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Typical BSM model-independent approach is to include all possible 
BSM operators + light new states explicitly. 

SM as an Effective Field Theory

= - Standard Model terms (ASM, ySM,  HSM) 

+ Dark Sector interactions (ADS, yDS,  HDS) + …

all lowest dimension portals (ASM, ySM,  H, ADS, yDS,  HDS) × 
portal couplings

SM -- Standard Model

DS – Dark Sector [possibly including dark matter states]

L2020s = m
2
H
H

†
SMHSM + all dim 4 terms(ASM, SM, HSM)

neutrino mass terms/e↵ective dim 5 operators

2
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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S)      Higgs-singlet scalar interactions (scalar portal)
Bµn Vµn         “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµ

i Aµ extension)
LH N    neutrino Yukawa coupling, N – RH neutrino  
Jµ

i Aµ   requires gauge invariance and anomaly cancellation
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal… 
Dim>4
Jµ

A  ¶µ a /f      axionic portal
……….

Neutral “portals” to the SM
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Constraints on HNLs
• Charged current 

production of HNLs 
followed by displaced 
decays

• Lower masses are 
typically disfavored 
by cosmology. 
However, BBN limits 
can be relaxed via 
dark decays

• Sensitivity will be 
improved when SHiP 
is built and activated
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New HNL constraints from old LSND
§ With Y. Ema, Z. Liu and K. Lyu, e-Print: 2306.07315 [hep-ph]

§ Sometimes a pair will look like a single electron à contributes 
to n-e scattering sample at LSND. Strong acceptance penalty. 

Muon mixing case

If mN < mµ, the HNL is predominantly produced from the decay of muons at neutrino experiments
with stopped muons such as LSND. The amplitude is diagrammatically given by

iM(µ ! e⌫eN) = µ

N

e

⌫e

. (2.2)

The decay rate is expressed as

�(µ ! e⌫eN) =

Z (m2
µ+m2

N )/2mµ

mN

dEN
d�(µ ! Ne⌫e)

dEN
, (2.3)

with the di↵erential decay rate given by

d�(µ ! e⌫eN)

dEN
=

G2
F |UµN |

2

12⇡3

�
3EN (m2

µ +m2
N )� 4mµE

2
N � 2mµm

2
N

�q
E2

N �m2
N , (2.4)

where GF is the Fermi constant. If we set mN = 0, this formula correctly reproduces the well-known
muon decay rate up to the factor |UµN |

2.
Although subdominant, if mN < m⇡ �mµ with m⇡ the pion mass, the HNL can also be produced

from the decay of pions, whose diagram is given by

iM(⇡ ! µN) = ⇡

N

µ

. (2.5)

In this case, the final-state HNL is monochromatic, and the di↵erential decay rate is given by

d�(⇡ ! µN)

dEN
=

G2
F f

2
⇡ |Vud|

2
|UµN |

2

8⇡m3
⇡

�
(m2

µ +m2
N )m2

⇡ � (m2
µ +m2

N )2 + 4m2
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2
N

�

⇥

q
m4

⇡ � 2(m2
µ +m2

N )m2
⇡ + (m2

µ �m2
N )2 ⇥ �

 
EN �

m2
⇡ +m2

N �m2
µ

2m⇡

!
, (2.6)

where Vud is the ud-component of the CKM matrix and f⇡ is the pion decay constant.

Electron mixing case

As in the muon mixing case, the HNL can be produced from the muon decay if mN < mµ, and the
relevant amplitude is given diagrammatically as

iM(µ ! e⌫µN) = µ

⌫µ

e

N

. (2.7)
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The decay rate is given by

�(µ ! e⌫µN) =

Z (m2
µ+m2

N )/2mµ

mN

dEN
d�(µ ! e⌫µN)

dEN
, (2.8)

with the di↵erential rate given by

d�(µ ! e⌫µN)

dEN
=

G2
F |UeN |

2

2⇡3
EN (m2

µ +m2
N � 2mµEN )

q
E2

N �m2
N . (2.9)

This formula again correctly reproduces the well-known muon decay rate in the limit mN = 0.
In the electron mixing case, the pion produces the HNL if mN < m⇡. The contribution of the pion

decay is important at the relatively high mN region. This is in contrast to the muon mixing case,
where the decay is kinematically allowed only for mN < m⇡ �mµ. The decay rate of pion is obtained
simply by replacing µ ! e in the muon mixing case as

d�(⇡ ! eN)

dEN
=

G2
F f

2
⇡ |Vud|

2
|UeN |

2m2
N

8⇡m3
⇡

�
m2

⇡ �m2
N

�2
⇥ �

✓
EN �

m2
⇡ +m2

N

2m⇡

◆
. (2.10)

Note that the chirality flip is supplied by the HNL and this rate is not suppressed by the electron mass.

2.2 HNL decay rate

We next discuss the decay rate of the HNL. We first note that, in the case of our interest, the total
decay rate of the HNL �N into the SM particles is estimated as

�N ⇠ �µ

✓
mN

mµ

◆5

|UlN |
2 , (2.11)

and thus the lifetime is estimated as

c⌧N ⇠ 108m⇥

✓
mµ

mN

◆5✓ 10�6

|UlN |2

◆
. (2.12)

Thus N is su�ciently long-lived at the laboratory scale and only a small fraction of the HNL decays
within the laboratory, even after including the velocity of the HNL (smaller than the speed of light
c). Therefore we focus on the partial decay rate �(N ! e+e�⌫) as the other decay modes with only
neutrinos in the final state are simply invisible.

Muon mixing case

In the muon mixing case, the HNL decays via the neutral current. The relevant diagram is given by

iM(N ! e+e�⌫µ) = N, pN

⌫µ, p⌫

e�, p2

e+, p1

. (2.13)

4

Production    Detection 

• Even with the penalty, LSND 
provides novel constraints due to 
enormous POT.

• Future experiments may improve 
on these constraints.  

https://arxiv.org/abs/2306.07315
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Derivatively coupled scalars with flavor

• Consider ALP-like scalars derivatively coupled to SM fields. For 
leptons it is  

and similarly for quarks. (Most generically you got to have to 
matrices gL and gR, separately for two lepton chiralities.) 

• ALP mass is still protected against large radiative corrections

Da Ga
Sa - -

#
With: Ema, Fox, Hostert, Menzo, Ray, Zupan, to appear
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Axion-like particles (ALPs) are well-motivated examples of light, weakly coupled particles in
theories beyond the Standard Model. In this work, we study long-lived ALPs coupled exclusively to
leptons in the mass range between 2me and m⌧ � me. For anarchic flavor structure the leptophilic
ALP production in tau decays or from ALP-tau bremsstrahlung is enhanced thanks to derivative
couplings of the ALP and can surpass production from electron and muon channels, especially for
ALPs heavier than mµ. Using past data from high-energy fixed-target experiments such as CHARM
and BEBC we place new constraints on the ALP decay constant fa, reaching scales as high as
O(108) GeV in lepton-flavor-violating channels and fa ⇠ O(102) GeV in lepton-flavor-conserving
ones. We also present projections for the event-rate sensitivity of current and future detectors to
ALPs produced at the Fermilab Main Injector, the CERN SPS, and in the forward direction of the
LHC. We show that SHiP will be sensitive to fa values that are over an order of magnitude above
the existing constraints.

I. INTRODUCTION

The search for light, very weakly coupled particles has
emerged as a crucial avenue for exploring physics beyond
the Standard Model (SM). This approach is complemen-
tary to the more traditional strategy of searching for new
heavy particles at increasingly higher energies. Over the
last two decades, significant e↵orts have been devoted
to defining a “space of possibilities” for feebly interact-
ing particles, commonly referred to as the “dark sector
physics” (see, e.g., [1–3] and references therein).

One of the better motivated examples of such physics is
a light scalar, a, derivatively coupled to the SM fermions
 i

L,R,

Lint /
�
 ̄i

L,R�
µ j

L,R

�
⇥ @µa/fa. (I.1)

These interactions are of canonical dimension 5, and are
thus suppressed by an energy scale, conventionally de-
noted as fa. Similar types of derivatively coupled opera-
tors can be build from the SM gauge fields,

�
✏µ⌫↵� Tr[A⌫@↵A� ]

�
⇥ @µa/fa, (I.2)

with Aµ = Aa
µT a denoting any of the SU(3)c ⇥SU(2)L ⇥

U(1)Y gauge fields. A notable feature of these interac-
tions is the absence of large perturbative corrections to
the a mass, ma, from loops involving the SM fermions
 i

L,R. At a nonperturbative level, however, the interac-
tions with gluons do generate a mass term for a, which
plays a crucial role in the QCD axion mechanism – al-
lowing the originally massless axion field to dynamically
restore CP conservation in QCD [4–6].

In general, a light scalar a need not acquire its mass
solely through the QCD anomaly. This more general
possibility, where ma is treated as a free parameter,
will be referred to as an axion-like particle (ALP). It
is also worth noting that ALP interactions with the SM
fermions constitute only a subset of a broader class of op-
erators, which include also non-derivative and/or scalar
couplings, as recently discussed in [7, 8].

In the general interaction (I.1), the indices i, j label dif-
ferent types of SM fermion, such as quarks, leptons and
include di↵erent generations (respecting, of course, an
overall gauge invariance of the current). Clearly, a very
large variety of such couplings is possible, and without
the knowledge of ultraviolet completion of these interac-
tions no definitive predictions regarding their relative size
can be made. In this paper, we will stay at the level of the
e↵ective field theories (EFTs), and will explore couplings
of a to leptonic currents. Our primary emphasis will be
on the relatively unexplored class of interactions involv-
ing tau leptons. The lowest dimension EFT Lagrangian
is thus

La = Lkin + Lint, (I.3)

where the canonical kinetic term for a,

Lkin =
1

2
(@µa)2 �

1

2
m2

aa2, (I.4)

is supplemented by the interaction terms involving just
the lepton currents,

Lint =
@µa

2fa

X

i,j

h
gij

L PLL̄i�
µLj + gij

R
¯̀
i�

µPR`j
i
. (I.5)
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In this expression, fa is the overall suppression scale,
while the indices on the dimensionless real coe�cients
gij

L and gij
R run over three generations of the SM leptons,

i, j = 1, 2, 3.
In the numerical examples we are going to set gL and

gR to be of the same magnitude but opposite sign, and
use the following short-hand notation,

1

f`1`2

⌘
g`1`2

L

fa
= �

g`1`2
R

fa
. (I.6)

We also use the notation g`1`2 = g`1`2
L = �g`1`2

R , so that
also

1

f`1`2

=
g`1`2

fa
. (I.7)

There are two important phenomenological features of
the Lagrangian I.5. The presence of o↵-diagonal cou-
plings f�1

µ⌧ and f�1
e⌧ , will enhance flavor-changing neu-

tral current (FCNC) ⌧ ! ae, aµ decays, as they can
compete with SM decay amplitudes suppressed by Fermi
coupling constant GF . Therefore fµ⌧ and fe⌧ can e�-
ciently source the production of a in any process where ⌧
leptons are produced. The second interesting feature of
the Lagrangian is that the a decay, a ! µ+µ� and espe-
cially a ! e+e� induced by fµµ and fee are additionally
suppressed by relatively small mµ and me compared to
fiducial mass scale of ⇠ 1 GeV. This will contribute to
additional longevity of a and may lead to a displaced
decay signatures, which we would like to explore.

We note that in Eq. (I.5) the ALP couplings are
SU(2)L-invariant and ALP emission in meson decays is
always suppressed by the fermion mass. Therefore, the
pion and kaon decay modes discussed in the so-called
“weak-violating” ALPs of Refs. [9, 10] do not contribute
meaningfully to ALP production in our case. [YE: I feel
we can say this around Eq. (I.5), not here, and there we
simply say we focus on the weak-conserving case.] [MH:
Moved it here. Can be improved...]

Even with the reduction of the parameter space to a
few couplings, there is still a considerable freedom at the
EFT level that we would like to narrow down further by
considering three flavor scenarios:

1. Flavor anarchy (FA). In this approach, the “demo-
cratic” choice of couplings is entertained without a
particular suppression of o↵-diagonal couplings:

g⌧⌧ ⇠ g⌧µ ⇠ gµµ ⇠ gee etc. (I.8)

The main source of a will be the FCNC produc-
tion, while the decay will proceed to the heaviest
kinematically available pair of leptons.

2. Flavor hierarchy (FH). In this approach the flavor-
changing couplings are assumed to be smaller,

g⌧⌧ ⇠ gµµ ⇠ gee � gµ⌧ , ge⌧ , (I.9)

but not negligible, so that the FCNC decays still
dominate the production.

a

�+
GF

��

�+

��
f �1
a

a

�+
GF

�+, �+

��
f �1
a

a
�+

�+

f �1
a a

��2

f �1
a

�+1

FIG. 1. The tau decays for LFV (top left) and LFC (bottom
row) ALP models. To save space, we do not show the ALP
attached to ø! ! , necessary to conserve the EW symmetry, in
the latter case. The ALP decay is also shown (top right).

3. Flavor conservation (FC). In this approach, the ax-
ion does not have an FCNC channel of production,
following the choice of

g⌧⌧ ⇠ gµµ ⇠ gee; gµ⌧ = ge⌧ = 0. (I.10)

In this scenario, the “bremsstrahlung” production
of a in tau decays (e.g. ⌧ ! ⇡⌫a; ⇡⇡⌫a etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ.

Our goal is to assess the existing constraints and make
projections for the upgrades of the existing experiments
and new projects such as SHiP, putting special empha-
sis on processes involving tau leptons. The main find-
ing of our paper is that exploring the displaced decays a
sourced by the decays of tau leptons in the beam dump
and collider environments provide superior sensitivity to
the model compared to precision studies of the tau de-
cay branching ratios. We find that the displaced µ+µ�

and muon-electron pairs is the most generic and cur-
rently under-explored signature of FA and FH models of
ALPs coupled to lepton currents. We make projections
for this type of searches for SHiP and next generation of
the FASER experiment. In the FC case, we derive novel
constraints for light ALPs with displaced decays to e+e�.

This paper is organized as follows. In the next sec-
tion, II, we derive the production branching ratios of
ALPs in the decay of the ⌧ -leptons, as well as a decay
rates. In section III we discuss the expected ALP produc-
tion rates at past, existing, and future experiments. Our
main results, the derived limits on the parameter space,
as well as future projections are contained in section IV.
We reach our conclusions in section V.
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Flavor conservation, hierarchy and anarchy

• Flavor anarchy:

• Flavor conservation:

• Flavor hierarchy:

Depending on type of coupling, certain production modes dominate, 
and we will consider ALP production mediated by tau-leptons (gives 
larger mass reach, and decay is enhanced by )    

2

In this expression, f a is the overall suppression scale,
while the indices on the dimensionless real coe! cients
gij

L and gij
R run over three generations of the SM leptons,

i, j = 1 , 2, 3.
In the numerical examples we are going to setgL and

gR to be of the same magnitude but opposite sign, and
use the following short-hand notation,

1
f ! 1 ! 2

!
g! 1 ! 2

L

f a
= "

g! 1 ! 2
R

f a
. (I.6)

We also use the notationg! 1 ! 2 = g! 1 ! 2
L = " g! 1 ! 2

R , so that
also

1
f ! 1 ! 2

=
g! 1 ! 2

f a
. (I.7)

There are two important phenomenological features of
the Lagrangian I.5. The presence of o" -diagonal cou-
plings f ! 1

µ " and f ! 1
e" , will enhance ßavor-changing neu-

tral current (FCNC) ! # ae, aµ decays, as they can
compete with SM decay amplitudes suppressed by Fermi
coupling constant GF . Therefore f µ " and f e" can e! -
ciently source the production ofa in any process where!
leptons are produced. The second interesting feature of
the Lagrangian is that the a decay,a # µ+ µ! and espe-
cially a # e+ e! induced by f µµ and f ee are additionally
suppressed by relatively smallmµ and me compared to
Þducial mass scale of$ 1 GeV. This will contribute to
additional longevity of a and may lead to a displaced
decay signatures, which we would like to explore.

We note that in Eq. ( I.5) the ALP couplings are
SU(2)L -invariant and ALP emission in meson decays is
always suppressed by the fermion mass. Therefore, the
pion and kaon decay modes discussed in the so-called
Òweak-violatingÓ ALPs of Refs. [9, 10] do not contribute
meaningfully to ALP production in our case. [YE : I feel
we can say this around Eq. (I.5), not here, and there we
simply say we focus on the weak-conserving case.] [MH :
Moved it here. Can be improved...]

Even with the reduction of the parameter space to a
few couplings, there is still a considerable freedom at the
EFT level that we would like to narrow down further by
considering three ßavor scenarios:

1. Flavor anarchy (FA). In this approach, the Òdemo-
craticÓ choice of couplings is entertained without a
particular suppression of o" -diagonal couplings:

g"" $ g" µ $ gµµ $ gee etc. (I.8)

The main source ofa will be the FCNC produc-
tion, while the decay will proceed to the heaviest
kinematically available pair of leptons.

2. Flavor hierarchy (FH). In this approach the ßavor-
changing couplings are assumed to be smaller,

g"" $ gµµ $ gee % gµ" , ge" , (I.9)

but not negligible, so that the FCNC decays still
dominate the production.
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FIG. 1. The tau decays for LFV (top left) and LFC (bottom
row) ALP models. To save space, we do not show the ALP
attached to ø! ! , necessary to conserve the EW symmetry, in
the latter case. The ALP decay is also shown (top right).

3. Flavor conservation (FC). In this approach, the ax-
ion does not have an FCNC channel of production,
following the choice of

g"" $ gµµ $ gee; gµ" = ge" = 0 . (I.10)

In this scenario, the ÒbremsstrahlungÓ production
of a in tau decays (e.g. ! # "# a; ""# a etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ .

Our goal is to assess the existing constraints and make
projections for the upgrades of the existing experiments
and new projects such as SHiP, putting special empha-
sis on processes involving tau leptons. The main Þnd-
ing of our paper is that exploring the displaced decaysa
sourced by the decays of tau leptons in the beam dump
and collider environments provide superior sensitivity to
the model compared to precision studies of the tau de-
cay branching ratios. We Þnd that the displacedµ+ µ!

and muon-electron pairs is the most generic and cur-
rently under-explored signature of FA and FH models of
ALPs coupled to lepton currents. We make projections
for this type of searches for SHiP and next generation of
the FASER experiment. In the FC case, we derive novel
constraints for light ALPs with displaced decays to e+ e! .

This paper is organized as follows. In the next sec-
tion, II , we derive the production branching ratios of
ALPs in the decay of the ! -leptons, as well asa decay
rates. In sectionIII we discuss the expected ALP produc-
tion rates at past, existing, and future experiments. Our
main results, the derived limits on the parameter space,
as well as future projections are contained in sectionIV .
We reach our conclusions in sectionV.
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ciently source the production ofa in any process where!
leptons are produced. The second interesting feature of
the Lagrangian is that the a decay,a # µ+ µ! and espe-
cially a # e+ e! induced by f µµ and f ee are additionally
suppressed by relatively smallmµ and me compared to
Þducial mass scale of$ 1 GeV. This will contribute to
additional longevity of a and may lead to a displaced
decay signatures, which we would like to explore.

We note that in Eq. ( I.5) the ALP couplings are
SU(2)L -invariant and ALP emission in meson decays is
always suppressed by the fermion mass. Therefore, the
pion and kaon decay modes discussed in the so-called
Òweak-violatingÓ ALPs of Refs. [9, 10] do not contribute
meaningfully to ALP production in our case. [YE : I feel
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Even with the reduction of the parameter space to a
few couplings, there is still a considerable freedom at the
EFT level that we would like to narrow down further by
considering three ßavor scenarios:

1. Flavor anarchy (FA). In this approach, the Òdemo-
craticÓ choice of couplings is entertained without a
particular suppression of o" -diagonal couplings:

g"" $ g" µ $ gµµ $ gee etc. (I.8)

The main source ofa will be the FCNC produc-
tion, while the decay will proceed to the heaviest
kinematically available pair of leptons.

2. Flavor hierarchy (FH). In this approach the ßavor-
changing couplings are assumed to be smaller,
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but not negligible, so that the FCNC decays still
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important, and the longevity of a will be achieved
only for ma < 2mµ .
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and new projects such as SHiP, putting special empha-
sis on processes involving tau leptons. The main Þnd-
ing of our paper is that exploring the displaced decaysa
sourced by the decays of tau leptons in the beam dump
and collider environments provide superior sensitivity to
the model compared to precision studies of the tau de-
cay branching ratios. We Þnd that the displacedµ+ µ!

and muon-electron pairs is the most generic and cur-
rently under-explored signature of FA and FH models of
ALPs coupled to lepton currents. We make projections
for this type of searches for SHiP and next generation of
the FASER experiment. In the FC case, we derive novel
constraints for light ALPs with displaced decays to e+ e! .

This paper is organized as follows. In the next sec-
tion, II , we derive the production branching ratios of
ALPs in the decay of the ! -leptons, as well asa decay
rates. In sectionIII we discuss the expected ALP produc-
tion rates at past, existing, and future experiments. Our
main results, the derived limits on the parameter space,
as well as future projections are contained in sectionIV .
We reach our conclusions in sectionV.
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use the following short-hand notation,
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There are two important phenomenological features of
the Lagrangian I.5. The presence of o" -diagonal cou-
plings f ! 1

µ " and f ! 1
e" , will enhance ßavor-changing neu-

tral current (FCNC) ! # ae, aµ decays, as they can
compete with SM decay amplitudes suppressed by Fermi
coupling constant GF . Therefore f µ " and f e" can e! -
ciently source the production ofa in any process where!
leptons are produced. The second interesting feature of
the Lagrangian is that the a decay,a # µ+ µ! and espe-
cially a # e+ e! induced by f µµ and f ee are additionally
suppressed by relatively smallmµ and me compared to
Þducial mass scale of$ 1 GeV. This will contribute to
additional longevity of a and may lead to a displaced
decay signatures, which we would like to explore.

We note that in Eq. ( I.5) the ALP couplings are
SU(2)L -invariant and ALP emission in meson decays is
always suppressed by the fermion mass. Therefore, the
pion and kaon decay modes discussed in the so-called
Òweak-violatingÓ ALPs of Refs. [9, 10] do not contribute
meaningfully to ALP production in our case. [YE : I feel
we can say this around Eq. (I.5), not here, and there we
simply say we focus on the weak-conserving case.] [MH :
Moved it here. Can be improved...]

Even with the reduction of the parameter space to a
few couplings, there is still a considerable freedom at the
EFT level that we would like to narrow down further by
considering three ßavor scenarios:

1. Flavor anarchy (FA). In this approach, the Òdemo-
craticÓ choice of couplings is entertained without a
particular suppression of o" -diagonal couplings:

g"" $ g" µ $ gµµ $ gee etc. (I.8)

The main source ofa will be the FCNC produc-
tion, while the decay will proceed to the heaviest
kinematically available pair of leptons.

2. Flavor hierarchy (FH). In this approach the ßavor-
changing couplings are assumed to be smaller,

g"" $ gµµ $ gee % gµ" , ge" , (I.9)

but not negligible, so that the FCNC decays still
dominate the production.
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FIG. 1. The tau decays for LFV (top left) and LFC (bottom
row) ALP models. To save space, we do not show the ALP
attached to ø! ! , necessary to conserve the EW symmetry, in
the latter case. The ALP decay is also shown (top right).

3. Flavor conservation (FC). In this approach, the ax-
ion does not have an FCNC channel of production,
following the choice of

g"" $ gµµ $ gee; gµ" = ge" = 0 . (I.10)

In this scenario, the ÒbremsstrahlungÓ production
of a in tau decays (e.g. ! # "# a; ""# a etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ .

Our goal is to assess the existing constraints and make
projections for the upgrades of the existing experiments
and new projects such as SHiP, putting special empha-
sis on processes involving tau leptons. The main Þnd-
ing of our paper is that exploring the displaced decaysa
sourced by the decays of tau leptons in the beam dump
and collider environments provide superior sensitivity to
the model compared to precision studies of the tau de-
cay branching ratios. We Þnd that the displacedµ+ µ!

and muon-electron pairs is the most generic and cur-
rently under-explored signature of FA and FH models of
ALPs coupled to lepton currents. We make projections
for this type of searches for SHiP and next generation of
the FASER experiment. In the FC case, we derive novel
constraints for light ALPs with displaced decays to e+ e! .

This paper is organized as follows. In the next sec-
tion, II , we derive the production branching ratios of
ALPs in the decay of the ! -leptons, as well asa decay
rates. In sectionIII we discuss the expected ALP produc-
tion rates at past, existing, and future experiments. Our
main results, the derived limits on the parameter space,
as well as future projections are contained in sectionIV .
We reach our conclusions in sectionV.

2

In this expression, f a is the overall suppression scale,
while the indices on the dimensionless real coe! cients
gij

L and gij
R run over three generations of the SM leptons,

i, j = 1 , 2, 3.
In the numerical examples we are going to setgL and

gR to be of the same magnitude but opposite sign, and
use the following short-hand notation,

1
f ! 1 ! 2

!
g! 1 ! 2

L

f a
= "

g! 1 ! 2
R

f a
. (I.6)

We also use the notationg! 1 ! 2 = g! 1 ! 2
L = " g! 1 ! 2

R , so that
also

1
f ! 1 ! 2

=
g! 1 ! 2

f a
. (I.7)

There are two important phenomenological features of
the Lagrangian I.5. The presence of o" -diagonal cou-
plings f ! 1

µ " and f ! 1
e" , will enhance ßavor-changing neu-

tral current (FCNC) ! # ae, aµ decays, as they can
compete with SM decay amplitudes suppressed by Fermi
coupling constant GF . Therefore f µ " and f e" can e! -
ciently source the production ofa in any process where!
leptons are produced. The second interesting feature of
the Lagrangian is that the a decay,a # µ+ µ! and espe-
cially a # e+ e! induced by f µµ and f ee are additionally
suppressed by relatively smallmµ and me compared to
Þducial mass scale of$ 1 GeV. This will contribute to
additional longevity of a and may lead to a displaced
decay signatures, which we would like to explore.

We note that in Eq. ( I.5) the ALP couplings are
SU(2)L -invariant and ALP emission in meson decays is
always suppressed by the fermion mass. Therefore, the
pion and kaon decay modes discussed in the so-called
Òweak-violatingÓ ALPs of Refs. [9, 10] do not contribute
meaningfully to ALP production in our case. [YE : I feel
we can say this around Eq. (I.5), not here, and there we
simply say we focus on the weak-conserving case.] [MH :
Moved it here. Can be improved...]

Even with the reduction of the parameter space to a
few couplings, there is still a considerable freedom at the
EFT level that we would like to narrow down further by
considering three ßavor scenarios:

1. Flavor anarchy (FA). In this approach, the Òdemo-
craticÓ choice of couplings is entertained without a
particular suppression of o" -diagonal couplings:

g"" $ g" µ $ gµµ $ gee etc. (I.8)

The main source ofa will be the FCNC produc-
tion, while the decay will proceed to the heaviest
kinematically available pair of leptons.

2. Flavor hierarchy (FH). In this approach the ßavor-
changing couplings are assumed to be smaller,

g"" $ gµµ $ gee % gµ" , ge" , (I.9)

but not negligible, so that the FCNC decays still
dominate the production.

a

! +

GF
"#

#+

" !
f ! 1
a

a

! +

GF

$+,%+

" !
f ! 1
a

a

! +

#+

f ! 1
a a

#!
2

f ! 1
a

#+
1

FIG. 1. The tau decays for LFV (top left) and LFC (bottom
row) ALP models. To save space, we do not show the ALP
attached to ø! ! , necessary to conserve the EW symmetry, in
the latter case. The ALP decay is also shown (top right).

3. Flavor conservation (FC). In this approach, the ax-
ion does not have an FCNC channel of production,
following the choice of
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In this scenario, the ÒbremsstrahlungÓ production
of a in tau decays (e.g. ! # "# a; ""# a etc) will be
important, and the longevity of a will be achieved
only for ma < 2mµ .
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projections for the upgrades of the existing experiments
and new projects such as SHiP, putting special empha-
sis on processes involving tau leptons. The main Þnd-
ing of our paper is that exploring the displaced decaysa
sourced by the decays of tau leptons in the beam dump
and collider environments provide superior sensitivity to
the model compared to precision studies of the tau de-
cay branching ratios. We Þnd that the displacedµ+ µ!

and muon-electron pairs is the most generic and cur-
rently under-explored signature of FA and FH models of
ALPs coupled to lepton currents. We make projections
for this type of searches for SHiP and next generation of
the FASER experiment. In the FC case, we derive novel
constraints for light ALPs with displaced decays to e+ e! .

This paper is organized as follows. In the next sec-
tion, II , we derive the production branching ratios of
ALPs in the decay of the ! -leptons, as well asa decay
rates. In sectionIII we discuss the expected ALP produc-
tion rates at past, existing, and future experiments. Our
main results, the derived limits on the parameter space,
as well as future projections are contained in sectionIV .
We reach our conclusions in sectionV.
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Enhanced production and displaced decays

• Flavor anarchy is special: FCNC production of ALPs will compete 
with weak decays of e.g. taus.

• Because of that even fa ~ 109 GeV can give sizeable production.

• In p-nucleon (e.g. pp) collisions, the likely production chain is 

             pp à Ds à t à a …………...….. a à µ+µ- and µe.

Da Ga
Sa - -

#
~

a

[ In
-

go u
#HereGF

fa

2. Estimates of the production rates

Here I would like to give a quick calculation of the total production rate for
a. We are lead to consider chainDs ! ! ! aµ as the main production
mechanism. Clearly, the GeV scalea would require at leastD, ! , possiblyB
mesons, so everything will be in the ÒpromptÓ category.

We start from the 2-body decay of! ! "# , and after a straightforward
calculation we get

! ! ! "# =
1

16"
G2

F f 2
# m3

! (1 " m2
#/m 2

! )2 # 2.5 $ 10" 13 GeV, (5)

which agrees with the measured value, when we multiply Br# 0.108 by the
total width of ! ! = 2.3 $ 10" 13 GeV.

Now we go to the 2-body decay,! ! µa, where a is emitted from the
tau-mu current. The probability for decay is

! ! ! aµ =
m3

!

64" f 2
a

$ F (m! , ma, mµ) (6)

This function is deÞned asF = 1 in the limit of mµ,a ! 0 and includes
phase space and matrix element dependences. Notice Ò64Ó relative to Ò16Ó
in the previous formula, and that is because we have 1/ (2f a) normalization.
Again, we assume a Þducial value off a = 109 GeV, and ma = 1 GeV, we get
Br! µa # 4 $ 10" 9, including here the phase space suppression etc.

The expected number of events (before e" ciencies, that should beO(1),
as there are no angular losses),

Nsignal = Br ! µa $ Pdecay $ N! % O(150 events). (7)

SHiP collaboration claims that they will have no background and single
event sensitivity, so that it is a huge signal for them.

4. Conclusions

It seems that SHiP allows to probe very largef aÕs once the FCNC decays
are allowed. The sensitivity to (f ! µ f µµ )1/ 4 % few$ 109 GeV and up to 1010.
Large tau-mu currents can be induced at the decently large loop level when
very heavy HNLÕs are involved, as the Yukawa ofN Õs can beO(1).
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Constraints on flavor anarchy scenario

• Past beam dumps (CHARM) provide best limits, followed by FASER, 
(once mu-e and mu-mu signatures are done)

• Currently, for GeV-scale ALPs, fa ~ 108 GeV are constrained. In the 
future, scales close to 1010 GeV maybe probed by SHiP. 

• See related discussion for quark-axion: see e.g. Balkin et al, 2024

3

II. ALP PRODUCTION IN ! DECAYS

In this section, we summarize the ALP production and
decay rates. We investigate the decay of! -leptons, shown
in Fig. 1. Additional details are provided in appendix A.

A. ALP production: ßavor-changing case

As long as the ßavor-changing couplings are sizable,
such as the FA and FH cases, the ALP is dominantly
produced through the ßavor-changing decay of! -leptons,
! ! µa, ea. The decay rate is given by

! (! ! "a) =
|g!" |2m3

"

64#f 2
a

!
1 +

m!

m"

" 2
#!

1 "
m!

m"

" 2

"
m2

a

m2
"

$

# v(m" , m! , ma), (II.1)

where " = µ, e and the separation velocityv is deÞned as

v(M, m 1, m2) =

%

1 "
2(m2

1 + m2
2)

M 2 +
(m2

1 " m2
2)2

M 4 .

(II.2)

For instance, for ma = 0.1 GeV, we Þnd

Br( ! ! "a) = 1 .2 # 10! 4|g!" |2
!

107 GeV
f a

" 2

, (II.3)

with " = e, µ. In this case, the ALP production rate does
not involve the Fermi constant GF , and therefore the
branching ratio is enhanced by a factor ofG! 2

F relative to
the SM decay modes. As a result, the branching ratio of
! ! "a is sizable even for a relatively largef a, indicating
the longevity of the ALP. If ma < m µ " me, the channel
µ ! ea opens up, and this process is tightly constrained
experimentally [11? ]. Therefore, we focus on the mass
range ma > m µ " me in the FA case, and |gµe | $ 1 for
the FH case.

B. ALP production: ßavor-conserving case

In the absence of the ßavor-changing couplings,i.e.
in the FC case,! -leptons can produce ALPs through the
standard weak decay process with an additional emission
of the ALP. For simplicity, we focus on the decay modes
! ! ! #! $" , ! ! ! #! #0$" , and ! ! ! "! ø$! $" , which
accounts for % 70 % of the ! branching ratio. Including
more decay modes results in a tighter bound on/better
sensitivity to the ALP couplings. The ALP production
through ! ! #$" a is calculated with the e" ective La-
grangian

L e! = "
GF&

2
V "

ud f # (%µ #! )ø!&µ (1 " &5)$" + (h .c.), (II.4)
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ma = 400 MeV, f a = 100 GeV
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FIG. 2. The di ! erential branching ratio of tau decays to
ALPs as a function of the fractional momentum carried by
the ALP in the tau rest frame, xa = 2 pa /m ! , with pa the
ALP momentum. We also indicate the position in the x-
axis corresponding to the two 2-body decay modes. We Þx
ma = 400 MeV for this plot.

where Vud ' 0.97 is the CKM matrix element and
f # = 130 MeV is the pion decay constant. The di" er-
ential decay rate is given by

d! (! ! #$" a)
dEa

=
|g"" |2 G2

F |Vud |2 f 2
# m2

" ( øm2
" " m2

# )2

256#3f 2
a øm2

"

#
&
1 "

m2
a(m2

" + øm2
" )

(m2
" " øm2

" )2

'
v(m" , øm" , ma),

(II.5)

where Ea is the ALP energy in the ! -rest frame, and øm2
"

is the invariant mass squared of the o" -shell intermediate
! , related to the ALP energy Ea in the ! -rest frame as

øm2
" = m2

" + m2
a " 2m" Ea. (II.6)

By integrating this expression from Ea = ma to Ea =
(m2

" + m2
a " m2

# )/ 2m" , we obtain the decay rate. For
example, for ma = 0 .1 GeV, we Þnd

Br( ! ! #$" a) = 1 .5 # 10! 12 |g"" |2
!

104 GeV
f a

" 2

.

(II.7)

In this case, the ALP production rate shares the same
factor, G2

F , as the SM weak decay rates. As a result,
the ALP production rate is suppressed compared to the
ßavor-changing case so that the decay constant of our
interest in the FC case is relatively low, f a ! 104 GeV.
This is true also for the other ALP production modes we
discuss below.

The decay mode! ! ! #! #0$" is dominated by the
intermediate ' meson decaying into' ! ! #! #0. There-
fore, we treat the ALP production from this decay mode
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Flavor conservation

• Production is from tau decay (e.g. t à pn  + axion). Displaced decays 
are into electron-positron pairs. 

• In the future, best sensitivity can be achieved with  fa ~ few*104 GeV. 
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Flavor hierarchy

• FCNC production (e.g. tàea) may still dominate but decays occur to 
the flavor-diagonal couplings.

• If lifetimes are shortened, then high-boost experiments (FASER) will 
have advantage. Already now, it is covering some new parameter 
space. 
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Light Dark matter limitations

Goal: explore multiple collisions of DM to fill in 
“blind spots” to light DM
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Main limitation of light WIMP searches
• The kinetic energy of galactic dark matter is limited by 

 Egal, max =  mDM (vescape)2/2.

• For MeV-range DM, this energy is below the ionization energy of 
Xe (13 eV). For MeV DM maximum kinetic energy is ~ 1 eV

• Are there processes that bring DM energy above Egal, max ? 

,-$2(*".;%7

,-$D*@E

F6*6.%;.$().6:($2(*".;%7
G'($%&('($6<7$HD6)%H$,-$:6'%;.*()I

Case 1: DM scattering on electrons. Case 2: DM scattering on nucleons
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“Solar reflected DM”: !"#!$%&$'(#)!(*!+,)(-.( /0(
!"1!*&2!$#3(#-(4506(3,+##!*&$'(-$(!7!,#*-$3

! (An, MP, Pradler, Ritz, PRL 2018, An, Nie, MP, Pradler, Ritz, 2108.10332, 
Emken, 2102.12483, Emken et al, 2404.10066)

! DM can scatter inside the Sun and get accelerated above the ionization threshold

! Initial kinetic energy m!" (v!" )#/2 with v!" ~10$%c (that has an endpoint at ~600 
km/sec) can be changed by scattering with electrons, v&' ~ (2 T()*& /m&)+,# ~ up to 
0.1 c. In particular E*&-'&(.&! can become larger than E/)0/12./)0. 

! Huge penalty in the flux of “reflected” DM ~ 10$3 ~ solid angle of the Sun
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FIG. 2. Exclusion contours for reßected DM from a range of
experiments are shown in comparison to limits from XENON10
and XENON100 on scattering from the galactic DM halo popula-
tion [20, 23]. Filled contours reßect current limits, while dashed
contours denote future projections. The thick gray relic density
contour is for the DM model in Eq. (5). A vertical line at 100 keV
indicates a schematic lower limit from stellar energy loss while the
more model-dependent cosmological Ne! constraint is not shown
(see text).

Solar Reßection of Light DM. DM scattering on par-
ticles inside the Sun has been extensively studied as an
ingredient for the indirect signature of DM annihilation
to high energy neutrinos. The evolution of DM that in-
tercepts the Sun depends crucially on its mass. Given a
large enough elastic cross section on nuclei, WIMP dark
matter with mass above a few GeV can be e! ciently cap-
tured and thermalized. However, for light DM, the cap-
ture process is less e! cient, and DM tends to re-scatter
at larger radii and evaporate. The ÔevaporatedÕ compo-
nent of the DM ßux impinging on the Earth may help
improve sensitivity to ! n [24], and, as we are going to
show, the e" ect mediated by ! e is even more pronounced
for MeV and sub-MeV mass reßected DM; for a detailed
comparison between DM scattering on electrons vs. nu-
cleons inside the sun see [25].

Depending on the scattering cross section! e, and thus
the mean free path, reßection may occur after just one or
two interactions, or after partial thermalization through
multiple scatters within the Sun. The reßected DM ßux
will be determined via a simulation which tracks the kine-
matics after initial entry into the Sun. We will assume
a velocity-independents-wave cross section, but it is no-
table that the relative importance of the reßected ßux
would be enhanced for models with a power-like depen-
dence of the cross section on the relative electron-DM
velocity, ! e ! (vrel )n , such as would occure.g. for scat-
tering via higher multipoles.

To determine the reßected contribution to the DM ßux,
the incoming velocity is assumed to follow a Maxwell-

Boltzmann distribution with an expectation value of
10! 3, and an escape velocity cut-o" at 2" 10! 3. This ve-
locity is negligible compared to solar electrons, and thus
DM that scatters in the Sun acquires E recoil

DM # T. To
gain some intuition, we note Þrst that the probability of
scattering o" electrons in the solar core is approximately
! e " Rcore " ncore

e # ! e/ pb, and thus the Sun scatters e! -
ciently if ! e $ 1 pb. In this optically thick regime, scat-
tering occurs in the convective zone at a characteristic ra-
dius Rscatt given implicitly by ! e

! R !

R scatt
ne(R)dR # O(1).

It follows that the electron temperature, and thus the re-
coil energy, will depend on! e which in turn determines
Rscatt , through the radius-temperature relation [26]. As
the cross section is reduced,Rscatt also decreases and
E reß,max

DM increases as scattering occurs in hotter regions
of the core. Further decreasing the cross section ulti-
mately increases the mean free path# (! ene)! 1 beyond
the solar radius, and the strength of the reßected ßux
is suppressed. The scattering probability and the back-
ground DM ßux in the halo, deÞned through the number
density and average velocity as# halo % nDM vhalo

DM , may
be combined into a simple estimate for the reßected DM
ßux incident on the Earth,

# reß #
# halo

4
"

"
4Sg

3

# R core
1 A .U.

$2
! encore

e Rcore , ! e & 1 pb,

Sg
#R scatt

1 A .U.

$2
, ! e $ 1 pb.

(2)
In the estimate (2), the overall coe! cient of 1/ 4 has a ge-
ometric origin from " R2

" / (4" (1 A.U.)2). Sg denotes the
gravitational focussing e" ect that enhances the area at
spatial inÞnity subtended by the e" ective solar scatter-
ing disk " R2

scatt . For example, at Rscatt # R" , we have
Sg # 1 + v2

esc/ (vhalo
DM )2 # O(10), given the value of the so-

lar escape velocityvesc. We note that the overall energy
extracted from the Sun by reßected DM does not exceed
# 10T " " R2

" # halo , and therefore is not constrained by
solar energetics being many orders of magnitude below
solar luminosity.

Taking a representative choice ofmDM # 3 MeV, one
can estimate the maximum value of the recoil energy dis-
tribution to be # 0.5T(Rscatt ) at ! e $ 1pb. For exam-
ple, a single scatter would accelerate a 3 MeV DM parti-
cle up to # 100 eV energy for! e # 1 nb (Rscatt =0 .8R" ).
The reßected ßux (2) in this optically thick regime is
105 cm! 2s! 1, leading to O(20) ionizations/day in 1kg of
Xe. This constitutes a detectable signal, and motivates
a more detailed analysis.

Our preliminary estimates (2) need to be augmented
to include the possibility of multiple scattering, which
can signiÞcantly impact the energy of the reßected par-
ticles. Since this is di! cult to treat analytically, we will
make use of a simulation to determine the energy spec-
trum and intensity of the reßected DM ßux. The sim-
ulation scans the initial velocity and impact parameter
to determine the initial trajectory into the Sun. The
step size was chosen as 0.01R" , and the Standard So-

3

�� �� ���� ���� ������ ������ ��������
����! ��

����! ��

����������

����������

����������

�����������	!���
 "

���
���

���
���

���
��	

�

�	�

��	
���

��

�
�

���
���

���
���

���
���

���
!�	

��
!

��
"

FIG. 3. Normalized energy distributions FA ! =16 ! R 2
!

(E ) (in eV),

are shown for reßected DM with a mass of 3 MeV and the range of
scattering cross sections indicated. The initial velocity is assumed
to follow a Maxwell-Boltzmann distribution with an expectation
value of 10! 3 , and an escape velocity cut-o ! at 2 ! 10! 3 . It is
apparent that the distributions below 5-7 eV tend to that of the
background halo.

lar Model [26] was used to determine the temperature,
density and elemental abundance at each given radius.
For a given cross section! e, the scattering rate was then
determined probabilistically. If DM does not scatter, it
propagates to the next step with velocity shifted accord-
ing to the gravitational potential. If DM scatters, the
electron momentum was generated according to the tem-
perature distribution, and the new trajectory determined
by Þrst boosting to the DM-electron rest frame, and as-
suming an s-wave cross section. The gravitational e! ect
on the trajectory was included after each nontrivial scat-
tering. This process was repeated until the DM particle
exits the Sun.

We Þnd that it is su" cient to limit our simulations
by a maximal impact parameter " max = 4R! . Outside
that range, only the slowest DM particles will enter the
Sun, giving a highly subdominant contribution to the
reßected ßux. Thus, we simulate the energy distribu-
tion FA ! (E ) of particles interacting with (or missing)
the Sun initially collected from the A! = 16#R2

! im-
pact area. After accounting for the gravitational redshift,
E ! E " mDM v2

esc/ 2, the distribution is normalized to
unity,

! "
0 dEFA ! (E ) = 1, and the resulting reßected DM

ßux at Earth determined via

d# reß

dE
= # halo #

A! FA ! (E )
4#(1 A.U.)2 . (3)

As there is some arbitrariness inA! , the simulated re-
ßected ßux contains an admixture of the initial un-
scattered distribution. This does not a! ect subsequent
calculations because this component stays below detec-
tion thresholds.

Fig. 3 shows the Þnal kinetic energy distribution at
Earth for 3 MeV DM particles. For ! e $ 1 nb, the distri-
bution turns over close to 100 eV, consistent with naive

estimates. Moreover, tracking the trajectories indicates
that DM does indeed have a higher probability to en-
ter the core region if the cross section is below about
10# 34 cm2. Despite the lower cross-section, the enhanced
core temperature can in turn lead to less scatters for DM
to exit the Sun, resulting in the observed enhancement in
the tail of the distribution as the cross-section decreases.
However, the e! ect eventually turns o! once the cross
section drops well below a pb, as the mean free path and
thus the collision rate becomes too low.

Direct detection via electron scattering. With the re-
ßected DM ßux and velocity distribution in hand, the
scattering signatures can be determined along the lines of
the DM-electron scattering analysis of [19, 20], with the
modiÞcations outlined below. We consider DM scattering
o! bound electrons in the detector, having Þxed energy
Ee = me " Eb, with binding energy Eb and a range of
momenta. The process of interest corresponds to atomic
ionization DM + A ! DM + A+ + e# with DM three-
momentum transfer $q. To match the literature, we write
the di! erential scattering rate as a function of electron
recoil energy in terms of a reference cross-section! e [20],

d%! nl v&
d ln ER,e

=
! e

8µ2
DM ,e

"
dq q|f nl (q, p$

e)|2|FDM (q)|2%(Emin ),

(4)

where the DM form factor FDM can be taken to 1 if the
interaction is short range. We only consider cases where
the angular dependence is trivial,q = |$q|. The dimen-
sionless atomic form factor describing the strength of the
ionization process from atomic staten, l is given by

|f nl (q, p$
e)|2 =

p$
e

#2q

" p"
e + q

|p"
e # q|

dp$p$
l#

m = # l

|%$p$
e|ei "qá"r |nlm &|2.

We evaluate the latter using radial Hartree-Fock atomic
wavefunctionsRnl (r ) [27] in &nlm ($r ) = Rnl (r )Ylm (ör ) and
the plane wave approximation |$p$

e&= ei "p"
e á"r , including a

Sommerfeld factor with e! ective charge Ze! = 1 [19];
p$

e =
$

2meER,e . When mDM ' 0.1 MeV, $q á$r ' 1
is possible. In order to avoid spurious contributions
to f nl from potential numerical non-orthogonality in
%$p$

e|1|nlm &, we subtract the identity operator, and eval-
uate %$p$

e|ei "qá"r " 1|nlm &in these cases instead. The event
rate from level (n, l ) is then determined by evaluating
the average over the incoming energy spectrum of the re-
ßected DM component, that in the nonrelativistic limit
is %(Emin ) =

!
E min

dE(mDM / (2E))1/ 2(d# reß /dE )# # 1
halo .

Multiplying it by the ßux and target density NT ,
we arrive at the total rate from the ( n, l ) state,
dRnl /d ln ER,e = NT # halo d%! nl v&/d ln ER,e , where Emin

is the minimum DM energy required to produce an elec-
tron with ER,e recoil energy.

The resulting electron recoil energy spectrum is con-
verted into scintillation (S1) and ionization (S2) re-
sponses in liquid xenon experiments, dRnl /d Si =
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Contact mediator, limits on ! !

! Large Xe-based detectors improve sensitivity to ! & through reflected flux. 
Sensitivity to cross section on electrons down to 10$%4 cm#. 

! Significant fraction of “freeze-out” line for DM abundance is excluded in a 
simple WIMP model. 

only electrons    electrons and protons

An, Nie, MP, Pradler, Ritz, 2017, 2022
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Massless mediators, limits on ! !

! Large Xe-based detectors improve sensitivity to ! & through reflected flux. 

! Second case, massless mediator = milli-charged dark matter, Xe1T is sensitive 
to Q&--5~ few 10$+6 e.

! The results are cross-checked with Stony Brook group (some errors corrected)

cross section normalized on q=m&"         Effective charge

An, Nie, MP, Pradler, Ritz, 2021



Recent developments 
Solar-reflected DM was recently searched for in Panda-X: 

 

Strongest limits on solar-reflected DM to date

Exposure ~ 1.5 ton- year



Light DM accelerated by cosmic rays
• There is always a small energetic component to DM flux (Bringmann, 

Pospelov, PRL 2019, others) due to interaction with cosmic rays. 

• Typically: MeV DM mass à eV kinetic energy à sub-eV nuclear 
recoils. No limits for snucleon-DM for DM in the MeV range. 

• This is not quite true because there is always an energetic component 
for DM, not bound to the galaxy. Generated through the very same 
interaction cross section: sc

2

like) momentum transfer in the collision is given by Q2 =
2m! T! . For isotropic CR-DM scattering, both T! and
Q2 thus follow a ßat distribution, with T! ranging from
0 to Tmax

! . Inverting Eq. (1) gives the minimal incoming
CR energy required to obtain a DM recoil energyT! :

Tmin
i =

!
T!

2
! mi

" #

1 ±

$

1 +
2T!

m!

(mi + m! )2

(2mi ! T! )2

%

, (2)

where the + (! ) sign applies for T! > 2mi (T! < 2mi ).
The local interstellar (LIS) population of CRs is well

measured and typically described by theirdi! erential in-
tensity dI/dR , where R is the particleÕs rigidity. We
adopt parameterizations [17, 18] fordI i /dR i of protons
and 4He nuclei, the two dominant CR components. The
di! erential CR ßux (number of particles per area, ki-
netic energy and time) is then obtained asd! /dT =
4! (dR/dT ) (dI/dR ). For an elastic scattering cross sec-
tion " ! i , the collision rate of CR particles i with energy in
the range [Ti , Ti + dTi ] inside a volumedV thus becomes

d" CR i ! ! = " ! i "
#!

m!

d! LIS
i

dTi
dTi dV . (3)

The resulting CR-induced DM ßux is thus obtained by
dividing by 4! d2, where d is the distance to the source,
implying that the volume integration reduces to an an-
gular average over a line-of-sight integral:

d! !

dTi
=

&
d#
4!

&

l.o.s.
d$ "! i

#!

m!

d! i

dTi
# " ! i

#local
!

m!

d! LIS
i

dTi
De! .(4)

In the second step, we have introduced ane! ective dis-
tanceout to which we take into account CRs as the source
of a possible high-velocity tail in the DM velocity dis-
tribution. Assuming an NFW proÞle [19] for the DM
distribution and a homogeneous CR distribution, e.g.,
performing the full line-of-sight integration out to 1 kpc
(10 kpc) results in De! = 0 .997 kpc (De! = 8 .02 kpc).
While the simplest models indeed assume homogeneous
CR di$usion, with the di$usion zone stretching out to at
least several kpc from the galactic disk [20Ð22], we note
that our e$ective parameterDe! in principle also covers
situations with inhomogeneous di$usion coe%cients. Us-
ing Eq. (1), we can Þnally express the DM ßux in terms
of the DM energy by integrating over all CR energiesTi :

d! !

dT!
=

& "

0
dTi

d! !

dTi

1
Tmax

! (Ti )
&

'
Tmax

! (Ti ) ! T!
(

. (5)

The ßat distribution over recoil energies that follows
from Eq. (1) for isotropic scattering is an assumption
that we modify by the inclusion of the hadronic elastic
scattering form-factor in the simplest dipole form [23],

Gi (Q2) = 1 / (1 + Q2/ ' 2
i )2 . (6)

Here, ' i scales inversely proportional with the charge
radius and is hence smaller for heavier nuclei; for proton
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FIG. 1. Expected ßux of CRDM for di ! erent DM masses
m! = 0 .001, 0.01, 0.1, 1, 10 GeV (from top to bottom). Dotted
lines show the contribution from CR proton scattering alone.
The ßux is directly proportional to the elastic scattering cross
section, here chosen as! ! = 10 ! 30 cm2. In the inset, we
compare the corresponding 1D velocity distributions f (v) to
that of the standard halo model (dashed line).

(Helium) scattering due to a vector current, one has' p $
770 MeV (' He $ 410 MeV) [24]). We thus relate the
scattering cross section to that in the point-like limit by

d" ! i

d#
=

d" ! i

d#

)
)
)
)
Q 2 =0

G2
i (2m! T! ) . (7)

Putting everything together, we expect the following
CR-induced DM ßux:

d! !

dT!
= De!

#local
!

m!
" (8)

"
*

i

" 0
! i G2

i (2m! T! )
& "

T min
i

dTi
d! LIS

i /dT i

Tmax
! (Ti )

.

Here, we only include i % { p, 4He} in the sum. In
Fig. 1 we plot these CRDM ßuxes for various DM masses,
for spin-independent " ! = " n = " p. The contribution
from Helium can be even larger than that from pro-
tons, but is formfactor-suppressed at large recoil ener-
gies. The ßux is related to the 1D velocity distribu-
tion f (v), more familiar in the context of direct DM
searches, asf (v) = m2

! (#local
! )# 1%3d! ! /dT ! . For illus-

tration, we compare this to the Maxwellian distribution
of the standard halo model [25], displayed as a dashed line
in the inset. As expected, the CRDM population peaks
at (semi-)relativistic velocities, and is highly subdomi-
nant at the galactic DM velocities typically considered.

Step 2: Attenuation of CRDM ßux.Ñ Very large
scattering cross sections generally constitute a blind spot
for direct DM detection, because they would lead to a sig-
niÞcant attenuation of the DM ßux from the top of the
atmosphere to the location of the detector [26Ð29]. The
degradation in energy should also occur for the CRDM

Main idea: Collisions of DM 
with cosmic rays generate sub-
dominant DM flux with ~ 100 
MeV momentum – perfect for 
direct detection type recoil. 



Resulting limits on WIMP-nucleon scattering 

• Spin-independent limits. 
[Notice the constraint 
from Miniboone, from 
measurements of NC nu-p 
scattering]. Exclusion of s 
= 10-29-10-31cm2 ! 

• Scattering on free protons 
in e.g. Borexino, SNO, 
SK sre also very 
constraining e.g. for the 
spin-dependent scattering. 

• (Ema, Sala, Sato had an 
independent work along 
the same lines for se)



Recent developments III
• 2403.08361  Panda-X results on cosmic-ray DM

• 2503.18158 LZ results on cosmic-ray DM

Strongest constraints below ~ 100 MeV

Exposure ~ 4.2 ton * year

DM -nucleus scattering results
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Two blind areas for direct detection

1. ~MeV scale dark matter: Kin Energy  = mv2/2 ~ (10-3c)2(MeV/c2)~eV.
 Below the ionization threshold!

2. Strongly-interacting subdominant component of Dark Matter. 
Thermalizes before reaching the underground lab,  
 Kin energy ~ kT ~0.03 eV

 (Typically cannot be entire DM, but is limited to fraction f<10-3)

 Below the ionization threshold!

Nightmare embarrassing scenario



Rare species of strongly interacting DM
• Most advanced direct dark matter detection experiments are so far 

ahead of other probes that we would not be able to distinguish 
between (fc = 1 and s = 10 - 47 cm2, and e.g. fc = 10-3 and s = 10-44 
cm2 )

• Assuming a wide range of fc , 10 -10 to 1 is reasonable, as it can be 
broadly consistent with the freeze-out models. 

• If fc << 1 (e.g. 10-5 ) significant blind spots exist for large scattering 
cross section values (e.g. 10-28 cm2) which can easily arise in models 
with relatively light mediators. The accumulation and distribution of 
DM inside astrophysical bodies (most importantly, the Earth) will 
change. 
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Density of trapped particles: best mass range = 
few GeV. 

§ Lowest mass – evaporation, Highest mass – traffic jam, intermediate 
mass – trapping with almost uniform distribution inside Earth’s 
volume.

§ Enhancement of the density can be as high as 1014. (First noted by 
G.Farrar and collaborators)

§ “Less is more”. Having 1 GeV particle with fc = 10-5 fractional DM 
abundance may result in ~ 109/cm3 concentrations, not 10-5/cm3 . This 
has to be exploited. 
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FIG. 2. Enhanced density of a strongly interacting dark mat-
ter species ! at a depth of 1.4km under the surface of the
Earth as a function of mass (m! ) and per-nucleon cross sec-
tion ( " ! n ), with both thermal and tra ! c jam populations
included. The DM-nuclear interaction is assumed to be spin-
independent with equal couplings to protons and neutrons.

C. Enhanced Densities

In Fig. 2 we show the enhanced density of DM at
a depth of z = 1 .4km under the Earth, correspond-
ing to the overburden at LNGS, as a function of mass
m! and per-nucleon cross section! ! n . Both the ther-
mal and tra! c jam contributions to the enhanced den-
sity are included. To connect the per-nucleon cross
section to cross sections on nuclei, we take! T,N =
min{ A2 (µ! N /µ ! n )2! ! n , 4" r 2

N } , where A is the atomic
mass of nucleusN and rN ! (1.2fm) A1/ 3 is the nuclear
radius. This form corresponds to a SI point interaction
with a nuclear form factor of unity together with a sat-
uration of the cross section at the geometric area of the
nucleus [46, 70]. Since most of the scatterings leading to
capture and accumulation have a low momentum trans-
fer relative to the inverse nuclear radii 1/r N , we expect
that setting the nuclear form factor to unity should be a
good approximation.

The DM densities shown in Fig. 2 are much larger than
the local halo density, particularly for larger cross sec-
tions. This enhancement has two primary features corre-
sponding to the thermal and tra! c jam components, re-
spectively. The greatest enhancement betweenm! " 1Ð
10 GeV comes from thermal accumulation, and coincides
with that found in Ref. [43]. Evaporation depletes this
population for m! ! 1 GeV, while for m! " 10 GeV the
thermal population is mainly located deeper within the
Earth. 3 Instead, the dominant enhancement at larger
massesm! " 10 GeV comes from the tra! c jam popu-
lation. If # makes up only a fraction f ! of the total DM
energy density, the densities shown in Fig. 2 are reduced
by the same factor.

3 Since we do not consider evaporation e ! ects in our tra " c jam
calculations, we only include this component of the enhanced
density for m! ! 1 GeV.

III. UPSCATTERING OF DARK MATTER BY
ACCELERATOR BEAMS

In this section we investigate the upscattering of
strongly interacting dark matter by the beams of deep
underground accelerators such as LUNA [49, 50], LUNA-
MV [51, 52], JUNA [53], and CASPAR [54]. We com-
pute the upscattering rates as well as the detection rates
through elastic nuclear scattering in a xenon detector of
modest size.

A. Dark Matter Upscattering by Accelerator
Beams

Consider a beam of nuclei of massmb and kinetic en-
ergy Eb # mb incident on a cloud of DM particles #
e" ectively at rest. If a beam nucleus collides with a DM
particle in the cloud, the DM will be upscattered to a
velocity

v! =
!

2µ! b

m!

" #
2Eb

mb
cos$ , (10)

where $ is the angle of the outgoing DM relative to the
beam direction. Should the upscattered DM particle col-
lide with a target nucleus N = ( A, Z ) in a detector, the
nucleus will recoil with kinetic energy

ER =
(2 µ! N v! cos%)2

2mN
(11)

= Eb

!
2µ! N

mN

"!
2µ! N

m!

"!
2µ! b

mb

"!
2µ! b

m!

"
cos2 $ cos2 %

$ E max
R cos2 %,

where % is the angle between the recoiling nucleus and
the incident DM direction. We note that all the factors
multiplying Eb in this expression are less than unity and
represent the combined kinematic suppression from the
two scattering reactions involved.

In Fig. 3 we show the maximum nuclear recoil energies
E max

R setting cos$ = 1 for DM upscattered by beams
of protons (left) or carbon (right) with kinetic energies
Eb = 0 .4 MeV (solid) and Eb = 1 .0 MeV (dashed) on
targets of hydrogen (H), helium (He), germanium (Ge),
and xenon (Xe). These recoil energies fall within the
sensitivity windows of typical underground nuclear recoil
DM detectors.

Given an accelerator beam of particles with energyEb,
total current I b, and charge per particleQb, the di" eren-
tial rate of DM upscattering per unit beam travel length
is

dN!

dt dz dc"
=

I b

Qb
n!

d! ! b

dc"
, (12)

where c" = cos $ corresponds to the outgoing DM angle
relative to the beam, z % [&L/ 2, L/ 2] ranges over the
beam travel region after full acceleration, andn! is the
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Using underground accelerators to “accelerate” 
dark matter

§ Some of the underground Labs that host Dark Matter detectors, also 
have nuclear accelerators (LUNA, JUNA) for a completely 
different purpose: studies of nuclear reactions.

§ We propose to couple nuclear accelerators and dark matter 
detectors: accelerated protons (or other nuclei) can strike DM 
particles that can subsequently be detected with a nearby detector.

§ c+p à cE+p           Z+c à ZE+ c

§ This is going to be relevant for models with large DM-nuclear cross 
section where A. interaction is enhanced, B. density is enhanced.  

7

beam pipe

r

detector
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! (z)
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! s(z)

FIG. 4. E ! ective path length ! (" , z) in a spherical detector located along the beam axis.

the Born approximation by

ø#N =
!

µ! N

µ! p

" 2

A2 #! n , (17)

for an e! ective per-nucleon cross section#! n .

Since we study very large cross sections in this work,
we also consider the possibility that the Born approxi-
mation on which Eq. (17) is based might break down.
While the way in which this occurs depends on the de-
tailed interactions between DM and nucleons, there exists
a simple prescription based on geometric saturation that
provides a reasonable approximation to calculations in
a wide range of models [46, 70]. SpeciÞcally, we bound
from above the total nuclear cross section derived from
Eq. (16) by the geometric cross section#! N ! 4$r 2

N with
r N " 1.2fm A1/ 3. This is equivalent to the replacement
of ø#N in Eq. (16) by ø#N, e! deÞned by

ø#N, e! =

#
$%

$&

ø#N ; #tot < 4$ r 2
N

4" r 2
N! 1

0 dx |FN (xE max
R ) |2 ; #tot > 4$ r 2

N

(18)

where

#tot = ø#N

' 1

0
dx |FN (xE max

R )|2 . (19)

With this form, we can express the nuclear cross section
portion of Eq. (14) by

#! N Pthr (! ; Ethr ) = ø#N, e!

#
' 1

x thr

dx |FN (xE max
R )|2 ! (1 $ xthr ) ,

(20)

where xthr = Ethr /E max
R .

We can also specify the upscattering rate more pre-
cisely if we specialize to a SI interaction. For a low-energy
beam of protons,

d#! p

dc#
= 2 #! p cos! . (21)

If the interaction connects DM to protons and neutrons
with equal strength, we can identify #! p = #! n deÞned
in Eq. (17). This result can also be generalized to low-
energy beams of nuclei. Using the saturation prescription
described above, we Þnd

d#! b

dc#
= 2 cos! ø#b,e! |Fb(ER,b )|2 , (22)

with

ER,b =
2µ2

! b

mb

!
2Eb

mb

"
cos2 ! , (23)

and #b,e! deÞned as forø#N, e! in Eq. (18) with N % b,
ER % ER,b , and E max

R % E max
R,b = ER,b (c# = 1) .

In Fig. 5 we show the estimated detector rates of beam
upscattered DM as a function of massm! and per nu-
cleon cross section#! n assuming a point-like SI interac-
tion for a potential beam and detector apparatus. We
take beam parameters motivated by the LUNA accelera-
tor [49, 50] with an accelerated beam section ofL = 5 m
and a kinetic energy per particle of Eb = 0 .4 MeV for
proton beams with current I b = 1 .0mA (left) and car-
bon 12C+ beams with current I b = 0 .1mA (right). For
both beam types, we assume a detector consisting of a
sphere containing liquid xenon of radiusr = 10 cm lo-
cated along the beam axis at a distanced = 50 cm from
the end of the beam pipe with a lower detection energy
threshold of Ethr = 5 keV. See Fig. 4 for details of the
setup.

The detector scattering rates shown in Fig. 5 are sig-
niÞcant and suggest that this method could be used to
test strongly interacting DM even for fractional densities
f ! & 1. These rates trace the DM density enhancements
shown in Fig. 2 to a large degree. They are largest for
m! ' 1Ð10 GeV, corresponding to the enhanced thermal
DM population discussed in Sec. II, although there is also
a shoulder at larger masses from the tra" c jam popula-
tion. For masses belowm! ' 1 GeV, the detection rates
are reduced by the lower DM population due to evapo-
ration as well as the energy threshold we assume for the
detector. This is most clearly visible in the right panel of
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Spectrum of recoil

§ Energy of nuclei in the detector after experiencing collision with the 
accelerated DM. 

Energy of accelerator is ~ MeV and given that the thresholds in many 
detectors are keV and lower, this detection scheme is realistic. 
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FIG. 3. Maximum nuclear target recoil energies E max
R for dark matter upscattered by beams of protons (left) or carbon (right)

with kinetic energies Eb = 0 .4 MeV (solid) and Eb = 1 .0 MeV (dashed) for a selection of target nuclei.

local ! DM number density. From this we see that total
rate of upscattered DM is proportional to the quantity

I b

Qb
L = 6 ! 1017 cm

s

!
I b

1 mA

" !
Qp

Qb

" !
L

100 cm

"
, (13)

where L is the total length over which the fully acceler-

ated beam travels.

B. Detection of Upscattered Dark Matter

For a detector placed downstream of the beam, the
measured rate of DM scattering in the detector is

R =
# L/ 2

! L/ 2
dz

#
dc!

dN"

dt dz dc!

!
1 " e! # $! N n N

"
Pthr (" ; Ethr ) Psh(" , z) (14)

=
I b

Qb
n" #" b L !

# 1/ 2

! 1/ 2
d(z/L )

#
dc!

1
#" b

d#" b

dc!

!
1 " e! # $! N n N

"
Pthr (" ; Ethr ) Psh(" , z) ,

where $ = $(" , z) is the path length in the detector for a
DM particle upscattered at point z through angle " , nN
is the number density of the target nucleus,#" N is the
total DM-nucleus cross section,Pthr (" , Ethr ) is the prob-
ability that the scattering will yield a recoil energy above
the detector threshold Ethr , and Psh(" , z) is the proba-
bility for DM to scatter in material before reaching the
detector. The exponential factor is the probability for
a DM particle from (z, " ) to scatter at least once in the
detector; it reduces to $ #" N nN when this combination
is much less than unity. In the second line of Eq. (14),
we have factored the expression into a total upscattering
rate times a dimensionless acceptance factor for scatter-
ing above threshold in the detector.

The result of Eq. (14) is very general, and it is instruc-
tive to evaluate its components for a speciÞc detector
geometry. We consider a spherical detector of radiusr
located along the beam axis a distanced from the end of
the beam pipe, as illustrated in Fig. 4. For this conÞgu-

ration, the DM path length is

$(" , z) = ! (" s " " ) 2 r
$

1 " D 2 sin2 " /r 2 , (15)

where D = L/ 2 " z + d + r and "s = sin ! 1(r/D ).

C. Application to Spin-Independent Point-Like
DM

If we specialize further to DM that scatters primarily
through a spin-independent point interaction, the di! er-
ential DM-nucleus cross section is

d#" N

dER
=

1
E max

R
|FN (ER )|2 ø#N , (16)

where ER # E max
R = 2 µ2

" N v2
" /m N , FN (ER ) is a nuclear

form factor for SI scattering [71, 72], andø#N is given in
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New reach in the parameter space
§ While 100% fraction of these DM particles is excluded by 

combination of balloon + underground experiments (gray area), the 
accelerator+detector scheme is sensitive to small fc . 2202.0840

§ This is a promising scheme that can be tried without additional 
enormous investment, with existing accelerators (LUNA, JUNA) 
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Nuclear reactors as beam dumps

§ Commercial reactors produce over 1020 neutrons/sec. It is a source of 
anti-neutrinos, and can also be viewed as a neutron beam dump.

§ Recently (last O(5) years),  there has been explosion of efforts to detect 
coherent nucleus-neutrino scattering (CEnNs): i.e. direct detection 
style detectors are brought to O(15m) proximity to reactor cores. 
Importantly, these detectors are achieving low counting rates (e.g. 
CONUS collaboration). 

§ If there is a “bath” of thermalized DM particles, fast neutron scattering 
will create velocitized DM, c + n à cE + n.

§ Ema, MP, Ray, 2024, reanalyzed the results of the CEnNs searches 
using CONUS experiment, and translated it to constraints on GeV dark 
matter. (MP, Ting, 2025, to appear: new constraints on milli-Q)
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Constraints on upscattering of DM at reactors
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Figure 2: Constraints on the spin-independent cross section ! SI
! n from the CONUS experiment [ 25] for f ! = 1 (left) and

f ! = 10 ! 3 (right). The bigger red shaded regions are the full result with the multiple-scattering components, whereas,
the smaller red regions are the result with only the zero scattering component, respectively. Red dashed contours indicate
possible reach when DD experiments are placed in proximity of the nuclear research reactors (see text for details). In
comparison, the existing surface/underground direct detection constraints from CRESST-III [ 41], CRESST (surface) [42],
Darkside-50 [43], EDELWEISS (surface) [ 44], rocket based X-ray Quantum Calorimeter (XQC) [ 45], and balloon-based
RRS experiment [46] are shown in gray shaded regions.

In our case, the DM scatters o! the nuclei, not electrons, inside the detector, and hence we need
a conversion of the nuclear recoil energy to the electron-equivalent recoil energy (which is better cal-
ibrated). The quenching factor k, deÞned as the ratio of the ionization energy generated by nuclear
recoils to the one produced by electron recoils with the same energy transfer, is rather uncertain in
the energy range of our interest. We may takek = 0 .18 [25] and assume that it is energy-independent
for simplicity. The energy region of interest depends both on the detectors and di! erent scientiÞc runs
in the analysis in [25], but we may take it as [0.3 keVee, 1 keVee] to simplify our analysis, where the
subscript ÒeeÓ stands for the electron-equivalent. Assuming that the collected charge output is linear
in the electron recoil energy, we thus require [25]

! 5.6 keV

1.7 keV
dEeve

dNeve

dEeve
< 85, (3.3)

to derive the constraints on the Earth-bound DM from the CONUS experiment. Note that, even though
the CONUS experiment focuses onO(1) keV recoil energy since their main target is the CE! NS events,
our DM ßux is extended up to O(1) MeV as shown in 1. Therefore, an analysis dedicated to our DM
ßux with e.g. higher energy threshold may further improve the sensitivity.

Our results in the SI case are shown in Fig.2 for f ! = 1 (the left panel) and f ! = 10! 3 (the right
panel). The region enclosed by the red line is the full result including the multiple scatterings while the
smaller region enclosed by the red line is the result with only the zero scattering component. The Þgures
show that the multiple scattering contributions indeed enhance the sensitivity for the large values of the
cross section. In comparison, we show the direct detection constraints from CRESST-III [41], CRESST
(surface) [42], Darkside-50 [43], EDELWEISS (surface) [44], rocket based X-ray Quantum Calorimeter
(XQC) [ 45], and balloon-based RRS experiment [46]. We observe that the current parameter region of
the accelerated Earth-bound DM explored by the CONUS experiment is already covered by the other
direct detection experiments, both for f ! = 1, and for smaller values of f ! .

As it is evident from Fig. 2, the main obstacle for extending the constraints towards larger cross
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Figure 3: Constraints on the spin-dependent cross section ! SD
! n from the CONUS experiment [ 25] for f ! = 1 (left)

and f ! = 10 ! 3 (right), including the full multiple scattering contributions (the bigger red-shaded region) and the zero-
scattering contribution only (the smaller red-shaded region). In comparison, the existing surface/underground direct
detection constraints from CDMSlite [ 48], CRESST (surface) [42], rocket based X-ray Quantum Calorimeter (XQC) [ 45],
and balloon-based RRS experiment [46] (adapted from [ 2]) are shown in gray shaded regions.

sections in the SI case is the amount of shielding employed in the searches at commercial reactors. The
CONUS experiment loses the sensitivity for! SI

! n ! 10! 28 cm2 due to the shielding. Research reactors,
that typically have two-to-three orders of magnitude less power are not widely used so far for the
detection of CE" NS, where the main limiting factor is the neutrino ßux. For the thermalized DM
searches, however, the research nuclear reactors may indeed provide additional sensitivity. Assuming
that a DD experiment can operate at ! 3 m distance from the research reactor core (a factor of 10
closer than for a typical placement of a detector at commercial reactor) with the thermal power of
P = 10 MW, and employ only 1 m of shielding "4, we plot the projected sensitivity with the dashed line
contour. One can see that the inf ! = 1 case, the sensitivity extends to the region constrained only by
the rocket-based XQC experiment. At f ! = 10! 3, new unconstrained parameter space can be covered.

The new sensitivity that we claim can be achieved is right in the range of masses and cross sections
for a hypothetical exotic stable di-nucleon/sexaquark state [6]. If stable, such particles may contribute
to the DM abundance. The upscattering in the nuclear research reactors is perhaps one of the most
promising ways to limit/study such model.

Next, our results in the SD case are shown in Fig.3 for f ! = 1 (the left panel) and f ! = 10! 3

(the right panel). The region enclosed by the red line is the constraint from the CONUS experiment,
while the other existing DD experiments are shown in gray. In this case, we see that the CONUS
experiment probes a new parameter region, not covered by the existing DD experiments. Note that the
atmosphere is composed mainly of14N which has a nuclear spin one,"5 while the dominant composition
of the shielding in the CONUS experiment do not possess a Þnite nuclear spin. This indicates that the
shielding to the DM particles in the SD case is e! ectively smaller, relative to the DD experiments at
the EarthÕs surface, compared to the SI case. We note that our lower bound scales asf ! 1/ 2

! while the

" 4For instance, the FRJ-1 research reactor at J¬ulich was used to search for (pseudo)scalar particles in [47] with minimal
amount of shielding, ls ! O(10) cm.

" 5Refs. [2, 44, 49] quoted "Sn # = "Sp# = 1 / 2 for 14 N. We note that a simple nuclear shell model instead predicts
"Sn # = "Sp# = $ 1/ 6 which reproduces the measured magnetic moment well [50]. This enhances the upper bound of the
DD experiments, performed on the EarthÕs surface, shown in Fig.3 by a factor of 9. In our computation of the DM
surface density, we adopt the shell model value for the cross section with 14 N.
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Novel limits are derived for spin-dependent scattering. No new limits for 
spin-independent case, as large amount of shielding (over 6m of 
concrete) leads to suppression of DM energy at CONUS detector 
location. Motivates experiments at research reactors with less shielding.
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Conclusions
• Light dark matter and dark sectors continue to be an interesting 

search direction. 

• In my talk, I showed novel limits that can be obtained on HNL using 
old LSND data, as well as new constraints on ALPs coupled to 
leptons, with various flavor patterns. 

• Light dark matter can be explored using double collisions: e.g. with 
solar electrons and with cosmic rays, setting novel [almost] model-
independent limits. 

• Another blind spot that potentially exists: thermalized dark matter. 
Here a nice opportunity emerges to explore enhanced energy 
densities, using underground accelerators coupled to DM detectors, 
as well as neutrino recoil experiments at reactors. 
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1 .86! 1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino ßux and interaction rates. No
excess of events over background was observed, leading to an 90% conÞdence limit on the dark-
matter cross section parameter, Y = ! 2" ! (m! /m v )4 ! 10" 8, for " ! = 0 .5 and for dark-matter
masses of 0.01 < m ! < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction Ñ There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3Ð18]. In these experiments, DM particles may be
produced in collisions with nuclei in the Þxed target, of-
ten a beam dump, and may be identiÞed through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to
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FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o ! -target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o ! -target mode lowering the neutrino ßux.

place limits on the parameters within this class of models.
In this Letter, we report on the Þrst dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
conÞgured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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Comparing to other experiments

 (GeV)!m
2"10 1"10 1

4 )
V

/m
!

'(m
#

2 $
Y

 =
 

11"10

10"10

9"10

8"10

' = 0.5#                       ! = 3m
V

N                        m!%N!

LSND

E137

BaBar

+invis.+&%
+

K

 invis.%'J/

Direct Det.

Relic Density

 g-2 favoredµ

' = 0.5#, ! = 3mVm

MiniBooNE 90% CL

MiniBooNE 90% Sensitivity

Pre
lim

ina
ry

 (GeV)Vm

1!10 1

"

3!10

LSND

E137

BaBar

+invis.+#$
+

K

Relic Density

 g-2 favoredµ

' = 0.1% = 10 MeV, &m

MiniBooNE 90% CL

MiniBooNE 90% Sensitivity

Pre
lim

ina
ry

! First dedicated proton beam-dump search for DM

! Exclude new parameter space1

1Amount of parameter space newly excluded depends on slice plotted
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Subject to future improvement with much closer new detector at SNB 
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