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Weakly Interacting Massive Particle (WIMP)

ΩDMh2 = 0.120 ± 0.001

Dark Matter (DM) Problem

WIMP approach

⟨σannv⟩ ∼ 3 × 10−26 cm3/s

Boltzmann eq.:
dnχ

dt
+ 3Hnχ = − ⟨σannv⟩(n2

χ − n2
χ,eq)

Current energy density:

[Planck 2018]
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Weakly Interacting Stable & Neutral Particle 
↪︎ thermalized in early universe

Map of temperature fluctuation [Planck]
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Annihilation



WIMP paradigm

3

→ Cross section for Electroweak (EW) interaction

e.g. charged pion decay

EW int. mediated by 

(  : EW scale )

Z, W±

mW = 80.4 GeV

c = 3 × 108 m/s
1 b = 10−24 cm2

?
New physics for ~EW scale?

DM particles

Z, W±
𝒪(100) GeV

⟨σannv⟩ ∼ 3 × 10−26 cm3/s ∼ 1 pb ⋅ c

Annihilation

Scattering

Creation



124Xe QLL
y =Qβ

y, bounded between 0.65 and 0.87.
Parameters characterizing 222Rn and 220Rn daughter back-
grounds, tritium, and 14C are independent in the high- and
low-mixing state exposures. The sixth sample in the like-
lihood represents WS2022, containing the data and models
from the first, 60 live-day WIMP search result [8]. The full
WS2024 dataset is shown in the top panel of Fig. 3. All six
samples can be seen in Fig. S1 of Supplemental
Material [22], where we also report their exposures.
The best-fit number of WIMPs at all masses tested

(between 9 GeV=c2 and 100 TeV=c2) for the combined
WS2024þWS2022 analysis is zero. The goodness of fit of
the background-onlymodel is assessed in binned one-dimen-
sional (1D) projections of the data and model into S1c,
log10ðS2cÞ, reconstructed energy, distance from the ER band
median, as well as the 2D space of fS1c; log10ðS2cÞg. All
samples show excellent model-data agreement, passing a
Holm-Bonferroni test [31] with a significance level of 0.05.
Figure 4 shows the WS2024 data and model in the 1D
projection along the ER bandmedian, illustrating the level of
agreement through the tails of the distribution with the
inclusion of the modified 124Xe response. The fitted values
of the radon tagging efficiency and the 124Xe QLL

y =Qβ
y are

consistent across all masses, at 62$ 3% and 0.70$ 0.04,
respectively, in agreement with the prefit expectations.

Figure 5 shows the 90% confidence level (CL) upper
limit on the spin-independent WIMP-nucleon cross sec-
tion as a function of mass following inference performed
with a two-sided, unbinned profile likelihood ratio test
statistic [32]. The limit is power constrained at all WIMP
masses to 1σ below the median expectation following the
recommendation in Ref. [33]. The fluctuation, and there-
fore the size of the constraint, is largest between 20 and
50 GeV=c2. This is a consequence of the inclusion of the
WS2022 data from Ref. [8], which exhibit an underfluc-
tuation in this region. The limit for the WS2024 data alone
can be found in Supplemental Material [22], with an
approximate −1σ fluctuation across the entire mass range,
primarily attributed to an underfluctuation of the acciden-
tal coincidence background in the region of largest over-
lap with expected WIMP distributions. The minimum of
the limit curve is 2.2 × 10−48 cm2 at 40 GeV=c2 while that
of the median expected limit is 5.1 × 10−48 cm2 at
40 GeV=c2. The best median 3σ observation potential is
1.1 × 10−47 cm2 at 40 GeV=c2. Results of searching for
evidence of spin-dependent WIMP-nucleon couplings are
discussed in the Appendix.
In summary, LZ has achieved limits on SI WIMP-

nucleon interactions that surpass previous best exclusions
by a factor of four or more for WIMP masses > 9 GeV=c2.
A radon tag to target the dominant ER background from
214Pb decays has been demonstrated, with potential for
optimization that will allow it to have greater impact on the
sensitivities of future searches, particularly for physics with
potential ER signals. The enhanced electron-ion recombi-
nation of 124Xe LL-shell DEC events was noted for the first
time and will be further investigated in future analyses. The
experiment continues to take salted data toward a target
1000-day live time that will enable more sensitive searches
for WIMP interactions and other new phenomena.
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FIG. 5. Upper limits (90% CL) on the spin-independent WIMP-
nucleon cross section as a function of WIMP mass from the
combined WS2024þWS2022 analysis (280.0 live days) are
shown with a solid black line, with a −1σ power constraint
applied. The gray dot-dashed line shows the limits without the
power constraint; green and yellow regions show the range of
expected upper limits from 68% and 95% of background-only
experiments, while the dashed black line indicates the median
expectation, obtained with postfit background estimates. The
median 3σ observation potential from the postfit model is shown
as a dotted black line. Also shown are limits from WS2022 only
[8], PandaX-4T [10], LUX [34], all power constrained to −1σ;
XENONnT [9], reinterpreted with a −1σ power constraint;
XENON1T [35], and DEAP-3600 [36].
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Direct detection 
Scattering rate of WIMP

• Particle physics inputs

•DM mass

•Differential cross section of WIMP-nucleon scatt.


• Astrophysical inputs


•Local DM density      (e.g. )


•Velocity distribution   (e.g. Maxwell-Boltzmann dist.)

ρDM = 0.3 GeV/cm3

4

Related Talks: 

DM DM

N N

p → p′ →

↓ q = p′ − p

[J. Aalbers, et al. (2025)]

Tianyu Zhu          || Recent XENONnT results and current status

Henrique Araujo  || Towards new physics: from LZ to XLZD

dR
dER

= NT ⋅ ρDM
mDM

⋅ ∫v>vmin

d3v v f( ⃗v + ⃗ve) × dσ
dER

https://arxiv.org/pdf/2410.17036


Connecting Experiment & Theory
Non-Relativistic EFT (NREFT)
• Non-relativistic WIMP-nucleon scattering  
→ Described by Galilean & Hermitian invariant blocks


•   Momentum transfer           :  


•   Relative velocity                 :   


•   Spin operator for DM         :  


•   Spin operator for nucleon  :  

i ⃗q
⃗v⊥ ≡ ⃗v + ⃗q/(2μN)
⃗Sχ

⃗SN

5

[A. L. Fitzpatrick, et al. (2013)]

    :  relative velocity btw DM & nucleon

  :  reduced mass of DM & nucleon

⃗v
μN

Connection w/ Relativistic theory (e.g. Majorana fermion DM )χ
   WIMP-quark plausible mediator NREFT basis (LO) SI/SD momentum dep.

Scalar SI —

Pseudoscalar SD

Vector SD —

χ̄χ q̄q
χ̄iγ5χ q̄iγ5q

χ̄γμγ5χ q̄γμγ5q

𝒪1 = 1χ 1N

𝒪6 = ( ⃗Sχ ⋅ ⃗q)( ⃗SN ⋅ ⃗q)
𝒪4 = ⃗Sχ ⋅ ⃗SN

𝒪(q2/(mχmN))

ℒint

DM DM

N N

p → p′ →

↓ q = p′ − p

https://arxiv.org/pdf/1203.3542


   WIMP-quark plausible mediator NREFT basis (LO) SI/SD momentum dep.

Scalar SI —

Pseudoscalar SD

Vector SD —

Theoretical candidates
WIMP above  Fogν
• Tree-level  boson exchange:    (current bounds)


• Reason for Suppression?


• Loop induced process    || (quantum loop suppression) 


•Momentum dependence ||   :  


•Spin dependence             || (w/o coherent scattering)      

Z σSI ∼ 10−39 cm2 ≫

≲ 10−2

𝒪(100) GeV q2/(mχmN) ≲ 10−4

∼ 10−4

6

[A. L. Fitzpatrick, et al. (2013)]

χ̄χ q̄q
χ̄iγ5χ q̄iγ5q

χ̄γμγ5χ q̄γμγ5q
𝒪6 = ( ⃗Sχ ⋅ ⃗q)( ⃗SN ⋅ ⃗q)
𝒪4 = ⃗Sχ ⋅ ⃗SN

𝒪(q2/(mχmN))

ℒint

[C. A. J. O'Hare (2021)]

Connection w/ Relativistic theory (e.g. Majorana fermion DM )χ

χ̄γμγ5χ q̄γμγ5q

𝒪1 = 1χ 1N

https://arxiv.org/pdf/1203.3542
https://arxiv.org/pdf/2109.03116


1. Electroweak Multiplet Dark Matter (1/3)

7

χ0, χ±, ⋯
𝒪(1) TeV

Z, W±
𝒪(100) GeV

• Definition:   DM w/ Electroweak charge → connection w/ BSM scenarios (e.g. Supersymmetry, Extra-dimension)  
                   ※ Electroweak Symmetry:  , DM stability should be realized by other symme.


• Feature 1:  Correct DM energy density is explained for TeV scale DM


• Feature 2: Small mass splitting btw electroweak multiplets

SU(2)L × U(1)Y

Setup

h�annvi ⇠ 3⇥ 10�26 cm3/s

<latexit sha1_base64="IG2g1ka/G80GmYjXudMFskHlmfM="></latexit>

 ≃ α2
2 /m2

DM mDM ≃ 𝒪(1) TeV

ΔMEW ≃ α2mW ≃ 𝒪(100) MeV

≫

(Radiative correction, assuming )mDM ≫ mW

: SU(2)L fine structure const.α2

Interaction for SU(2)L -plet w/ Hypercharge : n Y

       (for  only)ℒZ = − i
g2

cos θW
Y χ0γμχ0′ Zμ Y ≠ 0

ℒW = g2
4 n2 − (2Y + 1)2χ0γμχ−W+

μ + g2
4 n2 − (2Y − 1)2χ0γμχ+W−

μ + h . c .



1. Electroweak Multiplet Dark Matter (2/3)
Direct detection (Y = 0)
• SI & SD cross sections via loop [J. Hisano, et al. (2010)]


• Cancellation in effective coupling w/ nucleon


• 


• Candidates are above  fog

σSI ∼ 𝒪(10−48 − 10−46) cm2

ν

8

[S. Bottaro, et al. (2022)]
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FIG. 8. In dark green we show the present contraints from XENON-1T [83] and PandaX-4T [84], the green dashed line
shows the reach of LZ [85] and the brown green dot-dashed line the ultimate reach of DARWIN [19]. The light gray region
show the neutrino floor for 200 ton/year exposure derived in Ref. [86]. Left: Expected spin independent (SI) direct detection
cross-section for Majorana n-plets (red) and for real scalar n-plets (blue) (assuming the Higgs portal coupling �H = 0). The
vertical error bands correspond to LQCD uncertainties on the elastic cross-section in Eq. (41) while the horizontal error band
comes from the theory determination of the WIMP freeze out mass. Right: Current and future reach on the Higgs portal
quartic �H defined in Eq. (1) for scalar DM. In the shaded dark red region the quartic modifies the freeze-out cross-section by
O(1) or more. The dashed red contours indicate smaller ratios of the Higgs-portal and the EW annihilation cross-sections.

where the Wilson coe�cient was computed in Ref. [90]
and we expanded it at zeroth order in M�/mh � 1. The
corresponding SD cross-section is too small to be probed
even at a very large exposure experiment like DARWIN.

Finally, we comment on the new opportunities for di-
rect detection that arise for scalar DM. Here, a non-zero
Higgs portal quartic in Eq. (2) leads to a new contribu-
tion to the SI DM scattering cross-section with the nuclei,
which again in the M� � mN limit reads

�
H
SI =

4

⇡
m

4
N
|k

H
N
|
2
, (43)

where

k
H
N

'
�HfN

4m2
h
M�

, (44)

with fN ' 0.31 obtained from lattice QCD results
(see [95] for a more detailed discussion on the scalar
triplet). In the right panel of Fig. 8 we show the re-
gions of parameter-space where the Higgs-portal inter-
action can be tested in direct detection. The require-
ment of not significantly a↵ecting the freeze-out dynam-
ics bounds the annihilation cross-section induced by the
Higgs portal to be smaller than the EW cross-section,
�
H

ann/�
EW
ann . 1, which results in an upper bound on

the quartic coupling �H shown by the red shading in
Fig. 8. An estimate for this bound can be obtained by
comparing the hard annihilation cross-sections, and reads
�
2
H

. (n2
�3)(n2

�1)g42/8. Interestingly, XENON1T and
PANDAX-4T already exclude a large part of the region
where the Higgs portal induces O(1) modifications of the
freeze-out predictions, while LZ will completely exclude
this possibility.

VII. CONCLUSIONS

After many years of hard experimental and theoretical
work, the possibility that Dark Matter is part of an EW
multiplet is still open and deserves theoretical attention
in view of the future plans for experimental searches. In
this paper we made a first step in sharpening the theo-
retical predictions computing all the calculable thermal
WIMP masses for real EW representations with vanish-
ing hypercharge. We included both Sommerfeld enhance-
ment and bound-state-formation e↵ects at LO in gauge
boson exchange and emission. Our results are summa-
rized in Table I.

We find that the largest calculable SU(2) n-plet at LO
is the 13-plet, which is as heavy as 350 TeV. Stronger
requirements about the perturbativity of the EW sector
up at high scales can further lower the number of vi-
able candidates. We consistently assign a theory error
to our predictions by estimating the NLO corrections to
the SE. The latter dominate the theory uncertainty for
n � 7, while for n = 5 the error is dominated by the ap-
proximate treatment of EW symmetry-breaking e↵ects
in the computation of the BSF cross-sections.

Given the updated mass predictions from thermal
freeze-out, we re-examined various phenomenological
probes of WIMP DM.

High energy lepton colliders in the 10 – 30 TeV range,
such as a future muon collider, can directly produce EW
multiplets with n  5. In order to probe a Majorana
fermion with n = 3 (n = 5) with missing-mass searches,
a collider with at least

p
s ⇠ 12 TeV (

p
s ⇠ 35 TeV) and

the baseline integrated luminosity of Eq. (24) would be
required. The highest mass reach is obtained by means
of an inclusive mono-W search.

Indirect detection ( -fermion, )5 Y = 0
[M. Aghaie, et al. (2026)]
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Figure 6: Observation time Tobs required to derive a 95% CL limit to the MDM 5-plet
signal as a function of the DM mass for selected northern dSphs. Dashed lines represent the
sensitivities obtained under the line-only signal hypothesis, while solid lines include both line
and continuum contributions. The aquamarine band highlights the thermal mass window
centered at the central value MDM = 13.7TeV. Results are presented for DraI, WilI, CBe,
and UMajII.

CBe and Wil1, we obtain weaker sensitivities due to the larger impact of systematics and the
smaller values of the J-factors (see Tab. 1). In particular, we find that TCBe

obs
→ 1000 hours and

T
Wil1

obs
↑ 3700 hours for MDM = 13.7TeV, while at the extreme of the thermal mass window

we obtain T
CBe

obs
↑ 500 hours and T

Wil1

obs
↑ 1800 hours for MDM = 13.4TeV, and T

CBe

obs
↑ 2100

hours and T
Wil1

obs
↑ 8100 hours for MDM = 14.3TeV. Finally, the weakest limits are obtained

for the classical dSph DraI, for which we find → O(104) hours to exclude the thermal mass
window. Although the resulting limits are weaker than those obtained from UMajII, they are
based on a more robust and reliable determination of the J-factor.

It is particularly interesting to notice how significantly the photon continuum contributes
to the overall sensitivity. To illustrate this, we show with dashed lines in Fig. 6 the observation
time required when only the line component of the photon spectrum is included. For instance,
in the case of DraI, we find that incorporating the continuum alongside the line reduces the
required observation time by a factor of approximately 2.5 compared to the line-only analysis,
highlighting the significant role played by the continuum in enhancing the sensitivity relative
to a line-only search. Similarly, for our best candidate, UMajII, we see that including the
ω-ray continuum in the analysis improves the observation time obtained with a line-only
analysis by a factor → 3. It is worth to notice that, when comparing the line-only and
line+continuum results, the systematic uncertainties on the J-factor have a greater impact
on the line searches. This is because a spectral line is a sharp feature in the spectrum, a!ecting
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Figure 14. An estimate for the required core size of the Einasto profile, given no preference for a
signal is seen in our H.E.S.S. mock analysis, and if no signal emerges in an analysis of the full H.E.S.S.
dataset, or at CTA. The central values correspond to 13.6 TeV, the central thermal mass, whereas the
upper and lower error bars correspond to 12.8 and 14.4 TeV, the edges of the thermal mass window.
The dashed corresponds to the rough core size constraint from Ref. [100]. Our results suggest that
H.E.S.S. can already considerably test the quintuplet, with the final word likely being left to CTA.

Nevertheless, repeating the process at 14.4 TeV, the required core size would only be 1.6 kpc,
and therefore not yet clearly excluded. We can also give a crude estimate for the sensitivity
the upcoming CTA could have for the quintuplet. Although no dedicated forecast for the
quintuplet has been performed using the spectra in our work, we can estimate the improved
sensitivity as follows. Reference [64] performed an identical mock analysis to ours for the
NLL wino spectrum, estimating sensitivity at Mω = 13.6 TeV of →ωv↑line ↓ 8 ↔ 10→27 cm3/s,
slightly stronger than the sensitivity to the quintuplet. Using the identical NLL spectrum,
Ref. [44] then estimated that with 500 hours of data, CTA could reach ↓ 1 ↔ 10→28 cm3/s,
a factor of eighty improvement. Assuming the same improvement for the quintuplet, CTA
would be sensitive to →ωv↑line ↓ 1.1 ↔ 10→28 cm3/s, excluding the thermal value by a factor
of eight hundred. To not have seen the thermal quintuplet, we would need to core εω out to
almost 8.6 kpc – beyond the solar radius – which is simply inconsistent with observations.
Even at the upper end of the mass range, a core of 6.4 kpc would be required. In this sense,
CTA would provide the definitive word on the whether the thermal quintuplet is the DM of
our Universe.

These results are summarized in Fig. 14, where the point shows the core size required for
the central thermal mass, 13.6 TeV, whereas the upper and lower error bars corresponds to
the lower and upper ends of the thermal mass range. We also show the core size disfavored
by the analysis in Ref. [100]. The figure summarizes the conclusion reached above: CTA
will seemingly have the final word of the thermal quintuplet, however if a full analysis of
H.E.S.S. data sees no sign of the signal, the model would already begin to be disfavored.
There are two important caveats to this conclusion. The first is that our findings are based
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• GC    :  Constraint by H.E.S.S. (depending on core size)


• dSph :  95% CL limit @CTAO w/  obs.


•Coma Berenices  || 

•Willman                || 

𝒪(103) h
∼ 1000 hours
∼ 3700 hours

[Galactic Center (GC)] [dSph][M. Baumgart, et al. (2024)]

Direct   : Probe loop-scattering above  fog 
Indirect: Crosscheck @CTAO (GC & dSph)
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Figure 1: One-loop contributions to effective interactions of Wino LSP and light quarks.
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Figure 2: Two-loop contributions to interactions of Wino LSP and gluon. Here, Q and q
represent heavy and light quarks, respectively.

are zero, as

gH(x) → −2π ,

gAV(x) →
√
x

6
π ,

gT1(x) →
π

3
,

gT2(x) → −
√
x

6
. (18)

Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

〈N |mQQ̄Q|N〉 = −
αs

12π
〈N |Ga

µνG
aµν |N〉 . (19)
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are zero, as

gH(x) → −2π ,

gAV(x) →
√
x

6
π ,

gT1(x) →
π
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,

gT2(x) → −
√
x

6
. (18)

Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

〈N |mQQ̄Q|N〉 = −
αs

12π
〈N |Ga

µνG
aµν |N〉 . (19)

6

# triplet case

https://arxiv.org/abs/1004.4090
https://arxiv.org/pdf/2107.09688
https://arxiv.org/pdf/2507.17607
https://arxiv.org/pdf/2507.17607


1. Electroweak Multiplet Dark Matter (3/3)
Direct detection (Y ≠ 0)
• SI & SD cross sections via loop [J. Hisano, et al. (2011)]


• New contribution of neutral partner  
w/  boson exchange


• Some candidates are below  fog

Z

ν

9
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FIG. 3. Expected SI cross-sections for di↵erent complex WIMPs for minimal splitting as defined in Sec. III. The blue
dots correspond to Dirac WIMPs and the red dots to complex scalar WIMPs. The vertical error bands correspond to
the propagation of LQCD uncertainties on the elastic cross-section (Eq. 18), while the horizontal error band comes from
the uncertainty in the theory determination of the WIMP freeze out mass in Table I. The light green shaded region
is excluded by the present experimental contraints from XENON-1T [36] and PandaX-4T [5], the green dashed lines
shows the expected 95% CL reach of LZ/Xenon-nT [8, 9] and DARWIN [10, 11].

A. Direct Detection prospects

The spin independent scattering cross-section �SI

of DM on nuclei receives two contributions: i) from
purely EW loop diagrams ii) from Higgs mediated
tree-level diagrams generated by bothO0 andO+. For
minimal splitting Higgs mediated scattering is sub-
dominant and �SI can be computed by considering
only EW loop diagrams.

Following [17, 42], the Lagrangian describing the

spin-independent (SI) DM interactions with quarks
and gluons is

L SI

e↵
= fqmq�̄�q̄q+

gq

MDM

�̄i@
µ
�
⌫
�O

q

µ⌫
+fG�̄�Gµ⌫G

µ⌫
,

(16)
where O

q

µ⌫
⌘

i

2
q̄
�
Dµ�⌫ +D⌫�µ �

1

2
gµ⌫ /D

�
q is the

quark twist-2 operator. The Wilson coe�cients are
given by [17]
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(17)

where mh is the mass of the Higgs and c =
1.32, b = 1.19, t = 1. Furthermore we have de-
fined a

V

q
= T3q/2 � Qqs

2
w
, aA

q
= �T3q/2 with cw, sw

being the cosine and the sine of the Weinberg angle,
respectively. The terms proportional to Y correspond
to the exchange of Z bosons inside the EW loops.

After the IR matching of these interactions at the
nucleon scale [42], we can express �SI per nucleon (for
MDM � mN ) as

�SI '
4

⇡
m

4

N
|k

EW

N
|
2
, (18)

where mN is the mass of the nucleon and

k
EW

N
=

X

q=u,d,s

f
EW

q
fTq+

3

4
(q(2)+q̄(2))gEW

q
�

8⇡

9↵s

fTGf
EW

G
,

where the nucleon form factors are defined as
fTq = hN |mq q̄q|Ni/mN , fTG = 1 �

P
q=u,d,s

fTq,

and hN(p)|Oq

µ⌫
|N(p)i = (pµp⌫ �

1

4
m

2

N
gµ⌫)(q(2) +

q̄(2))/mN , and q(2), q̄(2) are the second moments of
the parton distribution functions for a quark or an-
tiquark inside the nucleon [17]. The values of these
form factors are taken from the results of direct com-
putation on the lattice, as reported by the FLAG Col-
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Discovering the Higgsino at CTAO-North within the Decade
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We demonstrate that higgsino dark matter (DM) could be discovered within the next few years
using the Cherenkov Telescope Array Observatory’s soon-to-be-operational northern site (CTAO-
North). A 1.1TeV thermal higgsino is a highly motivated yet untested model of DM. Despite its
strong theoretical motivation in supersymmetry and beyond, the higgsino is notoriously di!cult to
detect; it lies deep within the neutrino fog of direct detection experiments and could pose a challenge
even for a future muon collider. We show that, in contrast, higgsino detection could be possible
within this decade with CTAO-North in La Palma, Spain. The Galactic Center is the region where
the dominant DM annihilation signature emerges, but it only barely rises above the horizon at the
CTAO-North site. However, we project that this challenge can be overcome with large-zenith-angle
observations at the northern site, enabling the conclusive detection of a higgsino signal by 2030 for
a range of DM density profiles in the inner Galaxy.

The higgsino may be the last chances for nature to
realize a minimal weakly interacting massive particle
(WIMP) as the dark matter (DM) of our Universe. A
nearly pure higgsino commonly emerges as the lightest
supersymmetric particle in supersymmetric extensions of
the Standard Model [1–7]. Realizing the WIMP mira-
cle, the higgsino can be produced as a thermal relic of
the early Universe with the correct DM abundance when
mω → 1.1TeV [8]; we define the higgsino with this mass
as the thermal higgsino. With other WIMP candidates
such as the wino facing increasingly strong tension from
null indirect detection searches [9–12], the higgsino is ar-
guably the last path to a strongly motivated realization
of the minimal DM paradigm [13].

Higgsino DM is a key science driver of many next gen-
eration experiments in particle physics, ranging from fu-
ture DM direct detection e!orts [14, 15] to next gen-
eration colliders [16–30] to precision experiments such
as those searching for an electron electric dipole mo-
ment [31–33]. Nonetheless, thermal higgsino DM is noto-
riously di”cult to probe with terrestrial experiments. In
its most minimal form the direct detection cross-section
is well below the neutrino floor and thus out of reach of
any planned near- or mid-term e!ort [34–38], though if
the higgsino strongly mixes with other neutralino states
it could be more detectable [39, 40]. As an example
of the di”culty of higgsino detection, the thermal hig-
gsino is only just within reach of proposed future 10TeV
muon colliders and the Future-Circular Collider (FCC)-
hh; accounting roughly for the full expected luminosity
of these colliders the thermal higgsino may be detected
with around ↑5ω significance [17, 41]. The thermal hig-
gsino is well out of reach of the Large Hadron Collider
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FIG. 1. The expected discovery test statistic (TS) for the
1.1TeV higgsino DM model, including both the line and con-
tinuum contributions, at CTAO-North (assumed to start mid
2026–labeled “North LSTs on”) and CTAO-South in the Al-
pha Configuration (assumed start mid 2031) as a function of
time. No intermediate-array configurations for CTAO-South
are considered. For CTAO-North we show sensitivity from
the four LSTs alone (orange) as well as four LSTs + nine
MSTs starting in 2028 (lightly shaded orange). We assume
a data collection rate of 100 hrs/year in the Galactic Cen-
ter region around 60→ in zenith angle. We illustrate the dis-
covery prospects across a wide span of underlying DM pro-
file possibilities, displaying the median case from the Auriga
and FIRE-2 hydro simulations, along with the DM-only-based
Einasto profile.

(LHC), including in all proposed future runs of the LHC
such as high luminosity and high energy runs.

In contrast to terrestrial searches, indirect searches for
thermal higgsino annihilation appear more promising in

[S. Abe, et al. (2026)]
Complementary probes

• Indirect:  Estimation of CTAO discovery → within decades


• Precise measurements

[S. Bottaro, et al. (2022)]

Above  fog: future direct detections  
Below  fog: combined search-strategy is necessary

ν
ν

χ̃0 χ̃0

h0

q q

χ̃0 χ̃0
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W±W±

q′(q)

q

W±(Z0)

ψ̃±(η̃0)

(a) (b)

(Z0) (Z0)

Figure 1: One-loop diagrams which induce effective interactions of EW-IMP DM with
light quarks. There are also W -(Z-) boson crossing diagrams, which are not shown here.

χ̃0 χ̃0

ψ̃±

W±

Z0, γ

q q

χ̃0 χ̃0
W±

ψ̃± ψ̃±

Z0, γ

q q

Figure 2: One-loop diagrams which correspond to the one-loop quantum correction to the
EW-IMP-Z (γ) interaction vertex. These contributions turn out to vanish.

bosons (W±
µ , Z0

µ) as

∆Lint. =
[g2
4

√

n2 → (2Y + 1)2 χ̃0γµψ̃− W+
µ +

g2
4

√

n2 → (2Y → 1)2 χ̃0γµψ̃+ W−
µ + h.c.

]

+
ig2(→Y )

cosθW
χ̃0γµη̃0 Z0

µ,

(14)

where θW is the weak mixing angle. The Majorana field η̃0 is introduced for the cases of
Y "= 0. (See Eq. (3).) In either case (Y = 0 or Y "= 0), the EW-IMP does not have any
interaction by itself. Thus, it is loop diagrams that yield the leading contribution to the
EW-IMP-nucleon elastic scattering cross section.

First, we consider the one-loop processes. The relevant diagrams are shown in Figs. 1
and 2. The diagrams in Fig. 1 give rise to the coefficients in Eq. (5) as

6

χ̃0 χ̃0

g

Q/q

Q′/q′

ψ̃±(η̃0)

W± W±

χ̃0 χ̃0

ψ̃±

W±

Q′(Q)

Q

g gg

χ̃0

ψ̃±(η̃0)

χ̃0

h0W±(Z0)

Q

gg

(a) (b) (c)

(Z0) (Z0) (Z0)
W±

(Z0)(Q/q)

Figure 3: Relevant two-loop diagrams which contribute to effective scalar coupling of
EW-IMP DM with gluon.There are also W -(Z-) boson crossing diagrams, which are not
shown here.

Here f (i)
G |SDq and f (i)

G |LDq denote the short-distance and long-distance contributions of
quark q in the loop in diagram (i) (i = a, b, c) of Fig. 3, respectively. We also take
into account large QCD corrections in the long-distance contributions [23] by using cQ =
1+11αs(mQ)/4π (Q = c, b, t). We take cc = 1.32, cb = 1.19, and ct = 1 for αs(mZ) = 0.118
in our calculation. Note that the long-distance contribution is gauge invariant. This is
because its contribution to the operator fGGa

µνG
aµν is evaluated from scalar-type effec-

tive operator fqmq q̄q [13, 14]. (See also later discussion where the explicit calculations
are given.) Consequently, the gauge invariance of the short-distance contribution is guar-
anteed since summation of the both contribution is obviously gauge invariant. Then, the
effective coupling of EW-IMP with gluon is obtained as

fG = f (a)
G + f (b)

G + f (c)
G . (21)

Let us see each diagram closely. It is obvious that diagram (a) gives the long-distance
contribution. Thus, we sum up for heavy quarks in the loop, and get

f (a)
G = →

αs

12π
×

α2
2

4m2
h

∑

Q=c,b,t

cQ

[

n2 → (4Y 2 + 1)

8mW
gH(w) +

Y 2

4mZcos4θW
gH(z)

]

. (22)

Here the first and second terms in the bracket come from W - and Z-boson exchanges,
respectively. As we described above, this long-distance contribution is given by effective
scalar-type coupling (of the Higgs contribution) as → αs

12πfQ.
For the calculation of diagrams (b) and (c), on the other hand, we follow the steps

supplied in Ref. [14]. In the work, the systematic calculation for the W -boson exchange
diagrams at two-loop level in the Wino DM scenario is given. The procedure is applicable
to compute the two-loop diagrams in our case. For the W -boson exchange diagrams, the

8

100 hrs/yr obs.

GC around 60°Kiyoto Ogawa [E01] (publicly offered research) ||  p35 

Full 3-loop EW multiplet contributions to the electron Electric Dipole Moment

https://arxiv.org/pdf/1104.0228
https://arxiv.org/pdf/2506.08084
https://arxiv.org/pdf/2205.04486


• Possible connection:


•Gauged  symmetry [Y. Abe, T. Toma, K. Tsumura (2020)]

•GUT inspired scenario w/  symmetry [Y. Abe, T. Toma, K. Tsumura, N. Yamatsu (2021)]


• Decaying Dark Matter signature via kinetic mixing 

U(1)B−L
SO(10)

2. Pseudo-Nambu-Goldstone DM 
Direct detection

• Setup      : DM = pseudo-Nambu-Goldstone boson


• Tree-level: Momentum-suppressed 

    : 


• Loop-level: w/o -suppression (via soft breaking effect) [K. Ishiwata, T. Toma (2018)]

ℳ ∝ ( m2
1

t − m2
1

− m2
2

t − m2
2 ) ∼ m2

2 − m2
1

m2
1m2

2
t + 𝒪(t2) 𝒪(q2/(mχmN))

q2

10

[C. Gross, O. Lebedev, T. Toma (2017)]

[Y. Abe, T. Toma, K. Tsumura, N. Yamatsu (2021)]

Figure 4: Parameter space in (m�, hh2) plane, where the VEV is fixed to be v� = MI . The orange
region is excluded by the bound of the gamma-ray observations (⌧� = 1027 s) for sin ✓ = 10�1, 10�2 and
10�3.

�-f -f 0 mediated by h1 and h2 becomes small when mh1 ' mh2 .

Figure 5: Parameter space thermally reproducing the observed relic abundance consistent with some
other observations. The red line represents the parameter space reproducing the correct thermal relic
abundance ⌦�h2

' 0.12. The orange and green region are excluded by gamma-ray observations coming
from the DM decay and annihilations, respectively. The purple region are excluded by the constraints
of the Higgs invisible decay h1 ! �� and the Higgs signal strength. The gray region is perturbative
unitarity bound �S > 8⇡/3.

Thermal relic abundance of DM is calculated using micrOMEGAs [70]. The results are shown
in Fig. 5, where the other parameters are fixed to be mh2 = 70GeV, sin ✓ = 0.05 in the left panel
and mh2 = 130GeV and sin ✓ = 0.05 the right panel. The red line denotes the parameter space
which can reproduce the observed relic abundance of DM ⌦�h2 ' 0.12 [4]. The purple region
is excluded by the constraints of the Higgs invisible decay and Higgs signal strength [71, 72],
and the gray region is excluded by the perturbative unitarity bound �S < 8⇡/3 [73]. The
green and orange region are ruled out by the constraints of the gamma-ray observations for
DM annihilations [74] and four body decays [66], respectively. One can see that the thermal
relic abundance can be consistent with all the constraints when the DM mass is rather close to
the resonances m� . mhi

/2. This is the characteristic due to the requirement from the gauge
coupling unification in the current GUT pNGB model.

We comment on the allowed parameter space m� . mhi
/2. For the second Higgs mass

rather heavier than the SM-like Higgs mass, the constraint of the gamma-ray observations can
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Status & Prospect

DM DM

q q

: scalar mediatorh1, h2q ↓

Complementary probe: Indirect (incl. decay) & Higgs decay

https://arxiv.org/pdf/2001.03954
https://arxiv.org/pdf/2104.13523
https://arxiv.org/pdf/1810.08139
https://arxiv.org/pdf/2104.13523


3. Pseudoscalar-portal DM 
Direct detection

• Setup      : Pseudoscalar mediator & fermion DM


• Tree-level:


•Momentum suppressed 
•Spin-Dependent (SD) 

• Loop-level: Spin-Independent (SI) scattering (cf. )  
[G. Arcadi, M. Lindner,  F. S. Queiroz, W. Rodejohann,  S. Vogl  (2018)] [T. Abe, MF, J. Hisano (2018)]

(γ5)2 = 1

11

[S. Ipek, D. McKeen, A. E. Nelson (2014)]

DM DM

q q

: pseudoscalar mediatoraq ↓

• Benchmark model for collider analysis 
[T. Abe, et al. (2018)] [S. Argyropoulos, et al. (2024)]


• Parameter scan: direct v.s. indirect 
[G. Arcadi, et al. [2606.23457]]


• Loop induced  from EFT 
[N. Bell, et al. [2609.12336]]

σSI

Status & Prospect

Figure 5: Model points of the 2HD+a complying, at the same time, with the requirement
of the correct relic density, according to the conventional WIMP paradigm, and the present
constraints from indirect detection. These model points are visualized, in the first row of
the plot, in the (Ma,mω) plane while, in the second row, are visualized in the (mω, yω)
plane. In each panel the red points correspond to the parameter assignments excluded by
current direct detection limits, the blue points to the assignments compatible with current
limits but possibly reachable by next generation null results while, finally, the green point
correspond to parameter assignments lying inside the neutrino fog.

13

Figure 6: Model points of the 2HD+a complying, at the same time, with the requirement
of the correct relic density, according to the conventional WIMP paradigm, and the present
constraints from direct detection. These model points are visualized, in the first row of
the plot, in the (Ma,mω) plane while, in the second row, are visualized in the (mω, yω)
plane. In each panel the red points correspond to the parameter assignments excluded by
current ω-ray searches by FERMI-LAT, the orange points to the assignments compatible
with current limits but possibly excluded by negative signals in the near future by CTA
while, finally, the yellow point corresponds to parameter assignments unconstrained by ID.

14

[direct] [indirect]

γ5

Next-gen. (in)direct detection will be good probe

   (NR limit)ℳ ∝ ( ⃗Sχ ⋅ ⃗q)( ⃗SN ⋅ ⃗q)

https://arxiv.org/pdf/1711.02110
https://arxiv.org/pdf/1810.01039
https://arxiv.org/pdf/1404.3716
https://arxiv.org/abs/1810.09420
https://arxiv.org/pdf/2404.05704
https://arxiv.org/pdf/2606.23457
https://arxiv.org/pdf/2609.12336


Beyond conventional WIMP search

Non-relativistic scattering of Dark Matter @TeV scale

1. High energy scattering 
2. Sub-GeV Dark Matter

12
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of the TPC is pushed inward due to electrostatic field
e!ects, leading to a discrepancy between the true and
reconstructed locations of the wall [5, 38]. Events that
occur on the wall can be further misreconstructed radi-
ally inwards due to finite position resolution. The radial
boundary of the FV is a depth- and azimuth-dependent
contour defined such that the wall backgrounds have an
expected total count of less than (1.0±0.5)→10→4 events
inside the FV. The FV definition also enforces a min-
imum stand-o! of 8.0 (6.0) cm from the true (recon-
structed) wall to the contour to reduce the MSSI con-
tribution. The maximum distance of the FV contour to
the true (reconstructed) TPC wall is 18.2 (10.4) cm near
the bottom of the TPC, and the mean distance is 10.7
(7.2) cm. The upper FV boundary is placed 12.8 cm be-
low the gate electrode, and the lower boundary is placed
9.0 cm above the cathode.

The data are divided into three samples according to
the presence of veto signals. Events that have no sig-
nal in either veto system are classified as science events,
shown in Fig. 4. Events with a signal of size > 2.5 phd
in the Skin within ±0.25 µs of the TPC S1, or > 4.5 phd
in the OD within ±0.3 µs, are classified as prompt veto.
Events with Skin or OD signals above 300 or 200 keV,
respectively, that are within 600 µs of the TPC S1 but
not in the prompt veto window are classified as delayed
veto. Simulations indicate that to a good approximation
the signal and background components have the same
{S1c, log10(S2c)} shape in each sample but have di!er-
ent rates. The partition allows ω-rays and neutrons to be
constrained more e!ectively as the rates of these back-
grounds in the di!erent samples are related by tagging
e”ciencies: the prompt window tags both ω-rays and
neutrons, while the delayed window tags neutrons. Ran-
dom coincidence with Skin and OD backgrounds cause
0.01% (2.86%) of unrelated TPC signals to be vetoed by
prompt (delayed) pulses. More details on each sample
can be found in the Supplemental Material.

An attempt to mitigate possible analyzer bias by in-
jecting the dataset with artificial signal-like events, a pro-
cess known as “salting”, was unsuccessful. Drawn from
a distribution consisting of a sum of a WIMP SI-like ex-
ponential and a flat NR spectrum out to 250 ± 25 keV,
the salt events followed a NR model defined before the
AmBe calibration was conducted and did not adequately
cover the signal region at high energies. Despite the lack
of coverage, the analysis selections and likelihood models
were finalized before four salt events were revealed (in ad-
dition to the seven salt events previously removed as part
of the analysis in Ref. [5]). Three of the salt events fell in
the WS ROI with one just above, but all four fall outside
the 90% containment region for the calibrated NR band.
The salt can be seen in the Supplemental Material. Bias
mitigation in the region above 55 keV therefore relies pri-
marily on the use of unchanged analysis selections from
Ref. [5]. Ultimately, we consider the analysis described

FIG. 4. Black points show the WIMP search data from the
full science sample which pass all data selections and are not
tagged by the veto detectors in {S1c, log10(S2c)} space. The
dashed gray line indicates the WS ROI, and the red and blue
lines represent the NR and ER bands as in Fig. 2. The event
of interest appears at (540.1 phd, 103.98 phd). The event be-
low log10(S2c) = 3 is consistent with accidental background,
as described in Ref. [5]. The spectral features in the ER band
above 25 keVee come predominantly from 125I and 133Xe de-
cays and appear slightly below the beta-decay ER band due
to increased recombination form Auger cascades, as described
in Ref. [39].

here to be a non-blind analysis.

After all selections are applied and salt is removed,
one event in the science sample stands out in the NR
band, consistent with a 248 ± 23 (stat) ± 23 (sys) keV
elastic nuclear recoil (S1c = 540.1 phd, S2c = 9268 phd)
and clearly visible in Fig. 4. The event was recorded at
21:22:39 UTC, 16 June 2023. The location of the event
in {S1c, log10(S2c)} is 1.5ε below the median of the mod-
eled NR band at that S1c, and it is 6.7ε below the median
of the modeled ER band. The reconstructed position of
the event is 26.4 cm above the cathode and 26.9 (23.4) cm
radially inward from the true (reconstructed) position of
the TPC wall, illustrated in Fig. 3. The S1 partitioning
between the two PMT arrays is consistent with the recon-
structed z position of the vertex, and the S2 pulse shape
is consistent with a point-like interaction at the recon-
structed depth. Analysis of the S1 pulse shape does not
allow for conclusive ER-NR discrimination, with more
detail in the Supplemental Material.

All of the backgrounds described in Ref. [5] are present
in this analysis, with several additional ones considered.
The dominant ER components are: ϑ-decays of 214Pb
and 212Pb in radon decay chains; long-lived radioiso-
topes 85Kr, 136Xe, and 124Xe; electron scattering from
solar neutrinos; ω-rays from detector materials; resid-
ual tritium and 14C from calibration; and 125Xe and

1. High energy scattering

Inelastic scattering
• Higgsino (SU(2)L doublet, Majorana fermion)


•Thermal mass: 


•Associate neutral partner (mass splitting )

1.1 TeV
δ

13

Neutrons

The dominant neutron component comes from (ω,n) reactions in detector materials. Spontaneous fission neutrons
are included in the statistical inference although the rate is up to two orders of magnitude lower than (ω,n): the
high neutron and ε-ray multiplicity of spontaneous fission leads to a high probability of multiple interactions in the
LZ detectors [41]. As a cross-check, multiple scatter neutrons were analyzed to provide a secondary estimate for the
number of SS neutrons in the WS ROI, predicting 0.02±0.02.

Muon-induced cascades can produce neutrons of up to GeV energies that are likely to be aligned with the muon
direction. Simulations of 2.1→109 atmospheric muon events were generated using MUSUN [64], equivalent to 1200
years of LZ exposure, with no signal-like deposits seen. The muon simulations are validated against GEANT4 and
FLUKA neutron yields [65, 66], with an estimated uncertainty of a factor of 2. Additional simulations of neutrons
with energies ranging from 50 MeV – 1 GeV produced in rock were carried out to evaluate the tagging e!ciency of
the veto system for the case when neither a muon nor any other secondary particle trigger any detector. This tagging
e!ciency was found to be 80.0 ± 4.0%. We set a 90% confidence level upper limit on the number of predicted SS
events of any energy from muon-induced neutrons of 4.6→ 10→4, and we do not include muon-induced neutrons in the
background model.

Interpretation of O1 as a cross-section

This analysis was performed in the isoscalar and isovector basis. To enable comparison to SI cross-sections, the
constraints set on O

s
1 can be recast through

(cs1 →m2
ω)

2 = ϑN
SI

ϖ ·m4
ω

µ2
, (6)

where mω is the Higgs vacuum expectation value and µ is the reduced mass of the WIMP-nucleon system. Figure S7
shows the recasting of O

s
1 assuming scalar coupling. These limits can additionally be converted to limits on the

cross-section for vector coupling by multiplying by a factor (A/((A↑ Z)↑ (1↑ 4 sin2 ϱw)Z))2 ↓ 3.2 (for Xe).

FIG. S7. Two-sided 90% confidence-level intervals (solid-black) on inelastic DM-nucleon scattering cross sections assuming
scalar normalization. The black dotted line is the median sensitivity, and the green and yellow bands contain 68% and 95% of
expected upper limits given the best-fit background model. Previous limits are shown for CRESST-II (orange) [25, 67], PICO
(red) [68], Xenon-1T (green) [69], PandaX-4T (blue) [70], and LZ (violet) [29]. Limits with a star indicate the limit was derived
by the PICO collaboration [68].

23

Typical value 

(projected for Z-exchange)

[D.S. Akerib, et al, (2026) LZ]

χ0, χ0′ 

Z, W±

LZ high energy event →Inelastic scattering?

Presented by S. Eriksen  
@TeVPA2026

χ0

N N

Z

χ0′ 

LZ event
• Dark Matter search w/ extended window  

of nuclear recoil energy


• Analyzed w/ NREFT


•Exposure       : - 


•Recoil energy : 

2.84 tonne years
248 ± 23(stat) ± 23(sys) keV

for  DM mass1 TeV

https://lz.lbl.gov/wp-content/uploads/sites/6/2026/08/LZ_Preprint_260901_Dark_Matter_EFT_Nuclear_Recoil_Search_at_Higher_Energies.pdf


Solar capture & IceCube bound (1/2)
Terrestrial reach for mass splitting

• Accessible range of  
→ fixed by kinematics (v.s. energy injection)


• Accessibility @underground detector


•Limited by DM speed   :               (average @Milky Way)


•Limited by target mass :       (Xenon target)

δ

v ∼ 230 km/s
μT ∼ mT ∼ 130 mp
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δ ≲ μTv2

2

Mass splitting Energy injection by DM

Accesible for δ ≲ 360 keV

• The Sun can be suitable target for inelastic scattering


•Maximum velocity :  around core


•Various targets      :  Fe(56), Ni(58), Zn(65), Ge(73), Pb(208), 


• DM annihilation rate is fixed by Capture rate @equilibrium 
→ Constrained by TeV neutrino search @ IceCube [2507.08457] 

∼ 1300 km/s
⋯

Solar capture

2

a truncated Maxwell–Boltzmann velocity distribution in
the Galactic frame,

fmb(ωv) =
1

Nesc

1

(εv20)
3/2

e
→v2/v2

0 !(vgalesc → v), (1)

with dispersion parameter v0 = 220 km s→1 and Galactic
escape velocity v

gal
esc = 544 km s→1, and the normalization

Nesc ensures that
∫
d
3
v fmb(ωv) = 1. The distribution in

the solar frame follows from the Galilean boost

fu(ωu) = fmb(ωu+ ωv↑), (2)

with v↑ ↑ 232 km s→1 the solar velocity with respect to
the Galactic rest frame.

We use Liouville’s theorem to determine the dark mat-
ter flux at an arbitrary radius r inside the Sun. Al-
though the solar motion renders fu(ωu) anisotropic, the
spherical symmetry of the solar potential ensures that
capture depends only on the angle-averaged speed dis-
tribution, F (u) ↓ u

2
∫
d”u fu(ωu). Energy conserva-

tion relates the local speed to the asymptotic speed via
w(r, u) =

√
u2 + v2esc(r), with vesc(r) the local solar es-

cape velocity, and conservation of phase-space density
then gives the di#erential flux

d$

du
=

ϑDM

mω

F (u)

u
w

2(r, u) . (3)

Next we use the BS05(AGS,OP) [18] for the density
profile of the Sun. We make a justifiable assumption
that heavy elements have the same density profile up to
an overall normalization. We can use the total density
profile to also estimate vesc(r) in the Sun.

Capture. We define a capture process as one where
the in-fall dark matter loses enough energy to fall below
the escape velocity at the scattering point. The di#eren-
tial cross-section is given by [19, 20]

dϖωN

dER

(
w,ER

)
=

G
2
F mA

4εw2

[
N →

(
1→ 4 sin2 ϱW

)
Z

]2

↔ F
2
A

(√
2mAER

)
, (4)

In the limit of ς ↗ 0, this gives a total cross section of

ϖωN = (2ε)→1
G

2
Fµ

2
A

[
N →

(
1→ 4 sin2 ϱW

)
Z

]2
. Note that

this cross-section is a factor of 4 larger than the one that
has propagated in literature [10, 17, 21–23] which would
correspond to scattering with a left-handed electroweak
state, rather than a vector-like Higgsino. Here GF is the
Fermi constant, mA is the mass of the nucleus, ER is the
energy recoil, Z and N are the number of protons and
neutrons respectively and FA is the nuclear from factor.
Following the dark matter literature, we assume it to be
the Helm form-factor. The kinematic limits of ER are

given by, E± =
µ2
A

(
w±w→

)2

2mA
with w

↓ =
√

w2 → 2ς/µA .
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FIG. 1: Capture rate for the 1.08 TeV Electroweak
doublet (Higgsinos) with di#erent elements in colors and
total (black) as a function of the neutral mass splitting.

Thus, the total capture rate is given by,

C =
∑

A

∫ R↑

0
4εr2 dr nA(r)

∫ umax

0
du

d$

du
(r, u)

↔
∫ E+

Emin
R

dER
dϖωNA

dER

(
w(r, u), ER

)
, (5)

Here,

E
min
R = max

[
E→ ,

1
2mωu

2 → ς
]

(6)

with the second term ensuring that the dark matter loses
at least 1

2mωu
2 of kinetic energy in order to get captured

and umax is the largest asymptotic speed for which cap-
ture on species A at radius r remains kinematically al-
lowed and nA(r) is the number density of species A at
radius r. This rate is plotted as a function of ς in Fig. 1.
Derived Limit from IceCube. This capture rate

also acts as an upper-bound on the annihilation rate to
neutrinos, with the bound saturating at equilibrium be-
tween the two processes. To this end, we estimate the
constraint on neutrino annihilation from the IceCube ex-
periment that sets strong constraints on φµ and φ̄µ fluxes
at Earth correlated with the direction to the Sun. We use
the limits from 10 year data published by IceCube [13]
where equilibration between annihilation and capture is
assumed. Using the published limits on spin-dependent
and spin-independent cross-section, we reverse-engineer
the relevant capture rate that is constrained. This pro-
cedure has the added advantage that it avoids the need
to redo neutrino propagation in the Sun, since that is al-
ready included in the above analysis by the IceCube col-
laboration. Using the spin-dependent analysis in [13],
and the capture rates [24] as used in [13], we obtain
an annihilation rate to W

+
W

→ that is plotted in Fig. 2.
Specifically for the Higgsino mass of 1.08 TeV, we obtain
a constraint

%lim
ann(↼↼ ↗ W

+
W

→) = 1.5↔ 1019 sec→1
. (7)



EoS: BS05(AGS, OP) 
mDM = 1.08 TeV

1. High energy scattering

https://arxiv.org/pdf/2609.02775
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FIG. 4: Constraints on the mass splitting ω for Higgsino dark matter as a function of the loop cross-section. for SD
cross-section (Left), the constraint is robustly 566 keV. For SI loop cross-section (Right), constraints range from
506 keV for negligible loop cross-section to 566 keV for cross-sections that exceed → 10→50 cm2. The central loop

cross-section from [26] as well as the upper bound are shown. The lower bound is consistent with zero. The best fit
region for the single event from [8] as well as the associated exclusion are also shown.

that range is excluded for every value of εloop, including
zero.

While we find that the Higgsino-induced interpretation
of the LZ event is excluded by the high energy neutrinos
from the Sun, other models of inelastic dark matter can
be easily compatible with the result of [8]. For example,
inelastic models based on dark photon mediation [33–35]
can be invoked. Indeed, if the mass of dark photons is
sub-GeV, the process ϑϑ ↑ A

↑
A

↑ annihilation will not
produce prompt neutrinos, and for a large range of the
kinetic mixing parameter the solar capture will not pro-
duce significant constraints.
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We use the extended maximum likelihood method [31] to implement a crude fit and test the
parameter space that could potentially explain this event in the higgsino dark matter scenario. The
extended likelihood is a function of model parameter set {p}:

L({p}) → e→Ntot({p})
no∏

i=1

dN({p})

dE↑
R

∣∣∣∣
E

→
R
=Ei

,

Ntot =

∫
E

max
R

E
min
R

dN({p})

dE↑
R

dE↑
R , (10)

where Ntot is the total number of events expected within the entire recoil energy range
[
Emin

R
, Emax

R

]

measured in the experiment, for a given set of model parameters {p}. dN/dER = dR/dER ↑

experimental exposure (2.84 tonne-year for LZ) is the di!erential event rate. no is the total number
of signal events, each at recoil energy Ei. In our case, the model parameters are mω ↓ |µ| and ω.
no = 1 and the signal event is at Ei = 248± 23 (stat) ±23 (sys) keV. The entire recoil energy range
that LZ probes is between Emin

R
= 5.4 keV and Emax

R
= 269.9 keV.
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Figure 4: 1ε contour that could account for the LZ event in the (|µ|, ω) plane for higgsino dark matter
with εn = 7.4↑ 10→39 cm2, assuming the SHM (left) and a rough LMC model (right). See the main text for
more details of the LMC model and how to interpret it correctly. The red dashed line indicates the thermal
higgsino benchmark at 1.1 TeV.

We maximize the log of the extended likelihood and plot the 1ε contour in the (|µ|, ω) plane, as
shown in Fig. 4. In the left panel of the figure, we assume the SHM. Note that we don’t take into
account backgrounds in the likelihood computation. Thus, the result should be taken as a rough
estimate of the parameter space that could potentially account for the LZ event. Nevertherless, it
agrees with the o"cial LZ analysis result based on the inelastic e!ective operators. For higgsino
dark matter with εn ↓ 7.4 ↑ 10→39 cm2, the ω needed is in the range between (300–380) keV. For
thermal higgsino dark matter at |µ| = 1.1 TeV, ω ↓ 350 keV, as indicated by the red dashed line
in the figure. This mass splitting gives us one event in the signal range (215–270) keV. For the
other masses, we need a non-thermal mechanism to explain the relic abundance of higgsino dark
matter (e.g., [32–35]). We will discuss this further in Sec. 5. For a higgsino mass below 1.1 TeV,
vmin increases as the higgsino mass decreases and the halo integral decreases sharply, resulting in
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Figure 2: Averaged halo integral as a function of vmin for vmin > 600 km/s, for both SHM (black, solid)
and LMC velocity distribution given in [25] (blue, dashed).

equilibrium processes, could significantly modify the high-velocity tail. For example, it has been
argued in [24–26] that the interaction between Large Magellanic Cloud (LMC) and Milky Way could
have a major impact on the local dark matter velocity distribution. More specifically, simulations
show that dark matter particles in the solar neighborhood from the LMC analogue could be the
dominant source for the high speed tail of the local dark matter velocity distribution. In addition,
the native dark matter particles in the solar region could be boosted to higher speeds in response
to the LMC’s motion [25]. For direct detection, as long as the scattering cross section is velocity
independent, the recoil rate depends on the halo integral,

ω(vmin, t) =

∫

v>vmin

d3v
1

v
fgal(εv + εve(t)) , (4)

where εv is dark matter’s velocity relative to the earth while εve(t) is the earth’s velocity in the
galactic frame as a function of time. We show the averaged halo integral over a year, →ω(vmin)↑ as
a function of vmin for vmin > 600 km/s in Fig. 2, for both the SHM and LMC velocity distributions
given in [25]. (The distribution labeled ‘LMC’ includes the usual halo and e!ects from the LMC,
not particles arising from the LMC alone.) There are several striking features:

• For the SHM, the halo integral falls o! steeply with vmin. If we vary mω from 1.1 TeV to 10
TeV (e.g., fixing ϑ = 350 keV), this leads to a 4% variation of vmin. Yet →ω↑ is enhanced by a
factor of 8.

• For the LMC scenario, →ω↑ would be boosted by more than one order of magnitude compared
to that of the SHM for a given vmin and extends further to vmin ↓ 950 km/s (the maximum
vmin reported in [25]). Furthermore, it decreases much more slowly with increasing vmin. At
the largest vmin reported, →ω↑ is not negligible, and we have no information about how to
extrapolate it to larger vmin.

model, peak relative velocities of high-speed dark matter particles are also reached in June [24].

5

Figure 2: Averaged halo integral as a function of vmin for vmin > 600 km/s, for both SHM (black, solid)
and LMC velocity distribution given in [25] (blue, dashed).
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Impact  on 

( -independent scattering)

dR /dER
v

LMC

SHM

Crucial for inelastic interpretation: 
- High-speed tail of DM 
- Annual modulation

• Standard Halo Model: Simplest option for DM analysis 
     


• Parameter fitting for LZ event (w/ inelastic interpretation)  
→ Highly depends on DM velocity distribution


• Revisited fitting:


•Standard halo model (SHM)                                     :  


• Int. btw Milky Way & Large Magellan Cloud (LMC)  : 


• Annihilation constraints:


• IceCube  : 


• -ray        : to be checked near future @CTAO

f( ⃗v) ∝ e−v2/v2
0 × θ(vesc − v), (v0 = 220 km/s, vesc = 540 km/s)

δ = 340 − 360 keV
δ = 480 − 500 keV

δ > 566 keV
γ

1. High energy scattering

 contour for LZ event1σ

(Higgsino mass)
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FIG. 2. Representative local significances from LZ Supple-
mental Table S7 for covariant interactions L

s,v
i . The plotted

numbers are transcribed from the LZ table and are not recom-
puted in this work. The rapid rise above mω → 100–200GeV
illustrates that the isolated high-energy candidate can be
described by several Lorentz structures; L10 is only one illus-
trative magnetic-moment example used by LZ.

The often-quoted L
s

10
curve in the main LZ paper is there-

fore an illustrative example rather than a statement that
a magnetic moment is uniquely favored. At mω = 1TeV,
L
s

10
and L

s

16
reach 3.4ω, while many other structures lie

in the 3.0–3.3ω range. Fig. 2 shows representative entries
from the exact LZ table. This broad degeneracy is one
reason to start our particle interpretation from the sim-
plest UV-motivated inelastic realization and then discuss
alternative operator completions separately. In particular,
Fig. 2 emphasizes the mass dependence rather than only
the best-fit TeV point. Interactions that are essentially
insensitive to the event at tens of GeV can reach local
significances near 3ω once mω ↭ 200GeV, because su!-
ciently heavy incident particles can populate the extended
recoil window. The similarity of several curves also shows
that the high-energy event is primarily selecting spectral
hardness, not one unique relativistic bilinear.

To expose the operator degeneracy at fixed mass, Figs. 3
and 4 display all twenty covariant interactions at mω =
1TeV. The isoscalar panel has a tied maximum at L

s

10

and L
s

16
, whereas the isovector panel peaks at L

v

10
. In

both cases many interactions cluster between roughly 3.0
and 3.3ω, so the location of the maximum should not
be interpreted as a measurement of a unique ultraviolet
interaction.

A useful counterexample is provided by L5, whose local
significance remains very small compared with many of the
interactions favored by the high-energy event. This behav-
ior is closely related to that of L1. In the nonrelativistic
reduction, both L1 and L5 generate the same leading
operator O1 = 1ω1N , corresponding to the standard SI
interaction, di”ering only by an overall normalization of
the e”ective coupling [16]. Since this normalization is

FIG. 3. This figure shows the local significance as a function of
the covariant-Lagrangian index i for the isoscalar interactions
L

s
i and mω = 1TeV. The exact tabulated zeros are displayed

at a plotting floor of 0.05ω only because logarithmic axes are
used. The largest value is 3.4ω, reached by both L

s
10 and L

s
16.

FIG. 4. As Fig. 3, but for the isovector interactions L
v
i at

mω = 1TeV. The largest tabulated value is 3.4ω, obtained
for L

v
10. The broad plateau near 3ω demonstrates that the

single high-energy event does not identify a unique Lorentz
structure.

a free parameter in the fit, the two interactions predict
essentially the same recoil-spectrum shape and therefore
nearly identical statistical behavior in the LZ analysis.
Their small local significance indicates that the standard
O1-like spectral shape places too little relative weight in
the high-recoil-energy region around the 248 keV candi-
date, in contrast to interactions such as L10 and L16 that
generate substantially harder recoil spectra.

The fixed-mass comparison also clarifies why L
s

10
is use-

ful as an illustrative model without being uniquely selected
by the data. Its 3.4ω value is part of a broad set of high-
significance Lorentz structures, while the low-significance
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[D.S. Akerib, et al, (2026) LZ]

TABLE S8. Local significance for Oi models tested. Dashed entries indicate that the observed event is not physical for those
WIMP mass and mass splitting combinations.

Interaction Mass (GeV/c2)
Mass-splitting, ω (keV)

0 50 100 150 200 250 300 350

Os
1

400 0.0 0.0 0.8 2.2 2.6 2.9 2.9 -
1000 0.0 0.0 0.8 2.2 2.7 2.9 3.0 3.3
4000 0.0 0.0 1.0 2.3 2.7 2.9 3.0 3.3

Ov
1

400 0.8 1.4 2.6 2.8 2.8 2.8 3.1 -
1000 1.3 1.6 2.6 2.8 2.9 3.0 3.4 3.4
4000 1.1 1.7 2.6 2.9 2.9 3.1 3.4 3.4

Os
4

400 2.6 2.7 2.8 3.1 3.2 3.2 3.3 -
1000 2.7 2.8 2.8 3.0 3.2 3.2 3.4 3.4
4000 2.8 3.0 3.0 3.1 3.2 3.3 3.4 3.4

Ov
4

400 2.6 2.7 2.8 3.1 3.2 3.2 3.3 -
1000 2.7 2.8 2.8 3.0 3.2 3.2 3.3 3.4
4000 2.8 3.0 3.0 3.1 3.2 3.3 3.4 3.4

25


elastic
(δ = 0)

1. High energy scattering

• Local significance for NREFT leading-order operators


‣ SI operator:   


• Spectrum concentrate on low-  
(cf.  )


‣ SD operator:  


• Controlled by spin structure func.


•  -fit


‣ Interaction types

• Several interaction types explain similar local significance 

(exception: interaction corresponds to  @LO)


‣ DM mass


• Mass dependence turns irrelevant for 

𝒪1 = 1χ 1N

ER
q |ER=248 keV ∼ 200 MeV ∼ 1 fm−1

𝒪4 = ⃗Sχ ⋅ ⃗SN

ℒint

𝒪1

≳ 200 GeV

https://arxiv.org/pdf/2609.02608v2
https://lz.lbl.gov/wp-content/uploads/sites/6/2026/08/LZ_Preprint_260901_Dark_Matter_EFT_Nuclear_Recoil_Search_at_Higher_Energies.pdf
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Vector SD —

Elastic scattering? (2/2)
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Figure 1: Normalized recoil-energy spectrum for elastic scattering in the benchmark 2HD+a
scenario under consideration, shown for representative DM masses mω = 100 GeV, 300 GeV,
500 GeV, 800 GeV, 1 TeV, 3 TeV, and 10 TeV. The vertical dashed line marks the recoil
energy of the LZ candidate event, Eobs

R
= 248 keV, while the gray shaded band indicates

the corresponding 1ω interval, 248 ± 33 keV. The spectra become progressively harder as
mω increases. In particular, low DM masses predict spectra that fall steeply before reaching
the observed recoil energy, whereas heavier DM masses give broader distributions with a
substantial high-energy tail and are therefore better suited to account for the LZ event.

For the astrophysical inputs, we adopt the fiducial parameters of the Standard Halo Model
(SHM) [60]. The expected number of signal events is obtained by integrating the predicted
recoil spectrum over the LZ analysis window,

Ns = E

∫
ER,max

ER,min

dE
→
R
ε(E →

R
)
dR

dER

(E →
R
), (19)

where E is the total exposure and ε(ER) denotes the detector e!ciency. We use the LZ
exposure E = 2.84 tonne yr and the recoil-energy interval

ER,min = 5.4 keV, ER,max = 269.9 keV. (20)

and the e!ciency ε(ER) parametrized as in [61]. We use Eq. 19 to determine, for each point in
the model parameter space, the value of yω required to reproduce the normalization associated
with the LZ candidate event.

To better understand the DM-mass dependence of the LZ fit, in Fig. 1 we show the normal-
ized recoil spectrum for a set of representative values of mω. The figure makes clear that the
shape of the recoil distribution changes significantly with the DM mass. For mω = 100 GeV,
the spectrum peaks at relatively low recoil energies and drops rapidly, so that the probability
of producing an event around ER → 248 keV is strongly suppressed. As the DM mass increases,
the recoil spectrum becomes progressively broader and harder, shifting more weight toward

9
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[2609.04186]

𝒪6 = ( ⃗Sχ ⋅ ⃗q)( ⃗SN ⋅ ⃗q)
𝒪4 = ⃗Sχ ⋅ ⃗SN

• Challenge: non-observation of low- 


• Possible solution: Pseudoscalar-portal


‣ Tree-level pseudoscalar-exchange → 


‣ -dependence: peak-shift toward high -region

‣ Spin-dependent: relatively weak constraint on 

ER

𝒪6 = ( ⃗Sχ ⋅ ⃗q)( ⃗SN ⋅ ⃗q)
q2 ER

σSD

At the nucleon level, this interaction maps onto the momentum-dependent non-relativistic
e!ective field theory (NREFT) operator ONR

6 . In the conventions adopted here, the e!ective
interaction can be written as

Le! = 4cN(Q
2)ONR

6 = 4cN(Q
2) (Sω ·Q) (SN ·Q) , (14)

where Sω and SN denote the DM and nucleon spins, respectively. The corresponding nucleon
Wilson coe”cient can be written as [57]

cN(Q
2) =

∑

q=u,d,s

mN

mq

[
cq(Q

2)→
∑

q→=u,d,s,c,b,t

cq→(Q
2)

m

mq→

]
#N

q
,

m =

(
1

mu

+
1

md

+
1

ms

)→1

. (15)

Here #N

q
denotes the contribution of the quark q to the spin of the nucleon N .

The corresponding di!erential DM–nucleus scattering cross section is given by [57,58]

dωT

dER

=
mT

32εv2
E

Q
4

m
2
N
m2

ω

∑

N,N →=p,n

gNgN →F
NN

→

”→→ (Q2), (16)

where vE is the DM speed in the Earth frame, gN denotes the corresponding e!ective coupling
to a proton or neutron, and F

NN
→

”→→ are the nuclear response functions associated with the
longitudinal spin response. For xenon, the dominant contributions arise from the naturally
abundant isotopes 129Xe and 131Xe, which carry non-zero nuclear spin. We use the response
functions defined in Ref. [59].

Equation 16 makes explicit the characteristic Q
4 dependence generated by O

NR
6 . This

strong momentum dependence is central to the present analysis. In contrast to conventional
SI scattering, whose recoil spectrum is strongly concentrated toward low energies, the relative
weight of the pseudoscalar-mediated signal increases toward larger momentum transfer. The
model can therefore produce a comparatively hard recoil spectrum and accommodate an event
at ER ↑ 248 keV without necessarily producing a large excess at lower recoil energies.

For elastic scattering, the di!erential recoil rate can be written as

dR

dER

=
NTϑω

mTmω

∫
vmax

vmin

d
3
v fE(v, t)

dωT

dER

, (17)

where NT is the number of target nuclei, ϑω is the local DM density, and fE(v, t) is the
DM velocity distribution in the Earth frame. The minimum incoming DM speed required to
produce a recoil energy ER in an elastic collision is

vmin(ER) =

√
mTER

2µ2
ωT

, µωT =
mωmT

mω +mT

, (18)

where µωT is the DM–nucleus reduced mass.

8

Kaede Furukawa || p24  
Estimation of background events induced by solar-  in -based DM detectorsν CF4

1. High energy scattering

cf. talk by Yuuki Nakano [D01]

https://arxiv.org/pdf/2609.17196
https://arxiv.org/pdf/2609.04186v2
https://kaken.nii.ac.jp/en/grant/KAKENHI-PLANNED-24H02243/


2. Sub-GeV Dark Matter 

19

mDM ≳ 10 GeV

Condition to detect dark matter recoil: 

Eth < Erecoil ∼ (mDMv)2

mT

!

• Threshold energy           :    

• Averaged velocity          :    

• mass of target nucleus  :    

Eth ∼ keV
v ∼ 10−3

mT ∼ 100 GeV

Kinematics of direct detection: 

:  Intensively searched

mDM ≲ 10 GeVWe need another probe for 

124Xe QLL
y =Qβ

y, bounded between 0.65 and 0.87.
Parameters characterizing 222Rn and 220Rn daughter back-
grounds, tritium, and 14C are independent in the high- and
low-mixing state exposures. The sixth sample in the like-
lihood represents WS2022, containing the data and models
from the first, 60 live-day WIMP search result [8]. The full
WS2024 dataset is shown in the top panel of Fig. 3. All six
samples can be seen in Fig. S1 of Supplemental
Material [22], where we also report their exposures.
The best-fit number of WIMPs at all masses tested

(between 9 GeV=c2 and 100 TeV=c2) for the combined
WS2024þWS2022 analysis is zero. The goodness of fit of
the background-onlymodel is assessed in binned one-dimen-
sional (1D) projections of the data and model into S1c,
log10ðS2cÞ, reconstructed energy, distance from the ER band
median, as well as the 2D space of fS1c; log10ðS2cÞg. All
samples show excellent model-data agreement, passing a
Holm-Bonferroni test [31] with a significance level of 0.05.
Figure 4 shows the WS2024 data and model in the 1D
projection along the ER bandmedian, illustrating the level of
agreement through the tails of the distribution with the
inclusion of the modified 124Xe response. The fitted values
of the radon tagging efficiency and the 124Xe QLL

y =Qβ
y are

consistent across all masses, at 62$ 3% and 0.70$ 0.04,
respectively, in agreement with the prefit expectations.

Figure 5 shows the 90% confidence level (CL) upper
limit on the spin-independent WIMP-nucleon cross sec-
tion as a function of mass following inference performed
with a two-sided, unbinned profile likelihood ratio test
statistic [32]. The limit is power constrained at all WIMP
masses to 1σ below the median expectation following the
recommendation in Ref. [33]. The fluctuation, and there-
fore the size of the constraint, is largest between 20 and
50 GeV=c2. This is a consequence of the inclusion of the
WS2022 data from Ref. [8], which exhibit an underfluc-
tuation in this region. The limit for the WS2024 data alone
can be found in Supplemental Material [22], with an
approximate −1σ fluctuation across the entire mass range,
primarily attributed to an underfluctuation of the acciden-
tal coincidence background in the region of largest over-
lap with expected WIMP distributions. The minimum of
the limit curve is 2.2 × 10−48 cm2 at 40 GeV=c2 while that
of the median expected limit is 5.1 × 10−48 cm2 at
40 GeV=c2. The best median 3σ observation potential is
1.1 × 10−47 cm2 at 40 GeV=c2. Results of searching for
evidence of spin-dependent WIMP-nucleon couplings are
discussed in the Appendix.
In summary, LZ has achieved limits on SI WIMP-

nucleon interactions that surpass previous best exclusions
by a factor of four or more for WIMP masses > 9 GeV=c2.
A radon tag to target the dominant ER background from
214Pb decays has been demonstrated, with potential for
optimization that will allow it to have greater impact on the
sensitivities of future searches, particularly for physics with
potential ER signals. The enhanced electron-ion recombi-
nation of 124Xe LL-shell DEC events was noted for the first
time and will be further investigated in future analyses. The
experiment continues to take salted data toward a target
1000-day live time that will enable more sensitive searches
for WIMP interactions and other new phenomena.
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FIG. 5. Upper limits (90% CL) on the spin-independent WIMP-
nucleon cross section as a function of WIMP mass from the
combined WS2024þWS2022 analysis (280.0 live days) are
shown with a solid black line, with a −1σ power constraint
applied. The gray dot-dashed line shows the limits without the
power constraint; green and yellow regions show the range of
expected upper limits from 68% and 95% of background-only
experiments, while the dashed black line indicates the median
expectation, obtained with postfit background estimates. The
median 3σ observation potential from the postfit model is shown
as a dotted black line. Also shown are limits from WS2022 only
[8], PandaX-4T [10], LUX [34], all power constrained to −1σ;
XENONnT [9], reinterpreted with a −1σ power constraint;
XENON1T [35], and DEAP-3600 [36].
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PIKACHU実験フェーズ2に
向けた極低バックグラウンド
技術の研究開発

A01 A02

A02

飯田崇史　筑波大学 助教

PIKACHU実験はGAGGという無機結晶を用
いた160Gdの二重ベータ崩壊探索実験です。二
重ベータ崩壊は素粒子や原子核の性質を知る
ための重要な手段です。我々は高純度GAGG
結晶を用いて先行研究や理論予想を超える探
索を行い、発見を目指します！

軽い暗黒物質探索へ向けた
新規超伝導検出器の開発
服部香里　KEK QUP 特任准教授

軽い暗黒物質探索のために、暗黒物質と電
子の散乱によって生成される微小な信号を
精密に測定可能な新しいカロリメータとし
て、AlMnを用いた超伝導検出器を開発し、
10meVという非常に高いエネルギー分解能
を目指します。

Zr-96によるニュートリノの
放出を伴う二重ベータ崩壊の
半減期の世界最高感度測定
福田善之　宮城教育大学 教授

ZICOS実験では96Zrを用いてニュートリノ
を放出しない二重ベータ崩壊の観測を目指し
ています。本研究は、これまでに観測された
96Zrによるニュートリノを放出する二重ベー
タ崩壊の半減期を、世界最高感度の精度で測
定します。

ミュオン原子を用いた、
二重β崩壊核カルシウム48と
チタン48の電荷密度分布の測定

A02

藤岡宏之　東京科学大学 准教授

ミュオンがクーロン相互作用によって原子核
に束縛したミュオン原子のエネルギー準位は
原子核の電荷分布の影響を受けます。超伝導
転移端センサ（TES）検出器を用いてX線分
光を行い、電荷密度分布に関する情報を得る
ことを目指します。

銅イオン交換ゼオライトを
用いたキセノン濃縮法の開発

B01 B01

D01

丸藤祐仁　帯広畜産大学 准教授

将来の大型地下稀事象探索実験では、100ト
ンクラスのキセノンが必要になります。しかし、
現在の生産量では必要量を入手するのは困難
です。そのため、銅イオン交換ゼオライトを
用いて大気中からキ
セノンを集める手法
の開発を行います。

高精度なミリ波分光で
質量40～1200μeV領域の
波状暗黒物質を網羅する
安達俊介　京都大学 特定助教

見えない暗黒物質が発するかもしれないミリ
波という電波を捉えて、その正体に迫りま
す。暗黒物質の質量によって出てくるミリ波
の周波数が変わるため、幅広い周波数を測定
できるミリ波受信
機を使って、多様
な暗黒物質を網羅
します。

高感度原子磁力計による
中性子セクターにおける
アクシオン探索
樋口嵩　京都大学 助教

これまでのアクシオン探索実験は、アクシオ
ンと光との相互作用を調べる方法が中心でし
た。本研究では、アクシオンと中性子との相
互作用に着目し、高感度同位体共存磁力計を
用いて、従来の手法と相補的な新たな探索を
行います。

超新星背景ニュートリノの
発見に向けた
酸素原子核破砕事象の研究

C01

小汐由介　岡山大学 研究教授

超新星背景ニュートリノ観測の背景事象であ
る、宇宙線ミューオンによる酸素原子核破砕
事象を理解するために、CERNにてWCTE実
験を行い、酸素原子核とハドロン反応に関す
る高精度な原子核反応モデルを確立します。

同位体共存磁力計を用いたアクシオン探索の概念図。同じ磁場
の中に閉じ込められた2種類の同位体の原子核スピン歳差が、
アクシオン・中性子結合によって変化することから、アクシオ
ンを探索する。
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Celestial capture Boosted Dark Matter

[introduction for Publicly Offered Research (POR)]

• Gravitational capture of Dark Matter 
(@Sun, White dwarf, Neutron star, BH)


‣ Pros.

• (Effectively) large target mass

•Gravitational acceleration


‣ Cons.

•Astro. uncertainty

•Signature v.s. background

• Boosted Dark Matter 
→ easy to exceed energy threshold


• Ordinary direct detection ( -detector) 
may probe sub-GeV mass region


‣ How to boost

•Solar reflection

•Cosmic-ray

•Blazar

•Dark Matter particle interactions

ν

• Optimize detection technology  
for light Dark Matter mass

MeV scale:  
Kaori Hattori          [A01] (POR) || p32  
Superconducting Transition-Edge Sensors

meV scale:  
Shunsuke Adachi  [B01] (POR)  || p11 
Millimeter-Wave Receivers

2. Sub-GeV Dark Matter

https://www.lowbg.org/ugrp/files/lowbg-pamphlet-forWEB.pdf
https://kaken.nii.ac.jp/en/grant/KAKENHI-PUBLICLY-25H02197/
https://kaken.nii.ac.jp/en/grant/KAKENHI-PUBLICLY-25H02181/


Boost Mechanism (1/2)
Scattering w/ high energy particles

• Solar reflection  

• -scattering   [T. Emken, C. Kouvaris, N. G. Nielsen (2018)]


• -scattering   [H. An, M. Pospelov, J. Pradler, A. Ritz (2018)]  
                                             [H. An, H. Nie, M. Pospelov, J. Pradler, A. Ritz (2021)]


• Cosmic-ray boosted 

• -scattering    [T. Bringmann, M. Pospelov (2019)]


• -scattering     [Y. Ema, F. Sala, R. Sato (2019)]


• Blazar boosted 

• -scattering    [ J-W. Wang, A. Granelli, P. Ulli (2022)]


• -scattering    [A. Granelli, P. Ullio, J-W. Wang (2022)]
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tion based on the reference DM-electron cross section. In
contrast, for the SRDM signal model, the DM-electron
cross section influences both the spectral shape and nor-
malization. Therefore, the DM-electron cross section is
treated directly as the parameter of interest. The cor-
responding expected signal spectrum is obtained by in-
terpolation between spectra generated at discrete cross
section values, while the rate multiplier is fixed to unity
such that the event rate is determined entirely by the
cross section.

Results—Figure 4 shows the 90% CL confidence in-
tervals on the DM-electron cross section obtained from
the XENON1T S2-only and XENONnT low-energy ER
datasets. Each dataset is analyzed independently, using
its respective statistical inference method, and the re-
sults are presented together for a coherent view of the
constraints on the DM-electron cross section for the var-
ious DM masses. Existing constraints include those from
the XENONnT few electrons (FE) analysis [17] which
provides the lowest accessible threshold for XENONnT
analyses considered here, other direct DM detection ex-
periments [44, 45], and theoretical recasts of XENON1T
data [23, 46].

In the previous theoretical recast using XENON1T S2-
only data [23], the electron-yield distribution was evalu-
ated with a truncated summation over electron multiplic-
ities, leading to an underestimated signal expectation.
In this Letter, we use the emission model from a Monte
Carlo simulation of the detector response, which includes
contributions from all relevant multiplicities, resulting in
a larger predicted signal and correspondingly stronger
upper limits. In addition, Ref. [23] considered S2 data
only up to 350 PE, whereas we use the full range up to
3000 PE. The optimum interval method identifies a gap
around 646–1541 PE, as shown in the narrow panel above
the top plot in Fig. 2, providing additional constraining
power and contributing to the stronger limits.

No sensitivity band is shown for the XENON1T re-
sult due to the lack of a full background model. For the
XENONnT dataset, the median sensitivity along with
the 1ω and 2ω bands are shown. The power-constrained
90% CL confidence interval is obtained by restricting
any underfluctuation to at most →1ω [42]. Without the
power constraint, the 90% CL confidence intervals ob-
tained from the XENONnT low-energy ER dataset lie
between →2 and →1ω of the sensitivity band for all mass
hypotheses. A goodness-of-fit test of the background-
only model against the observed data yields a p-value of
0.39, indicating no evidence for significant mismodeling
of the background. All nuisance parameters are consis-
tent with their external constraints, with no deviation
exceeding 1ω.

Using the XENONnT low-energy ER dataset, we set
the most stringent confidence intervals on the DM-
electron scattering cross section in the mass range from

FIG. 4. The dark red line shows the 90% CL upper limits on
the DM-electron cross section using the XENON1T S2-only
dataset. Because of the lack of a full background model for
this dataset, Yellin’s optimum interval method is used [39] and
no sensitivity band can be constructed. The red line shows the
90% CL confidence intervals using the XENONnT low-energy
ER dataset after applying the power constraint. Thin solid
black line shows the 90% CL confidence intervals computed
using only the XENONnT low-energy ER dataset without
power constraint, while the dashed black line, along with the
green and yellow bands, indicate the median expected sensi-
tivity and the corresponding 1ω and 2ω bands respectively.
We also show results from XENONnT FE analysis [17], Pan-
daX [44], CDEX10 [45], and theoretical recasts of limits using
XENON1T datasets [23, 46] in dotted. The gray shaded re-
gion at low DM mass indicates the parameter space excluded
by stellar cooling constraints from red giants [47].

0.2 to 2MeV/c2. In addition, the 90% CL upper limits
derived from the XENON1T S2-only dataset exclude pre-
viously unconstrained DM-electron cross section in the
lower-mass range of 4.6 to 20 keV/c2. Although this re-
gion is already in tension with stellar cooling bounds from
red giant (RG) observations [47], we include it here as the
constraints from RG cooling and direct detection exper-
iments are complementary and rely on di!erent assump-
tions and systematics.

Summary and outlook—Sub-GeV dark matter in the
SHM is typically too light to yield detectable signals in
liquid xenon TPCs. However, upscattering of these DM
particles from a variety of astrophysical objects can boost
their velocity, making detection possible. In particular,
the SRDMmodel considers DM scattering o! electrons in
the Sun, extending the sensitivity of liquid xenon TPCs
to the keV–MeV mass regime.
In this Letter, we present novel 90% CL confidence in-

tervals on the DM-electron scattering cross section. In
the mass range between 4.6 and 20 keV/c2, and between
0.2 and 2MeV/c2, we exclude previously unconstrained
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lar energy loss while the more model-dependent cosmological Ne↵
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Fig. 2.

Solar Reflection 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 ‘evaporated’ compo-
nent of the DM flux 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 reflected 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, reflection may occur after just one or
two interactions, or after partial thermalization through
multiple scatters within the Sun. The reflected DM flux
will be determined via a simulation which tracks the kine-
matics after initial entry into the Sun. We will assume
a velocity-independent s-wave cross section, but it is no-
table that the relative importance of the reflected flux
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 occur e.g. for scat-
tering via higher multipoles. We note in passing that
energy-loss or transfer from or inside the sun due to the

scattering is negligible for the considered parameter re-
gion.
To determine the reflected contribution to the DM flux,

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
velocity 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 first that the proba-
bility of scattering o↵ electrons in the solar core is ap-
proximately �e ⇥ Rcore ⇥ n

core
e ⇠ �e/pb, and thus the

Sun scatters e�ciently if �e � 10�36 cm2. In this op-
tically thick regime, scattering occurs in the convective
zone at a characteristic radius Rscatt given implicitly by

�e

R R�
Rscatt

ne(R)dR ⇠ O(1). It follows that the electron
temperature, and thus the recoil 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

refl,max
DM increases as scatter-

ing occurs in hotter regions of the core. Further de-
creasing the cross section ultimately increases the mean
free path ⇠ (�ene)�1 beyond the solar radius, and the
strength of the reflected flux is suppressed. The scatter-
ing probability and the background DM flux in the halo,
defined through the number density and average veloc-
ity as �halo

⌘ nDMv
halo
DM , may be combined into a simple

estimate for the reflected DM flux incident on the Earth,

�refl ⇠
�halo

4
⇥

(
4Sg

3

�
Rcore
1A.U.

�2
�en

core
e Rcore, �e ⌧ 1 pb,

Sg

�
Rscatt
1A.U.

�2
, �e � 1 pb.

(2)
In the estimate (2), the overall coe�cient of 1/4 has a ge-
ometric origin from ⇡R

2
�/(4⇡(1A.U.)2). Sg denotes the

gravitational focussing e↵ect that enhances the area at
spatial infinity subtended by the e↵ective solar scatter-
ing disk ⇡R

2
scatt. For example, at Rscatt ⇠ R�, we have

Sg ⇠ 1+ v
2
esc/(v

halo
DM )2 ⇠ O(10), given the value of the so-

lar escape velocity vesc. We note that the overall energy
extracted from the Sun by reflected DM does not exceed
⇠ 10T ⇥ ⇡R

2
��

halo, and therefore is not constrained by
solar energetics being many orders of magnitude below
solar luminosity.
Taking a representative choice of mDM ⇠ 3MeV, one

can estimate the maximum value of the recoil energy
distribution to be ⇠ 0.5T (Rscatt) at �e � 10�36cm2.
For example, a single scatter would accelerate a 3 MeV
DM particle up to ⇠ 100 eV energy for �e ⇠ 10�33 cm2

(Rscatt=0.8R�). The reflected flux (2) in this optically
thick regime is 105 cm�2s�1, leading to O(20) ioniza-
tions/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 significantly impact the energy of the reflected par-
ticles. Since this is di�cult to treat analytically, we will
make use of a simulation to determine the energy spec-

Theoretical estimation: 

Experimental constraints

Theoretical estimation of sensitivity 
→ Constraint by dedicated analysis
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Boost Mechanism (2/2)
Multi-component Dark Matter
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• Number changing process fixes Dark Matter mass scales


• Semi-relativistic acceleration            → Search target @low-threshold experiments


•                            e.g. [J. Herms, et al. (2018)]        :  ,   ,  


•  (cf. SIMP)               [Y. Hochberg, et al. (2014)]  :  ,  , 


•  (Semi-annihilation) [F. D’Eramo, et al. (2010)]   :       ,   , 

4 → 2 mDM ∼ 0.1 MeV ⟨σ4→2v3⟩ ∼ 10−78 cm9/s EDM ∼ 2mDM

3 → 2 mDM ∼ 100 MeV ⟨σ3→2v2⟩ ∼ 10−57 cm6/s EDM ∼ 3mDM/2
2 → 1 mDM ∼ 1 GeV ⟨σ2→1v⟩ ∼ 10−26 cm3/s EDM ∼ 5mDM/4

Number changing process

• Heavier Dark Matter components inject energy to final-state [K. Agashe, et al. (2014)]


• Relativistic acceleration is possible → Search target incl. large volume -detector (e.g. Super-K, IceCube)ν

 Boosted flux from Galactic Center:   2 → 1 ΦBDM ≃ 3.2 × 10−3 cm3/s ( mDM
100 MeV ) ( ⟨σ2→1v⟩

10−26 cm3/s )

DM2 DM1

DM2 DM1

DM DM

DM DM

DM

DM DM

DM ϕ

⋮

Satoshi Higashino [B03]  ||  Direction-sensitive dark matter search using low pressure gaseous detectors

Natsuki Chin          [B03]  ||  Directional Search for Boosted Dark Matter @NEWSdm Experiment

[Betancourt, et al. (2025)]

2. Sub-GeV Dark Matter
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Fig. 1. Recoil spectra for the elastic scattering of DM off 131Xe nuclei from semi-
annihilation in the galactic center with cross-section ⟨𝑒2→1𝜅⟩ = 10−26 cm3∕s and 
a DM-proton scattering cross-section 𝑒𝑐 = 10−31 cm2.

For illustration, we show in Fig. 1 the recoil spectra of a 131Xe nu-
cleus after the scattering off of a DM particle with mass ≫𝑆 = 10 MeV 
(violet), 100 MeV (red) and 1 GeV (green) assuming an annihilation 
cross-section for the semi-annihilation process ⟨𝑒2→1𝜅⟩ = 10−26 cm3∕s
and a DM-proton scattering cross-section 𝑒𝑐 = 10−31 cm2, which is al-
lowed by current direct detection experiments (including the cosmic-ray 
boosted component [14]). The recoil spectra show a characteristic sharp 
cut-off at 𝐸max given by Eq. (10) with 𝐸𝑆 = ≫𝑆∕4, which is qualita-
tively different to the expected recoil spectra from cosmic-ray boosted 
DM [13–15], or blazar-boosted DM [18]. The existence of this cut-off 
in the recoil spectrum implies a mass threshold for the DM particle, for 
which the nuclear recoil becomes undetectable. Concretely, this mini-
mum mass is

≫min
𝑆 =

(5∕4)≫
(9∕8)≫
𝐸 th − 1

[
1 + 3

5

√
1 +

2≫
𝐸 th

]
, (16)

corresponding to a DM particle with kinetic energy 𝐸𝑆 =≫𝑆∕4 produc-
ing a nuclear recoil with the minimum threshold energy of the experi-
ment 𝐸 th. For the case of the XENONnT experiment, which has threshold 
𝐸 th
XENON = 3.3 keV [22], this minimum mass is 19 MeV. Furthermore, it is 
noteworthy that the differential rate can be as large as 10−2 events/(keV 
day kg) for ≫𝑆 = 100 MeV at 𝐸Xe ≳ 3.3 keV. This translates into tens of 
events in a ton-scale xenon detector, showing the high sensitivity of 
current experiments to semi-annihilation boosted DM from the galactic 
center, which allows to probe new regions of the parameter space of this 
scenario.

Finally, the total event rate (in units of the number of events∕(day×kg)) 
is found by integrating Eq. (5) over the energy window of a given ex-
periment, and over all target nuclei:

( =
∑
 ∫ )𝐸 )(

)𝐸 . (17)

The number of expected events, *exp, follows from multiplying by the 
exposure of the experiment.

3. Signals at direct detection and neutrino experiments

We now derive limits on the DM-proton scattering cross-section 𝑒𝑐
from the non-observation of an excess of nuclear recoil events in the 
DM direct detection experiments XENONnT and CRESST-II, as well as 

Fig. 2. Excluded regions for the spin-independent DM-proton cross-section 
from XENONnT (red region), CRESST (green region), MiniBooNE (blue re-
gion) as well as the projected sensitivities for DARWIN (dashed red line) and 
DUNE (dashed blue line). We assume a cross-section for the semi-annihilation 
⟨𝑒2→1𝜅⟩ = 10−26 cm3 s−1 and a NFW halo profile. For comparison, we also in-
clude the constraints from XENON1T and CRESST assuming the Standard Halo 
Model, as well as the constraints from cosmic ray boosted DM (CRDM) [14], 
CMB observations [38], Lyman-+ [39] and gas cloud cooling [40].

in the neutrino experiment MiniBooNE. 1 The relevant details about 
these experiments, as well as our approach to calculate the limits, can be 
found in Appendix A. We will focus our analysis on DM masses above 1 
MeV since these experiments have no sensitivity to semi-annihilations of 
lighter DM particles (cf. Eq. (16)). Further, we will focus on DM masses 
below 10 GeV, since this is the region where experiments lose sensi-
tivity to DM particles in the Standard Halo Model; for larger masses, 
the flux of DM particles at Earth assuming the Standard Halo Model is 
ΦSHM ∼ 107(≫𝑆∕100 MeV)−1 cm−2 s−1, which is many orders of mag-
nitude larger than the one originating from semi-annihilations in the 
galactic center. Thus, above 10 GeV, the sensitivity of experiments does 
not change significantly by the inclusion of the boosted DM component 
from semi-annihilations.

We show in Fig. 2 conservative upper limits on the DM-proton scat-
tering cross-section from requiring that the expected number of signal 
events from semi-annihilations in the galactic center is in agreement 
with the data from CRESST, XENONnT and MiniBooNE, assuming that 
the cross-section is ⟨𝑒2→1𝜅⟩ = 10−26 cm3 s−1 (the flux as a function of the 
mass follows from Eq. (3)). We also show in the Figure the constraints 
from the two CRESST phases [23,36] and the XENON1T experiment [37] 
resulting from assuming that the DM flux at the detector is entirely de-
scribed by the Standard Halo Model, from the flux component generated 
by DM upscattering by cosmic-rays [14], as well as from the potential 
effect of DM-proton interactions on the cosmic microwave background 
radiation [38], the Lyman-+ forest [39] and gas cloud cooling [40]. We 
also show our estimated reach in parameter space of the DARWIN and 
DUNE experiments.

We find that the XENONnT experiment can probe scattering cross-
sections as low as 𝑒𝑐 ∼ 10−36 cm2 for ≫𝑆 ∼ 30 MeV, the CRESST ex-
periment, 𝑒𝑐 ∼ 10−31 cm2 for ≫𝑆 ∼ 3 − 30 MeV, and MiniBooNE, 𝑒𝑐 ∼
10−28 cm2 for ≫𝑆 ∼ 300 MeV. The sensitivity of the CRESST experiment 
is comparable to that of Cosmic Ray boosted DM. In contrast, the sensi-

1 Other possible constraints on boosted DM models were listed in [16]. These 
constraints, on the other hand, do not apply to the semi-annihilation scenario 
under consideration in this work, which contains one neutrino in the final state.

[Betancourt-Kaminetskaia, MF, Ibarra, Toma (2025) PLB]

•  : Semi-relativistic DM flux


• Symmetry behind semi-annihilation?  
→  symmetry

‣BSM scenario: Radiative -mass model [MF, Toma (2026)]

χχ → χν

Z3
ν

Accesible to  &  

Possible connection w/ Neutrino mass generation

𝒪(10 − 100) MeV σp ∼ 10−37 cm2

Takashi Toma [E01] (publicly offered research) ||  p12  
A radiative neutrino mass model w/ semi-annihilating BDM

Sensitivity & Scenario

2. Sub-GeV Dark Matter
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https://arxiv.org/pdf/2501.12117
https://arxiv.org/pdf/2606.02751
https://kaken.nii.ac.jp/en/grant/KAKENHI-PUBLICLY-25H02179/


WIMP paradigm

• Direct Detection: excellent probe for TeV WIMP


• Targets for next-generation: WIMP above neutrino fog

•Loop induced interaction 

•Momentum suppression

•Spin-dependent scattering

Summary 
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Beyond conventional WIMP search

• High energy scattering


• Inelastic scatt. w/ mass splitting & elastic scatt. w/ high-  spectrum


• Sub-GeV Dark Matter

•Boosted Dark Matter (Sun, Cosmic-ray, Blazer, particle processes)

ER

Let’s continue to explore WIMP landscape!
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極稀事象で探る宇宙物質の起源と進化
Investigation on the Origin and Evolution of Matter in the Universe by Extremely Rare Events

Investigation on the Origin and Evolution of Matter in the Universe by Extremely Rare Events
Frontier of Creating a New Insight on the Matter in the Universe

文部科学省 科学研究費助成事業 学術変革領域研究(A)

極稀事象で探る宇宙物質の起源と進化
新たな宇宙物質観創生のフロンティア
Investigation on the Origin and Evolution of Matter in the Universe by Extremely Rare Events
Frontier of Creating a New Insight on the Matter in the Universe

宇宙の重元素の製造と拡散の現場、
超新星ニュートリノの
詳細観測と超新星予報を推進する実験的研究

銀河を育んだ未知の重力源、
暗黒物質の正体解明を目指す実験的研究

稀事象探索の基盤技術の普遍化と拡大を
推進する開発・研究

稀事象研究から宇宙物質の起源と進化を
体系化する理論的研究

物質優勢の謎に挑む、
ニュートリノを伴わない二重ベータ崩壊の実験的研究

Investigation on the Origin and Evolution of Matter in the Universe by Extremely Rare Events
Frontier of Creating a New Insight on the Matter in the Universe

[lowbg pamphlet]

https://www.lowbg.org/ugrp/files/lowbg-pamphlet-forWEB.pdf
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BU: 

Indirect detection for 
Electroweak Multiplet DM



CTAO LST-1 Preliminary result

BU

Constraints on Real WIMPs with LST-1
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As a demonstration based on first real data from the CTAO telescope, 
the test of minimal DM candidates proven feasible

Wino, SU(2) triplet @ 2.86 TeV Quintuplet @ 13.7 TeV

* The Burkert case, the most conservative one, shown here.

LST-1 result [3&5plet] 
by Shotaro Abe

https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/236/attachments/329/644/TeVPA_JPS_Sep2026_upload.pdf


BU: 

Celestial capture



Dark Matter @celestial body
[D. N. Spergel, W. H. Press (1985)] + many

Time evolution of DM number

dNDM
dt

= C − E NDM(t) − A N2
DM(t)
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Figure 9: DM evaporation mass for compact objects, white dwarfs (red upper lines) and neutron stars (green
lower lines), for two temperatures: T = 4 ⇥ 105 K (red solid line) and T = 4 ⇥ 106 K (red dashed line) for white
dwarfs; and T = 105 K (green solid line) and T = 106 K (green dashed line) for neutron stars. We take the geometric
cross section,

P
i Ni �

geom
i = ⇡R2, and h�Av��i = 3 ⇥ 10�26 cm3/s for white dwarfs and h�Av��i = 0 for neutron

stars, and assume a position within the local neighborhood, ⇢� = 0.4 GeV/cm3 and vd = 270 km/s. The shaded
bands depict the range Ec/Tc = (20� 40).

that during main sequence, the equilibration time is ⌧eq ⇠ (105 � 106) yr, for the parameters considered in Fig. 6,
so in general, equilibrium could be reached during the post-main-sequence phases. Therefore, the discussion can be
driven by the robust result we found for all spherical objects in hydrostatic equilibrium: the DM evaporation mass
is approximately determined by Ec/T� ⇠ 30, which implies that it scales as mevap / T�R/(M �̂c). Recall that the
average DM temperature inside celestial bodies is very close to their core temperature.

As a general trend, whenever a star has an active shell burning material surrounding an approximately inert core,
core contraction results in envelope expansion and core expansion in envelope contraction. The former implies larger
radius and �̂c and a hotter core, whereas the latter implies the opposite.

For low-mass stars, M . 2.3 M�, during their phase as subgiants, the core temperature and radius are slightly
larger than those during main sequence, and their mass is similar. Given the larger density gradient, the ratio of escape
velocities at core and surface is slightly larger than during main sequence. This implies that the DM evaporation mass
during this phase does not significantly change. While climbing the red giant phase, the core temperature increases up
to ⇠ 108 K, the mass slightly decreases, the radius increases by up to two orders of magnitude and the core density by
several orders of magnitude, increasing �̂c. Assuming DM thermalization to be fast enough, this results in a decrease
of the DM evaporation mass with respect to main sequence, which grows in time, though. Moving to the horizontal
branch, material is burnt not only in a shell surrounding the core, but in the core itself. Moreover, the star contracts,
reducing �̂c. The higher DM temperature and the smaller �̂c with respect to main sequence implies a slightly larger
DM evaporation mass in the thin regime, although it is similar in the thick regime [70]. During the asymptotic giant
branch, the DM evaporation mass follows a similar trend to that during the red giant branch, i.e., it tends to decrease
first and then grows in time. From the tip of the asymptotic giant branch on, stars lose mass (planetary nebulae),
contract and cool. The resulting effect would be a reduction of the DM evaporation mass. Note, however, that this
phase lasts too short for capture and annihilation to reach equilibrium (or even for DM to thermalize), so the time
scale for the decrease of the DM evaporation mass is too long to be effective. As a consequence, there is an abrupt
reduction in the DM evaporation mass from the end of the asymptotic giant branch to the white dwarf phase, with
values mevap . 130 MeV for white dwarfs older than ⇠ 3 Gyr (or Tc . 4⇥ 106 K). Also note that as they cool down
as white dwarfs, the DM evaporation mass continues decreasing. This is illustrated in Fig. 9, where we show the DM
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Figure 7: DM evaporation mass as a function of the mass of the capturing object, for planetary bodies, brown
dwarfs and main-sequence stars. We take the geometric SI scattering cross section,

P
i Ni �

geom
i = ⇡R2, the canonical

value of the DM annihilation cross section h�Av��i = 3 ⇥ 10�26 cm3/s, and assume a position within the local
neighborhood, ⇢� = 0.4 GeV/cm3 and vd = 270 km/s, although with other values similar results are obtained. We
also indicate the DM evaporation mass using detailed models and data for the Moon, Earth and Sun. The shaded
band depicts the range Ec/Tc = (20� 40).

dispersion, affect the DM evaporation mass only logarithmically. Therefore, given that Ec/T� ⇠ 30, in order to
obtain a value of the DM evaporation mass smaller by a factor of two, the term log (⇢�h�Av��i/vd) for ve � vd,
or log

�
⇢�h�Av��i/v3d

�
for ve ⌧ vd, must be larger by a factor of the order of ⇠ (12 � 15). This implies that the

sensitivity of the DM evaporation mass to changes on these parameters is relatively weak and thus, its value is rather
stable against different particle physics models (with constant scattering cross sections) or for different locations of
celestial bodies within the host galactic halo.

Nevertheless, the results in Fig. 7 correspond to approximately the largest possible value of the DM evaporation
mass for each celestial body (aside from variations on the average properties here considered), that is, the one obtained
for a capture rate close to the saturation value. Next, we also study its variation with the value of the SI scattering
cross section. This is depicted in Fig. 8. The maximum value for all celestial bodies is visible in the figure, which
is indeed close to that obtained for the geometric cross section (dashed line). For M & 2 ⇥ 10�7 M�, due to the
exponential suppression of the evaporation rate in the thick regime, the smallest DM evaporation mass is achieved for
the largest value of the scattering cross section we consider,15 �p = 10�31 cm2. For M . 2⇥ 10�7 M�, the transition
between the thin and thick regimes takes place at values of the cross section closer to �p = 10�31 cm2, so the smallest
DM evaporation mass is found in the thin regime, for the smallest cross section we consider, �p = 10�41 cm2. Note,
however, that, for the average properties of celestial bodies considered in this work, the DM evaporation mass never
reaches values below ⇠ 250 MeV in the parameter space shown in Fig. 8. Therefore, even in extreme situations with
⇢�h�Av��i/vd for ve � vd (or ⇢�h�Av��i/v3d for ve ⌧ vd) being many orders of magnitude larger than what we have
assumed for this figure, DM evaporation masses much below that mass are very unlikely.

15 For larger cross sections, the assumed scaling with the atomic mass is not entirely reliable for contact interactions [245].
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How to probe Dark Matter?

mediator

ν

mediamediamedia
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χχ annihilation

Figure 1: A schematic illustration of the new indirect detection signature of secluded WIMPs captured in
the solar core, annihilating to metastable mediators and leading to an electromagnetic flux: γ, e±, µ±, · · · .
Sensitivity to conventional WIMPs arises only through annihilation to neutrinos.

possibility emerges of mediators produced by WIMP annihilation in the center of the Earth
decaying directly into charged particles within neutrino telescopes. A schematic illustration
of this new indirect mechanism of probing secluded WIMP models is shown in Fig. 1.

A sub-GeV mass mediator will decay predominantly into light states, such as pions,
muons, electrons, gammas and neutrinos. As they are produced in the decays of highly
boosted mediators, these decay products will be tightly correlated with the direction to the
original WIMP annihilation point, with a typical angular size θV ∼ 1/γV . While for charged
particles this correlation can be reduced by the magnetic fields encountered on the way to
the detector, the directionality of gammas and neutrinos is unaltered. Modern gamma ray
telescopes enjoy an angular resolution much better than a degree, which may be exploited to
enhance the gamma ray signal-to-background. In particular, a notable source of background
to this signature is the generation of gamma rays via cosmic rays impinging on the Sun (see,
e.g. [9, 10]). Such background gammas will typically display a much softer spectrum than
gamma rays from mediator decays and will have no specific correlation with the solar center
where most of the secluded WIMP annihilation is expected to take place. The main gain in
sensitivity in detecting gammas from the decays of metastable mediators, as compared to a
more conventional search for a highly-energetic neutrino signal, may come from the increase
in efficiency. While the detection of multi-GeV neutrinos requires their conversion to muons,
which means a loss in efficiency of around ten orders of magnitude, the efficiency of detecting
gammas created outside of the solar radius can be order one.

In addition to gamma rays, many secluded WIMP models with relatively light mediators
are destined to produce a significant fraction of leptons in the final state, and thus we are
naturally led to the question of whether mediator decays outside the solar/planetary radii
are capable of contributing significantly to the fluxes of electrons and positrons seen by
PAMELA and Fermi. It is tempting to pursue the notion that these anomalies may in fact
have a local origin in the solar system, powered by the annihilation of secluded dark matter
trapped within solar bodies. This is an intriguing possibility, as it would offer a new dark
matter interpretation of these signatures that does not rely on galactic WIMP annihilation,
which generally requires a significant boost factor in the annihilation cross section. In this
context, a less extreme hierarchy between the WIMP and mediator mass may be feasible,

2

[B. Batell, et al. (2010)][N. Raj, P. Tanedo, H-B. Yu (2018)]
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where v ¼ 246 GeV is the electroweak vacuum expect-
ation value. The matrix element coefficients on the right-
hand side, i.e. the nucleon form factors at zero momentum
as estimated in lattice QCD, are tabulated in many sources,
e.g. [3,7]. Analogous expressions hold for DM-proton
scattering in direct detection. In Eq. (6) we fix q to a
typical reference momentum transfer qref [3]. For direct
detection experiments, q2

ref ¼ 2mTERT
, where mT is the

mass of the target nucleus and ET
R ¼ μ2Tχv

2
halo/mT is the

typical nuclear recoil energy with μTχ the nuclear target-
DM reduced mass. This is in contrast to the recoil energy
for scattering in a neutron star, Eq. (5).
In contrast to terrestrial searches, neutron star heating

constrains the operators OSS, OAA and OSP with sensitiv-
ities comparable to each other. Because DM scatters
directly with neutrons, the threshold cross section in
Eq. (4) applies to both spin-independent and spin-
dependent scattering. Momentum transfers are typically
comparable to the nucleon mass, and there is no hierarchy
based on velocity dependence. For the operator OPP, the
sensitivity for mχ above the neutron mass must fall as
q2/m2

χ due to the χ̄γ5χ bilinear.

IV. ANNIHILATION AND TIME SCALES

Crossing symmetry relates the elastic scattering cross
section to the DM annihilation rate inside the neutron star.
The energy released in the process can raise the stellar
temperature (Fig. 2):

Tann ¼ 2480f1/4 K: ð7Þ

In order to realize this temperature, the age of the neutron
star tNS must exceed the combined time for captured dark
matter to thermalize with the stellar core ttherm and to
equilibrate with the capture rate teq,

tNS > ttherm þ teq: ð8Þ

The operators OSS and OAA satisfy ttherm ≲ 108 yr and
teq < 106 yr for f ≥ 0.025 [10,30]. Since the neutron stars
relevant for this study are older than 108 yr, these operators
produce a stellar temperature of Tann as opposed to Tkin in
Eq. (2). In contrast, the velocity-dependent operators OSP
and OPP require a more extensive study beyond the treat-
ment in Ref. [30] and we leave it for future work.
Thewarmer temperature fromDMannihilation in addition

to kinetic heating shortens the required telescope exposure
time tobs by a factor of 10 [24]. Observing a Tann ¼ 2480 K
neutron star using the F200W filter of the NIRCam imager at
a signal-to-noise ratio (SNR) of 2 requires an exposure of
tobs ¼ 9000 sðd/10 pcÞ4, where d is the distance fromEarth.
Using the JWSTpocket guide [31],we find that for observing
a Tann ¼ 1000 K (peak wavelength ¼ 2.9 μm) neutron star,
the optimal filter is F356W (centered at 3.6 μm), which
gathers 2.2 nJy at 2 SNR in 104 s. This translates to

TABLE I. Operators considered in this work. The third column is the effective coupling, with Λ the cutoff scale on
which bounds are set and yq the quark Yukawa coupling as required by minimal flavor violation. The fourth column
is the scattering matrix element to leading order in DM velocity, which encapsulates the spin and momentum
dependence of each operator. The fifth column provides the prefactor in the DM-nucleon cross section in Eq. (6).
The sixth column states whether an operator permits coherent scattering across nuclei in direct detection
experiments.

Name Operator Coupling Matrix element cðqÞ Nuclear coherence

OSS ðχ̄χÞðq̄qÞ yq/Λ2 4mχmn 1 ✓

OAA ðχ̄γ5γμχÞðq̄γ5γμqÞ 1/Λ2 16mχmnðSχ · SnÞ 3
4

✗

OSP ðχ̄χÞðq̄γ5qÞ yq/Λ2 4mχðq · SnÞ 1
16

q2

m2
n

✗

OPP ðχ̄γ5χÞðq̄γ5qÞ yq/Λ2 −4ðq · SχÞðq · SnÞ 1
64

q4

m2
χm2

n

✗

FIG. 2. Captured dark matter may annihilate and heat a neutron
star. This contributes an additional energy flux that raises the
neutron star temperature.
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[B. Dasgupta, et al. (2019)] [N. F. Bell (2021)]

Figure 10: Spin independent DM-proton cross section for scalar-scalar interactions, �SI
p�, as a

function of the DM mass. The grey line corresponds to the limit on �SI
p� derived in ref. [45], while

the light blue band denotes the bound calculated using our approach for the capture rate computation

in the optically thin limit. The width of the blue band represents the uncertainty in the DM density

in M4 [40]. For comparison, we show direct detection limits from DarkSide-50 [94], Xenon1T [95, 96],

projected sensitivities from SuperCDMS SNOLAB Ge/Si [97], CDEX-1T [99], and Darwin [98], as

well as the neutrino coherent scattering background for xenon detectors [100].

the ⇤e . m� region and for D2 only a small corner of the allowed parameter space surpasses this

threshold. Given these low limits on the EFT cuto↵ scale ⇤e, such that an EFT description would not

be valid, we do not plot results for D4 or D2. For the remaining operators, especially D5-D10, there

is a much larger region of parameter space where the limits on ⇤e are such that an EFT description

would be valid. In all cases, the lower limits on ⇤e, obtained using the WD with M? = 1.38M�
in M4, outperform the leading bounds from electron recoil experiments by at least ⇠ an order of

magnitude. In most cases, they even outshine the projected sensitivity for the future experiment

DAMIC-M (with the exceptions being D1, D5, D8 and D9 in the region below m� . 10MeV –

see dot-dashed green lines). DM scattering on electrons is heavily hampered by Pauli blocking for

m� . 100MeV. The reach in the light DM mass regime is restricted by the evaporation mass

for operators D1, D7 and D8 (see yellow region) and the electron mass for D3, D5, D6, D9 and

D10 (see region shaded in grey) where DM annihilation to neutrinos is either the only final state

allowed or the dominant channel. Despite those limitations, we conclude that constraints from the

observed luminosity of cold faint WDs in old globular clusters that have been able to retain their

initial DM content in the innermost region of the cluster, can potentially exclude larger regions of

the parameter space than direct detection, particularly in the sub-GeV region. This is especially

relevant for leptophilic DM models.

Finally, in Fig. 12, we conservatively compare the bound on the scattering cross section of the

vector-vector operator obtained from WDs in M4, with the limits from electron recoil experiments.
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Figure 12: Upper bounds on the DM-electron scattering cross section for D5. The light blue band

represents the limit from the WD observations in M4. The band width denotes the uncertainty

in the DM density in M4 [40]. For comparison we show leading electron recoil bounds for heavy

mediators from SENSEI [101], DAMIC [102], Xenon10 [103], Xenon1T [104], the projected sensitivity

for DAMIC-M [105], and the neutrino floor for silicon detectors [106].

Even though the WD constraint is not able to probe the region where neutrino coherent scattering

is expected to hamper the sensitivity of silicon detectors, or extend down below the electron mass,

it would certainly surpass current DD bounds by orders of magnitude in �e�. It would even surpass

the projected sensitivity for DAMIC-M, especially in the sub-MeV regime where no projections have

been made8, despite the reduced WD sensitivity in this region due to Pauli blocking.

6 Discussion and Conclusions

White dwarfs (WDs) are the most abundant compact stars in the Galaxy. They are composed

primarily of ions, usually carbon and oxygen nuclei, and supported against gravitational collapse by

electron degeneracy pressure. Unlike neutron stars, their mass-radius relation is well-defined such

that there is considerably less uncertainty in their equation of state (EoS). Moreover, old faint WDs

have been observed in globular clusters and in the solar neighbourhood. In regions of high dark

matter density, such as the inner Galaxy, DM capture and its subsequent annihilation in the stellar

core can inject enough energy into these stellar remnants to prevent them from cooling. Therefore,

anomalously bright isolated WDs observed in these regions may shed light on the nature of accreted

DM and, conversely, the absence of such observations can be used to constrain DM models.

In this paper, we improve previous calculations of the DM capture rate in WDs, for DM

scattering either with nuclei in the stellar interior, or with the degenerate electron component.

8In the sub-MeV DM mass regime, modest limits on the DM-electron scattering cross section can be obtained by

considering DM upscattered by cosmic rays. See, e.g. refs. [107–109].

– 26 –

Constraint (electron)

Constraint (proton)


Efficient probe for Sub-GeV Dark Matter? → White dwarf!

BU



Further compact? 
Neutron star

(Supermassive) Blackhole
• Gravitational potential of Blackhole attracts Dark Matter


• High energy particle emission around blackhole  
→ Scatter w/ Dark Matter before reaching telescope  
→ Constrain Dark Matter scattering cross section


• Neutrino sources


•TXS 0506+056 [J. M. Cline, et al. (2023)] [F. Ferrer, G. Herrera, A. Ibarra (2023)]


•NGC1068 [J. M. Cline, M. Puel (2023)]


•Candidates of Tidal Disruption Event [MF, G. Herrera (2024)]

4

FIG. 1. Contours of J [erg · s] corresponding to L1
VCH = L1

�

in the tsd- ˙|⌦| plane (solid red lines). Grey dots represent
spin-down pulsar data from the ATNF pulsar catalogue [94,
95], and orange stars indicate NSs used to test the quasi-
universality of J in vortex creep heating in Ref. [62]. Green
and red bands indicate the theoretical estimates (11), (12)
and the observationally favored range (13) of J , respectively.
Blue dashed contours show the temperatures predicted by the
vortex creep heating for J = 1042.9 erg · s.

V. RESULTS

Now we discuss the implications of the vortex creep
heating mechanism for the prospects of the WIMP DM
search via the NS surface temperature observation. For
the DM heating to have a visible e↵ect on the evolution
of the NS surface temperature, its luminosity must dom-
inate the heating luminosity. This requires L1

VCH
< L1

� ,
imposing an upper bound on J in Eq. (8). In Fig. 1, we
show contours of J in units of erg · s corresponding to
L1
VCH

= L1
� in the tsd- ˙|⌦| plane (red solid lines), where

tsd is the spin-down age of the NS; in this evaluation,
we take Ts = 2600 K in Eq. (2) to estimate the most
optimistic value of the DM heating luminosity as esti-
mated in Ref. [31]. We also show the spin-down pul-
sar data taken from the Australian Telescope National
Facility (ATNF) pulsar catalogue [94, 95] as the grey
dots. The orange stars indicate the NSs used to test
the vortex creep heating in Ref. [62]. The grey-shaded
region corresponds to NSs too young to probe DM heat-
ing (tsd < 106 yrs). As we see, for the observed values
of |⌦̇|, we need J . O(1036�39) erg · s in order for DM
heating to prevail over vortex heating. These values are
smaller than both the theoretical estimations (11), (12)
(green band) and the observationally favoured range (13)
(red band) by orders of magnitude.

FIG. 2. Time evolution of the surface temperature in the
presence of both the vortex creep and DM heating in the
blue solid lines, where we set PṖ = 10�15 s, P0 = 10 ms,
⇢� = 0.42 GeV · cm�3, vd = 230 km · s�1, v? = 0, and X = 1.
The blue dotted and black dashed lines show the cases for
only the DM heating and the standard cooling, respectively.
The orange dots represent the temperature data for ordinary
pulsars considered in Ref. [62], where the bars show the error
in Ts and the arrows indicate the upper limits.

In other words, if the value of J is in the observation-
ally favoured range, J ⇠ 1043–1044 erg · s, the surface
temperature of NSs becomes much higher than the maxi-
mal value predicted by the DM heating, Ts ' 2600 K [31].
To see this, we also show the surface temperatures pre-
dicted by the vortex creep heating for J = 1042.9 erg · s
(the lower value in observationally favoured range) in
blue dashed contours in Fig. 1. We found that for all
of the known pulsars Ts � 2600 K, implying that the
vortex heating e↵ect always conceals the DM heating ef-
fect.
In Fig. 2, we show the time evolution of the sur-

face temperature in the presence of both the vortex
creep and DM heating in the blue solid lines.2 We take
J = 1044, 1042, 1040, 1038, and 1036 erg · s from top
to bottom. In the calculation of the vortex creep heat-
ing, we assume that the magnetic dipole radiation causes
the pulsar slowdown, and we set PṖ = 10�15 s and
P0 = 10 ms, where P , Ṗ , and P0 are the period, its
time derivative, and initial period of the pulsar, respec-
tively. This choice corresponds to the surface magnetic
field of Bs ' 1012 G, which is a typical value for ordinary

2 We use the the Akmal-Pandharipande-Ravenhall (APR) [96]
equation of state for a NS mass of 1.4M� to calculate the
NS structure. For Cooper pairing gap models, we use the
SFB model [97] for the neutron singlet pairing, the model “b”
in Ref. [40] for the neutron triplet pairing, and the CCDK
model [98] for the proton singlet pairing. The late-time tem-
peratures rarely depend on the choice of these models.

4

FIG. 1. Contours of J [erg · s] corresponding to L1
VCH = L1

�

in the tsd- ˙|⌦| plane (solid red lines). Grey dots represent
spin-down pulsar data from the ATNF pulsar catalogue [94,
95], and orange stars indicate NSs used to test the quasi-
universality of J in vortex creep heating in Ref. [62]. Green
and red bands indicate the theoretical estimates (11), (12)
and the observationally favored range (13) of J , respectively.
Blue dashed contours show the temperatures predicted by the
vortex creep heating for J = 1042.9 erg · s.

V. RESULTS

Now we discuss the implications of the vortex creep
heating mechanism for the prospects of the WIMP DM
search via the NS surface temperature observation. For
the DM heating to have a visible e↵ect on the evolution
of the NS surface temperature, its luminosity must dom-
inate the heating luminosity. This requires L1

VCH
< L1

� ,
imposing an upper bound on J in Eq. (8). In Fig. 1, we
show contours of J in units of erg · s corresponding to
L1
VCH

= L1
� in the tsd- ˙|⌦| plane (red solid lines), where

tsd is the spin-down age of the NS; in this evaluation,
we take Ts = 2600 K in Eq. (2) to estimate the most
optimistic value of the DM heating luminosity as esti-
mated in Ref. [31]. We also show the spin-down pul-
sar data taken from the Australian Telescope National
Facility (ATNF) pulsar catalogue [94, 95] as the grey
dots. The orange stars indicate the NSs used to test
the vortex creep heating in Ref. [62]. The grey-shaded
region corresponds to NSs too young to probe DM heat-
ing (tsd < 106 yrs). As we see, for the observed values
of |⌦̇|, we need J . O(1036�39) erg · s in order for DM
heating to prevail over vortex heating. These values are
smaller than both the theoretical estimations (11), (12)
(green band) and the observationally favoured range (13)
(red band) by orders of magnitude.

FIG. 2. Time evolution of the surface temperature in the
presence of both the vortex creep and DM heating in the
blue solid lines, where we set PṖ = 10�15 s, P0 = 10 ms,
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pulsars considered in Ref. [62], where the bars show the error
in Ts and the arrows indicate the upper limits.

In other words, if the value of J is in the observation-
ally favoured range, J ⇠ 1043–1044 erg · s, the surface
temperature of NSs becomes much higher than the maxi-
mal value predicted by the DM heating, Ts ' 2600 K [31].
To see this, we also show the surface temperatures pre-
dicted by the vortex creep heating for J = 1042.9 erg · s
(the lower value in observationally favoured range) in
blue dashed contours in Fig. 1. We found that for all
of the known pulsars Ts � 2600 K, implying that the
vortex heating e↵ect always conceals the DM heating ef-
fect.
In Fig. 2, we show the time evolution of the sur-

face temperature in the presence of both the vortex
creep and DM heating in the blue solid lines.2 We take
J = 1044, 1042, 1040, 1038, and 1036 erg · s from top
to bottom. In the calculation of the vortex creep heat-
ing, we assume that the magnetic dipole radiation causes
the pulsar slowdown, and we set PṖ = 10�15 s and
P0 = 10 ms, where P , Ṗ , and P0 are the period, its
time derivative, and initial period of the pulsar, respec-
tively. This choice corresponds to the surface magnetic
field of Bs ' 1012 G, which is a typical value for ordinary

2 We use the the Akmal-Pandharipande-Ravenhall (APR) [96]
equation of state for a NS mass of 1.4M� to calculate the
NS structure. For Cooper pairing gap models, we use the
SFB model [97] for the neutron singlet pairing, the model “b”
in Ref. [40] for the neutron triplet pairing, and the CCDK
model [98] for the proton singlet pairing. The late-time tem-
peratures rarely depend on the choice of these models.

favored by current obs.

DM prediction

• Scattering & annihilation can anomalously heat old stars


• Several challenges to probe DM


•Faint flux ( ) even from the target within  
[M. Baryakhtar et al. (2017)] [Chatterjee, et al. (2023)]

•Background heating (friction by neutron superfluid properties) 

[Alpar, et al. (1984)] [Shibazaki, et al. (1989)] [Gonzalez, et el. (2010)] [MF, Hamaguchi, Nagata, Ramirez-Quezada JCAP & PLB (2024)]
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Operator basis

BU

[N. Anand, A. L. Fitzpatrick, W. C. Haxton (2014)]

interactions that we can construct from these three-vectors and that can be associated with interactions
involving only spin-0 or spin-1 mediators are

O1 = 1χ1N

O2 = (v⊥)2

O3 = i!SN · ( !q

mN
→ !v⊥)

O4 = !Sχ · !SN

O5 = i!Sχ · ( !q

mN
→ !v⊥)

O6 = (!Sχ · !q

mN
)(!SN · !q

mN
)

O7 = !SN · !v⊥

O8 = !Sχ · !v⊥

O9 = i!Sχ · (!SN →
!q

mN
)

O10 = i!SN · !q

mN

O11 = i!Sχ · !q

mN
(12)

These 11 operators were discussed in [1]. We retain 10 these here, discarding O2, as this operator cannot
be obtained from the leading-order non-relativistic reduction of a manifestly relativistic operator (see Sec.
6). O2 was retained in [1] because it corrects a coherent operator. However as similar operators arise as
corrections to other interactions – e.g., the reduction of an axial vector-axial vector interaction generates
Ob

2 ≡ !v⊥ · !Sχ!v⊥ · !SN as well as O4 – here we take the view that it is more consistent to retain only those
operators found in Table 1 of Sec. 6.

We classify these operators as LO, NLO, and N2LO, depending on the total number of momenta and
velocities they contain. We will see in Sec. 4.3 that these designations correspond to total cross sections
that scale as v0, v2, or v4, where v is the WIMP velocity in the laboratory frame.

In addition, one can construct the following operators that do not arise for traditional spin-0 or spin-1
mediators

O12 = !Sχ · (!SN → !v⊥)

O13 = i(!Sχ · !v⊥)(!SN · !q

mN
)

O14 = i(!Sχ · !q

mN
)(!SN · !v⊥)

O15 = −(!Sχ · !q

mN
)((!SN → !v⊥) · !q

mN
)

O16 = −((!Sχ → !v⊥) · !q

mN
)(!SN · !q

mN
). (13)

It is easy to see that O16 is linearly dependent on O12 and O15,

O16 = O15 +
!q 2

m2
N

O12, (14)

and so should be eliminated. Operator O15 is cubic in velocities and momenta, generating a total cross
section of order v6 (N3LO). It is retained because it arises as the leading-order nonrelativistic limit of certain
covariant interactions constructed in Sec. 6.
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WIMP-nucleon interaction  ℒint
Interaction basis (e.g. Majorana fermion )

• Building block : 


• Scalar operator                          Majorana DM             Nucleon


•Scalar                                        ||                            


•Pseudoscalar                            ||                                     


• 4-vector operator


•Scalar + Momentum                 ||                         


•Pseudoscalar + Momentum     ||                     


•Axial vector                               ||                     


•Tensor + Momentum                 ||                   

{χ, N, Γ, Pμ, Kμ}

χ̄χ N̄N
χ̄iγ5χ N̄iγ5N

χ̄Pμχ N̄KμN

χ̄Pμγ5χ N̄Kμγ5N

χ̄γμγ5χ N̄γμγ5N

χ̄σμνqν χ N̄σμνqνN

BU

[N. Anand, A. L. Fitzpatrick, W. C. Haxton (2014) ] cf. Gordon identity is used for 4-vector reduction
j Lj

int Nonrelativistic Reduction
∑

i

ciOi P/T

1 χ̄χN̄N 1χ1N O1 E/E

2 iχ̄χN̄γ5N i
#q

mN
· #SN O10 O/O

3 iχ̄γ5χN̄N →i #q

mχ
· #Sχ →mN

mχ
O11 O/O

4 χ̄γ5χN̄γ5N → #q

mχ
· #Sχ

#q

mN
· #SN →mN

mχ
O6 E/E

5
Pµ

mM
χ̄χ

Kµ

mM
N̄N 4

mχmN

m2
M

1χ1N 4
mχmN

m2
M

O1 E/E

6
Pµ

mM
χ̄χN̄ iσµα

qα

mM
N →mχ

mN

#q 2

m2
M

1χ1N → 4i
mχ

mM
#v⊥ ·

(

#q

mM
× #SN

)

→mχ

mN

#q 2

m2
M

O1 + 4
mχmN

m2
M

O3 E/E

7
Pµ

mM
χ̄χN̄γµγ

5N →4mχ

mM
#v⊥ · #SN →4mχ

mM
O7 O/E

8 i
Pµ

mM
χ̄χ

Kµ

mM
N̄γ5N 4i

mχ

mM

#q

mM
· #SN 4

mχmN

m2
M

O10 O/O

9 χ̄iσµν qν
mM

χ
Kµ

mM
N̄N

mN

mχ

#q 2

m2
M

1χ1N + 4i
mN

mM
#v⊥ ·

(

#q

mM
× #Sχ

)

mN

mχ

#q 2

m2
M

O1 → 4
m2

N

m2
M

O5 E/E

10 χ̄iσµν qν
mM

χN̄iσµα
qα

mM
N 4

(

#q

mM
× #Sχ

)

·
(

#q

mM
× #SN

)

4

(

#q 2

m2
M

O4 →
m2

N

m2
M

O6

)

E/E

11 χ̄iσµν qν
mM

χN̄γµγ5N →4i
(

#q

mM
× #Sχ

)

· #SN →4mN

mM
O9 O/E

12 iχ̄iσµν qν
mM

χ
Kµ

mM
N̄γ5N

[

i
#q 2

mχmM
→ 4#v⊥ ·

(

#q

mM
× #Sχ

)]

#q

mM
· #SN

mN

mχ

#q 2

m2
M

O10 + 4
#q 2

m2
M

O12 + 4
m2

N

m2
M

O15 O/O

13 χ̄γµγ5χ
Kµ

mM
N̄N 4

mN

mM
#v⊥ · #Sχ 4

mN

mM
O8 O/E

14 χ̄γµγ5χN̄ iσµα
qα

mM
N →4i#Sχ ·

(

#q

mM
× #SN

)

4
mN

mM
O9 O/E

15 χ̄γµγ5χN̄γµγ5N →4#Sχ · #SN →4O4 E/E

16 iχ̄γµγ5χ
Kµ

mM
N̄γ5N 4i#v⊥ · #Sχ

#q

mM
· #SN 4

mN

mM
O13 E/O

17 i
Pµ

mM
χ̄γ5χ

Kµ

mM
N̄N →4imN

mM

#q

mM
· #Sχ →4m

2
N

m2
M

O11 O/O

18 i
Pµ

mM
χ̄γ5χN̄ iσµα

qα

mM
N

#q

mM
· #Sχ

[

i
#q 2

mNmM
→ 4#v⊥ ·

(

#q

mM
× #SN

)]

#q 2

m2
M

O11 + 4
m2

N

m2
M

O15 O/O

19 i
Pµ

mM
χ̄γ5χN̄γµγ

5N 4i
#q

mM
· #Sχ#v⊥ · #SN 4

mN

mM
O14 E/O

20
Pµ

mM
χ̄γ5χ

Kµ

mM
N̄γ5N →4 #q

mM
· #Sχ

#q

mM
· #SN →4m

2
N

m2
M

O6 E/E

Table 1: The Lagrangian densities Lj
int, the operators obtained after nonrelativistic reduction that would be

used between Pauli spinors to generate the invariant amplitude, the corresponding effective interactions in
terms of the EFT operators, and the transformation properties of the interactions (even E or odd O) under
parity and time reversal. Bjorken and Drell spinor and gamma matrix conventions are used. The scale mM,
which usually would be known from the context of the theory, can be put into the Mathematica script, or
set to its default value, mv of Sec. 2.2. See Sec. 6.2 for further discussion.
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Lorentz invariant operator basis  :  22 + 42 = 20

https://arxiv.org/pdf/1308.6288
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j Lj
int Nonrelativistic Reduction
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#q
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× #SN
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11 χ̄iσµν qν
mM
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(

#q
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× #Sχ
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m2
M

O12 + 4
m2

N

m2
M

O15 O/O
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Table 1: The Lagrangian densities Lj
int, the operators obtained after nonrelativistic reduction that would be

used between Pauli spinors to generate the invariant amplitude, the corresponding effective interactions in
terms of the EFT operators, and the transformation properties of the interactions (even E or odd O) under
parity and time reversal. Bjorken and Drell spinor and gamma matrix conventions are used. The scale mM,
which usually would be known from the context of the theory, can be put into the Mathematica script, or
set to its default value, mv of Sec. 2.2. See Sec. 6.2 for further discussion.
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Procedure (e.g. Majorana fermion )

• Writing down all combination of WIMP-nucleon op.


• Non-relativistic reduction of amplitude


• Matching w/ NREFT operators


•      : 


•     : 


•          :  

ℒint {χ, N, Γ, Pμ, Kμ}
ℳNR { ⃗Sχ, ⃗SN, ⃗q, ⃗v⊥}
𝒪i {𝒪1 = 1χ1N, ⋯}

∑
j

djℒj
int → ∑

i
ci𝒪i

Prediction of theory

Experimental rate

[N. Anand, A. L. Fitzpatrick, W. C. Haxton (2014) ]

https://arxiv.org/pdf/1308.6288
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FIG. 2: Limits from Super-K (shaded blue) and MiniBooNE
(shaded orange) and sensitivities at Super-K (blue dashed
line) and DUNE (blue dot-dashed line) on the DM-electron
scattering cross section derived in this work. They correspond
to a height of the cosmic-ray electron cylinder h = 1 kpc, the
limits for a more conservative choice h = 100 pc are shown as
thin lines. We also show CMB anisotropies limits from FIRAS
and sensitivities from PIXIE [25], direct detection limits from
Xenon-10 [26], Super-CDMS [27] and SENSEI [28], cosmic-
ray limits from [10] and limits from DD of solar-reflected
DM [7]. See text for more details.

respect to the attenuation of the DM flux from Earth
crossing.

In practice, we determine N
SK
bkg at Super-K by mul-

tiplying the total events measured in the first energy
bin [13] by the fraction of the sky over which we inte-
grate ' 0.01, i.e. using the observed isotropy of the
background. We determine N

D
bkg at DUNE assuming

200 kton-year of data (to have the same number of

electron-year of Super-K), and using dN
D
bkg/dt

���
10�

=

0.1 event/kton-year [15]. We finally multiply the Super-
K (DUNE) background events by 0.37 (0.32), i.e. by the
time the GC is above the horizon, that we determine
with [23, 24]. For the signal, we integrate eq. (4) over
the above cone (the signal fraction surviving is ' 0.15)
and multiply by 0.37 (0.32) at Super-K (DUNE). Other
large-volume detectors, like Hyper-K, have also promis-
ing sensitivities that can be determined as above.

The results are displayed in Figure 2. The smallest
values of the cross sections to which both Super-K and
DUNE are sensitive to are such that the Earth would
be actually transparent to DM. This would allow, when
performing an actual search, to gain sensitivity both from
using events under the horison, and by performing a full
optimization of the region of integration (which we expect
would have a wider opening angle in the direction of the
galactic plane).

Other light-DM searches. In Figure 2 we also dis-
play constraints from a variety of searches:

⇧ direct detection constraints from Xenon-10 [26] and
Super-CDMS [27], that we stop at �e = 10�29 cm2

to conservatively account for the O(1) km of rock
above the detectors, and because larger cross sec-
tions are anyway probed by the SENSEI surface
run [28];

⇧ constraints from CMB anisotropies from the
FIRAS experiment, and related projections at
PIXIE [25];

⇧ constraints from the observed cosmic-ray electron
spectra [10], that to be conservative we do not ex-
tend below the MDM range given in [10], because
there the kinematical regime driving the shape of
the line changes;

⇧ The Xenon1T constraints induced by the popula-
tion of DM reflected by the core of the Sun [7],
whose large temperature can provide the DM with
enough kinetic energy to pass the thresholds of DD
experiments on Earth.

The Sun constraints are given in [7] up to �e =
10�34 cm2, and down to MDM = 3 keV. We do not
show them for MDM < 3 keV because, in that range, the
simple one-scattering regime with the core of the Sun is
not enough to give the target electrons in the detectors
enough energy to pass the cut of 0.19 keV used in [7].
Therefore the study of those masses requires a treatment
that goes beyond the purpose of this letter. We also do
not extend these limits above �e = 10�32 cm2, because
they make the radial extension of the radiative area of the
Sun become much larger than the related DM-electron
interaction lengths, Rrad ' 0.5Rsun � (�ene)�1, where
e.g. ne ⇡ 1023 cm�3 at the edge between the radia-
tive and convective areas [29]. Therefore DM particles
are expected to scatter several times in the radiative and
convective regions, whose temperatures are much smaller
than in the core of the Sun, leading to the expectation
that the limits of [7] will be strongly a↵ected.3. A more
precise determination of this e↵ect goes beyond the pur-
poses of this paper. This obstruction might be less severe
for the SENSEI [28] and Super-CDMS [27] sensitivities
to DM reflected from the Sun, shown in [7]. However,
in the absence of a detailed simulation of propagation of
DM in the Sun and of its e↵ects on such detectors, we
refrain from showing those sensitivities in our plots.
We finally remark that, in presence of additional in-

teractions with the SM (e.g. with nucleons), the physics

3
Fig. 3 of [7] indeed shows that for �e = 10

�33
cm

2
the maximal

DM energy is smaller than for smaller cross sections.

Cosmic-ray Boosted DM 

BU

[T. Bringmann, M. Pospelov (2019)]
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FIG. 2. Constraints on spin-independent DM-nucleon scat-
tering imposed by the XENON-1T and MiniBooNE experi-
ments. Solid (dashed) lines assume a CR density that equals,
on average, the local value out to a distance of 1 kpc (10 kpc).
We compare our limits to those deriving from CMB ob-
servations [40], gas cloud cooling [38], the X-ray Quantum
Calorimeter experiment (XQC) [39], and a selection of direct
detection experiments [43–45] after taking into account the
absorption of DM in soil and atmosphere [33].

For the recent Xenon 1T data (Fig. 5 of [6]), e.g., one has
�
SI,lim
DM

/mWIMP = 8.3·10�49 cm2/GeV form� & 100GeV,
and TXe 2 [4.9, 40.9] keV implies  ' 0.23. The resulting
limits on �� are shown in Fig. 2, for di↵erent assumptions
about the size of the di↵usion zone (with solid lines corre-
sponding to an ultra-conservative choice). For small DM
masses these limits exclude cross sections in the range
10�31 cm2 . �

SI

� . 10�28 cm2, almost independently of
m�. Clearly, these constraints are highly complementary
to existing limits on light DM [33, 36–41]. Direct de-
tection of light energetic dark sector particles was also
discussed in Ref. [42].

Due to its shallow location, MiniBooNE [46] gives a
particular advantage in limiting CRDM fluxes with large
scattering cross sections that prevent � from reaching
deeply placed experiments. We utilize the measure-
ment of elastic ⌫ � p scattering [47], and a recent DM
run [48] that allows to extract the beam-unrelated scat-
tering rate. Requiring the scattering rate of CRDM on
protons at MiniBooNE depth not to exceed the beam-
unrelated background, we obtain (see Appendix)

�p(Tp > 35MeV) < 1.5⇥ 10�32 s�1
. (17)

This additional exclusion region is also shown in Fig. 2.
Strong constraints on spin-dependent scattering, fi-

nally, can be obtained from proton upscattering by
CRDM in neutrino detectors like Borexino [53]. From a
search for events with higher energy than solar neutrino
scattering [54, 55], we deduce that the limiting scattering
rate per proton is (see Appendix)

�p(Te > 12.5MeV) < 2⇥ 10�39 s�1
. (18)

FIG. 3. Constraints on the spin-dependent part of the cross
section imposed by Borexino. Solid and dashed lines as in
Fig. 2. Dotted lines result from adopting the much greater
stopping power expected for spin-independent scattering (so
this contour also applies to �SI). For comparison we indicate
limits from the direct detection experiments CDMS light [50],
PICO60 [51] and PICASSO [52], as well as from delayed-
coincidence searches in near-surface detectors by Collar [41].

To apply this limit, we need to convert the proton recoil
energy to an apparent electron Te equivalent. For liquid
scintillators the recoil energy of the nucleus, TN , and the
detected energy Te are related by the empirical law

Te(TN ) =

Z TN

0

dTN

1 + kBhdTN/dxi
, (19)

where kB is a material-dependent constant. Follow-
ing the procedure outlined in Ref. [56], and thus us-
ing PSTAR tables from http://physics.nist.gov for
hdTN/dxi, we numerically tabulate and invert Eq. (19)
for pseudocumene (the scintillator used by Borexino).
The resulting constraint on spin-dependent scattering is
plotted in Fig. 3. Here the CRDM component is pro-
duced exclusively by p � � collisions, since 4He nuclei
do not carry spin. For the mean free path in Eq. (10),
we assumed exclusively elastic scattering on nuclei as de-
rived from spin-dependent couplings �� = �n = �p to
nucleons (dashed and solid lines). In reality, quasi-elastic
scattering on nucleons would dominate for energy trans-
fers above typical nuclear binding energies. While a full
treatment of these processes is beyond the scope of this
work, we indicate for comparison (dotted lines) the limits
that would result in the extreme case of adopting a stop-
ping power as e�cient as in the case of spin-independent
scattering, c.f. Eq. (13). For m� . 0.5GeV we thus find
highly competitive limits on (both spin-independent and)
spin-dependent scattering with protons, independent of
the attenuation of the CRDM flux.

Conclusions.— We have shown that the DM-nucleon
interaction cross section �� necessarily generates a small
but very energetic component of the DM flux, the
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FIG. 2. Constraints on spin-independent DM-nucleon scat-
tering imposed by the XENON-1T and MiniBooNE experi-
ments. Solid (dashed) lines assume a CR density that equals,
on average, the local value out to a distance of 1 kpc (10 kpc).
We compare our limits to those deriving from CMB ob-
servations [40], gas cloud cooling [38], the X-ray Quantum
Calorimeter experiment (XQC) [39], and a selection of direct
detection experiments [43–45] after taking into account the
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about the size of the di↵usion zone (with solid lines corre-
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� . 10�28 cm2, almost independently of
m�. Clearly, these constraints are highly complementary
to existing limits on light DM [33, 36–41]. Direct de-
tection of light energetic dark sector particles was also
discussed in Ref. [42].

Due to its shallow location, MiniBooNE [46] gives a
particular advantage in limiting CRDM fluxes with large
scattering cross sections that prevent � from reaching
deeply placed experiments. We utilize the measure-
ment of elastic ⌫ � p scattering [47], and a recent DM
run [48] that allows to extract the beam-unrelated scat-
tering rate. Requiring the scattering rate of CRDM on
protons at MiniBooNE depth not to exceed the beam-
unrelated background, we obtain (see Appendix)

�p(Tp > 35MeV) < 1.5⇥ 10�32 s�1
. (17)

This additional exclusion region is also shown in Fig. 2.
Strong constraints on spin-dependent scattering, fi-

nally, can be obtained from proton upscattering by
CRDM in neutrino detectors like Borexino [53]. From a
search for events with higher energy than solar neutrino
scattering [54, 55], we deduce that the limiting scattering
rate per proton is (see Appendix)

�p(Te > 12.5MeV) < 2⇥ 10�39 s�1
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section imposed by Borexino. Solid and dashed lines as in
Fig. 2. Dotted lines result from adopting the much greater
stopping power expected for spin-independent scattering (so
this contour also applies to �SI). For comparison we indicate
limits from the direct detection experiments CDMS light [50],
PICO60 [51] and PICASSO [52], as well as from delayed-
coincidence searches in near-surface detectors by Collar [41].

To apply this limit, we need to convert the proton recoil
energy to an apparent electron Te equivalent. For liquid
scintillators the recoil energy of the nucleus, TN , and the
detected energy Te are related by the empirical law

Te(TN ) =

Z TN

0

dTN

1 + kBhdTN/dxi
, (19)

where kB is a material-dependent constant. Follow-
ing the procedure outlined in Ref. [56], and thus us-
ing PSTAR tables from http://physics.nist.gov for
hdTN/dxi, we numerically tabulate and invert Eq. (19)
for pseudocumene (the scintillator used by Borexino).
The resulting constraint on spin-dependent scattering is
plotted in Fig. 3. Here the CRDM component is pro-
duced exclusively by p � � collisions, since 4He nuclei
do not carry spin. For the mean free path in Eq. (10),
we assumed exclusively elastic scattering on nuclei as de-
rived from spin-dependent couplings �� = �n = �p to
nucleons (dashed and solid lines). In reality, quasi-elastic
scattering on nucleons would dominate for energy trans-
fers above typical nuclear binding energies. While a full
treatment of these processes is beyond the scope of this
work, we indicate for comparison (dotted lines) the limits
that would result in the extreme case of adopting a stop-
ping power as e�cient as in the case of spin-independent
scattering, c.f. Eq. (13). For m� . 0.5GeV we thus find
highly competitive limits on (both spin-independent and)
spin-dependent scattering with protons, independent of
the attenuation of the CRDM flux.

Conclusions.— We have shown that the DM-nucleon
interaction cross section �� necessarily generates a small
but very energetic component of the DM flux, the
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XENON1T, MiniBooNE and Borexino result in 3650 [50],
26 [43] and 3800 MWE [44], respectively. The results of
our simplified method are in good agreement with those
presented in Ref. [10]. The depth x in the Eq. (9) should
include the time-dependence e↵ects of the blazar’s posi-
tion with respect to the detector, but we have verified
that, for the two considered sources, these would only
slightly a↵ect our final results. Moreover, these e↵ects
could eventually be avoided by averaging over the full
set of blazars in the entire sky.

Whereas, if ��p is too small, the BBDM flux and the
DM-proton scattering is too weak to leave any recoil in
the detectors. Correspondingly, there exists a lower de-
tectable bound on ��p which is determined by the de-
tector’s sensitivity. Considering an elastic scattering be-
tween DM and the target nucleus N and denoting with
TN the nuclear recoil energy, the BBDM induced target
nucleus recoil rate can be expressed as

�DM
N =

Z Tmax
exp

Tmin
exp

dTN e��N

Z +1

Tmin
� (TN )

dT�

Tmax
N (T�)

d��

dT�
, (10)

where
⇥
Tmin
exp , Tmax

exp

⇤
is the energy range of sensitivity of

the detector and Tmax
N is the maximal recoil energy of the

nucleus. The nuclear cross section e�N contains the form
factor as in Eq. (7). We emphasize that, since e��N / ��p

and d��/dT� / ��p, then �DM
N / �2

�p. By comparison
with the nucleus recoil limits of di↵erent experiments, we
can derive the bounds on ��p.

For the spin-independent case, we consider the exper-
iments XENON1T and MiniBooNE. The target nucleus
of XENON1T is Xe (⇤Xe ⇡ 141 MeV [51]) and the limit-
ing scattering rate per nucleus is given by �N (4.9 keV 
TXe  40.9 keV) < 2.41 ⇥ 10�34 s�1 For the Mini-
BooNE experiment, the limiting counting rate per pro-
ton is �p(Tp > 35 MeV) < 1.5 ⇥ 10�32 s�1 [10].
The resulting limits on the spin-independent cross sec-
tion �SI

�p from TXS 0506+056 and BL Lacertae are shown
in the upper and lower panels of Fig. 2, respectively. The
solid (dashed) lines correspond to BMP1 (BMP2). For
each blazar, the di↵erence between solid and dashed lines
comes from ⌃tot

DM, and ��p / 1/
p
⌃tot

DM. The sensitivity
of BBDM is orders of magnitude higher than that of cos-
mic ray dark matter (CRDM) [10]. Other complementary
limits are also shown for comparison.

For the spin-dependent case, the limiting scat-
tering rate per proton can be derived from proton
up-scattering in neutrino detectors like Borexino [44],
that is �p(Tp > 25 MeV) < 2 ⇥ 10�39 s�1 , where we
have used the approximation that the ratio between
quenched energy deposit (equivalent electron energy Te)
and proton recoil energy Tp fulfills Te(Tp)/Tp ⇡ 2 for
Tp & 5 MeV [61, 62]. We show the constraints on the
spin-dependent cross section �SD

�p in Fig. 3. Again, the
sensitivities from BBDM are much stronger than that
from CRDM.
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FIG. 2. The constraints on spin-independent DM-proton
cross section imposed by XENON1T [4] and MiniBooNE [43].
The solid and dashed red lines correspond to BMP1 and
BMP2, respectively. The top (bottom) panel is for BL Lac-
ertae (TXS 0506+056). For comparison, the constraints from
CRDM [10], cosmic microwave background (CMB) observa-
tions [52], gas cloud cooling [53], the x-ray quantum calorime-
ter experiment (XQC) [54], and a selection of direct detection
experiments [4, 55–57] are included.

FIG. 3. The constraints on spin-dependent DM-proton cross
section imposed by Borexino [44]. The red (black) lines refer
to BL Lacertae (TXS 0506+056) with the solid and dashed
styles corresponding to BMP1 and BMP2, respectively. For
comparison, the limits from CDMS light [58], PICO60 [57],
PICASSO [59], and Collar [60] are also reported.
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Figure 4. The constraints on DM-electron scattering cross section imposed by Super-K [13]. The
left panel is for TXS 0506+056, while the right panel for BL Lacertae. The solid, dashed, and dotted
purple lines correspond to BMP1, BMP2, and BMP3, respectively. For comparison, the constrains
from CRDM [14, 15], XENON1T [6], SENSEI [59], Solar Reflection [58], and BBN [56, 57] are included.

In Table 3, we report the constraints on the logarithm of the DM-electron cross section
(log10[��e/cm

2]) from the two considered blazars with BMP1 parameters, for di↵erent energy
bins and various DM masses. We find that, for di↵erent m�, the most stringent limits on ��e
may come from di↵erent bins. Hence, more stringent limits can be obtained by performing
a combined analysis. We then show in the left and right panels of Fig. 4 the results for TXS
0506+056 and BL Lacertae, respectively. The solid line corresponds to BMP1, while the
dashed and dotted lines represent the results for BMP2 and BMP3, respectively. For each
considered blazar, the di↵erences between these lines arise only from ⌃tot

DM/m� (see Fig. 1).
Compared to the results of CRDM, the BBDM constraints are more stringent by orders of
magnitude, depending on the DM mass and the parameters of the benchmark point. Besides,
the boundary values of ��e we have obtained are much smaller than the ones adopted for
��p, meaning that the BBDM flux at Super-K is dominated by the contribution from the
protons in the blazars’ jets.

On the other hand, assuming crossing symmetry, one can relate the scattering cross
section to that of the annihilation/production processes and consider the relevant bounds. For
instance, the Big Bang Nucleosynthesis (BBN) could constrain the parameter space for DM
masses less than O(1) MeV [56, 57], although the precise bound is rather model dependent.
From Fig. 4 we find that, after including the BBN bound, the previous boundaries from, e.g.,
CRDM [14] and Solar Reflection [58], are almost, if not all, excluded, whereas our results for
BMP1 (as well as any intermediate case between BMP1 and BMP2) still cover an important
region of the parameter space in the 1 . m�/MeV . 30 range.

As we have emphasized in Sec. 2, the luminosities of TXS 0506+056 and BL Lacertae
vary over time. Therefore, during the entire exposure period of Super-K, both Lp and Le

are not constant. However, we estimate that smaller values for Lp and Le would not a↵ect

too much our results. For instance, since the boundary values of ��p / L�1/2
p [16] and ��e /

(Lp��p)�1
/ L�1/2

p , if Lp and Le are reduced by two orders of magnitude simultaneously, the
lower exclusion limits for ��p and ��e would increase by a factor of 10.

In Fig. 5 we show how the lower exclusion limit on ��e changes for di↵erent values of
��p. The left (right) panel corresponds to TXS 0506+056 (BL Lacertae). In the two plots,
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Fig. 1. Recoil spectra for the elastic scattering of DM off 131Xe nuclei from semi-
annihilation in the galactic center with cross-section ⟨𝑒2→1𝜅⟩ = 10−26 cm3∕s and 
a DM-proton scattering cross-section 𝑒𝑐 = 10−31 cm2.

For illustration, we show in Fig. 1 the recoil spectra of a 131Xe nu-
cleus after the scattering off of a DM particle with mass ≫𝑆 = 10 MeV 
(violet), 100 MeV (red) and 1 GeV (green) assuming an annihilation 
cross-section for the semi-annihilation process ⟨𝑒2→1𝜅⟩ = 10−26 cm3∕s
and a DM-proton scattering cross-section 𝑒𝑐 = 10−31 cm2, which is al-
lowed by current direct detection experiments (including the cosmic-ray 
boosted component [14]). The recoil spectra show a characteristic sharp 
cut-off at 𝐸max given by Eq. (10) with 𝐸𝑆 = ≫𝑆∕4, which is qualita-
tively different to the expected recoil spectra from cosmic-ray boosted 
DM [13–15], or blazar-boosted DM [18]. The existence of this cut-off 
in the recoil spectrum implies a mass threshold for the DM particle, for 
which the nuclear recoil becomes undetectable. Concretely, this mini-
mum mass is

≫min
𝑆 =

(5∕4)≫
(9∕8)≫
𝐸 th − 1

[
1 + 3

5

√
1 +

2≫
𝐸 th

]
, (16)

corresponding to a DM particle with kinetic energy 𝐸𝑆 =≫𝑆∕4 produc-
ing a nuclear recoil with the minimum threshold energy of the experi-
ment 𝐸 th. For the case of the XENONnT experiment, which has threshold 
𝐸 th
XENON = 3.3 keV [22], this minimum mass is 19 MeV. Furthermore, it is 
noteworthy that the differential rate can be as large as 10−2 events/(keV 
day kg) for ≫𝑆 = 100 MeV at 𝐸Xe ≳ 3.3 keV. This translates into tens of 
events in a ton-scale xenon detector, showing the high sensitivity of 
current experiments to semi-annihilation boosted DM from the galactic 
center, which allows to probe new regions of the parameter space of this 
scenario.

Finally, the total event rate (in units of the number of events∕(day×kg)) 
is found by integrating Eq. (5) over the energy window of a given ex-
periment, and over all target nuclei:

( =
∑
 ∫ )𝐸 )(

)𝐸 . (17)

The number of expected events, *exp, follows from multiplying by the 
exposure of the experiment.

3. Signals at direct detection and neutrino experiments

We now derive limits on the DM-proton scattering cross-section 𝑒𝑐
from the non-observation of an excess of nuclear recoil events in the 
DM direct detection experiments XENONnT and CRESST-II, as well as 

Fig. 2. Excluded regions for the spin-independent DM-proton cross-section 
from XENONnT (red region), CRESST (green region), MiniBooNE (blue re-
gion) as well as the projected sensitivities for DARWIN (dashed red line) and 
DUNE (dashed blue line). We assume a cross-section for the semi-annihilation 
⟨𝑒2→1𝜅⟩ = 10−26 cm3 s−1 and a NFW halo profile. For comparison, we also in-
clude the constraints from XENON1T and CRESST assuming the Standard Halo 
Model, as well as the constraints from cosmic ray boosted DM (CRDM) [14], 
CMB observations [38], Lyman-+ [39] and gas cloud cooling [40].

in the neutrino experiment MiniBooNE. 1 The relevant details about 
these experiments, as well as our approach to calculate the limits, can be 
found in Appendix A. We will focus our analysis on DM masses above 1 
MeV since these experiments have no sensitivity to semi-annihilations of 
lighter DM particles (cf. Eq. (16)). Further, we will focus on DM masses 
below 10 GeV, since this is the region where experiments lose sensi-
tivity to DM particles in the Standard Halo Model; for larger masses, 
the flux of DM particles at Earth assuming the Standard Halo Model is 
ΦSHM ∼ 107(≫𝑆∕100 MeV)−1 cm−2 s−1, which is many orders of mag-
nitude larger than the one originating from semi-annihilations in the 
galactic center. Thus, above 10 GeV, the sensitivity of experiments does 
not change significantly by the inclusion of the boosted DM component 
from semi-annihilations.

We show in Fig. 2 conservative upper limits on the DM-proton scat-
tering cross-section from requiring that the expected number of signal 
events from semi-annihilations in the galactic center is in agreement 
with the data from CRESST, XENONnT and MiniBooNE, assuming that 
the cross-section is ⟨𝑒2→1𝜅⟩ = 10−26 cm3 s−1 (the flux as a function of the 
mass follows from Eq. (3)). We also show in the Figure the constraints 
from the two CRESST phases [23,36] and the XENON1T experiment [37] 
resulting from assuming that the DM flux at the detector is entirely de-
scribed by the Standard Halo Model, from the flux component generated 
by DM upscattering by cosmic-rays [14], as well as from the potential 
effect of DM-proton interactions on the cosmic microwave background 
radiation [38], the Lyman-+ forest [39] and gas cloud cooling [40]. We 
also show our estimated reach in parameter space of the DARWIN and 
DUNE experiments.

We find that the XENONnT experiment can probe scattering cross-
sections as low as 𝑒𝑐 ∼ 10−36 cm2 for ≫𝑆 ∼ 30 MeV, the CRESST ex-
periment, 𝑒𝑐 ∼ 10−31 cm2 for ≫𝑆 ∼ 3 − 30 MeV, and MiniBooNE, 𝑒𝑐 ∼
10−28 cm2 for ≫𝑆 ∼ 300 MeV. The sensitivity of the CRESST experiment 
is comparable to that of Cosmic Ray boosted DM. In contrast, the sensi-

1 Other possible constraints on boosted DM models were listed in [16]. These 
constraints, on the other hand, do not apply to the semi-annihilation scenario 
under consideration in this work, which contains one neutrino in the final state.
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Fig. 1. Recoil spectra for the elastic scattering of DM off 131Xe nuclei from semi-
annihilation in the galactic center with cross-section ⟨𝑒2→1𝜅⟩ = 10−26 cm3∕s and 
a DM-proton scattering cross-section 𝑒𝑐 = 10−31 cm2.

For illustration, we show in Fig. 1 the recoil spectra of a 131Xe nu-
cleus after the scattering off of a DM particle with mass ≫𝑆 = 10 MeV 
(violet), 100 MeV (red) and 1 GeV (green) assuming an annihilation 
cross-section for the semi-annihilation process ⟨𝑒2→1𝜅⟩ = 10−26 cm3∕s
and a DM-proton scattering cross-section 𝑒𝑐 = 10−31 cm2, which is al-
lowed by current direct detection experiments (including the cosmic-ray 
boosted component [14]). The recoil spectra show a characteristic sharp 
cut-off at 𝐸max given by Eq. (10) with 𝐸𝑆 = ≫𝑆∕4, which is qualita-
tively different to the expected recoil spectra from cosmic-ray boosted 
DM [13–15], or blazar-boosted DM [18]. The existence of this cut-off 
in the recoil spectrum implies a mass threshold for the DM particle, for 
which the nuclear recoil becomes undetectable. Concretely, this mini-
mum mass is

≫min
𝑆 =

(5∕4)≫
(9∕8)≫
𝐸 th − 1

[
1 + 3

5

√
1 +

2≫
𝐸 th

]
, (16)

corresponding to a DM particle with kinetic energy 𝐸𝑆 =≫𝑆∕4 produc-
ing a nuclear recoil with the minimum threshold energy of the experi-
ment 𝐸 th. For the case of the XENONnT experiment, which has threshold 
𝐸 th
XENON = 3.3 keV [22], this minimum mass is 19 MeV. Furthermore, it is 
noteworthy that the differential rate can be as large as 10−2 events/(keV 
day kg) for ≫𝑆 = 100 MeV at 𝐸Xe ≳ 3.3 keV. This translates into tens of 
events in a ton-scale xenon detector, showing the high sensitivity of 
current experiments to semi-annihilation boosted DM from the galactic 
center, which allows to probe new regions of the parameter space of this 
scenario.

Finally, the total event rate (in units of the number of events∕(day×kg)) 
is found by integrating Eq. (5) over the energy window of a given ex-
periment, and over all target nuclei:

( =
∑
 ∫ )𝐸 )(

)𝐸 . (17)

The number of expected events, *exp, follows from multiplying by the 
exposure of the experiment.

3. Signals at direct detection and neutrino experiments

We now derive limits on the DM-proton scattering cross-section 𝑒𝑐
from the non-observation of an excess of nuclear recoil events in the 
DM direct detection experiments XENONnT and CRESST-II, as well as 

Fig. 2. Excluded regions for the spin-independent DM-proton cross-section 
from XENONnT (red region), CRESST (green region), MiniBooNE (blue re-
gion) as well as the projected sensitivities for DARWIN (dashed red line) and 
DUNE (dashed blue line). We assume a cross-section for the semi-annihilation 
⟨𝑒2→1𝜅⟩ = 10−26 cm3 s−1 and a NFW halo profile. For comparison, we also in-
clude the constraints from XENON1T and CRESST assuming the Standard Halo 
Model, as well as the constraints from cosmic ray boosted DM (CRDM) [14], 
CMB observations [38], Lyman-+ [39] and gas cloud cooling [40].

in the neutrino experiment MiniBooNE. 1 The relevant details about 
these experiments, as well as our approach to calculate the limits, can be 
found in Appendix A. We will focus our analysis on DM masses above 1 
MeV since these experiments have no sensitivity to semi-annihilations of 
lighter DM particles (cf. Eq. (16)). Further, we will focus on DM masses 
below 10 GeV, since this is the region where experiments lose sensi-
tivity to DM particles in the Standard Halo Model; for larger masses, 
the flux of DM particles at Earth assuming the Standard Halo Model is 
ΦSHM ∼ 107(≫𝑆∕100 MeV)−1 cm−2 s−1, which is many orders of mag-
nitude larger than the one originating from semi-annihilations in the 
galactic center. Thus, above 10 GeV, the sensitivity of experiments does 
not change significantly by the inclusion of the boosted DM component 
from semi-annihilations.

We show in Fig. 2 conservative upper limits on the DM-proton scat-
tering cross-section from requiring that the expected number of signal 
events from semi-annihilations in the galactic center is in agreement 
with the data from CRESST, XENONnT and MiniBooNE, assuming that 
the cross-section is ⟨𝑒2→1𝜅⟩ = 10−26 cm3 s−1 (the flux as a function of the 
mass follows from Eq. (3)). We also show in the Figure the constraints 
from the two CRESST phases [23,36] and the XENON1T experiment [37] 
resulting from assuming that the DM flux at the detector is entirely de-
scribed by the Standard Halo Model, from the flux component generated 
by DM upscattering by cosmic-rays [14], as well as from the potential 
effect of DM-proton interactions on the cosmic microwave background 
radiation [38], the Lyman-+ forest [39] and gas cloud cooling [40]. We 
also show our estimated reach in parameter space of the DARWIN and 
DUNE experiments.

We find that the XENONnT experiment can probe scattering cross-
sections as low as 𝑒𝑐 ∼ 10−36 cm2 for ≫𝑆 ∼ 30 MeV, the CRESST ex-
periment, 𝑒𝑐 ∼ 10−31 cm2 for ≫𝑆 ∼ 3 − 30 MeV, and MiniBooNE, 𝑒𝑐 ∼
10−28 cm2 for ≫𝑆 ∼ 300 MeV. The sensitivity of the CRESST experiment 
is comparable to that of Cosmic Ray boosted DM. In contrast, the sensi-

1 Other possible constraints on boosted DM models were listed in [16]. These 
constraints, on the other hand, do not apply to the semi-annihilation scenario 
under consideration in this work, which contains one neutrino in the final state.
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is the spin of the relevant nucleon. Linear combinations
of these Hermitian quantities up to 2nd-order in ωq give
a total of fifteen independent and dimensionless NREFT
operators, denoted as Oi. The operators can be mapped
onto fully relativistic covariant Lagrangians, the nonrel-
ativistic reductions of which we denote Li, allowing for
more complex interactions to be studied [21–23]. Equa-
tion 2 can also be modified to describe inelastic scatters
where the WIMP transitions into a more massive state
during the interaction, another mechanism that can lead
to a suppression of the low energy component of the recoil
spectrum [24]. Inelastic models arise outside of NREFT,
and they can generate interaction rates with significant
annual modulation peaking around June 2 [25–29].

Here, we perform a search for high-energy nuclear re-
coils arising from L1 →L20 [23], and for inelastic interac-
tions from O1 and O4 with superscripts (s) and (v) re-
ferring to the isoscalar and isovector basis, respectively.
The inelastic operators are selected because they are ex-
tensions of SI and SD models. We use two interactions
as illustrative examples, shown in Fig. 1. The first is the
inelastic spin-independent scatter, Os

1, which resembles a
Higgsino model [28]. The second is Ls

10, which describes
a magnetic moment interaction, chosen as it results in a
broad and double-peaked spectrum in our region of inter-
est (ROI). Predicted xenon nuclear recoil spectra for all
dark matter models are calculated with WimPyDD [30]
using one-body nuclear density matrices developed for
DMFormfactor-v6 [23], with modifications as described
in Ref. [31], and the Standard Halo Model with param-
eters recommended in Ref. [32]. Results for all of the
probed interactions are in the Data Release.

LZ Detector and Calibrations – The heart of the LZ
experiment is a low-background dual-phase time projec-
tion chamber (TPC) containing 7 tonnes of active liquid
xenon (LXe) [33, 34]. The TPC is equipped with arrays
of photomultiplier tubes (PMTs) at its top and bottom
to detect optical signals. Cathode, gate, and anode elec-
trodes create a set of electric fields that drift ionization
electrons to the liquid surface and extract them into the
gas phase. The liquid-gas interface lies between the gate
and anode at the top of the detector, and the cathode de-
fines the bottom of the active region. A bottom electrode
sits below the cathode to shield the lower PMT array.

The TPC is surrounded by a LXe Skin veto detector,
consisting of 2 tonnes of LXe instrumented for scintil-
lation readout whose main purpose is to identify ε-rays
entering or exiting the TPC. The TPC and Skin are con-
tained within a vacuum-insulated cryostat, which is in
turn surrounded by the Outer Detector (OD) veto. The
OD is 17 tonnes of gadolinium-loaded liquid scintillator
(0.1% by mass) and 229 tonnes of ultra-pure water, read
out by PMTs in the water space, and it detects neutrons,
ε-rays, and muons. The LZ detectors are described in
more detail in Ref. [33].

Energy depositions in the TPC typically produce two

FIG. 1. Nuclear recoil energy spectra for the two interactions
chosen as examples in this Letter. Top: Interactions via the
inelastic O

s
1 with splitting between WIMP energy levels (ω)

of 0 keV (equivalent to a purely elastic spin-independent in-
teraction), 200 keV, and 300 keV for an impinging WIMP
of mass 1000 GeV/c2. Bottom: Elastic interactions of a
50, 200, and 1000 GeV/c2 WIMP via L

s
10. The shaded gray

regions, <5.4 keV and >269.9 keV, indicate where the detec-
tion e!ciency is below 50% after all data analysis criteria.
The coupling strength of each interaction is assumed to be
unity (i.e., csi = 1/m2

ω as in Eq. 21 and dsi = 1/m2
ω as in

Eq. 68 of Ref. [23], where mω = 246.2 GeV/c2 is the Higgs
vacuum expectation value.).

signals: prompt scintillation light (S1), produced at the
location of the interaction; and delayed electrolumines-
cence light (S2), produced when extracted electrons are
accelerated through the gaseous phase by the applied
electric field. The S2 light hit pattern in the top PMT
array enables position reconstruction in the (x, y) plane,
and the time interval between S1 and S2 pulses provides
the depth, z. S1 and S2 signal sizes are measured in pho-
tons detected (phd) and vary with the position of the in-
teraction vertex. Position-corrected values, denoted S1c
and S2c, allow for scale factors to correlate the signals to
the original number of photons and electrons produced.
The photon gain factor g1 = 0.110 ± 0.002 phd/photon
and the electron gain factor g2 = 34.5± 1.1 phd/electron
are determined using monoenergetic peaks from back-
ground and calibration sources.

The S1 to S2 ratio provides discrimination power be-
tween electron recoil (ER) events, produced mainly by
ε-ray and ϑ-decay interactions, and nuclear recoil (NR)

TABLE S8. Local significance for Oi models tested. Dashed entries indicate that the observed event is not physical for those
WIMP mass and mass splitting combinations.

Interaction Mass (GeV/c2)
Mass-splitting, ω (keV)

0 50 100 150 200 250 300 350

Os
1

400 0.0 0.0 0.8 2.2 2.6 2.9 2.9 -
1000 0.0 0.0 0.8 2.2 2.7 2.9 3.0 3.3
4000 0.0 0.0 1.0 2.3 2.7 2.9 3.0 3.3

Ov
1

400 0.8 1.4 2.6 2.8 2.8 2.8 3.1 -
1000 1.3 1.6 2.6 2.8 2.9 3.0 3.4 3.4
4000 1.1 1.7 2.6 2.9 2.9 3.1 3.4 3.4

Os
4

400 2.6 2.7 2.8 3.1 3.2 3.2 3.3 -
1000 2.7 2.8 2.8 3.0 3.2 3.2 3.4 3.4
4000 2.8 3.0 3.0 3.1 3.2 3.3 3.4 3.4

Ov
4

400 2.6 2.7 2.8 3.1 3.2 3.2 3.3 -
1000 2.7 2.8 2.8 3.0 3.2 3.2 3.3 3.4
4000 2.8 3.0 3.0 3.1 3.2 3.3 3.4 3.4
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Local significance

Table S7 contains the local significance of the Lagrangian models tested, and Table S8 shows the same for the Oi

models. A minimum of 30,000 toy distributions were generated for each case. The toys are used to determine the
p0 value of the fit to our data, from Eq. 6 of Ref. [32]. The value in the table is the number of normal-distribution
standard deviations (one-sided) that correspond to the observed p0 for each model and WIMP mass.

TABLE S7. Local significance for Lagrangian models tested

Li
WIMP Mass (GeV/c2)

10 12 14 17 21 30 40 50 100 200 400 1000 4000
Ls
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Lv
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 1.3 1.2

Ls
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 2.8 2.9 3.0 3.1

Lv
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 2.5 3.0 3.1 3.1

Ls
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 1.5 1.7 1.8

Lv
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 2.2 2.5 2.6 2.7

Ls
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.6 3.1 3.1 3.1 3.0

Lv
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.7 3.1 3.2 3.1 3.1

Ls
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Lv
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.3 1.3

Ls
6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 2.2 2.6 2.6 2.6

Lv
6 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 2.9 3.1 3.2 3.3 3.3

Ls
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 2.5 2.7 2.7 2.7

Lv
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 2.3 2.7 2.7 2.8

Ls
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3 2.8 2.9 3.0 3.0

Lv
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 2.9 2.9 3.0 3.0

Ls
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 2.9 2.9 3.0 3.1

Lv
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.7 3.0 3.1 3.2 3.1

Ls
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.9 3.1 3.4 3.4 3.4

Lv
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0 3.2 3.3 3.4 3.4

Ls
11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 3.0 3.1 3.2 3.2

Lv
11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 2.9 3.1 3.2 3.2

Ls
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 3.1 3.2 3.2 3.3

Lv
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 3.0 3.2 3.2 3.2

Ls
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 2.4 2.5 2.6

Lv
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 2.8 3.0 3.0 3.0

Ls
14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 2.9 3.0 3.1 3.1

Lv
14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5 2.9 3.0 3.1 3.1

Ls
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 2.3 2.6 2.7 2.7

Lv
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 2.4 2.6 2.7 2.7

Ls
16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.8 3.3 3.4 3.4 3.2

Lv
16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 3.2 3.3 3.2 3.2

Ls
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 1.6 1.8 1.8

Lv
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 2.5 2.6 2.7

Ls
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 2.9 3.1 3.1 3.1

Lv
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 2.8 2.9 2.9 2.9

Ls
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 2.9 3.0 3.0 3.1

Lv
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 2.9 3.0 3.0 3.1

Ls
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.7 3.1 3.2 3.2 3.3

Lv
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.7 3.0 3.3 3.2 3.3
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 : isoscalar  || 

 : isovector || 

s c(s) ∝ cp + cn
v c(v) ∝ cp − cn
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observed events (here n = 1) at energies Ei and times ti,

lnL = →n ln ω +
∑

i

lnR(Ei, ti) , (4)

where R is the smeared rate of eq. (3) and ω =
N(125 keV, 400 keV) is its integral over the analysis win-
dow and the exposure. As usual, terms that depend only
on n have been dropped from eq. (4). The exposure and
the reference cross section cancel identically between the
two terms, so eq. (4) is a pure shape fit: it asks where in
energy and time the model places the events, and carries
no information about the absolute rate. The arrival time
is data, so the density is evaluated on the date of the
event, while ω is integrated across the run, which spans
27 March 2023 to 1 April 2024, with live time weighted
uniformly.

At mω = 1TeV the splitting is confined to approx-
imately 370 to 400 keV at one standard deviation and
350 to 405 keV at 90% confidence. Small splittings are
disfavoured because they place the spectrum at lower en-
ergy, while the observed event sits at 248 keV. The re-
gions are open towards large mass and cannot be closed
by extending the scan. Fixing the cross section instead of
profiling it can result in a closed region. With only one
event, the asymptotic approximations underlying these
intervals may not hold, and the preference for large ε
should be read as indicative rather than fully robust sta-
tistical statements.

Also shown in the right panel of fig. 1 is a kinematic
constraint. The largest splitting the halo can supply is

εmax = 1
2µA v2max, vmax = vesc + vE , (5)

with vE the Earth’s speed through the halo. Read in the
other direction, eq. (5) bounds the dark matter mass from
below rather than selecting a preferred value. Splittings
of 250, 300 and 350 keV require masses above 149, 234
and 396GeV respectively, rising to 817GeV at 400 keV.

Modulation — As the fit in fig. 1 shows, the surviving
range of splittings lies close to the kinematic limit. We
now explore what that implies. Taking ε = 350 keV,
mω = 1TeV and ER = 248 keV in eq. (2) we obtain
vmin = 766 km s→1, against vmax = 810 km s→1 (in the
detector frame) on the date of the event. The entire
signal is supplied by dark matter lying within 44 km s→1

of the escape speed, a sliver of the velocity distribution
and the part of the local halo that is most uncertain (see
e.g., [17, 19–21]).

With such large values of ε favoured, other direct de-
tection experiments will find it di!cult to test the inter-
pretation directly. The kinematic reach of eq. (5) grows
with the target’s mass number AN , since µ ↑ mA for
heavy dark matter, so no lighter target can supply a com-
parably large splitting. For example, argon is kinemati-
cally barred above ε = 131 keV, only a target as heavy as
xenon reaches su!ciently large εmax. While some candi-
dates are available, notably tungsten in CRESST [22],
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FIG. 2. Upper panel: the modulation amplitude A = (Rmax→
Rmin)/(Rmax+Rmin) of the rate in the 125 to 400 keV window
against mass splitting, for three dark matter masses. Each
curve stops where that mass can no longer produce a recoil
at any time of year. The region between the square symbols
brackets the range identified by the fit in fig. 1. Lower panel:
the rate through the year at mω = 1TeV for two splittings.
At 315 keV the December rate is 0.31 of the June peak, while
at 400 keV the rate is zero for approximately two-thirds of
the year, so the annual curve is not a small oscillation about
a mean but peaks in June.

they may find it challenging to scale to the exposure
needed to observe the signal.

However, there is one potentially distinctive aspect of
the signal that may aid confirmation of a dark matter
origin in a xenon experiment. A signal supplied by a
44 km s→1 sliver of the velocity distribution samples only
its steep tail, so the Earth’s orbital motion produces a
large fractional change in rate over the year. Such a pos-
sibility was also noted in ref. [23–25]. We define the mod-
ulation amplitude A = (Rmax → Rmin)/(Rmax + Rmin),
with the maximum and minimum taken over one year
and R the expected number of events in the analysis
window. For a sinusoidal rate this is the familiar ratio of
the modulated to the unmodulated component, but the
rate here is not sinusoidal, and we return to that below.
We obtain A = 94% for ε = 350 keV and mω = 1TeV,

Inelastic explanation depends on velocity tail 

→ Annual modulation can be significant
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against a few percent for elastic scattering in the same
window. That inelastic scattering enhances modulation
is a long-standing result. What is specific to this case
is the magnitude, which follows from the high energy of
the observed event pushing the splitting against the kine-
matic limit.

The upper panel of fig. 2 shows the modulation am-
plitude, expressed as a percentage, as a function of ω
for three representative masses. While the recoil spectra
are degenerate in mass around the TeV scale, the mod-
ulation is not. At ω = 350 keV it falls from 100% at
500GeV through 94% at 1TeV to 73% at 3TeV, so it
is an observable that carries information about the mass
in this regime. All three curves reach unity before the
kinematic ceiling for that mass, beyond which the rate
vanishes identically throughout the year.

The signal is not merely modulated but genuinely sea-
sonal: present through the summer months and, for the
largest splittings, absent altogether in winter. An am-
plitude of unity means that the rate falls to exactly zero
for part of the year. This is demonstrated in the lower
panel of fig. 2, which shows the integrated signal in the
range 125 to 400 keV across one year at mω = 1TeV for
two splittings. A sinusoidal description is a good approx-
imation for ω = 315 keV, but for ω = 400 keV the rate is
identically zero for approximately two-thirds of the year
because vmax(t), driven by the Earth’s orbital motion,
falls below vmin altogether.

Reach with a larger dataset — To quantify what a
measurement requires we use the Asimov formalism of
ref. [26], applied to a nested test. We write the rate as

R(Erec, t;ε) = R̄(Erec) + ε
[
R(Erec, t)→ R̄(Erec)

]
, (6)

with R̄ the rate averaged over the year, so that ε = 0 is a
signal with the same recoil spectrum and no time depen-
dence, and ε = 1 is the prediction with full time depen-
dence. The null hypothesis is ε = 0, and the test statistic
is the profile likelihood ratio q0 = →2 ln [L(ε = 0)/L(ε̂)],
which for one parameter of interest follows one half of a
ϑ2 distribution with one degree of freedom, so that the
significance is Z =

↑
q0. Evaluating the likelihood on the

Asimov dataset built from ε = 1 gives

q0,A = 2

∫
dErec dt

[
R1 ln

R1

R0
→ (R1 →R0)

]
, (7)

where R1 is the modulated rate and R0 the best fit to
it at ε = 0. Because the cross section is profiled in both
hypotheses, the two predict the same total number of
events, and the second term vanishes identically. What
survives is proportional to that number, so the natural
output is a count of events rather than an exposure.

Both hypotheses are signal: the test presumes the
events are dark matter and asks only whether their ar-
rival times carry the predicted structure, rather than
testing for a signal against background. A flat-in-time
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FIG. 3. Events required to distinguish an annually modu-
lating signal from a constant rate, at mω = 1TeV, for 3ω
and 5ω median expected significance. We show the median
expected significance obtained from the Asimov dataset of
eq. (7), with the cross section profiled. The statistic depends
only on the distribution of events in reconstructed energy and
arrival time. The right-hand axis converts the event count to
an exposure at the rate LZ’s single event implies, one event
per 2.84 t yr. This conversion carries a Poisson uncertainty of
order its own size, so should be taken as a figure of merit only.
Dotted lines mark two XLZD exposures.

population would drive ε̂ towards zero and falsify the in-
terpretation rather than merely failing to confirm it. The
test is also almost purely one of arrival times: repeat-
ing the calculation with the recoil energy of each event
replaced by a value drawn from the year-averaged spec-
trum leaves q0,A at 97.2% of its full value at ω = 350 keV,
so only 2.8% of the discriminating power comes from the
correlation between energy and arrival time. We also pro-
file the mass and the splitting in the null, which is the
conservative choice: it allows the unmodulated hypoth-
esis to reshape its recoil spectrum to match the data as
closely as it can. This changes q0,A by less than one part
in 106, because no choice of those parameters can man-
ufacture a time dependence, since the best an unmodu-
lated hypothesis can do is average the true rate over the
year, so the statistical power is irreducible.

Since q0,A scales linearly with the number of events N ,
we write q0,A = N q1(ω) with q1 the value for a single
event, so that the number of events needed for a target
significance Z is N = Z2/q1(ω). Scanning ω at mω =
1TeV and evaluating this at Z = 3 and Z = 5 gives the
two curves of fig. 3, with the requirement falling by two
orders of magnitude across the range of splittings shown.
At the benchmark ω = 350 keV, 3ϖ is reached at 11 events
and 5ϖ at 31.

Normalising to the rate implied by LZ’s single event,
a figure of merit rather than a measured rate and one
that carries a Poisson uncertainty of order its own size,
an exposure of 200 t yr delivers about 70 events and a
median significance of 7.5ϖ on the presence of modula-
tion, while 1000 t yr delivers around 350 events and 17ϖ
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