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Outline

1 The collinear splitting for boosted particle
Cosmic ray boosted self-interacting DM

2 Dark matter final state radiation (FSR) during acceleration

3 Dark matter parton distribution function (PDF) during recoiling
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Photon radiation from charged particle

The probability of an electron to emit a collinear
photon with a fraction x of its energy, is given by
the Weizsaicker-Williams effective photon approx-
imation

fγ(x) ∼
α

2πPγ`(x) ln
E2

m2
`

The spliting function Pγ/`(x) = (1 + (1 − x)2)/x.
The photon virtuality is −p2

T/(1 − x), to the first order
approximation.
The photon propagator 1

(pa−pb)2 ∼ 1
2EaEb(1−cos θ)
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The parton distribution function

At the high energy scattering (E � m), process of collinear emission of
initial state can be factorized into PDFs, given the collinear
factorization formula. At muon collider,

σµ+µ−→X (s) =
∑

ij

∫
dz1dz2fi/µ+(z1)fj/µ−(z2)σ̂ij→X (z1z2s)

The large logarithms in the splitting can be resumed with the DGLAP
equation:

dfi(x,Q2)

d logQ2 =
∑

I

αI
2π

∑
j

PI
i,j(x)⊗ fj(x,Q2)

The factorization scale Q
The index I loops over all possible interactions of particle i
The initial condition at Q2 = m2

µ is fµ(x,m2
µ) = δ(1− x), and other

PDFs vanish
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Jet formation: the parton shower

The copious collinear radiations produce a
collimated spray of particles, dubled jet.

For a collinear emission:

σn+1 ∼ σn

∫ dp2
a

p2
a

∫
dz αs

2π P̂(z) ≡ σn

∫
dtW (t)

splitting kernel P̂(z), z = Eb/Ea, virtuality t = p2
a

With multiple emissions

σn+m ∼ σn ·
∫

dt1 · · ·
∫

dtmW (t1) · · ·W (tm)

≡ σn · 1
m!

(

∫
dtW (t))m

In the collinear limit the cross section factorizes.The splitting can be iterated.
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Jet formation: the parton shower

The probability for the next emission at t:

dProb(t) = dtW (t) exp(−
∫ t

t0

dtW (t))

exp(−
∫

dtW (t)) is Sudakov form factor = No emission probability

Monte Carlo description for the parton shower process
Evolve the virtuality from tmax to tmin, calculate the Sudakov
form factor for each step
Use veto algorithm to find the next splitting scale t, determine the
splitting process
Construct the splitting kinematics (off-shell mass, angular ordering)
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Dark matter observations

Dark matter existence seems evident

Small scale structure problems

Core-vs-cusp (dwarfs, LSBs)

Central densities of halos are too shallow.

Too-Big-to-Fail (MW dwarf galaxies)
Biggest
predicted
subhalos from
CDM
simulations
Brightest
observed
galaxies in the
MW

Predicted Milky Way satellites more massive (larger

velocity dispersions) than observed ones.
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Interactions in the dark matter sector
σ/m ∼ [1, 10] cm2/g

σ/m . 1 cm2/g
. Kaplinghat,Tulin, Yu (PRL 2015)

Favors a mild v-dependence
Dwarfs
LSBs
Galaxy clusters

Boosted dark matter with new interactions?
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Boosted DM in direct detection

The halo DM in space can be kicked by cosmic rays to have
relativistic speed, and probed by detector on ground

Electron-philic interaction:

L ⊃ ε× gemA′
µēγµe + g′A′

µχ̄γ
µχ

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

dΦχ

dTχ
= Deff

ρlocal
χ

mχ

∫ ∞

Tmin
CR

dTCR
dΦe

dTCR

dσχe

dTχ

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
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CR boosted dark matter flux

Taking g′ = 1, ε = 1, mA′ = 1 MeV
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For light DM and low Tχ, the flux is proportional to m−4
A′

For light DP, flux of heavy DM is much lower than light DM
The differential flux is more flat for lighter DM and heavier dark
photon, i.e., higher fraction of high energy DM
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The splitting functions for the dark sector
Interaction between Dirac fermion DM χ (χ̄) and dark photon A′:

L ⊃ g′A′
µχ̄γ

µχ

Splitting function:

dPA→B+C

dzdk2
T

' 1
N

1
16π2

zz̄ |Msplit|2

(k2
T + z̄m2

B + zm2
C − zz̄m2

A)
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 final state radiation
Sudakov Form Factor:

∆A(Q2;Q1) ≡ exp

[
−
∑
BC

∫ ln Q2
2

ln Q2
1

d lnQ2
∫ zmax(Q)

zmin(Q)

dz dPA→B+C (z,Q)

dz d lnQ2

]
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Evolution range: Qmax ≡
√

t =
√

2mχTχ, Qmin = mχ + mA′

Kinetic limit: zmin(Q) ≡
Q2+m2

B−m2
C−

√
(Q2−m2

B−m2
C )2−4m2

Bm2
C

2Q2 ,

zmax(Q) ≡
Q2+m2

B−m2
C+

√
(Q2−m2

B−m2
C )2−4m2

Bm2
C

2Q2
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CRDM flux with FSR
The evolution kernel F(Ebefore FSR

χ ,Eafter FSR
χ )

dΦχ

dTχ
=

∫ dΦ0
χ

dT0
χ

F
(
T0

χ + mχ,Tχ + mχ

)
dT0

χ
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gD = 3

FSR depletes the high-energy CRDM through the FSR.
Enhances low-energy CRDM through radiated dark photon decay. The steeply
falling DM flux renders the enhancement mild.
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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)

Initial bounded electrons effective mass m2
eff = (me − Enl

B )2 − p2

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

dσnl =
∑
nlms

1
2Eχ2

(
me − Enl

B
) d3k2

(2π)32Ek2

d3k1

(2π)32Ek1

d3p2

(2π)3 (2π)
4δ4 (p1 + p2 − k1 − k2)

× |iM (p1, p2, k1, k2)|2 |ψnlm (p2)|2

=
2l + 1

16 · (2π)5
TR |p2|

Eχ
(
me − Enl

B
)
|p1|

|iM (p1, p2, k1, k2)|2 |χnl (|p2|)|2 dφp2 d |p2| dqd lnTR

The ionization rate:
dRion

d lnTR
=

∑
nl

NT

∫
dTχ

dσnl
d lnTR

dφχ
dTχ
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DM scattering at neutrino detectors - higher threshold

Boosted CRDM scattering off free electron (Tχ � Enl
B ):

χ(p1) + e−(p2) → χ(k1) + e−(k2)

The differential cross section of the electron recoil kinetic energy TR:

dσ
d lnTR

=
1

32π
TR

|p1|Eχme
|iMχe|2

The ionization rate (without distinguishing different shells) :

dRion
d lnTR

= Ne

∫
dTχ

dσ
d lnTR

dΦχ
dTχ
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The recoiling spectra (gD = 3)
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PandaX-4T: 1.0 tonne-year exposure
Super-K experiment: data taking period of 2628.1 days
Enhancement at low TR when A′ → χχ is allowed
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Bounds from PandaX, Super-K, JUNO

PandaX-4T::

χ2 =

Run0,Run1∑
i

(Ri
χ + Ri

B0 − Ri
exp

σi

)2

90% C.L. limit obtained by ∆χ2 = χ2 − χ2
B0 = 2.71

Super-K: 161.9 kiloton-year exposure data, the total
measured number of events Nsk is 4042 in the bin
0.1 < Te/GeV < 1.33. We require the DM signal
ξ × NDM < Nsk , with signal efficiency ξ = 0.93.
JUNO: one-year exposure with its 20-kiloton liquid
scintillator target (Ne = 6.744 × 1033). Constraint
obtained by requiring 10 events per year with
TR > 10 MeV.
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FSR effects on the bounds

Super-K and JUNO, which have higher energy thresholds, exhibit better
sensitivity than PandaX-4T in the heavier m′

A regime.
The FSR effects tend to relax the bounds by reducing the recoil rates
Slightly strength the bound of PandaX-4T experiment especially for
m′

A ∼ 3 × 10−3 MeV
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The DGLAP equations and DM PDF
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)
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There is large fraction of A′ in the DM PDF, for large g′, small x
and lighter A′ (mχ = 0.01 MeV).
Approaching the perturbative limit g′ = 3, fχ no longer has the
peak around x ∼ 1
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CRDM signal at the neutrino detectors: higher energy
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 ionization rate:

dRion
d lnTR

=N SK
T

∑
i

∫
dT 0

χ

∫ xmax

0
dx dσi

d lnTR
fi(Q, x)dφχ

dT 0
χ

Θ(xE0
χ − Emin

i )

+ N SK
T

∫
dTχ

dσχ
d lnTR

dφχ
dTχ

Θ(Tχ − Tmin
χ )

∫ 1

xmax

fχ(Q, x)

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.
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The PDF effects on Super-K bounds
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The DM PDF effects always reduce the experimental sensitivity (g′ = 1)
In region 1, typical energy scale of DM-electron scattering for heavier dark
photon case is higher, leading to more significant PDF effects
In region 2, the PDF effects are most significant when the signal DM flux is
dominated by the DM with kinetic energy Tχ ∼ O(100) MeV
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The dark photon signal: dark Compton scattering

Dark Compton scattering:

A′ + e− → γ + e−

The corresponding recoil rate:

dR
d lnEγ

=N SK
T

∫
dT 0

χ

∫ xmax

0
dx dσA′

d lnEγ
fA′(Q, x)dφχ

dT 0
χ

×Θ(xE0
χ − Emin

A′γ )Θ(Emax
A′γ − xE0

χ)

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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The PDF effects: photon signal at SuperK
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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 –

[arXiv: 2209.10816]

Jinmian Li (Sichuan University) Collinear splitting of CRDM Aug. 22nd 23 / 26



Detecting the dark photon at DUNE and JUNO

The DUNE and JUNO detectors possess high-efficiency photon identification
capabilities.
In these detectors, an energetic single photon signal can be considered
background-free. Bound obtained by 3-signal photon per-year. (g′ = 1)
For DUNE detector, the sensitivity reach with active LAr of 40 kilotons, which
corresponds to 1.085 × 1034 electrons inside the detector.
The JUNO experiment will be equipped with liquid scintillator detector with
fiducial mass of 20 kilotons, total number of electrons is 6.314 × 1033.
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Conclusion

CRDM offers a sensitive probe for light DM. Here, collinear splitting
effects must be accounted for.

In CRDM acceleration, the FSR effects suppress the boosted DM flux
within the high-energy (high Tχ) region. The A′ → χχ production can
enhance constraints from the PandaX-4T experiment in a narrow range.

In CRDM detection, the PDF effects always reduce the experimental
sensitivity. The collinear splitting induces dark Compton scattering; the
mono-photon signal can possibly be probed at DUNE and JUNO.
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Thank you!
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