = 1 MeV, mA′ = 0.1 MeV and mA′ = 0.01 MeV,

respectively. In the left panel, the DM coupling is chosen as g′ = 1 such that the DM

PDF effects are mild. For the mA′ = 1 MeV case (blue lines), the Super-K poses a stronger

bound than the XENON1T due to the electron recoil. At the Super-K, it can produce 4042

recoiled electrons with TR > 100 MeV and 40519.8 outgoing photons with TR > 1 MeV.

For the mA′ = 0.1 MeV case (red lines), the XENON1T poses a stronger bound instead. At

the Super-K, such parameter choice can lead to 0.30 recoiled electrons with TR > 100 MeV

and 119.56 outgoing photons with TR > 1 MeV. As for the third case mA′ = 0.01 MeV,

XENON1T constraint is much stronger than the Super-K constraint. The numbers of both

recoiled electrons and outgoing photons are small at Super-K detector, i.e., 2.56 × 10−5

and 0.022 for electrons with TR > 100 MeV and photons with TR > 1 MeV. The rate of

mono-energetic photon can be further enhanced for larger DM coupling g′ as shown in the

right panel of Figure 6 2. Firstly, the flux of CRDM is proportional to g′2. The rates of both

the signal electron and photon are enhanced, leading to a stronger limit on ε. Secondly,

although the ratio (ε0/ε)
4 (as shown in Figure 4) is always greater than O(0.1) for g′ = 1,

it can be reduced to . O(10−2) for g′ = 3. It means that the calculated exclusion limits

without considering the DM PDFs are considerably over-estimated. Thirdly, the ratio

between the numbers of signal photons and signal electrons can be significantly enhanced

2For comparison purpose, the ε values are kept the same as those for g′ = 1.

– 13 –
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Photon signal at DUNE and JUNO

The DUNE and JUNO detectors possess high-efficiency photon
identification capabilities, allowing for the identification of
mono-energetic photons at significantly lower thresholds.
In these detectors, an energetic single photon signal can be considered
background-free, implying that even a few events can lead to
exclusion or discovery.

Junle Pei Investigating the collinear splitting effects of boosted dark matter at neutrino detectorsJuly 24, 2023 15 / 23



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Projected bounds from DUNE and JUNO

by the large g′. As a result, the mono-energetic photon signal may provide a much better

experimental sensitivity than the recoiled electron when g′ is large.

However, the Super-K is water-based Cherenkov detectors, where the Cherenkov rings

induced by photons and electrons are similar. It is not possible to identify the mono-

energetic photon with threshold O(1) ∼ O(10) MeV. On the other hand, as discussed

in reference [58], DUNE and JUNO detectors have the capacity of high efficiency pho-

ton identification, which enable us to identify the mono-energetic photon with a much

lower threshold. Moreover, such an energetic single photon signal at DUNE and JUNO

can be treated as background free, which means an event rate of a few can lead to the

exclusion/discovery.
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Figure 7: The orange shaded regions and cyan shaded regions correspond to the

Super-K and XENON1T bounds. The DM self-interaction constraints are shown by

hatched vertical lines, and regions on the left-hand side are excluded. The blue lines and

red lines correspond to the contours of three signal photon events in each year at DUNE

and JUNO, respectively. The threshold of the photon detection is indicated by the line

types as explained in the legend. We choose four different DM masses for demonstration,

the values of which are given in the titles of plots.

In Figure 7, we plot the contours of three signal photon events per year at DUNE and

JUNO experiments in the mA′ − ε plane, assuming two different photon energy thresholds

for each experiment. For DUNE detector, considering the single phase LArTPC module,

– 14 –
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Boosting indirect detection of secluded dark matter sector
arXiv: 2302.09839

The hidden sector interacts with the SM through portal interactions
that are suppressed, allowing it to evade direct detection of dark
matter (DM) and collider searches. This scenario is referred to as the
secluded DM model.
In simplified two-component DM models, the heavier DM component,
which dominates the relic density, annihilates into lighter species that
are boosted.
We investigate the effects of dark showering for DM indirect detection
in simplified two-component DM models with vector and pseudoscalar
portal interactions.
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Vector portal model

In this case we introduce a hidden local U(1)H symmetry and SM
singlet field contents

Dirac fermions: χ (Qχ), ψ(Qψ), Scalar: φ(2) , (17)

requiring |Qχ| ̸= |Qψ|, |2Qχ| ̸= 2, |2Qψ| ̸= 2 and |Qχ ± Qψ| ̸= 2.
The relevant Lagrangian for the Dirac fermions is

χ̄(i /D − mχ)χ+ ψ̄(i /D − mψ)ψ, (18)

where Dµχ(ψ) = (∂µ + iQχ(ψ)gHZ′
µ)χ(ψ) is the covariant derivative

with gH being gauge coupling of U(1)H.
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Pseudo-scalar portal model

In this case we introduce a hidden global U(1)′H × ZA
2 × ZB

2 symmetry
where U(1)′H is softly broken, and field contents are

Fermions : χL(0,+,−), χR(Q,+,−),

ψL(0,−,+), ψR(Q,−,+),

Scalar : φ′(−Q,+,+). (19)

Pseudo-scalar portal interactions

L ⊃ yχχLχRφ
′ + yψψLψRφ

′ + h.c.
⊃ iA(yAχχχ̄γ5χ+ yAψψψ̄γ5ψ), (20)

where φ′ = (ϕ+ iA)/
√
2 and yAχχ(Aψψ) ≡ yχ(ψ)/

√
2.

Junle Pei Investigating the collinear splitting effects of boosted dark matter at neutrino detectorsJuly 24, 2023 19 / 23



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Dark parton shower
Sudakov form factor:

∆a (Qmax;Qmin) = exp
[
−
∑

bc

∫ ln Q2
max

ln Q2
min

d ln Q2

∫ zmax(Q)

zmin(Q)

dzdPa→b+c(z,Q)

dzd ln Q2

]
(21)
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FIG. 1. Indirect detection signature for χχ annihilation in
the vector portal model.

of DM annihilation, thus they can be used to set stringent
limits on the pseudoscalar portal DM model. We use the
publicly released bin-by-bin likelihoods of each dwarf in
Ref. [49]. Treating the energy bins as independent, the
multiplication of likelihoods of all of the bins gives the
likelihood for a given dwarf i, Li(Φγ |Di), in which Φγ
is the gamma-ray flux of the DM model and Di is the
data. Finally, the full likelihood is obtained by multiply-
ing the likelihood of the following 15 dwarfs: Bootes I,
Canes Venatici II, Carina, Coma Berenices, Draco, For-
nax, Hercules, Leo II, Leo IV, Sculptor, Segue 1, Sextans,
Ursa Major II, Ursa Minor, and Willman 1.

Giving the energy spectra of gamma-rays per annihi-
lation of heavier DM (χ) as discussed above, the differ-
ential flux of gamma-rays at the location of the earth is
given by [50]

dΦγ
dEγ

=
1

η

1

4π

1

m2
χ

J
∑
f=ψ,A

〈σAv〉f
dNf

γ

dEγ
, (18)

where η is 4 for Dirac DM and 2 for Majorana DM.
The J-factor is the line-of-sight (l.o.s.) integral through
the DM distribution integrated over a solid angle. We
adopt the value of J-factors for the Milky Way dSphs in
Ref. [49], which are calculated assuming an NFW den-
sity profile and integrated over a circular region with a
solid angle of ∆Ω ∼ 2.4× 10−4 sr. The dNf

γ /dEγ is the
energy spectrum of gamma-rays per annihilation in the
channel with final state f . The thermal averaged annihi-
lation cross section 〈σAv〉A (measured in cm3 s−1) of the
channel χχ → AA is p-wave suppressed, while the cross
section for s-wave annihilation χχ→ ψψ is given by

〈σAv〉ψ = y2
Aχχy

2
Aψψ

mχ

√
m2
χ −m2

ψ

2π(m2
A − 4m2

χ)2
. (19)

The AMS measurement of positron flux [51–53] could
set stringent limits to the vector portal model. In con-
trast to the gamma-ray, positrons propagate through the
galactic magnetic field are deflected by its irregularities,
which need to be investigated numerically. Refs. [50, 54]
provide essential propagation functions that encode all
the intervening astrophysics. Thus, the differential flux
at the location of the earth can be calculated by con-
voluting the spectra at production with the propagation

functions:

dΦe+

dEe+
(E) =

ve+

4πb(E, rsun)

1

η

(
ρ(rsun)

mχ

)2

×
∑

f=ψ,Z′

〈σv〉f
∫ mχ

E

dEs

dNf
e+

dE
(Es) I (E,Es, rsun) .

(20)

The information on the galactic DM density profile and
propagation of positrons is summarized in the halo func-
tion I (E,Es, rsun), where Es is the energy at produc-
tion and rsun is the Earth distance to the galactic cen-
ter. The energy loss coefficient function b(E, rsun) de-
picts the energy loss at the location of the earth due to
several processes, such as synchrotron radiation and In-
verse Compton scattering (ICS) on CMB photons and
on infrared or optical galactic starlight. We adopt the
MED model [55, 56] for the propagation parameters and
MF1 [57] for the magnetic field configuration. Differ-
ent choices of parameters can affect the flux up to one
order of magnitude. Moreover, rs = 24.42 kpc and
ρs = 0.184 GeV/cm3 are adopted in the NFW density
profile. The thermal averaged annihilation cross sections
for the vector portal model are given by

〈σv〉f =


g4
Z′χχ

(m2
χ−m2

Z′ )
3/2

4πmχ(m2
Z′−2m2

χ)2
χχ→ Z ′Z ′

g2
Z′χχg

2
Z′ψψ

√
m2
χ−m2

ψ(2m2
χ+m2

ψ)

2πmχ(m2
Z′−4m2

χ)2
χχ→ ψψ

.

(21)
In order to derive the upper limits on the cross sections

or couplings, we assume the positron flux from AMS-02
measurement arises solely from the astrophysical back-
grounds and fit the log(Φe+) of background with degree 6

polynomial of logEe+ . Defining χ2 =
∑
i

Φmodel
i (α)−Φdata

i

σ2
i

,

where Φmodel
i , Φdata

i and σi represent the flux predicted
by the polynomial function with parameters {α}, the
measured flux and the total uncertainties (systematic and
statistical uncertainties added in quadrature) in the i-th
energy bin respectively. And the best-fit values for the
polynomial parameter and χ2 are denoted by {αbf} and
χ2

bf. Then we add the DM-induced flux in Eq. (20) to the
background and fit the stacked flux allowing the parame-
ters to float within 30% of {αbf}. The 95% C.L. limit can
be obtained by χ2(〈σv〉95) ≡ χ2

bf + 2.71. This methodol-
ogy has been widely used in literature [17, 58, 59].

Constraints and discussion The above methodology
has been applied to the full parameter space of our mod-
els. The details for some benchmark points are provided
in the supplemental material. In Fig. 2, we show the
bounds from AMS-02 (shaded region) and Fermi-LAT
observations of dwarf galaxies (solid line) in mψ-gψ plane
with various mχs where gψ = gZ′ψψ (yAψψ) for vector
(pseudoscalar) mediator scenario.

The Fermi-LAT bound and the upper exclusion region
of AMS-02 are induced by the dark showers subsequent

[arXiv: 2302.09839]
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Signal rate

In pseudo-scalar portal model, the differential flux of gamma-rays at
the location of the earth is

dΦγ
dEγ

=
1

η

1

4π

1

m2
χ

J
∑

f=ψ,A
⟨σAv⟩f

dNf
γ

dEγ
. (22)

In vector portal model, the differential flux of positron at the location
of the earth can be calculated by convoluting the spectra at
production with the propagation functions:

dΦe+

dEe+
(E) = ve+

4πb(E, rsun)

1

η

(
ρ(rsun)

mχ

)2

×
∑

f=ψ,Z′

⟨σv⟩f

∫ mχ

E
dEs

dNf
e+

dE (Es) I (E,Es, rsun) (23)
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Results: bounds from Fermi-LAT and AMS-02 5
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FIG. 2. Indirect detection bounds from Fermi-LAT for pseu-
doscalar portal model (solid line) and from AMS-02 for vector
portal model (shaded region).

to the annihilation of χχ → ψψ. In the pseudoscalar
portal model, giving the correct DM relic density (the
parameter relation approximately satisfies Eq. (6)), the
gamma-ray flux (in Eq. (18)) is proportional to g2

ψ/m
2
χ

in the region mψ,A � mχ. As a result, the sensitivity of
Fermi-LAT degrades with increasing mχ in the small mψ

region. In the vector portal model, the positron flux from
χχ → ψψ annihilation is proportional to g2

ψ/m
2
χ which

is similar to the gamma-ray flux of the pseudoscalar
model (more details are provided in supplementary). The
bounds in the small mψ region fluctuate with increas-
ing mχ mainly attributed to the features of the AMS-02
data and the χ2 test method. In both cases, the larger
mass splitting between the χ and ψ can lead to stronger
dark showering effects, i.e. higher particle multiplicity.
Thus the sensitivities become stronger with decreasing
mψ for a given mχ. The additional s-wave annihilation
χχ→ Z ′Z ′ in the vector portal model induces the lower
exclusion region of AMS-02, which is the only detectable
region if dark showering effects are ignored. The flux of
this channel is proportional to 1/g4

ψ in the region with
mψ,Z′ � mχ and gZ′ψψ . O(1) so that the bounds are
relatively stable with respect to the variation of mχ.
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Summary

In the simplified electron-philic dark photon model with fermionic DM, we find
that in the parameter space with a heavy dark photon and light DM, the spectrum
of CRDM flux is flatter, which means that DM particles with energies well above
the detector threshold can contribute significantly to DM-electron scattering.
The XENON1T detector’s low energy threshold is highly sensitive to the parameter
space with a light mA′ , effectively ruling out small couplings ϵ as low as 10−7.
The high-energy electron recoil signals observed at neutrino detectors can be
generated by DM, anti-DM, and dark photon components in the DM PDFs.
Interestingly, our findings suggest that these PDF effects reduce the electron recoil
rate at neutrino detectors, thus alleviating the associated constraints.
The presence of a dark photon component in the DM PDFs can lead to dark
Compton scattering, a phenomenon that can be effectively investigated in
upcoming neutrino detectors like DUNE and JUNO.
We study the dark showering effects in simplified two-component dark matter
models with vector and pseudoscalar portal interactions for indirect detection.
Considering constraints from AMS-02 positron data and Fermi-LAT gamma-ray
measurements of dwarf galaxies, we find that the dark showering phenomenon
reveals a previously unexplored sensitive region.
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