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What is the physics beyond the standard model?
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•We need hints from experiments 
•synergy of experiments is important to test BSM models

•collider 
•DM direct and indirect detection  
•neutrino detectors (SK, HK, …) 
•EDM measurements 
•g-2 measurements 
• …

Higgs dark matter

neutrino

baryon asymmetry

flavor anomaly

…

experiments
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Dark matter
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•Occupy 27% of the energy density of our universe (c.f. ordinary matter ~ 5%) 
•many scenarios, many models 

Planck

Dark�energy
68%

Dark�Matter
27%

ordinary�matter 5%
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WIMP DM (thermal DM)
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•DM has short-range interactions with the standard model particles 
•energy density is explained by the freeze-out mechanism 
•correlation among various processes
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direct detection experiments
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DM DM

nucleus
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FIG. 3. DM search data in the cS1-cS2 space. Each event is
represented with a pie-chart, showing the fraction of the best-
fit model including a 200GeV/c2 WIMP (orange) evaluated
at the position of the event. The size of the pie-charts is pro-
portional to the signal model at that position. Background
probability density distributions are shown as 1� (dark) and
2� (light) regions as indicated in the legend for ER (blue), AC
(purple) and surface (green, “wall”). The neutron background
(yellow in pies) has a similar distribution to the WIMP (or-
ange filled area showing the 2� region). The orange dashed
contour contains a signal-like region which is constructed to
contain 50% of a 200GeV/c2 WIMP signal with the highest
possible signal-to-noise ratio.

fit based on events found below the blinded region. cS1
and cS2 are modeled using a kernel density estimation
derived from events reconstructed outside of the TPC.
The wall model is validated using the unblinded WIMP
region outside of the FV as a sideband. The expected
values for both backgrounds are summarized in Table I
and their distributions in the (cS1, cS2) space are shown
in Figure 3.

The statistical analysis of the WIMP search data
uses toy MC simulations of the experiment to calibrate
the distribution of a log-likelihood-ratio test statistic as
in [31, 36]. Four terms make up the likelihood: two
search-data terms for events near and far from the trans-
verse wires, an ER calibration term and a term repre-
senting ancillary measurements of parameters. The first
three are extended unbinned likelihoods in cS1, cS2, as
well as R for the first term. All three terms have the
same form as equation (21) in [31]. The two search-data
likelihoods include components for the ER, AC, surface,
CE⌫NS and radiogenic neutron backgrounds, as well as
the WIMP signal. The 220Rn calibration term includes
the ER model as well as an AC component. The expected
number of events for each component is a nuisance pa-
rameter in the likelihood. In addition, two shape param-
eters for the ER model are included, and a parameter
representing the uncertain signal expectation for a given

FIG. 4. Upper limit on spin-independent WIMP-nucleon
cross section at 90% confidence level (full black line) as a func-
tion of the WIMP mass. A power-constraint is applied to the
limit to restrict it at or above the median unconstrained upper
limit. The dashed lines show the upper limit without a power-
constraint applied. The 1� (green) and 2� (yellow) sensitiv-
ity bands are shown as shaded regions, with lighter colors
indicating the range of possible downwards fluctuations. The
result from XENON1T [3] is shown in blue with the same
power-constraint applied. At masses above �100GeV/c2, the
limit scales with mass as indicated with the extrapolation for-
mula.

cross section. The ancillary measurement term includes
Gaussians representing the measurements constraining
the AC, radiogenic, surface and CE⌫NS rates, and the
uncertain signal expectation.
The signal NR spectrum is modeled with the Helm

form factor for the nuclear cross section [37], and a stan-
dard halo model with parameters fixed to the recommen-
dations of [36]. The main change from previous XENON
publications is an updated local standard of rest velocity
of 238 km/s [38, 39]. The NR model fit to calibration
data is used to construct a model for the signal in cS1
and cS2.
After unblinding, the ROI contains 152 events, 16 of

which were in the blinded WIMP region. The data is
shown in Figure 3, and the best-fit expectation values
are in Table I. The binned GOF test indicates no large-
scale mismodelling (p = 0.63). At high cS1, ' 50PE,
we observe more events which are consistent with ER
events than our model or calibration data predicts, in
particular between cS1s of 50PE and 75PE. Of the 16
former blinded events, 13 are found in the upper right
half of the horizontal event distribution, with no correla-
tion with the transverse wires observed (see Figure A.3).
The 220Rn, 83mKr and 37Ar calibration datasets do not
exhibit any asymmetry, nor is any seen in the acceptances
evaluated in the X,Y plane for any of the applied cuts.
The WIMP discovery p-value indicates no signifi-

[XENON nT (’23)]

No significant signals yet

[LZ  (’22)]
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mDM < O(1) GeV
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•the weak constraint for lighter DM (due to 
small momentum transfer) 
•light DM models typically require light and 
feeble particles 
 → long lived particle search 
 → beam dump experiments  
     [Kanemura Moroi Tanaka (’15), Ueda Sakai (’20), and more]
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FIG. 3. DM search data in the cS1-cS2 space. Each event is
represented with a pie-chart, showing the fraction of the best-
fit model including a 200GeV/c2 WIMP (orange) evaluated
at the position of the event. The size of the pie-charts is pro-
portional to the signal model at that position. Background
probability density distributions are shown as 1� (dark) and
2� (light) regions as indicated in the legend for ER (blue), AC
(purple) and surface (green, “wall”). The neutron background
(yellow in pies) has a similar distribution to the WIMP (or-
ange filled area showing the 2� region). The orange dashed
contour contains a signal-like region which is constructed to
contain 50% of a 200GeV/c2 WIMP signal with the highest
possible signal-to-noise ratio.

fit based on events found below the blinded region. cS1
and cS2 are modeled using a kernel density estimation
derived from events reconstructed outside of the TPC.
The wall model is validated using the unblinded WIMP
region outside of the FV as a sideband. The expected
values for both backgrounds are summarized in Table I
and their distributions in the (cS1, cS2) space are shown
in Figure 3.

The statistical analysis of the WIMP search data
uses toy MC simulations of the experiment to calibrate
the distribution of a log-likelihood-ratio test statistic as
in [31, 36]. Four terms make up the likelihood: two
search-data terms for events near and far from the trans-
verse wires, an ER calibration term and a term repre-
senting ancillary measurements of parameters. The first
three are extended unbinned likelihoods in cS1, cS2, as
well as R for the first term. All three terms have the
same form as equation (21) in [31]. The two search-data
likelihoods include components for the ER, AC, surface,
CE⌫NS and radiogenic neutron backgrounds, as well as
the WIMP signal. The 220Rn calibration term includes
the ER model as well as an AC component. The expected
number of events for each component is a nuisance pa-
rameter in the likelihood. In addition, two shape param-
eters for the ER model are included, and a parameter
representing the uncertain signal expectation for a given

FIG. 4. Upper limit on spin-independent WIMP-nucleon
cross section at 90% confidence level (full black line) as a func-
tion of the WIMP mass. A power-constraint is applied to the
limit to restrict it at or above the median unconstrained upper
limit. The dashed lines show the upper limit without a power-
constraint applied. The 1� (green) and 2� (yellow) sensitiv-
ity bands are shown as shaded regions, with lighter colors
indicating the range of possible downwards fluctuations. The
result from XENON1T [3] is shown in blue with the same
power-constraint applied. At masses above �100GeV/c2, the
limit scales with mass as indicated with the extrapolation for-
mula.

cross section. The ancillary measurement term includes
Gaussians representing the measurements constraining
the AC, radiogenic, surface and CE⌫NS rates, and the
uncertain signal expectation.
The signal NR spectrum is modeled with the Helm

form factor for the nuclear cross section [37], and a stan-
dard halo model with parameters fixed to the recommen-
dations of [36]. The main change from previous XENON
publications is an updated local standard of rest velocity
of 238 km/s [38, 39]. The NR model fit to calibration
data is used to construct a model for the signal in cS1
and cS2.
After unblinding, the ROI contains 152 events, 16 of

which were in the blinded WIMP region. The data is
shown in Figure 3, and the best-fit expectation values
are in Table I. The binned GOF test indicates no large-
scale mismodelling (p = 0.63). At high cS1, ' 50PE,
we observe more events which are consistent with ER
events than our model or calibration data predicts, in
particular between cS1s of 50PE and 75PE. Of the 16
former blinded events, 13 are found in the upper right
half of the horizontal event distribution, with no correla-
tion with the transverse wires observed (see Figure A.3).
The 220Rn, 83mKr and 37Ar calibration datasets do not
exhibit any asymmetry, nor is any seen in the acceptances
evaluated in the X,Y plane for any of the applied cuts.
The WIMP discovery p-value indicates no signifi-

ldec

Beam dump
Muon shield

lshldump

rdet

Detector

z
Lead

Concrete

Watere±

ldet
Decay volume (Multi-layer tracker)

rdec

e+

e�

�

�
e±

Nucleus

e±

�

�

�*

A� A� 

e� e�
A� 

*

� �
A� 

*
e�

e+

�2

�1

Figure 1: The ILC-BDX experimental setup consists of the main beam dump, a muon

shield, a decay volume, and a detector. A multi-layer tracker is placed in the decay volume

to measure the charged tracks. The DM particles may be produced at electron and positron

beam dumps via pair-annihilation of positron on an atomic electron, or via bremsstrahlung.

The resulting DM particles can scatter o↵ electrons in the detector and yield observable

electron-recoil events. In models where the DM particle is part of a multiplet, an excited

DM state may be produced. It can then decay into a lighter DM state and SM particles in

the decay volume, producing a visible signature in the tracker.

beams.#2 We also note that the experimental setup used here is essentially identical to

that proposed previously for searches for visible dark photons and axion-like particles.

(Detailed design of the detector may be di↵erent to optimize the sensitivity for various

searches, but this is outside the scope of this study.) The ILC-BDX can be pursued in

parallel to the previously discussed searches, adding to the rich physics program at the ILC

beam dumps. It is important to emphasize that this program can be pursued in parallel

with the exploration of the Higgs and electroweak physics at the main IP, and can broaden

the capabilities of the ILC to search for physics beyond the Standard Model (BSM) at a

modest additional cost.

The rest of the paper is organized as follows. In Section 2, we introduce the setup

of our proposed experiment for sub-GeV DM search at the ILC beam dumps, and list

formulae used to calculate the number of expected signal events. In Section 3, we discuss

the two types of background (BG) events that occur in this setup, i.e., beam-induced and

cosmic-ray backgrounds, and estimate the number of events expected from each BG. In

Section 4, we introduce five DM models used as benchmarks, i.e., pseudo-Dirac DM with

small and large mass-splitting, scalar elastic and inelastic DM, and Majorana DM. We

then present our estimates of the ILC-BDX sensitivity reach for each model. The main

#2An additional advantage is the availability of polarized beams at the ILC. We will not explore conse-
quences of polarization in this paper, but note that it can be particularly useful in characterizing the new
physics if a non-SM signal is observed.

3
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FIG. 3. DM search data in the cS1-cS2 space. Each event is
represented with a pie-chart, showing the fraction of the best-
fit model including a 200GeV/c2 WIMP (orange) evaluated
at the position of the event. The size of the pie-charts is pro-
portional to the signal model at that position. Background
probability density distributions are shown as 1� (dark) and
2� (light) regions as indicated in the legend for ER (blue), AC
(purple) and surface (green, “wall”). The neutron background
(yellow in pies) has a similar distribution to the WIMP (or-
ange filled area showing the 2� region). The orange dashed
contour contains a signal-like region which is constructed to
contain 50% of a 200GeV/c2 WIMP signal with the highest
possible signal-to-noise ratio.

fit based on events found below the blinded region. cS1
and cS2 are modeled using a kernel density estimation
derived from events reconstructed outside of the TPC.
The wall model is validated using the unblinded WIMP
region outside of the FV as a sideband. The expected
values for both backgrounds are summarized in Table I
and their distributions in the (cS1, cS2) space are shown
in Figure 3.

The statistical analysis of the WIMP search data
uses toy MC simulations of the experiment to calibrate
the distribution of a log-likelihood-ratio test statistic as
in [31, 36]. Four terms make up the likelihood: two
search-data terms for events near and far from the trans-
verse wires, an ER calibration term and a term repre-
senting ancillary measurements of parameters. The first
three are extended unbinned likelihoods in cS1, cS2, as
well as R for the first term. All three terms have the
same form as equation (21) in [31]. The two search-data
likelihoods include components for the ER, AC, surface,
CE⌫NS and radiogenic neutron backgrounds, as well as
the WIMP signal. The 220Rn calibration term includes
the ER model as well as an AC component. The expected
number of events for each component is a nuisance pa-
rameter in the likelihood. In addition, two shape param-
eters for the ER model are included, and a parameter
representing the uncertain signal expectation for a given

FIG. 4. Upper limit on spin-independent WIMP-nucleon
cross section at 90% confidence level (full black line) as a func-
tion of the WIMP mass. A power-constraint is applied to the
limit to restrict it at or above the median unconstrained upper
limit. The dashed lines show the upper limit without a power-
constraint applied. The 1� (green) and 2� (yellow) sensitiv-
ity bands are shown as shaded regions, with lighter colors
indicating the range of possible downwards fluctuations. The
result from XENON1T [3] is shown in blue with the same
power-constraint applied. At masses above �100GeV/c2, the
limit scales with mass as indicated with the extrapolation for-
mula.

cross section. The ancillary measurement term includes
Gaussians representing the measurements constraining
the AC, radiogenic, surface and CE⌫NS rates, and the
uncertain signal expectation.
The signal NR spectrum is modeled with the Helm

form factor for the nuclear cross section [37], and a stan-
dard halo model with parameters fixed to the recommen-
dations of [36]. The main change from previous XENON
publications is an updated local standard of rest velocity
of 238 km/s [38, 39]. The NR model fit to calibration
data is used to construct a model for the signal in cS1
and cS2.
After unblinding, the ROI contains 152 events, 16 of

which were in the blinded WIMP region. The data is
shown in Figure 3, and the best-fit expectation values
are in Table I. The binned GOF test indicates no large-
scale mismodelling (p = 0.63). At high cS1, ' 50PE,
we observe more events which are consistent with ER
events than our model or calibration data predicts, in
particular between cS1s of 50PE and 75PE. Of the 16
former blinded events, 13 are found in the upper right
half of the horizontal event distribution, with no correla-
tion with the transverse wires observed (see Figure A.3).
The 220Rn, 83mKr and 37Ar calibration datasets do not
exhibit any asymmetry, nor is any seen in the acceptances
evaluated in the X,Y plane for any of the applied cuts.
The WIMP discovery p-value indicates no signifi-
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Figure 1: The ILC-BDX experimental setup consists of the main beam dump, a muon

shield, a decay volume, and a detector. A multi-layer tracker is placed in the decay volume

to measure the charged tracks. The DM particles may be produced at electron and positron

beam dumps via pair-annihilation of positron on an atomic electron, or via bremsstrahlung.

The resulting DM particles can scatter o↵ electrons in the detector and yield observable

electron-recoil events. In models where the DM particle is part of a multiplet, an excited

DM state may be produced. It can then decay into a lighter DM state and SM particles in

the decay volume, producing a visible signature in the tracker.

beams.#2 We also note that the experimental setup used here is essentially identical to

that proposed previously for searches for visible dark photons and axion-like particles.

(Detailed design of the detector may be di↵erent to optimize the sensitivity for various

searches, but this is outside the scope of this study.) The ILC-BDX can be pursued in

parallel to the previously discussed searches, adding to the rich physics program at the ILC

beam dumps. It is important to emphasize that this program can be pursued in parallel

with the exploration of the Higgs and electroweak physics at the main IP, and can broaden

the capabilities of the ILC to search for physics beyond the Standard Model (BSM) at a

modest additional cost.

The rest of the paper is organized as follows. In Section 2, we introduce the setup

of our proposed experiment for sub-GeV DM search at the ILC beam dumps, and list

formulae used to calculate the number of expected signal events. In Section 3, we discuss

the two types of background (BG) events that occur in this setup, i.e., beam-induced and

cosmic-ray backgrounds, and estimate the number of events expected from each BG. In

Section 4, we introduce five DM models used as benchmarks, i.e., pseudo-Dirac DM with

small and large mass-splitting, scalar elastic and inelastic DM, and Majorana DM. We

then present our estimates of the ILC-BDX sensitivity reach for each model. The main

#2An additional advantage is the availability of polarized beams at the ILC. We will not explore conse-
quences of polarization in this paper, but note that it can be particularly useful in characterizing the new
physics if a non-SM signal is observed.
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[Asai Iwamoto Perelstein Sakaki Ueda (’23)]
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Figure 9: The results for the Majorana DM. The prescription ↵D = 0.5, mA0 = 3m� is

adopted. Notation is the same as in Fig. 7.

dark sector particles are also detectable at the scintillator [33].

• NA64 — The NA64 experiment [45] at CERN constrains the light DM by analyzing

data from interaction of 2.84⇥ 1011 electrons at 100 GeV with an active thick target,

i.e., electromagnetic calorimeter, and searching for missing-energy events. The DM

may be produced in the active target by decays of dark photons generated via the

bremsstrahlung process and secondary positron annihilation with atomic electrons.

• LSND proton beam dump experiment — The light DM may also be produced in the

Los Alamos LSND proton beam dump experiment by injection of proton beams with

kinetic energy of 800 MeV [33,37,46,47]. The DM particles are produced dominantly

by ⇡0 decays at the fixed target, and DM-electron scattering or visible decay events

are detected at the downstream detector.

• MiniBooNE — A search for the light DM produced from the Fermilab 8 GeV Booster

protons with a steel beam dump [48] was conducted by the MiniBooNE-DM collabo-

rations by using data from 1.86⇥ 1020 protons on target (POT). To reduce neutrino

backgrounds from charged mesons, o↵-target running was conducted, and the primary

proton beam was steered above the thin beryllium target and directed into the thick

steel absorber. Charged mesons produced in the thick target are absorbed or decay at

rest, and the neutrino flux is reduced. The DM may be produced by decays of ⇡0 and

⌘ mesons and proton bremsstrahlung plus vector-messon mixing. The produced DM

19
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(e.g) SM + a gauge singlet scalar DM
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•a real scalar DM 
•the SM Higgs is the mediator 
•almost excluded
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[TA Kitano Sato (’15) w/ update]

[Silveria et.al. (‘85), McDonald (’94), Burgess (’01),  …,
Cline et.al. (’13), TA Kitano Sato (’15), …
GAMBIT collaboration (’17, ’19, …) ]

strong constraint from direct detection

•Higgs resonant region 
•heavy region 
•construct models that suppress σSI
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Higgs resonant region (mDM ~ mh/2)
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Heavy DM (mDM  O(1) TeV)≳
•constraints from direct detection are weak now (due to small number density)  
•heavy particles (e.g. W’ and Z’) associated with the dark sector → collider search 
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Figure 6.14: Summary chart of the current most stringent bounds on weak-scale DM annihila-
tions into µ

+
µ
� (green), bb̄ (red) or W

+
W

� (blue), from different searches, as discussed in the main
text. Some constraints are rescaled with respect to the literature, to correct for the different choices of DM
profiles. The almost horizontal orange thin band is the thermal cross section of eq. (4.13), also plotted in
fig. 4.1 (left).

of Ams-02, but do not change significantly, if the 2021 data are used instead. The reported bounds are
significantly more stringent than previous constraints [640] for DM masses larger than 200 GeV and less
stringent for lower DM masses. Notably, some authors have recently identified a possible excess at low
DM masses in the same data, as discussed in section 8.2.9.

Some authors have also derived bounds from electrons or positrons (not reported in the figure) [641].
Given that these channels exhibit clear excesses (see section 8.2.8), the strategy is to attribute these
excesses to astrophysical sources, and then search for any additional features in the spectrua that would
be produced by DM. This strategy is possible for DM annihilating or decaying into a leptonic channel,
since this produces a distinctive sharp feature.

Anti-deuterons. The only current upper bound on the flux of cosmic anti-deuterons comes from the
Bess experiment [633,634] and is too weak to give any significant constraints on annihilating or decaying
DM. The planned sensitivities of Ams and Gaps, though, may allow to test interesting regions of the
DM parameter space, for 100 GeV DM even down to the thermal cross section, in optimal conditions
[412, 531, 642]. An advantage of anti-deuteron searches is that the astrophysical background and DM
signal peak at different energy ranges. Specifically, while the astrophysical background typically peaks
at a few GeV per nucleon, the DM signal is expected to peak at energies below 1 GeV/n, so that the
search for a DM d̄ signal can be considered as essentially background-free. The underlying reason is
that the astrophysical d̄ are produced in spallation of high-energy cosmic rays on the interstellar gas:
the kinematics is such that low energy d̄ are produced only very rarely. The DM d̄’s are, in contrast,
produced from a coalescence of p̄ and n̄ from essentially-at-rest DM particles and are not subject to
the same kinematical constraints. For a recent detailed discussions of the light anti-nuclei astrophysical
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Suppression in σSI
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•momentum transfer is small in DM-nucleon scattering 
•if scattering amplitude is proportional to momentum 
transfer, then σSI is suppressed

DM

DM SM

SM

?

q2

∝ q2

realization 
•fermionic DM + scalar mediator with pseudo-scalar 
interaction 
 (e.g.) THDM+a 
         singlet-doublet model with CPV 

<latexit sha1_base64="YcBSms1OQn7JuhKbfjb06JDJlVk="></latexit>

 ̄DM

 DM

SM

SM

�5 / ū(p+ q)�5u(p) ' q

•pseudo-Nambu-Goldstone dark matter 

[Ipek McKeen Nelson (’14), LHC Dark Matter Working Group 1810.09420, …, TA Fujiwara Hisano (’19), …]

[Mahbubani Senatore (’05), D’Eramo (’07), Enberg+ (’07), …, 
TA Kitano Sato (’14), TA (’17), TA Sato (’19), ….]

[Gross Lebedev Toma (’17), Abe Toma Tsumura (’20, ’21), Okada Raut Shafi (’20, ’21),  
Liu Chi Jian Yu Zhang (’22), TA Hamada (’22), Otsuka Shimomura Tsumura Uchida Yamatsu (’22), 
TA Hamada Tsumura (’24), … ]
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SubGeV ( mDM  O(1) GeV ) 
•constraints from direct detection experiments are weak 
•light and feeble particles → beam dump experiments 

≲

Higgs resonant region (mDM ~ mh/2  ) 
•strong correlations in relic abundance, Higgs invisible decay, direct detection  
•need careful evaluation (early kinetic decoupling, loop corrections, … )

Heavy ( mDM  O(1) TeV ) 
•direct detection, indirect detection 
•heavy particle associated with DM search in collider experiments

≳

suppress σSI by momentum dependent scattering amplitude 
•fermonic DM + scalar mediator with pseudo scalar interaction 
•pseudo-Nambu-Goldstone DM models

Summary


