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Abstract: With the establishment and maturation of the experimental programs
searching for new physics with sizeable couplings at the LHC, there is an increasing interest
in the broader particle and astrophysics community for exploring the physics of light and
feebly-interacting particles as a paradigm complementary to a New Physics sector at the TeV
scale and beyond. FIPs 2020 has been the first workshop fully dedicated to the physics of
feebly-interacting particles and was held virtually from 31 August to 4 September 2020. The
workshop has gathered together experts from collider, beam dump, fixed target experiments,
as well as from astrophysics, axions/ALPs searches, current/future neutrino experiments,
and dark matter direct detection communities to discuss progress in experimental searches
and underlying theory models for FIPs physics, and to enhance the cross-fertilisation across
di�erent fields. FIPs 2020 has been complemented by the topical workshop “Physics Beyond
Colliders meets theory”, held at CERN from 7 June to 9 June 2020. This document presents
the summary of the talks presented at the workshops and the outcome of the subsequent
discussions held immediately after. It aims to provide a clear picture of this blooming field
and proposes a few recommendations for the next round of experimental results.
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Plan for 3 lectures

1. Introduction. The need for new physics. Types of particle dark 
matter. Portals to new Physics. Phenomenology of particle dark 
matter in broad strokes.

2. Freeze-in dark matter. Light dark sectors. Axions.

3. Search for DM in laboratory experiments. Beam experiments 
(colliders, beam dumps, intensity frontier). Direct detection efforts 
underground. Blind spots for direct detection. 
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Typical BSM model-independent approach is to include all possible 
BSM operators + light new states explicitly. 

SM as an Effective Field Theory

= - mH
2 (H+

SMHSM) + all dim 4 terms (ASM, ySM,  HSM) +

Neutrino mass operators (e.g. effective Dim=5)

+(Wilson coeff. /L2) × Dim 6 etc (ASM, ySM,  HSM)  + …

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

+ dark sector interactions (ADS, yDS,  HDS)

SM -- Standard Model

DS – Dark Sector

L2020s = m
2
H
H

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

neutrino mass terms/e↵ective dim 5 operators

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

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

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

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

A  ¶µ a /f      axionic portal
……….

Neutral “portals” to the SM



How to look for New Physics ? 

1. High energy colliders.   

2. Precision measurements, especially when a symmetry is broken

3. Intensity frontier experiments where abnormal to SM appearance of 
FIPs (or sometimes disappearance, e.g. NA64) can be searched.

4. DM searches:     Atom + DM  à visible energy
DM + DM à visible energy

All these methods are employed to look for Dark Sector, and associated 
particles, such as Dark Matter and mediators. 

First step in calculating loop integrals

Maxim Pospelov
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(ēi�5e)(q̄q) ! EDM,
1

⇤2
CP

< 10�10
GF ! ⇤CP > 107 GeV (3)

pp ! ⇡, K,B ! HNL+X ! HNL decay to SM (4)

1

First step in calculating loop integrals

Maxim Pospelov

1
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(ēe)(q̄q) (1)
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⇤2
(ēe)(q̄q) ! � / E
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⇤4
! ⇤ > 10TeV (2)
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1

⇤2
CP

< 10�10
GF ! ⇤CP > 107 GeV (3)

pp ! ⇡, K,B ! HNL+X ! HNL decay to SM (4)

K
+ ! ⇡

+
⌫⌫̄; KL ! ⇡

0
⌫⌫̄ (5)
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Light particles induced interactions do not benefit from going to large 
energies the same way as e.g. interactions from heavy particles

Light particles change s(E)

�e+�!e+2� < H; �e+�!e+� > H (43)

cross section / couplings⇥ Q
2

(Q2 +M2)2
(44)

References

[1] Y. Ema, T. Gao and M. Pospelov, doi:10.1016/j.physletb.2022.137496
[arXiv:2207.01679 [hep-ph]].

[2] A. Caputo, H. Liu, S. Mishra-Sharma, M. Pospelov and J. T. Ruderman,
[arXiv:2206.07713 [hep-ph]].

[3] Y. Ema, T. Gao and M. Pospelov, JHEP 07, 106 (2022)
doi:10.1007/JHEP07(2022)106 [arXiv:2205.11532 [hep-ph]].

[4] R. S. Bedi, T. Gherghetta and M. Pospelov, Phys. Rev. D 106, no.1, 1
(2022) doi:10.1103/PhysRevD.106.015030 [arXiv:2205.07948 [hep-ph]].

[5] J. Elam et al. [REDTOP], [arXiv:2203.07651 [hep-ex]].

[6] J. Arrington, J. Barrow, B. Batell, R. Bernstein, N. Blinov, S. J. Brice,
R. Culbertson, P. deNiverville, V. Di Benedetto and J. Eldred, et al.
[arXiv:2203.03925 [hep-ph]].

[7] S. Biswas, L. Gerchow, H. Luetkens, T. Prokscha, A. Antognini,
N. Berger, T. E. Cocolios, R. Dressler, P. Indelicato and K. Jungmann,
et al. Appl. Sciences 12, no.5, 2541 (2022) doi:10.3390/app12052541

[8] Y. Ema, T. Gao and M. Pospelov, [arXiv:2202.10524 [hep-ph]].

[9] D. McKeen, M. Moore, D. E. Morrissey, M. Pospelov
and H. Ramani, Phys. Rev. D 106, no.3, 035011 (2022)
doi:10.1103/PhysRevD.106.035011 [arXiv:2202.08840 [hep-ph]].

[10] E. Goudzovski, D. Redigolo, K. Tobioka, J. Zupan, G. Alonso-Álvarez,
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Log Q2

Log s

High intensity is a key to probe light particles with small couplings 
(feebly interacting particles or FIPs)

Heavy mediator

Light mediator
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How to explore Dark sectors in beam experiments? 

p,e Standard mesons: p+, K+,.. n

Exotic things: light DM c, light mediators V 

Neutrino detectorOptions:

1.  Exotic particles are “metastable”, decay to SM inside the detector

2. Exotic particles are ”stable”, but can scatter on SM particles

3. Exotic particles exchange can modify neutrino scattering. 

e, g etcA’

n
e
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4.  There is of course also a possibility of disappearance of known 
particles

5. Missing energy/momentum. (In a collision where particles are 
sent on target 1-by-1, one can detect abnormal 
energy/momentum loss. Same for e.g. particle colliders.)

6. Combination of all of the above: e.g. Sterile neutrinos can have 
”secret interactions”, and also scatter off SM particles, or the 
oscillation pattern can change.  

n Sterile state

e
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Models vs Experiments in “Physics Beyond 
Colliders” exercise at CERN

Benchmark Cases (MP and PBC, 2018)
1. Dark photon
2. Dark photon + light dark matter
3. Millicharged particles
4. Singlet scalar mixed with Higgs
5. Quartic-dominated singlet scalar
6. HNL, e-flavour dominance
7. HNL, µ-flavour dominance
8. HNL, t-flavour dominance
9. ALPs, coupling to photons
10. ALPs, coupling to fermion
11. ALPs, coupling to gluons

Experimental proposals, mostly CERN
§ SHiP                          Beam Dump
§ NA62+ Flavour, possible BD
§ FASER             LHC add-on
§ MATHUSLA         large LHC add-on
§ Codex-B   LHC add-on
§ MilliQan   LHC add-on
§ NA64        missing momentum
§ KLEVER  flavour
§ REDTOP                       fixed target
§ IAXO                           axion exp
§ ALPs-II  axion exp
§ ……..

I hope that in the end, a clear strategy for building up CERN intensity 
frontier program will emerge, with new sensitivity to sub-EW scales

Ve
ct

or
sc

al
ar

H
N

L
A
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s
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Visibly and invisibly decaying dark photons

Benchmark cases 1 and 2, 
models with visible [top] 
and invisible [bottom] 
decays of dark photons 
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Figure 17: Dark photon into visible final states: Á versus mAÕ . Filled ar-
eas are existing limits from searches at experiments at collider/fixed target (A1 [412],
LHCb [235],CMS [413],BaBar [354], KLOE [256, 355, 414, 415], and NA48/2 [358]) and
old beam dump: E774 [352], E141 [353], E137 [346, 416, 417]), ‹-Cal [418, 419], CHARM
(from [420]), and BEBC (from [421]).Bounds from supernovae [126] and (g ≠ 2)e [422] are
also included. Coloured curves are projections for existing and proposed experiments: Belle-
II [423]; LHCb upgrade [424, 425]; NA62 in dump mode [426] and NA64(e)++ [338, 339];
FASER and FASER2 [376]; seaQUEST [194]; HPS [427]; Dark MESA [428], Mu3e [429],
and HL-LHC [372]. Figure revised from Ref. [9].
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Figure 19: Existing limits and future sensitivities for a massive dark photon going to invisible
final states (–d >> –Á2). Existing limits from Kaon decay experiments (E787 [436], E949 [437],
NA62 [345]), BaBar [344], and NA64(e) [190]. The constraints from (g ≠ 2)µ [438] and (g ≠ 2)e are
also shown. Future sensitivities for NA64(e)++ [439], Belle II [423], KLEVER [440], PADME [192],
LDMX@SLAC [188, 434], and LDMX@CERN [188, 433]. The sensitivity curves for LDMX@SLAC
and LDMX@CERN assume 1014 electrons-on-target and Ebeam = 4 GeV and 1016 electrons-on-target
and Ebeam = 16 GeV, respectively.
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New physics and muon g-2
Models with light particles.

Dark photons (pushes g-2 in the positive direction, reducing disrepancy) 

µ = µA+µB =
↵

2⇡
⇥em
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0

dx
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FIG. 3: Bottom: signal fit for mA0 = 6.21 GeV to a com-
bination of ⌥ (2S) and ⌥ (3S) datasets, shown for illustration
purposes. The signal peak (red) corresponds to the local sig-
nificance S = 3.1 (global significance of 2.6�). Blue solid
line shows the full PDF, while the magenta dashed line cor-
responds to the background contribution. Top: distribution
of the normalized fit residuals (pulls).

the frequentist profile-likelihood limits [29]. Figure 5
compares our results to other limits on " in channels
where A0 is allowed to decay invisibly, as well as to the
region of parameter space consistent with the (g � 2)µ
anomaly [5]. At each value of mA0 we compute a limit
on " as a square root of the Bayesian limit on "2 from
Fig. 4. Our data rules out the dark-photon coupling as
the explanation for the (g�2)µ anomaly. Our limits place
stringent constraints on dark-sector models over a broad
range of parameter space, and represent a significant im-
provement over previously available results.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and
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FIG. 4: Upper limits at 90% CL on A0 mixing strength
squared "2 as a function of mA0 . Shown are the Bayesian
limit computed with a uniform prior for "2 > 0 (solid red
line) and the profile-likelihood limit (blue dashed line).

 (GeV)  A'm
3−10 2−10 1−10 1 10

   
  

ε

4−10

3−10

2−10

e
(g-2) NA64

ννπ→K

σ 5±
µ

(g-2)
favored BABAR 2017
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cluded by this work (green area) compared to the previous
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(g � 2)µ anomaly [5].
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ing institutions wish to thank SLAC for its support and
kind hospitality. This work is supported by DOE and
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By now both visibly and invisibly decaying dark 
photons (e.g. to dark matter) are probed much 
below levels interesting for the muon g-2. 

In the “barely alive” category: Lµ-Lt gauge 
boson below the dimuon threshold. Invisible 
decay, hard to produce with e -.
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Doubts grow: is there a muon g-2 problem?

(From M. Davier et al, 2023) 

• The reasons why CMD-3 results are considerably larger 
(compared to global errors) are not entirely clear. 

• They (CMD-3) are consistent with BMW lattice result. 

• This invites additional scrutiny for the ``radiative return” method 
of measuring hadron production cross section. 

• One can no longer claim ~5s discrepancy between theory and 
experiment for muon g-2. 

12

The result (4) di�ers from that obtained in Ref. [54],
(519.6 ± 2.8[exp]+1.9

≠2.1
[IB]) ◊ 10≠10 using O(p4) ChPT.

Most of the di�erence is accounted for by their SEW

value (1.0201), which does not take into account dou-
ble counting between SEW and GEM for the subleading
non-logarithmic short-distance correction for quarks.
This e�ect is responsible for a shift of 1.7 ◊ 10≠10 in
a

·
µ[2fi]. The remaining di�erence8 (0.6 ◊ 10≠10) origi-

nates mostly from the fl width corrections in the pion
form factor.

7 A new perspective on the muon g – 2
HVP contribution from the dispersive
method

Having discussed the tensions among the e
+

e
≠

æ fi
+

fi
≠

cross-section measurements and their possible origins,
and reappraised the use of the complementary · spec-
tral functions, we proceed with a quantitative study of
the dominant HVP contributions to aµ. We consider
here only the most precise results. We do not include
the CMD-2 measurements [30, 31], whose discrepancy
with CMD-3 is currently under investigation [63], and
the SND results, which are in a state of flux from the
older [32] to the new measurements [28] that are still
being updated [64].

For the following exercise, we consider the LO HVP
contributions from the fi

+
fi

≠ channel in the wide mass
range from threshold to 1.8 GeV for each experiment.
BABAR and the · spectral functions extend over the
entire interval, while the other experiments cover a
more restricted range and are completed near thresh-
old and at large mass with the combination discussed
in Section 2. For KLOE two cases are respectively con-
sidered: the full available range and a restricted range
of 0.6–0.975 GeV, where the data are most precise and
KLOE’s weight in the combination is largest (cf. top
panel of Fig. 4). The two-pion contributions are com-
plemented by the remaining LO HVP, NLO and NNLO
HVP, hadronic light-by-light, as well as QED and elec-
troweak contributions, all taken from Ref. [3]. The dif-
ferences in the resulting aµ predictions therefore reflect
the di�erences in the two-pion contributions from each
experiment, whose uncertainties correspond to the orig-
inal ones, that is without rescaling to accommodate in-
consistencies among data sets.

The results are shown in Fig. 11 as di�erences be-
tween the aµ predictions and experiment [2]. The un-
certainties drawn are from the fi

+
fi

≠ measurements (in-
ner bars) and the total contributions (outer bars). The
quoted uncertainties are separated into the fi

+
fi

≠ and
remaining non-fi+

fi
≠ contributions.

The BABAR and · based results are in agreement.
Combining both with CMD-3 gives ∆aµ = a

SM
µ ≠a

exp
µ =

8 Larger di�erences are seen when comparing results from
individual experiments.

E
xp

 =
 0

 ±
 2

2

-400 -350 -300 -250 -200 -150 -100 -50 0-450 50

aµ - aµ
   exp    [ × 10

-11
 ]

BABAR (100% of 2π below 1.8 GeV)

−168 ± 38 ± 29

CMD-3 (98.9%)

−50 ± 42 ± 29

KLOEwide
(97.1%)

−263 ± 51 ± 29

KLOEpeak
(75.3%)

−265 ± 23 ± 29

Tau (100%)

−135 ± 34 ± 29

BMW (lattice QCD)
−105 ± 55

Fig. 11. Compilation of aµ predictions subtracted by the
central value of the experimental world average [2]. The
predictions are computed from the individual fi+fi≠ con-
tributions between threshold and 1.8 GeV, complemented
by common non-fi+fi≠ contributions taken from Ref. [3]
(circles). The quoted uncertainties correspond to the two
contributions and do not include that of the subtracted ex-
perimental value shown by the vertical band. The error bars
indicate the fi+fi≠ and total uncertainties, respectively. The
percentage given for each experiment represents the frac-
tion of aµ[fi+fi≠, threshold–1.8 GeV ] used from a given ex-
periment (see text for details, particularly concerning the
two values for KLOE). The lattice result from BMW [17] is
shown as filled square.

≠(123 ± 33 ± 29 ± 22) ◊ 10≠11, where the first un-
certainty is from the fi

+
fi

≠ contribution, scaled by a
factor 1.5 according to the ‰

2 value of 4.5 for 2 degrees
of freedom, the second from all the other terms in the
aµ prediction, and the third from the g – 2 experimental
world average [2]. The significance of a non-zero ∆aµ

is 2.5‡. As expected from the known tensions, the aµ

value for KLOE in the restricted range lies well below
(3.8‡) the above combination.

The BABAR, · , CMD-3 combination agrees with
the only result available so far from lattice QCD for
the full aµ prediction, BMW [17], who find ∆aµ =
≠(105 ± 55 ± 22) ◊ 10≠11, shedding a new light on the
apparent discrepancy between BMW and the dispersive
approach. Combining the values of BABAR, · , CMD-3
and BMW, the di�erence with experiment is 2.8‡.

In the light of these results, we extend the study
to the intermediate window 0.4 – 1.0 fm in Euclidean
time, which is favourable for lattice QCD. The corre-
sponding a

win
µ values are displayed in Fig. 12, where the

quoted uncertainties are again separated into fi
+

fi
≠ and

non-fi+
fi

≠ contributions, the latter contribution using
the combined spectra from Ref. [8].9 All dispersive pre-

9 The · based awin

µ result di�ers strongly from those given
in Ref. [65], particularly when using a non-fi+fi≠ contribu-
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Fig. 1. Bare e+e≠ æ fi+fi≠ cross section versus centre-
of-mass energy in the fl peak region. The error bars of the
data points include statistical and systematic uncertainties
added in quadrature. The green band shows the HVPTools
combination within its 1‡ uncertainty.

discrepancy was bridged by inflated uncertainties in the
corresponding HVP contribution.

The available e
+

e
≠

æ fi
+

fi
≠ cross-section mea-

surements, zoomed into the fl peak region, are shown
in Fig. 1. Their combination and 1‡ uncertainty, ob-
tained using the DHMZ methodology implemented in
the HVPTools software [26, 27], is indicated by the
green band. The spline-based combination procedure2

takes into account all known correlations and accounts
for measurement tensions. It has been thoroughly vali-
dated through closure tests [26]. Compared to our last
update [8], we added the more recent SND20 [28] and
CMD-3 [16] data, while also employing an updated ver-
sion of the covariance matrix provided by BESIII [29].

Relative comparisons between the most precise in-
dividual measurements and the combination are shown
for the fl resonance region in Fig. 2, and for the BABAR
and CMD-3 data in a wider window in Fig. 3. A
large tension arises between CMD-3 and KLOE, which
provide the, respectively, largest and smallest cross-
section measurements. Tensions are also observed be-
tween BABAR and CMD-3 in the central fl resonance
region, while they agree at low and high energies. The
CMD-3 data also exhibit a 2.8‡ discrepancy with the
older CMD-2 results by the same collaboration [31].
Extensive discussions with CMD-3/2 physicists in the
framework of the Muon g – 2 Theory Initiative [33] did
not reveal any obvious problem in the new results. A
summary of these discussions is available [34].

Figure 4 (top) shows the local combination weights
versus

Ô
s for each data set. They take into account

the uncertainties of the measurements and their cor-
relations, as well as the corresponding point-spacing

2 Since the main purpose of the combination here is to pro-
vide a common reference for comparing the various measure-
ments, we do not employ the analyticity-based constraints
used in Ref. [8].

and binning [26, 27]. While previously the BABAR
and KLOE measurements dominated the combination
over the entire energy range, the more recent CMD-3
and SND20 data receive important weights, too. The
group of experiments labelled “Other exp” corresponds
to older data, often with incomplete radiative correc-
tions, which receive small weights throughout.

The bottom panel of Fig. 4 displays the uncer-
tainty scale factor versus

Ô
s, derived based on the lo-

cal compatibility among the measurements [26, 27].3
Large scale factors due to tensions indicate the pres-
ence of systematic e�ects that are not included in the
measurement uncertainties. They require a conservative
uncertainty treatment in the combination [3, 8].

Figure 5 shows the pull magnitude (significance) be-
tween pairs of the three most precise e

+
e

≠
æ fi

+
fi

≠

experiments, computed as the absolute value of the dif-
ference of the contributions to aµ divided by its un-
certainty, in various energy intervals. The three KLOE
measurements [10–12] have been combined into one
data set [13]. The di�erence between BABAR and
CMD-3 rises to a significance of 2–3‡ on the fl peak,
while reasonable agreement is seen at lower and higher
energies. The di�erences between BABAR and KLOE
are also at the 2–3‡ level in the fl peak region, reach-
ing up to 4‡ at higher energy, while good agreement
is seen at lower energy. The largest di�erences are ob-
served between CMD-3 and KLOE, with significance
above 5‡ around the fl peak. When probing the broader
energy interval 0.6–0.975 GeV, covering the fl peak,
the significance of the di�erence between BABAR and
CMD-3 is 2.2‡, that between BABAR and KLOE is
3.0‡, while CMD-3 and KLOE di�er by 5.1‡ (Fig. 5,
bottom). When extending the comparisons to the max-
imal regions of overlap between pairs of experiments,
the di�erences are diluted to 2.1‡ between BABAR
and CMD-3, 1.5‡ between BABAR and KLOE, and
3.3‡ between CMD-3 and KLOE, respectively, owing
to the better inter-experiment agreement and larger
KLOE uncertainties below and above the peak of the
resonance.

3 BABAR study of additional photon
radiation

The BABAR collaboration performed unique measure-
ments of additional photon radiation in the initial state
radiation (ISR) processes e

+
e

≠
æ µ

+
µ

≠
“ and e

+
e

≠
æ

fi
+

fi
≠

“. Hard NLO radiation with one additional pho-
ton was studied in Refs. [14, 15]. A new analysis [24]
based on the full available data set extended that study
and included for the first time the measurement of hard

3 While the uncertainty rescaling is applied to the com-
bined fi+fi≠ cross-section uncertainty to account for local
inconsistencies among the measurements, a global system-
atic tension must also be taken into account in the HVP
calculation [8].
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Dark photons decaying to dark matter

Experiments that look for missing energy/momentum have advantage 
over experiments looking at production & detection of dark matter: e2 
vs e4 scaling. However in case of positive signal, it is harder to decide 
what it could be.  
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

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

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

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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Comparing to other experiments
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I Exclude new parameter space1

1Amount of parameter space newly excluded depends on slice plotted

R. T. Thornton September 23, 2016 47

arXiv:1702.02688, PRL 2017. 

Subject to future improvement with much closer new detector at SNB 

http://arxiv.org/abs/arXiv:1702.02688


Constraints on dark scalar 

Notice that the constraints on dark scalar are 
strong in flavour-type experiments

PBC projects:
NA62-Kaon, NA62-dump, 

KLEVER, FASER2,

CODEX-b, SHiP, MATHUSLA,…

Worldwide landscape:
MicroBooNE, KOTO, DarkQuest,

Belle-II, LHCb, ATLAS, CMS

Major LABs involved:
CERN, KEK, JPARC, FNAL,…

Astroparticle,

Cosmology

(SN 1987A, BBN)
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arXiv:2102.12143
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Non-conserved currents will be sensitive to 
high-mass scales through loops

§ It is well known that there is an enhancement of non-conserved 
currents inside loops leading to FCNC. The key – access to 
momenta ~ mW and mt. 

§ For a fully conserved current, like couplings of dark photon,
Amplitude  ~  GF m2

meson

For a non-conserved current, such as Higgs-mixed scalar
Amplitude  ~  GF m2

top

   

6

di dj

X

W
W

+

FIG. 1. E↵ective didjX FCNC vertex for a vector with an
anomalous WW coupling, obtained by integrating out the
W . The first diagram corresponds to the e↵ective vertex in
Equation 12, which is the sum of the XWW Wess-Zumino
term in the SM + X EFT, and the XWW couplings through
SM fermion triangles. The other diagrams, from the coupling
of X to quarks, do not give a 1/mX enhanced amplitude, if
X couples to a conserved (at tree level) current. We have
omitted other, higher-loop-order diagrams. Add self-energy
diagrams ...

is small, the equivalent up-type FCNC vertices, such as
cuX, are suppressed compared to down-type FCNCs.

The selection rules for decays via longitudinal vector
emission are di↵erent to those for transverse emission.
In the latter case, angular momentum conservation sup-
presses (pseudo)scalar! (pseudo)scalar + vector decays,
since these demand that the vector’s spin is perpendicular
to its momentum. This suppresses the rate of such decays
via a vector that couples to a conserved current. (For ex-
ample, there are there are no B

+
! K

+
� decays, while

the rates for the B
+
! K

+
A

0, where A
0 is a kinetically-

mixed dark photon, are proportional to m
2

A0 [5].) How-
ever, by Goldstone boson equivalence, meson decays via
a light longitudinal X have the same rates as the corre-
sponding ALP decays, so decays such as B

+
! K

+
X

are unsuppressed.

1. Experimental constraints

Compared to the e↵ective FCNC vertices discussed
above, other e↵ective flavour-changing operators are
higher-dimensional, and so are suppressed by more pow-
ers of 1/f and/or 1/m2

W
. For example, the bs� vertex

is of the form /
mb

m
2
W

Fµ⌫ b̄L�
µ⌫
sL [35] (since the photon

couples to a conserved current), while 4-fermion vertices
are suppressed by at least GF . This suppression of com-
peting SM decay channels allows FCNC decays via XL

to place strong constraints on the coupling of X, for light
enough X. In contrast, processes involving two or more
didjX vertices, such as the X contribution to meson os-
cillations, are suppressed by 1/f2, but compete with SM
processes suppressed by 1/m2

W
. Consequently, it is di�-

cult for such processes to probe f above the EW scale.
If X is su�ciently light and weakly coupled that it de-

cays outside the detector, then B ! K⌫⌫̄ and K ! ⇡⌫⌫̄

searches constrain the B ! KX and K ! ⇡X branch-
ing ratios. The K ! ⇡⌫⌫̄ channel is especially con-
straining, with existing experiments having measured a

very small (⇠ 10�10) branching fraction consistent with
the SM prediction [36, 37], which the future NA62 ex-
periment should be able to measure to ⇠ 10% relative
error [38], and identify new-physics-induced underlying
two-body decays if any.
For prompt decays of X into leptons, as can occur for

heavier / stronger coupledX, searches for B ! K
(⇤)

`
+
`
�

and K ! ⇡`
+
`
� decays place strong constraints. The

LHCb search for B
±

! K
±
µ
+
µ
� decays measures the

branching ratio to be (4.36±0.15±0.18)⇥10�7 [39]. For
kaons, the K

0

L
! ⇡

0
e
+
e
� decay is very well-constrained,

with a branching ratio bound of <⇠ 3⇥ 10�10 [40]. How-
ever, because of the large hadronic branching ratios for
K

0

L
! ⇡

0
⇡
0 and K

0

L
! ⇡

0
⇡
0
⇡
0, the Dalitz decay ⇡

0
!

e
+
e
�
� gives a background that makes K

0

L
! ⇡

0
e
+
e
�

measurements di�cult at mee
<
⇠ m⇡0 [40] (the same

applies to K
±

! ⇡
±
e
+
e
� versus K

±
! ⇡

±
⇡
0 [41]).

Thus, for mX
<
⇠ m⇡0 , the best constraints come from

B ! K
(⇤)

e
+
e
� decays, where the competing B ! K⇡

0

decays are also suppressed. For example, the B !

K
⇤
e
+
e
� branching ratio is measured to be ' 10�6 for

mee
<
⇠ 300MeV [42].

If X dominantly decays into hadrons, then simple
branching ratio comparisons do not give very strong
bounds from B ! KX decays. However, the kinematics
of the final states will have a particular form, which could
be searched for. Details?

In addition to the prompt and invisible decays dis-
cussed above, it is also possible to look for displaced X

decays. Talk about challenges of displaced decays? For
very displaced decays, the best constraints come from
beam dump experiments. Here, the enhanced K ! ⇡XL

decay means that kaon decays, which are usually a sub-
dominant production mechanism in proton beam dump
experiments (for tree-level vector couplings), can be the
dominant process through which Xs are produced. This
allows beam dump experiments to probe smaller cou-
plings.

It should be noted that, unlike constraints involving
visible X decays, missing energy searches are e↵ective
down to arbitrarily small vector masses, and constrain
correspondingly tiny gX for small mX . For X with cou-
plings to first-generation fermions, the strong constraints
coming from stellar energy loss bounds, and from fifth
force / equivalence principle tests at smaller mX , mean
that it is generically only at extremely small mX that
missing energy constraints become the dominant bound.

G. Baryon number coupled vector

To give an example of how these constraints relate to
each other, and to other bounds in the literature, for a
specific model, we will consider a vector coupled to the
SM baryon number current. This model has been in-
vestigated in many papers over the past decades, with
motivations including acting as a stabilisation mecha-
nism for baryon number [9], mediating a new force that
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Light Higgs-like particle through the 
super-renormalizable portal

Example: new particle admixed with a Higgs.

After (Higgs Field = vev + fluctuation h), the actual Higgs boson 
mixes with S. 

Mixing angle:

The model is technically natural as long as A not much larger than mS 
Low energy:  new particle with Higgs couplings multiplied by q. 
Mixing angle and mass can span many orders of magnitude.

New effects in Kaon and B-decays. 

aNP
µ = aexperiment

µ � aSM theory
µ (32)

Lmass = Y ⇥ ER(LL⇥
†) + h.c. (33)

(L⇥) = ⇤L⇧
0 � eL⇧

+ (34)

Le� =
1

�
(L⇥)(L⇥) (35)

Lmass = Y ⇥ NR(L⇥) +
MN

2
NN + (h.c.) (36)

1

�
= �(Y )2

MN
(37)

�
0 Y �⇥ 

Y �⇥ MN

⇥
=⌃ m1 ⇧ �(Y �⇥ )2/MN ; m2 ⇧ MN at Y�⇥ ⌅ MN (38)

⇥ ⇤ Y �⇥ 
MN

⇤

⇤
m⇥(observed)

MN
(39)

1

2
⌃Fµ⇥⌅

µ⇥⌃ (40)

1

2
⌃Fµ⇥⌅

µ⇥i�5⌃ (41)

1

2
⌃F̃µ⇥⌅

µ⇥⌃ (42)

LHiggs portal =
1

2
( µS)

2 � 1

2
m2

SS
2 � ASH†H (43)

⇥ =
Av

m2
h

(44)
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Higgs penguin in flavor physics

• Calculations of the “Higgs penguin” are especially neat:

• Notice the absence of any complicated function of mt/mW. The reason 
being is that the effect is similar to scale anomaly: 

• The result is not 0 because of the scale dependence, 
 Self-Energy ~ Log(Mreg/v)

Notice that there is no smallness of any particular type. Compare it with
the light scalar S, mixed with the Higgs via a small angle ✓, analyzed many
times in the past (e.g. [5]),

MS =
S

v
mbs̄LbR ⇥ 3

2
✓
(ySM

t
)2VtbV ⇤

ts

16⇡2
(30)

Now, let me introduce in addition the hard mass m2
0, so that I can vary

mX and gD independently,

m2
X
= m2

0 + g2
D
v2. (31)

Now the amplitude has become gDa

mX
mbs̄LbR⇥ (ySMt )2VtbV

⇤
ts

16⇡2 , and we can literally
use the dark scalar case with

✓e↵ =
2

3

gDv

mV

= 0.14⇥ gD
10�5

⇥
✓
17 MeV

mX

◆
. (32)

The last normalization is quite suggestive.

Now, using [5] we get the following answers for branching ratios (in the
small mX limit so that phase space loss and the from factors are neglected),

BrB!KX = 4⇥ 10�5 ⇥
 

✓e↵
10�2

!2

; BrB!K⇤X = 5⇥ 10�5 ⇥
 

✓e↵
10�2

!2

. (33)

I’d like to have a closer look at the experimental situation, but in any
case, even using O(10�5) limits, we get

✓e↵ < 10�2 ! gD < 10�6 for MX = 17 MeV. (34)

Axial vector coupling is 1
2gD, and therefore the result is two orders of mag-

nitude below David’s desired range.

It is possible that for general values of tan �, mH and choises of qu, qd
there can be additional cancellations, and for some spots in the parameter
space the constraint disappears. I am not sure I want to investigate this
whole tuning situation, and there is a reasonable question where we would
like to stop.

8

signal, and does not presuppose any hierarchy of gauge couplings as α′ can be taken
of order α. Therefore, this model appears the most natural candidate for MeV-scale
secluded dark matter, having the chance to explain the 511 keV line from the galactic
center.

(c) φ-mediator, mX > mφ: In this scenario, it is advantageous to have a fermionic
dark matter candidate ψ with scalar (rather than pseudoscalar) couplings to φ. The
annihilation ψψ → φφ proceeeds in the p-wave and can always be tuned to the required
level with a typical choice λψ ∼ 10−6. Since mψ ∼ few MeV, this value of the Yukawa
coupling is natural. The subsequent decay of φ due to mixing with the Higgs is highly
suppressed by the electron Yukawa coupling,

Γφ ∼

(

λ1v2

m2
h

)2

×

(

me

vEW

)2

×
mφ

8π
>∼ sec−1 =⇒

(

λ1v2

m2
h

)2

>∼ 10−8. (24)

The naturalness requirement for the φ-mass would impose a significant constraint here.
If we consider the contribution from Higgs mixing in (17), λ1v/mh <∼ mφ/v, this clearly
favors a long φ-lifetime (∼ 1 sec) and a small mixing parameter. Even then, one must
ensure that the “missing energy” decay K+ → π+ + φ is within the allowed range. At
the quark level, the amplitude for the process is given by a Higgs penguin (see, e.g.
[34]):

Leff =

(

λ1v2

m2
h

)

3g2
Wmsm2

t VtdV ∗
ts

64π2m2
W v

d̄LsRφ + (h.c.), (25)

leading to the (non-SM) missing energy decay,

ΓK→π+φ−mediator %

(

λ1v2

m2
h

)2 (

3m2
tVtdV ∗

ts

16π2v2

)2
m3

K

64πv2
. (26)

Requiring that this width not exceed the observed missing energy decay branching
ratio Br = 1.5+1.3

−0.9 × 10−10 [35] associated with the SM process K+ → πνν̄, results in
the following constraint on φ − h mixing:

(

λ1v2

m2
h

)2

< 2 × 10−7. (27)

This cuts out a significant part of the parameter space, but together with (24) still
leaves a relatively narrow interval for the mixing parameter, 10−7 − 10−8, where the
model survives all constraints (although not without a modest amount of fine-tuning
of the mediator mass) and thus can be the dominant dark matter component while still
accommodating the positron signal through a combination of annihilation and decay.

The constraints remain essentially the same for a pseudoscalar coupling of φ to the
fermion ψ, if the Higgs sector in SM is assumed to be minimal, in which case the
mixing constant λ1 is CP-violating. The additional processes: s-wave annihilation
ψψ → e+e− through a virtual φ, and also ψψ → φφφ if kinematically allowed, are too
weak in comparison with the p-wave annihilation ψψ → φφ to affect the constraints
discussed above. In principle, with an extended Higgs sector, φ could also mix in a
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q

�� =
2GFp

2
⇥ nn ⇥�L⇥ n (47)

L = |Dµ�|2 �m2

�|�|2 �
1

4
V 2

µ⌫ +
1

2
m2

V V
2

µ � ✏

2
Vµ⌫Fµ⌫ (48)

L = �(i@µ�µ �m�)�+ ���S +
1

2
(@µS)

2 � 1

2
m2
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Constraints on HNLs

• Charged current 
production of HNLs 
followed by 
displaced decays

• Lower masses are 
typically disfavored 
by cosmology. 
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New HNL constraints from old LSND
§ With Y. Ema, Z. Liu and K. Lyu, e-Print: 2306.07315 [hep-ph]

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

Muon mixing case

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

iM(µ ! e⌫eN) = µ

N

e

⌫e

. (2.2)

The decay rate is expressed as

�(µ ! e⌫eN) =

Z (m2
µ+m2

N )/2mµ

mN

dEN
d�(µ ! Ne⌫e)

dEN
, (2.3)

with the di↵erential decay rate given by

d�(µ ! e⌫eN)

dEN
=

G2
F |UµN |

2

12⇡3

�
3EN (m2

µ +m2
N )� 4mµE

2
N � 2mµm

2
N

�q
E2

N �m2
N , (2.4)

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

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

from the decay of pions, whose diagram is given by

iM(⇡ ! µN) = ⇡

N

µ

. (2.5)

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

d�(⇡ ! µN)

dEN
=

G2
F f

2
⇡ |Vud|

2
|UµN |

2

8⇡m3
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�
(m2
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N )m2

⇡ � (m2
µ +m2

N )2 + 4m2
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2
N

�

⇥

q
m4

⇡ � 2(m2
µ +m2

N )m2
⇡ + (m2

µ �m2
N )2 ⇥ �

 
EN �

m2
⇡ +m2

N �m2
µ

2m⇡

!
, (2.6)

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

Electron mixing case

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

iM(µ ! e⌫µN) = µ

⌫µ

e

N

. (2.7)

3

The decay rate is given by

�(µ ! e⌫µN) =

Z (m2
µ+m2

N )/2mµ

mN

dEN
d�(µ ! e⌫µN)

dEN
, (2.8)

with the di↵erential rate given by

d�(µ ! e⌫µN)

dEN
=

G2
F |UeN |

2

2⇡3
EN (m2

µ +m2
N � 2mµEN )

q
E2

N �m2
N . (2.9)

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

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

d�(⇡ ! eN)

dEN
=

G2
F f

2
⇡ |Vud|

2
|UeN |

2m2
N

8⇡m3
⇡

�
m2

⇡ �m2
N

�2
⇥ �

✓
EN �

m2
⇡ +m2

N

2m⇡

◆
. (2.10)

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

2.2 HNL decay rate

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

�N ⇠ �µ

✓
mN

mµ

◆5

|UlN |
2 , (2.11)

and thus the lifetime is estimated as

c⌧N ⇠ 108m⇥

✓
mµ

mN

◆5✓ 10�6

|UlN |2

◆
. (2.12)

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

Muon mixing case

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

iM(N ! e+e�⌫µ) = N, pN

⌫µ, p⌫

e�, p2

e+, p1

. (2.13)

4

Production    Detection 

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

• Future experiments may improve 
on these constraints.  

https://arxiv.org/abs/2306.07315
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Important features of new facilities (e.g. SHiP)
• High intensity O(>1020 POT)  & High energy, E=400 GeV. (Compare 

e.g. to 800 GeV CCFR/NuTeV where O(1018 POT) was collected.)

• Copious amounts of s, c, b quarks, and tau-mesons can be produced, 
enabling studies of their very rare decay modes. 

•  A much shorter baseline than before, 100 m or less (with NuTeV, 
CHARM~ O(km)). Enables access to much shorter-lived relics. 

• Proton-nucleus collision followed by an absorber creates a “beam 
dump of everything”. (Over 1021 hard gamma and positrons, over 1016 
muons going through the absorber). This is not yet a fully investigated 
advantage. 

!"#$%&'()%*+,'&*#-,.%/)0%1-2+.%/345% 8%

The SHiP experiment 
( as implemented in Geant4 ) 
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New opportunities at the LHC
• LHC will continue to take date in the next ~ 15 years, and will 

become instensity frontier machine. 

• Several possibilities of “on-axis” and ”off-axis” detectors exist. 

• Among the forward detectors, FASER idea and implementation has 
been particularly successful. 

• First detection of LHC neutrinos in 2023!

• Efforts to detect Dark Sector are not limited to DM searches. 

• A wide variety of models and methods of detection have been 
investigated in various detection schemes (rare meson decays, 
displaced decays of light DS states, missing energy/momentum etc.)

Summary
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Extending the reach of direct detection 
experiments



Xenon-based dark matter experiments
• Based on two signals: initial scintillation 

“on impact” (S1) and final scintillation (S2) 
from drift electrons. 

• Ratio of S1/S2 is used to discriminate 
between electron and nuclear recoils

• More or less same technology is used in 
Xenon10, Xenon100, 1T, nT, LUX, LZ, 
Panda-X

Xenon nT is installed in Gran Sasso, 
Italy. LZ is the US project. 
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§ Impressive 2022-24 updates of Direct detection limits by LZ, 
XenonNT. 

6

background is constrained by an in-situ measurement of
the xenon isotopic abundance with a residual gas ana-
lyzer (RGA) and the half-life from [36]. We also allow for
a small shape change to account for the uncertainty on
the theoretical calculation of this spectrum, specifically
whether this isotope is better described by the higher
state dominance [37] or single state dominance [38] model
of 2⌫�� decay.

The double-electron capture (2⌫ECEC) decay rate of
124Xe is left unconstrained in B0. The energy spectrum
adopts the updated model of [39], which takes into ac-
count the contributions from higher atomic shells com-
pared to [1] and uses fixed branching ratios. The recon-
struction of the dominant KK-capture peak at 64.3 keV
was also used as validation of the energy reconstruction.

The spectrum of electron scattering from solar neu-
trinos is computed as in [1]. We assign a 10% solar
neutrino flux uncertainty based on the Borexino mea-
surement [40]. 133Xe was produced by neutron activa-
tion from the 241AmBe calibration several months before
the SR0 science data taking and a tiny fraction survived
to the start of SR0. Given that it does not impact the
low-energy region and this rate is small, the background
is allowed to vary freely in the fit. Trace amounts of
83mKr leftover from calibrations are also present in the
SR0 data, the rate of which is also left unconstrained.

The last background component, accidental coinci-
dences (ACs), is the only non-ER background in B0.
Uncorrelated S1s and S2s can randomly pair and form
fake events, and a small fraction survives all event selec-
tions [24]. AC events overlap with the ER band in cS1-
cS2 space and produce a spectrum that increases towards
low energies. Its rate in the ER region is predicted to be
(0.61± 0.03) events/(t·y) using a data-driven method.

FIG. 3. Science data (black dots) in cS1-cS2 space, over-
laid on 220Rn data (2D histogram). The WIMP search re-
gion (orange) is still blinded and not used in this search. Re-
gions (gray shaded) far away from the ER band are excluded
to avoid anomalous backgrounds. Iso-energy lines are repre-
sented by the gray dashed lines.

After all analysis components had converged and a
good agreement between the background model and data

above 20 keV was found (p-value ⇠ 0.2), the region above
the �2� quantile of ER events in S2 was unblinded.
The NR region below ER �2� remains blinded while
the WIMP analysis continues, as shown in Fig. 3.

FIG. 4. Fit to SR0 data using the background model B0.
The fit result of B0 is the red line. The subdominant AC
background is not shown.

FIG. 5. Data and best-fit B0 model below 30 keV. No sig-
nificant excess above the background was found. The bump
at ⇠10 keV is from the LL-shell of 124Xe 2⌫ECEC [39], while
the discontinuity at 10 keV is caused by the blinded WIMP
search region, see Fig. 1 and 3. A finer binning than in Fig. 4
is used to show the event rate change near the threshold.

We performed a fit in reconstructed energy space using
an unbinned maximum likelihood similar to that in [1].
The e�ciency at low energies is allowed to vary within
its uncertainty band. The best-fit of B0 is illustrated in
Fig. 4 and Fig. 5, and the results are listed in Tab. I.
The SR0 dataset agrees well with B0, and no excess
above the background is found. The e�ciency-corrected
average ER background rate within (1, 30) keV is mea-
sured to be (16.1 ± 1.3stat) events/(t·y·keV), a factor of
⇠5 lower than the rate in XENON1T [1]. This is the
lowest background rate ever achieved at these energies



Two blind areas for direct detection

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

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

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

 Below the ionization threshold!
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Goal: explore multiple collisions of DM 
to fill in “blind spots” to light DM
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Direct detection, scattering of DM on 
electrons, 2017 slide

• For a given DM mass particle, in the MeV and sub-MeV range, the recoil energy 
of electrons is enhanced compared to nuclear recoil by Mnucl/me

• Sensitivity to energy depositions as low as 10 eV – reality now. 

• Near future – O(1eV) sensitivity and below. Continuing work in this direction. 

• Huge number of suggestions: using superconductors, graphene, Weyl semimetals, 
DNA, to push threshold lower. Somewhat of science fiction at this point.

Main Science Goal Experiment Target Readout Estimated Timeline

Sub-GeV Dark

Matter (Electron

Interactions)

SENSEI Si charge ready to start project

(2 yr to deploy 100g)

DAMIC-1K Si charge ongoing R&D

2018 ready to start project

(2 yr to deploy 1 kg)

UA0(1)

liquid Xe TPC

Xe charge ready to start project

(2 yr to deploy 10kg)

Scintillator w/

TES readout

GaAs(Si,B) light 2 yr R&D

2020 in sCDMS cryostat

NICE; NaI/CsI

cooled crystals

NaI

CsI

light 3 yr R&D

2020 ready to start project

Ge Detector w/

Avalanche Ioniza-

tion Amplification

Ge charge 3 yr R&D

1 yr 10kg detector

1 yr 100kg detector

PTOLEMY-G3,

2d graphene

graphene charge

directionality

1 yr fab prototype

1 yr data

supercond. Al cube Al heat 10+ yr program

Sub-GeV Dark

Matter (Nucleon

Interactions)

Superfluid helium

with TES readout

He heat, light 1 yr R&D; 2018 ready to

start project; 2022 run

Evaporation &

detection of He-

atoms by field

ionization

superfluid helium,

crystals with long

phonon mean free

path (e.g. Si, Ge)

heat 3 yr R&D; 2020 ready to

start project R&D

color centers crystals (CaF) light R&D e↵ort ongoing

Magnetic bubble

chamber

Single molecule

magnet crystals

Spin-avalanche

(Magnetic flux)

R&D e↵ort ongoing

Searches down to

Neutrino Floor for

O(GeV) Dark

Matter

SuperCDMS-G2+ Ge heat, ionization 3 yr R&D; 1 yr fabrication;

2022 start running

NEWS-G H, He charge 140cm sphere installed at

SNOLAB in 2018

NEWS-dm

emulsions

Si, Br, I, C, O, N,

H, S

charge

directionality

R&D phase complete.

Now technical test

CYGNUS HD-10 SF6, He

flexible

charge

directionality

1 yr R&D; 1 yr 1 m3;

2 yr 10 m3

Scintillating bub-

ble chamber

Xe, Ar

C6F6, H20

light

heat(bubble)

2 yr program; test 10kg Xe

chamber with CENNS

Spin-Dependent

(Proton) Interactions

PICO

bubble chambers

wide range heat(bubble) 40 l chamber now

PICO 500 l next

TABLE I: Proposals and ideas for new experiments, grouped according to their main science target

as identified in Working Group 1: 1) Sub-GeV DM (Electron Interactions), 2) Sub-GeV DM (Nucleon

Interactions), 3) Searches down to the Neutrino Floor for O(GeV) Dark Matter, and 4) Spin-dependent

(Proton) Interactions. Note that several proposals can probe more than one science target. Within each

category, the proposal/idea is ordered roughly according to the timescale needed to start the project. The

target material and main readout channel are also listed.
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Goal: explore multiple collisions of DM 
to fill in “blind spots” to light DM

Low threshold 
DM detectors, 
105eve/kg/day

Large Xe DM 
detectors, 
10eve/t/year Solar n 

telescopes, 
100eve/kt/year

Sub-eV  eV    keV – 100 keV               MeV-10’s of MeV 

Main DM 

   signal
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Goal: explore multiple collisions of DM 
to fill in “blind spots” to light DM

Low threshold 
DM detectors, 
105eve/kg/day

Large Xe DM 
detectors, 
10eve/t/year Solar n 

telescopes, 
100eve/kt/year

Sub-eV  eV    keV – 100 keV               MeV-10’s of MeV 

Main DM 

   signal

New technology direction

First collision with an 
energetic SM particle

Energetic DM 
sub-component

Detection 
collisions



Comparing counting rates in large Xe 
detectors and in low-recoil solid state

• LZ, Xenon NT, the counting rate is as low as ~ 10 events / ton / year / 
keV, With E >  1 keV 

• Typical counting rates at lowest threshold semiconductor detectors are 
large, currently plagued by unexplained excess:

%HOLQD�YRQ�.URVLJN�_�0DUJDULWD�.D]QDFKHHYD ,'0�����

KWWSV���DU[LY�RUJ�DEV������������

��

&ROODERUDWLYH�VXPPDU\�SDSHU�EDVHG�RQ�WKH�UHVXOWV�
UHSRUWHG�DW�(;&(66�����
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Main limitation of light WIMP searches
• The kinetic energy of galactic dark matter is limited by 

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

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

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

DM velocity

DM flux

Galactic escape velocity
Are there any ”fast” DM particles?

Case 1: DM scattering on electrons. Case 2: DM scattering on nucleons
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“Reflected DM”: extending the reach of Xe experiments 
to WIMP scattering on electrons

• (An, MP, Pradler, Ritz, PRL 2018, An, Nie, MP, Pradler, Ritz, 2108.10332, 
Emken, 2102.12483, Essig et al, to appear)

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

• Initial kinetic energy mdm(vdm)2/2 with vdm~10-3c (that has an endpoint at ~600 
km/sec )can be changed by scattering with electrons, vel ~ (2 Tcore /me)1/2 ~ up to 
0.1 c. In particular Ereflected can become larger than Eionization. 

• Huge penalty in the flux of “reflected” DM ~ 10-6 ~ solid angle of the Sun

2
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FIG. 2. Exclusion contours for reflected DM from a range of

experiments are shown in comparison to limits from XENON10

and XENON100 on scattering from the galactic DM halo popula-

tion [20, 23]. Filled contours reflect current limits, while dashed

contours denote future projections. The thick gray relic density

contour is for the DM model in Eq. (5). A vertical line at 100 keV

indicates a schematic lower limit from stellar energy loss while the

more model-dependent cosmological Ne↵ constraint is not shown

(see text).

Solar 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.

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 ve-
locity is negligible compared to solar electrons, and thus
DM that scatters in the Sun acquires E

recoil
DM ⇠ T . To

gain some intuition, we note first that the probability of
scattering o↵ electrons in the solar core is approximately
�e⇥Rcore⇥n

core
e ⇠ �e/pb, and thus the Sun scatters e�-

ciently if �e � 1 pb. In this optically thick regime, scat-
tering occurs in the convective zone at a characteristic ra-

dius Rscatt given implicitly by �e

R R�
Rscatt

ne(R)dR ⇠ O(1).
It follows that the electron temperature, and thus the re-
coil energy, will depend on �e which in turn determines
Rscatt, through the radius-temperature relation [26]. As
the cross section is reduced, Rscatt also decreases and
E

refl,max
DM increases as scattering occurs in hotter regions

of the core. Further decreasing the cross section ulti-
mately increases the mean free path ⇠ (�ene)�1 beyond
the solar radius, and the strength of the reflected flux
is suppressed. The scattering probability and the back-
ground DM flux in the halo, defined through the number
density and average velocity 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 dis-
tribution to be ⇠ 0.5T (Rscatt) at �e � 1pb. For exam-
ple, a single scatter would accelerate a 3 MeV DM parti-
cle up to ⇠ 100 eV energy for �e ⇠ 1 nb (Rscatt=0.8R�).
The reflected flux (2) in this optically thick regime is
105 cm�2s�1, leading to O(20) ionizations/day in 1kg of
Xe. This constitutes a detectable signal, and motivates
a more detailed analysis.
Our preliminary estimates (2) need to be augmented

to include the possibility of multiple scattering, which
can 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-
trum and intensity of the reflected DM flux. The sim-
ulation scans the initial velocity and impact parameter
to determine the initial trajectory into the Sun. The
step size was chosen as 0.01R�, and the Standard So-

3

� � �� �� ��� ��� ����
��-�

��-�

�����

�����

�����

������ (��)

�
��
�
��
��
��
��
��
��
��
���
��
��
��
�
(�
�

-
� )

FIG. 3. Normalized energy distributions FA⇢=16⇡R2
�
(E) (in eV ),

are shown for reflected DM with a mass of 3 MeV and the range of

scattering cross sections indicated. The initial velocity is assumed

to follow a Maxwell-Boltzmann distribution with an expectation

value of 10
�3

, and an escape velocity cut-o↵ at 2 ⇥ 10
�3

. It is

apparent that the distributions below 5-7 eV tend to that of the

background halo.

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

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

� im-
pact area. After accounting for the gravitational redshift,
E ! E � mDMv

2
esc/2, the distribution is normalized to

unity,
R1
0 dEFA⇢(E) = 1, and the resulting reflected DM

flux at Earth determined via

d�refl

dE
= �halo ⇥

A⇢FA⇢(E)

4⇡(1A.U.)2
. (3)

As there is some arbitrariness in A⇢, the simulated re-
flected flux contains an admixture of the initial un-
scattered distribution. This does not a↵ect subsequent
calculations because this component stays below detec-
tion thresholds.

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

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

Direct detection via electron scattering. With the re-
flected DM flux and velocity distribution in hand, the
scattering signatures can be determined along the lines of
the DM-electron scattering analysis of [19, 20], with the
modifications outlined below. We consider DM scattering
o↵ bound electrons in the detector, having fixed energy
Ee = me � Eb, with binding energy Eb and a range of
momenta. The process of interest corresponds to atomic
ionization DM + A ! DM + A

+ + e
� with DM three-

momentum transfer ~q. To match the literature, we write
the di↵erential scattering rate as a function of electron
recoil energy in terms of a reference cross-section �e [20],

dh�nlvi

d lnER,e
=

�e

8µ2
DM,e

Z
dq q|fnl(q, p

0
e)|

2
|FDM(q)|2⌘(Emin),

(4)

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

|fnl(q, p
0
e)|

2 =
p
0
e

⇡2q

Z p0
e+q

|p0
e�q|

dp
0
p
0

lX

m=�l

|h~p
0
e|e

i~q·~r
|nlmi|

2
.

We evaluate the latter using radial Hartree-Fock atomic
wavefunctions Rnl(r) [27] in  nlm(~r) = Rnl(r)Ylm(r̂) and
the plane wave approximation |~p

0
ei = e

i~p0
e·~r, including a

Sommerfeld factor with e↵ective charge Ze↵ = 1 [19];
p
0
e =

p
2meER,e. When mDM ⌧ 0.1MeV, ~q · ~r ⌧ 1

is possible. In order to avoid spurious contributions
to fnl from potential numerical non-orthogonality in
h~p

0
e|1|nlmi, we subtract the identity operator, and eval-

uate h~p
0
e|e

i~q·~r
� 1|nlmi in these cases instead. The event

rate from level (n, l) is then determined by evaluating
the average over the incoming energy spectrum of the re-
flected DM component, that in the nonrelativistic limit
is ⌘(Emin) =

R
Emin

dE(mDM/(2E))1/2(d�refl/dE)��1
halo.

Multiplying it by the flux and target density NT ,
we arrive at the total rate from the (n, l) state,
dRnl/d lnER,e = NT�halodh�nlvi/d lnER,e, where Emin

is the minimum DM energy required to produce an elec-
tron with ER,e recoil energy.
The resulting electron recoil energy spectrum is con-

verted into scintillation (S1) and ionization (S2) re-
sponses in liquid xenon experiments, dRnl/dSi =
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Analogy with Sunyaev-Zeldovich effect

• CMB photons are upscattered by hot gas in clusters of galaxies. 
Decrement at low frequency and increase at higher frequency. 

• Solar electrons will do the same to light dark matter. Sun will be 
seen as a “hot spot” in dark matter. 
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Contact mediator, limits on se

• Large Xe-based detectors improve sensitivity to se through reflected flux. 
Sensitivity to cross section on electrons down to 10-38 cm2. 

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

only electrons    electrons and protons

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

• Large Xe-based detectors improve sensitivity to se through reflected flux. 

• Second case, massless mediator = milli-charged dark matter, Xe1T is sensitive to 
Qeff ~ few 10-10 e.

• The results are corrected/extended by the Stony Brook group (H. Xu poster)

cross section normalized on q=mea        Effective charge

An, Nie, MP, Pradler, Ritz, 2021



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

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

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

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

2

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

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

Tmin

i =

✓
T�

2
�mi

◆"
1±

s

1 +
2T�

m�

(mi+m�)
2

(2mi�T�)
2

#
, (2)

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

measured and typically described by their di↵erential in-
tensity dI/dR, where R is the particle’s rigidity. We
adopt parameterizations [17, 18] for dIi/dRi of protons
and 4He nuclei, the two dominant CR components. The
di↵erential CR flux (number of particles per area, ki-
netic energy and time) is then obtained as d�/dT =
4⇡ (dR/dT ) (dI/dR). For an elastic scattering cross sec-
tion ��i, the collision rate of CR particles i with energy in
the range [Ti, Ti + dTi] inside a volume dV thus becomes

d�CRi!� = ��i ⇥
⇢�
m�

d�LIS
i

dTi
dTidV . (3)

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

d��

dTi
=

Z
d⌦

4⇡

Z

l.o.s.
d` ��i

⇢�
m�

d�i

dTi
⌘ ��i

⇢local�

m�

d�LIS
i

dTi
De↵ .(4)

In the second step, we have introduced an e↵ective dis-
tance out to which we take into account CRs as the source
of a possible high-velocity tail in the DM velocity dis-
tribution. Assuming an NFW profile [19] for the DM
distribution and a homogeneous CR distribution, e.g.,
performing the full line-of-sight integration out to 1 kpc
(10 kpc) results in De↵ = 0.997 kpc (De↵ = 8.02 kpc).
While the simplest models indeed assume homogeneous
CR di↵usion, with the di↵usion zone stretching out to at
least several kpc from the galactic disk [20–22], we note
that our e↵ective parameter De↵ in principle also covers
situations with inhomogeneous di↵usion coe�cients. Us-
ing Eq. (1), we can finally express the DM flux in terms
of the DM energy by integrating over all CR energies Ti:

d��

dT�
=

Z 1

0

dTi
d��

dTi

1

Tmax
� (Ti)

⇥
⇥
Tmax

� (Ti)� T�

⇤
. (5)

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

Gi(Q
2) = 1/(1 +Q2/⇤2

i )
2 . (6)

Here, ⇤i scales inversely proportional with the charge
radius and is hence smaller for heavier nuclei; for proton
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f (v/c) σχ = 10-30 cm2

FIG. 1. Expected flux of CRDM for di↵erent DM masses
m� = 0.001, 0.01, 0.1, 1, 10GeV (from top to bottom). Dotted
lines show the contribution from CR proton scattering alone.
The flux is directly proportional to the elastic scattering cross
section, here chosen as �� = 10�30 cm2. In the inset, we
compare the corresponding 1D velocity distributions f(v) to
that of the standard halo model (dashed line).

(Helium) scattering due to a vector current, one has ⇤p '

770MeV (⇤He ' 410MeV) [24]). We thus relate the
scattering cross section to that in the point-like limit by

d��i

d⌦
=

d��i

d⌦

����
Q2=0

G2

i (2m�T�) . (7)

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

d��

dT�
= De↵

⇢local�

m�
⇥ (8)

⇥

X

i

�0

�i G
2

i (2m�T�)

Z 1

Tmin
i

dTi
d�LIS

i /dTi

Tmax
� (Ti)

.

Here, we only include i 2 {p, 4He} in the sum. In
Fig. 1 we plot these CRDM fluxes for various DM masses,
for spin-independent �� = �n = �p. The contribution
from Helium can be even larger than that from pro-
tons, but is formfactor-suppressed at large recoil ener-
gies. The flux is related to the 1D velocity distribu-
tion f(v), more familiar in the context of direct DM
searches, as f(v) = m2

�(⇢
local

� )�1�3d��/dT�. For illus-
tration, we compare this to the Maxwellian distribution
of the standard halo model [25], displayed as a dashed line
in the inset. As expected, the CRDM population peaks
at (semi-)relativistic velocities, and is highly subdomi-
nant at the galactic DM velocities typically considered.

Step 2: Attenuation of CRDM flux.— Very large
scattering cross sections generally constitute a blind spot
for direct DM detection, because they would lead to a sig-
nificant attenuation of the DM flux from the top of the
atmosphere to the location of the detector [26–29]. The
degradation in energy should also occur for the CRDM

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



Resulting limits on WIMP-nucleon scattering 

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

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

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



Updated limits on WIMP-nucleon scattering 

• More neutrino experiments can be used to “fill the gaps”, Beacom 
and Cappiello, 1906.11283 

• DM collaborations began to investigate solar & CR reflection idea.
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We report the first search for the elastic scatterings between cosmic-ray boosted sub-MeV dark
matter and electrons in the PandaX-4T liquid xenon experiment. Sub-MeV dark matter particles
can be accelerated by scattering with electrons in the cosmic rays and produce detectable electron
recoil signals in the detector. Using the commissioning data from PandaX-4T of 0.63 tonne·year
exposure, we set new constraints on DM-electron scattering cross sections for DM masses ranging
from 10 eV/c2 to 3 keV/c2.

The nature of dark matter (DM) is still a major mys-
tery in modern physics [1, 2]. In particular, DM mass

remains unknown and its possible values span tens of or-
ders in magnitude. Direct detection experiments usually
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Ref. [41].
Solar neutrino background mainly includes solar pp

neutrino from proton-proton fusion chain and solar 7Be
neutrino from electron capture of 7Be according to the
Standard Solar Model [42]. Their contributions are esti-
mated using the energy spectrum in Ref. [43], with xenon
atomic e↵ects taken into account, resulting in 43.3 ± 8.9
events.

The background from 136Xe two-neutrino double-�-
decay is estimated to be 34.0±1.9 events, using the half-
life measured in the PandaX-4T experiment [44]. The
process of two-neutrino double-electron-capture of 124Xe,
which has been observed by XENON1T experiment [45],
deposits an energy around 10 keV (LL shells). Its con-
tribution is estimated to be 2.2± 0.5 events according to
the measured half-life [46].

component Expected counts Best fit counts
Tritium 525± 31 525± 31
222Rn 323± 16 321± 13
220Rn 58± 15 57± 13
85Kr 94± 47 81± 24

Material 41.9± 8.6 41.4± 8.0
Solar neutrino 43.3± 8.9 42.7± 8.3

136Xe 34.0± 1.9 33.8± 1.9
127Xe 8.2± 2.1 8.4± 2.0
124Xe 2.2± 0.5 2.2± 0.5
8B 0.8± 0.3 0.8± 0.2

Neutron 1.1± 0.6 1.1± 0.5
Accidental 2.4± 0.5 2.4± 0.6
Surface 0.5± 0.1 0.5± 0.1
Sum 1143± 75 1117± 50
Data 1116

TABLE I. Expected background contribution of each kind in
selected data, as well as the background-only best fit values.
The tritium values are obtained from unconstrained fit.

A binned likelihood fit is carried out on the data with
measured and background-only best-fit spectra shown in
Fig. 2, employing consistent treatments for the system-
atic uncertainties as in Refs. [3, 41]. After the fit, the
data distribution is consistent with no excess of signal.
A profile likelihood ratio (PLR) [47, 48] is constructed as
the test statistics to derive the upper limits of CReDM
signals. Fig. 3 shows the 90% CL exclusion on the DM-
electron cross sections, together with the ±1� sensitivity
band obtained from the background-only pseudo-data.
The lowest DM mass is set to be 10 eV/c2 to avoid the
constraint by the Pauli exclusion principle for fermionic
DM [49]. For m� ⌧ me, the lower exclusion boundary
is approximately proportional to m2

� for the following
reasons. The accelerated CReDM flux d�/dT� roughly
scales with 1/m2

� due to the DM number density and
that d�/dT� approximately scales with m�/µ2

�e ⇠ 1/m�

(see Eq. (1)). The di↵erential cross section in the de-
tector in Eq. (2) also scales with 1/µ2

�e ⇠ 1/m2
�. The

resulting 1/m4
� dependence of the expected number of
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FIG. 2. Energy distribution of selected events in data and
stacked background components from the background-only
fit. The expected signals in PandaX-4T for DM masses of
1 keV/c2 and 1 MeV/c2 are shown in solid red and blue
lines (unstacked), with assumed DM-electron cross section of
10�36 cm2 and 10�31 cm2, respectively.

signal events leads to a m2
� dependence on the lower ex-

clusion boundary of �̄�e. The earth shielding e↵ects drive
the upper exclusion boundary, above which DM particles
can barely reach the detector. As shown in the figure, the
experimental coverage for the fermionic DM-electron in-
teraction in the sub-MeV range is sparse. In comparison
to the recent CDEX constraint using solar reflection [23],
we extend the mass range down by more than two orders
of magnitude.
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FIG. 3. The 90% CL exclusion region (red region), as well as
the green ±1� sensitivity band for the lower boundary. For
comparison, the constraints from DAMIC-M [7] (blue) and
CDEX Solar Reflection [23] (gray) are also shown.

In summary, we presented a new search for the DM-

2

focus on DM mass above GeV for the traditional weakly-
interacting massive particle (WIMP) with nuclear recoils
(NRs) [3–5], and can go lower to MeV range with electron
recoils (ERs) [6–9]. However, a few very well-motivated
DM models, such as the freeze-in [10, 11] or the asym-
metric DM [12–14], with a characteristic DM mass in the
sub-MeV region, remain much less explored due to the
detection threshold in the direct detection experiments.
In recent years, direct detection experiments have also
begun to apply new mechanisms, such as various acceler-
ation processes [15–23] and absorption [24–26], in order
to surpass the detector threshold to probe sub-MeV DM.

Previously, in the PandaX-II experiment, we searched
for the scatterings between nucleons and sub-GeV DM
accelerated by cosmic rays (CRs) [27]. Similarly, if DM
particles can scatter with electrons in the detector, they
will inevitably collide with electrons in the cosmic rays.
This collision can boost their kinetic energy. Conse-
quently, in the detector, the electron recoil energy ob-
tained from the scattering by the DM can exceed the de-
tection threshold even for sub-MeV DMs. In this letter,
we report a search for the ER signals from the scatter-
ings of cosmic ray electron boosted DMs (CReDM) in
the PandaX-4T liquid xenon detector [3], located in the
China Jinping Underground Laboratory (CJPL) [28, 29].

The prediction of CReDM signals involves the accel-
eration of DM by CRs, the attenuation of DM flux
in the Earth, and the DM scattering with electrons in
the detector. For the acceleration process, we employ
the approach in Ref. [30], which simulates the Galactic
CR electron distribution using the GALPROP code with
the best-fit parameters from the GALPROP-HelMod anal-
ysis [31], and assumes a Navarro-Frenk-White halo pro-
file [32] for the Galactic DM distribution. The local den-
sity of the DM is set to be the conventional value of
⇢� = 0.3 GeV/cm3 [3]. We consider a typical scenario
where the fermionic DM particle � and the electron e
interact in the form Lint = G�̄�µ�ē�µe, where G is the
e↵ective vector coupling constant. The vector coupling
is realized in popular models such as dark photon [33]
and B � L gauge boson models [34]. The di↵erential
scattering cross section for the relativistic CR electron
scattering o↵ the halo DM, which is approximately at
rest, can be calculated as

d��e

dT�
=

�̄�e

4µ2
�eT

CR
e (TCR

e + 2me)

h
2m�(me + TCR

e )2

� T�

�
2m�T

CR
e + (m� +me)

2
�
+m�T

2
�

i
,

(1)

where m� (me) and T� (TCR
e ) are the mass and kinetic

energy of the DM particle (CR electron), respectively,
µ�e ⌘ m�me/(m� + me) is the DM-electron reduced
mass, and the e↵ective cross section �̄�e is defined as
�̄�e ⌘ G2µ2

�e/⇡.
CJPL has a rock overburden of about 2.4 km. To cal-

culate the attenuation of the CReDM, we employ the

Monte Carlo (MC) simulation method developed in our
previous work [27], with nucleon targets replaced by elec-
trons. Although electrons within the Earth are usually
bound within atoms, the mean energy transfer associated
with the attenuation process for a typical MeV-energy
CReDM particle is around 0.3 MeV, which is significantly
larger than the binding energy of atoms which is O(10)
keV at most. Therefore, we employ free electron scat-
tering in our simulation for simplicity. The resultant dif-
ferential scattering cross section has the same formula
as Eq. 1 with � and e exchanged. Since the scattering
cross section for free electrons is typically larger than
that for bound electrons [35], this approximation results
in stronger attenuation and, consequently, more conser-
vative DM signal yield in the detector.

The upper panel of Fig. 1 shows the di↵erential
CReDM flux reaching the detector d�/dT� for a set
of benchmark parameters m� = 1 keV/c2 and �̄�e =
10�36 cm2, compared with the surface flux without the
Earth attenuation (blue line). As we can see, most DM

FIG. 1. The upper panel shows the flux of CReDM for m� =
1 keV/c2 and �̄�e = 10�36 cm2 on the Earth’s surface and that
reaching the PandaX-4T detector after attenuation, including
particles that come in from the front and back of the Earth.
The lower panel shows the di↵erential recoil events rate in the
xenon detector for m� = 1 keV/c2 and m� = 1 MeV/c2.



Two blind areas for direct detection

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

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

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

 Below the ionization threshold!

Nightmare embarrassing scenario



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

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

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

• If fc << 1 (e.g. 10-5 ) significant blind spots exist (talk to Juan) for 
large scattering cross section values (e.g. 10-28 cm2) which can easily 
arise in models with relatively light mediators. The accumulation and 
distribution of DM inside astrophysical bodies (most importantly, the 
Earth) will change. 



Dark matter traffic jam 
• Rapid thermalization 

• Flux conservation:  vinnhalo = 
vterminal nlab.

• Terminal sinking velocity is 
determined by the effective 
mobility (~ inverse cross section) 
and gravitational forcing

• Change in velocity from incoming 
~ 107 cm/s to typical sinking 
velocity of 10 cm/s results in  nlab  
~ 106 nhalo . Not visible to DD

• At masses < 10 GeV upward flux 
is important and density goes up.

Rapid thermalization

Incoming particles

Diffusion biased by 
gravitational drift

A lab

6

A. The DM Tra�c Jam

To estimate the density enhancement in the DM traf-
fic jam, we begin by first estimating the terminal velocity
with which the DM sinks through the ground. The den-
sity enhancement then follows from flux conservation.

We work in the limit where the DM interacts su�-
ciently strongly with nuclei so that it thermalizes when
it goes underground. This is the range of parameters that
is of most interest, since the scattering of DM is otherwise
constrained by low threshold detectors such as CRESST.
Thermalization is of course progressively harder at heav-
ier masses since several collisions are necessary for the
DM to thermalize with the rock. To avoid rather strong
constraints on anomalous isotopic abundances, we will
assume that the strongly interacting DM has repulsive
interaction with nuclei.

To perform an estimate of the density enhancement,
we need a coherent (transport) scattering cross-section �t

of DM with nuclei of atomic mass A. We notice that in
principle, there are two main regimes for such a scattering
cross section. The first regime can be achieved when
the perturbative treatment is possible. Then, given the
input cross section on an individual nucleon, the overall
elastic cross section on the nucleus could be described as
�el = A

2
�nµ

2(mA,m�)/m2
p
, which reduces to A

4
�n at

M� � mA. On the hand, if we keep increasing �n this
scaling with A breaks down. Describing the DM-nucleus
potential as a square barrier, we observed that the strong
interaction limit corresponds to RA � 1, where  is the
virtual momentum inside the barrier [18], and the elastic
cross section is expected to be 4⇡R2

A
. For the slow-down

process, we need a transport cross section, and we assume
it to be on the same order of magnitude as the elastic one.
Thus, we choose the following ansatz for the �-nucleus
transport cross section,

�t = Min(A4
�n, 4⇡R

2
A
). (13)

After DM is fully thermalized, it is not stationary, but
continues slowly sinking towards the center of the Earth
due to the Earth’s gravitational field. The average ter-
minal downward velocity in any medium is given by [19]

vterm =
3M�gT

m2
gasnh�tv

3
thi

(14)

where M� is the DM mass, mgas is the mass of gas par-
ticle, n is the number density of gas particles, �t is the
transport cross section, vth the thermal velocity of gas
particles (for solids, velocity due to vibrational motion)1.

1
This e↵ect was discussed in [2]. However, their estimate dif-

fers from the calculations of [19]. Moreover, [2] did not account

for the saturation of the DM nucleon scattering cross-section at

large A and did not use the correct reduced mass in the collision

between DM and nuclei.

This terminal velocity vterm is lower than the initial
(galactic) DM velocity, leading to the DM pile up and a
resulting density enhancement. From flux conservation,
the density enhancement is:

⌘ =
⇢lab

⇢ss
=

vvir

vterm
(15)

where ⇢lab is the DM density at a location of an under-
ground lab, ⇢ss is the solar system DM density, and vvir

is the local virial velocity of DM.
This density enhancement exists as long as the DM

thermalizes with the rock. However, for heavy enough
DM there are two additional e↵ects that need to be taken
into account. For large m� the thermalization requires
more scattering, and there will eventually not be enough
column depth in the rock to achieve thermal velocity at
a given laboratory depth. Moreover, when the downward
velocity of DM becomes smaller in magnitude than vterm,
the thermalization is not complete, as on average the
vertical component of the DM velocity is larger than the
terminal sinking velocity. Both of these e↵ects cut o↵ the
density enhancement for heavy DM, as shown in Fig. 2
and discussed below.
Many underground labs with developed DD program

are located at depths exceeding 1 km. However, the pre-
cision experiments with metastable tantalum were per-
formed in the Hades observatory, at a more shallow loca-
tion. For our estimates, we take the Hades observatory to
be 300 m below the surface. In our estimates, we take the
density of soil/rock to be ⇢ = 3 gm

cm3 , ambient temperature
T = 300K, mgas ⇠ A ⇥ GeV and take A ⇠ 30 for rock.
With these numbers, we plot the density enhancement ⌘
for three di↵erent masses M� = 100GeV, 1TeV, 10TeV
in Fig. 2 (Left). There are three distinct regimes at play.
For small cross-sections, there is an exponential regime
where the column density is not enough to slow DM par-
ticles down to the thermal velocity vth. As the downward
velocity approaches the thermal velocity, the slow down
is enhanced leading to a jump to vth. Next, for cross-
sections where vertical velocity drops below vth, the ad-
ditional column density leads to further slowing down,
leading to a linear regime: the DM density enhancement
is linearly proportional to the size of the elastic cross sec-
tion. Finally, once vterm is reached, there is no further
slow down and a flat regime for the density enhancement
is achieved.
Fig. 2 (Right) shows contours of equal ⌘ in the �N

vs M� plane. ⌘ increases as a function of �n till �n ⇠

10�30 cm2 which corresponds to the saturated geometric
cross-section in Eqn.(13) and there is no further enhance-
ment. As mass of DM, M� is dialed up, the terminal
velocity increases linearly as in (14), and as a result ⌘

decreases linearly. However for large enough mass, the
relevant column depth is not enough to thermalize and
hence there is an exponential decrease in ⌘ as a function
of M�. Thus, we conclude that the value of the enhance-
ment factor is quite sensitive to particular details of the
strongly-interacting DM model (mass, cross section), and
can vary in a large range.

MP, Rajendran, Ramani 2019 MP, 
Ramani 2020, Berlin, Liu, MP, 
Ramani, 2021
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Density of trapped particles: best mass range = 
few GeV. 

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

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

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

C. Enhanced Densities

In Fig. 2 we show the enhanced density of DM at
a depth of z = 1.4 km under the Earth, correspond-
ing to the overburden at LNGS, as a function of mass
m� and per-nucleon cross section ��n. Both the ther-
mal and traffic jam contributions to the enhanced den-
sity are included. To connect the per-nucleon cross
section to cross sections on nuclei, we take �T,N =

min{A2
(µ�N/µ�n)

2��n, 4⇡ r2N}, where A is the atomic
mass of nucleus N and rN ' (1.2 fm)A1/3 is the nuclear
radius. This form corresponds to a SI point interaction
with a nuclear form factor of unity together with a sat-
uration of the cross section at the geometric area of the
nucleus [46, 70]. Since most of the scatterings leading to
capture and accumulation have a low momentum trans-
fer relative to the inverse nuclear radii 1/rN , we expect
that setting the nuclear form factor to unity should be a
good approximation.

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

3
Since we do not consider evaporation effects in our traffic jam

calculations, we only include this component of the enhanced

density for m� � 1 GeV.

III. UPSCATTERING OF DARK MATTER BY
ACCELERATOR BEAMS

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

A. Dark Matter Upscattering by Accelerator
Beams

Consider a beam of nuclei of mass mb and kinetic en-
ergy Eb ⌧ mb incident on a cloud of DM particles �
effectively at rest. If a beam nucleus collides with a DM
particle in the cloud, the DM will be upscattered to a
velocity

v� =

✓
2µ�b

m�

◆r
2Eb

mb
cos ✓ , (10)

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

ER =
(2µ�N v� cos↵)2

2mN
(11)

= Eb

✓
2µ�N

mN

◆✓
2µ�N

m�

◆✓
2µ�b

mb

◆✓
2µ�b

m�

◆
cos

2 ✓ cos
2 ↵

⌘ Emax

R cos
2 ↵ ,

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

In Fig. 3 we show the maximum nuclear recoil energies
Emax

R setting cos ✓ = 1 for DM upscattered by beams
of protons (left) or carbon (right) with kinetic energies
Eb = 0.4 MeV (solid) and Eb = 1.0 MeV (dashed) on
targets of hydrogen (H), helium (He), germanium (Ge),
and xenon (Xe). These recoil energies fall within the
sensitivity windows of typical underground nuclear recoil
DM detectors.

Given an accelerator beam of particles with energy Eb,
total current Ib, and charge per particle Qb, the differen-
tial rate of DM upscattering per unit beam travel length
is

dN�

dt dz dc✓
=

Ib
Qb

n�
d��b

dc✓
, (12)

where c✓ = cos ✓ corresponds to the outgoing DM angle
relative to the beam, z 2 [�L/2, L/2] ranges over the
beam travel region after full acceleration, and n� is the
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Signature 2: Using underground accelerators to 
“accelerate” dark matter

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

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

§ c+p à cE+p           Z+c à ZE+ c

§ This is going to be relevant for models with large DM-nuclear cross 
section where A. interaction is enhanced, B. density is enhanced.  
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FIG. 4. Effective path length `(✓, z) in a spherical detector located along the beam axis.

the Born approximation by

�̄N =

✓
µ�N

µ�p

◆2

A2 ��n , (17)

for an effective per-nucleon cross section ��n.

Since we study very large cross sections in this work,
we also consider the possibility that the Born approxi-
mation on which Eq. (17) is based might break down.
While the way in which this occurs depends on the de-
tailed interactions between DM and nucleons, there exists
a simple prescription based on geometric saturation that
provides a reasonable approximation to calculations in
a wide range of models [46, 70]. Specifically, we bound
from above the total nuclear cross section derived from
Eq. (16) by the geometric cross section ��N  4⇡r2N with
rN ' 1.2 fmA1/3. This is equivalent to the replacement
of �̄N in Eq. (16) by �̄N,e↵ defined by

�̄N,e↵ =

8
><

>:

�̄N ; �tot < 4⇡ r2N

4⇡ r2NR 1
0 dx |FN (xEmax

R )|2 ; �tot > 4⇡ r2N

(18)

where

�tot = �̄N

Z
1

0

dx |FN (xEmax

R )|
2 . (19)

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

��N Pthr(✓;Ethr) = �̄N,e↵

⇥

Z
1

xthr

dx |FN (xEmax

R )|
2
⇥(1� xthr) ,

(20)

where xthr = Ethr/Emax

R .

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

d��p

dc✓
= 2��p cos ✓ . (21)

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

d��b

dc✓
= 2 cos ✓ �̄b,e↵ |Fb(ER,b)|

2 , (22)

with

ER,b =
2µ2

�b

mb

✓
2Eb

mb

◆
cos

2 ✓ , (23)

and �b,e↵ defined as for �̄N,e↵ in Eq. (18) with N ! b,
ER ! ER,b, and Emax

R ! Emax

R,b = ER,b(c✓ = 1).
In Fig. 5 we show the estimated detector rates of beam

upscattered DM as a function of mass m� and per nu-
cleon cross section ��n assuming a point-like SI interac-
tion for a potential beam and detector apparatus. We
take beam parameters motivated by the LUNA accelera-
tor [49, 50] with an accelerated beam section of L = 5m
and a kinetic energy per particle of Eb = 0.4 MeV for
proton beams with current Ib = 1.0mA (left) and car-
bon 12C+ beams with current Ib = 0.1mA (right). For
both beam types, we assume a detector consisting of a
sphere containing liquid xenon of radius r = 10 cm lo-
cated along the beam axis at a distance d = 50 cm from
the end of the beam pipe with a lower detection energy
threshold of Ethr = 5 keV. See Fig. 4 for details of the
setup.

The detector scattering rates shown in Fig. 5 are sig-
nificant and suggest that this method could be used to
test strongly interacting DM even for fractional densities
f� ⌧ 1. These rates trace the DM density enhancements
shown in Fig. 2 to a large degree. They are largest for
m� ⇠ 1–10 GeV, corresponding to the enhanced thermal
DM population discussed in Sec. II, although there is also
a shoulder at larger masses from the traffic jam popula-
tion. For masses below m� ⇠ 1 GeV, the detection rates
are reduced by the lower DM population due to evapo-
ration as well as the energy threshold we assume for the
detector. This is most clearly visible in the right panel of
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Spectrum of recoil

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

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

with kinetic energies Eb = 0.4 MeV (solid) and Eb = 1.0 MeV (dashed) for a selection of target nuclei.

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

Ib
Qb

L = 6⇥ 10
17

cm

s

✓
Ib

1 mA

◆✓
Qp

Qb

◆✓
L

100 cm

◆
, (13)

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

ated beam travels.

B. Detection of Upscattered Dark Matter

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

R =

Z L/2

�L/2
dz

Z
dc✓

dN�

dt dz dc✓

✓
1� e�` ��N nN

◆
Pthr(✓;Ethr)Psh(✓, z) (14)

=
Ib
Qb

n� ��b L ⇥

Z
1/2

�1/2
d(z/L)

Z
dc✓

1

��b

d��b

dc✓

✓
1� e�` ��N nN

◆
Pthr(✓;Ethr)Psh(✓, z) ,

where ` = `(✓, z) is the path length in the detector for a
DM particle upscattered at point z through angle ✓, nN

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

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

ration, the DM path length is

`(✓, z) = ⇥(✓s � ✓) 2 r
q

1�D2 sin
2 ✓/r2 , (15)

where D = L/2� z + d+ r and ✓s = sin
�1

(r/D).

C. Application to Spin-Independent Point-Like
DM

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

d��N

dER
=

1

Emax

R

|FN (ER)|
2 �̄N , (16)

where ER  Emax

R = 2µ2

�Nv2�/mN , FN (ER) is a nuclear
form factor for SI scattering [71, 72], and �̄N is given in
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New reach in the parameter space
§ While 100% fraction of these DM particles is excluded by 

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

§ This is a promising scheme that can be tried without additional 
enormous investment, with existing accelerators (LUNA, JUNA) 
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Conclusions (part III)

§ Dark sectors/feebly interacting particles – that give a wider range of 
DM masses and possibilities – are being actively explored at the 
moment.

§ Beam dump opportunities (from a few MeV to 400 GeV range, and 
LHC high intensity run, 13.6 TeV) provide ample opportunities to 
explore the parameter space of most reasonable (benchmark) dark 
sector models. 

§ The diversity of dark sector models creates a diversity of experimental 
signatures – now it is the right time to explore them, as much 
investment is made into direct detection of dark matter. 

§ Strong limits can be imposed even in “blind spot” areas – using 
subdominant components of the flux. Dark matter “reflected” from 
solar electrons, Dark Matter “accelerated” by cosmic rays. So far 
limits from Xenon on se in 0.1-5 MeV mass range from solar 
reflection are much better than those from “novel detectors”. 


