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ILC Fixed Target/Dark Sectors
• ILC Fixed Target/Dark Sectors informal study group 

has recently been formed, 2 Zoom meetings so far


• Theory, Experiment and Accelerator Physics 
participants


• Everyone interested in exploring these subjects is 
invited to join! Email me at mp325@cornell.edu to 
receive mailings


• Thanks to SG participants for discussions and ideas 
in this talk


• Any errors and omissions are mine alone
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Intro/Motivation
• Significant recent interest in searches for sub-GeV particles with feeble 

coupling to the SM 


• Such particles can play the role of dark matter, escape direct detection in 
nuclear recoil searches 


• Other motivations: axion-like particles (ALPs), light SM-singlet scalars 
from generalized Higgs sectors, etc.


• Benchmark Model: Dark Photon (DP) mediating interactions between SM 
and Dark Matter (DM) particle 
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A novel mechanism to produce and detect Light Dark Matter in experiments making use of GeV
electrons (and positrons) impinging on a thick target (beam-dump) is proposed. The positron-rich
environment produced by the electromagnetic shower allows to produce an A0 via non-resonant
(e+ + e� ! � + A0) and resonant (e+ + e� ! A0) annihilation on atomic electrons. The latter
mechanism, for some selected kinematics, results in a larger sensitivity with respect to limits derived
by the commonly used A0 � strahlung. This idea, applied to Beam Dump Experiments and active

Beam Dump Experiments pushes down the current limits by an order of magnitude.

PACS numbers: 12.60.-i,13.60.-r,95.35.+d

The Standard Model (SM) of particle physics does
not explain some experimental facts, such as dark mat-
ter (DM), neutrino masses, and the cosmological baryon
asymmetry. Physics beyond the SM is thus required,
which might eventually emerge as a whole new sector con-
taining new particles as well as new interactions. These
new states do not need to be particularly heavy to have so
far escaped detection, their masses could well be within
experimental reach, provided they couple su�ciently fee-
bly to SM particles. For example, particles with mass
below 1 GeV/c2 would have easily escaped detection by
underground experiments seeking for halo DM, so that
complementary searches attempting to cover this mass
region are well motivated.
In a popular scenario, Light Dark Matter (LDM) with

mass in the range (⇠1 MeV/c2 - 1 GeV/c2) is charged un-
der a new U(1)D broken symmetry, whose vector boson
mediator A

0 (heavy photon, also called dark photon) is
massive. The dark photon can be kinetically mixed with
the SM hypercharge field, resulting in SM-DM interac-
tion [1]. The lowest order e↵ective Lagrangian associated
to the model, in case of a fermionic � DM particle, reads:
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where F
0
µ⌫ is the field strength of the hidden gauge field

A
0
µ, mA0 and m� the masses of the heavy photon and of

the � particle respectively, and Fµ⌫ the QED photon field
strength (at energies much higher than the ones we will
consider here, Fµ⌫ should be replaced by the hypercharge
field strength). Finally, Dµ = @µ � igDA

0
µ, with gD the

coupling constant associated to the U(1)D symmetry. If
one makes the natural assumption that gD ' O(1), the
kinetic mixing parameter " is expected to be in the range

of ⇠ 10�4 � 10�2 (⇠ 10�6 � 10�3) if the mixing is gen-
erated by one (two)-loops interaction [2–4]. Depending
on the relative mass of the A

0 and the DM particles, the
A

0 can decay only into SM particles (visible decay) or
dominantly to LDM states (invisible decay). In par-
ticular, if m� < mA0/2, and provided that gD > "e,
the latter scenario dominates. This picture is compatible
with the well-motivated hypothesis of DM thermal origin.
This assumes that, in the early Universe, DM reaches the
thermal equilibrium with the Standard Model particles
through an interaction mechanism such as the one de-
scribed above. The present DM density is therefore a
relic remnant of its primordial abundance. This hypoth-
esis provides a relation between the observed DM density
and the model parameters, resulting in a clear, predictive
target for discovery or falsifiability [5].

LDM received strong attention in recent years, mo-
tivating many theoretical and phenomenological studies.
It also stimulated the reanalysis and interpretation of old
data and promoted new experimental programs to search
both for the A

0 and LDM states [5, 6]. In this context,
accelerator-based experiments that make use of a lepton
beam of moderate energy (⇠ 10 GeV) on a thick target
or a beam-dump show a seizable sensitivity to a wide
area of LDM parameter space. Di↵erent experimental
approaches are possible, each a↵ected by di↵erent back-
grounds, and with specific sensitivity to model param-
eters. In Beam-Dump Experiments (BDE) [7], an in-
tense primary beam is dumped on a passive thick target
followed by a significant amount of shielding material.
Beside the cascade of SM particles, electrons/positrons
stopped in the beam-dump may produce an A

0 decay-
ing to a �/� particles pair, thus resulting in an e↵ec-
tive LDM secondary beam. Having a small coupling to
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Intro/Motivation
• For sub-GeV DM, interactions with the SM via DP “mediator” can provide 

thermal relic density - a robust target for experiments to discover of falsify
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Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.
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DP Phenomenology
• If                     , DP will decay to “visible” (SM) final states 


• If                    , DP will decay “invisibly” to DM pairs (prompt for               ) 


• My talk will focus on opportunities for invisible DP searches at the ILC


• Three DP production mechanisms are relevant at the ILC: 
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FIG. 1. Three di↵erent A0 production modes in fixed target
lepton beam experiments: (a) A0-strahlung in e�/e+-nucleon
scattering; (b) A0-strahlung in e+e� annihilation; (c) resonant
A0 production in e+e� annihilation.

to the � � e scatterings in the detector) was computed
as:

N
s
��e = N�� neLdet �

⇤
�e"s , (3)

where N�� is the total number of LDM particles (�+�)
propagating from the beam-dump and impinging on the
detector, Ldet and ne (NAv/A ⇢Z) are the detector length
and the electron density, respectively, "s is the average
signal detection e�ciency, and �

⇤
�e is the total �� e scat-

tering cross-section integrated over recoil electron ener-
gies larger than the detection threshold Ethr. N�� was
computed by projecting the � angular distribution in the
dump to the detector front-face plane and measuring the
fraction of crossing particles. To evaluate �

⇤
�e and to

determine the energy and angular spectrum of recoiling
electrons, we used the di↵erential cross-section reported
in Ref. [7]:
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where E and ER are, the � and the scattered e

� energies,
respectively, and ↵D = g

2
D/4⇡.

For aBDE, instead, we computed the number of signal
events as the number of A0 with energy higher than the
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FIG. 2. Di↵erential track-length distribution as a function
of x = E/E0 for positrons produced in a thick target by an
impinging e+/e� beam, normalized to the radiation length
X0.

TABLE I. Main parameters of the E137 and BDX beam-dump
experiments.

E137-I E137-II BDX
Beam energy 20 GeV 20 GeV 11 GeV
Electrons on target ' 6.2 · 1019 ' 1.2 · 1020 1022

Target-detector distance 383 m 383 m 25 m
Front-face size 2x3 m2 3x3 m2 50x40 cm2

Detector-length Ldet 49.5 cm 13.8 cm 300 cm
Electrons number density ne 7.4·1023 cm�3 1.5·1024 cm�3 1.1·1024 cm�3

Detection threshold ' 1 GeV ' 1 GeV ' 500 MeV

detector missing-energy cut ECUT
miss :

N
s
A0 = "s

Z E0

ECUT
miss

NA0(E)dE . (5)

The detection e�ciency "s of each experiment we con-
sidered was determined by applying the same selection
cuts used in the original analyses. Further details are
given in the following.
E137 is a BDE that ran at SLAC in 1980-1982, search-

ing for long-lived neutral objects which might be pro-
duced in the electromagnetic shower initiated by 20 GeV
electrons in the SLAC Beam Dump East. The main pa-
rameters of the experiment are summarized in Tab. I.
The detector was an 8-radiation length electromagnetic
calorimeter made by a sandwich of a 1 cm plastic scin-
tillator paddles and 1 X0 iron (or aluminum) convert-
ers. To satisfy the trigger condition, � particles should
have scattered in the first 5 layers. A total charge of
⇠ 30 C was dumped during the live-time of the exper-
iment in two slightly di↵erent experimental setups, de-
noted as “E137-I” and “E137-II” (see Tab. I). The origi-
nal data analysis searched for axion-like particles decay-
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TABLE I. Main parameters of the E137 and BDX beam-dump
experiments.
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Electrons number density ne 7.4·1023 cm�3 1.5·1024 cm�3 1.1·1024 cm�3

Detection threshold ' 1 GeV ' 1 GeV ' 500 MeV

detector missing-energy cut ECUT
miss :

N
s
A0 = "s

Z E0

ECUT
miss

NA0(E)dE . (5)

The detection e�ciency "s of each experiment we con-
sidered was determined by applying the same selection
cuts used in the original analyses. Further details are
given in the following.
E137 is a BDE that ran at SLAC in 1980-1982, search-

ing for long-lived neutral objects which might be pro-
duced in the electromagnetic shower initiated by 20 GeV
electrons in the SLAC Beam Dump East. The main pa-
rameters of the experiment are summarized in Tab. I.
The detector was an 8-radiation length electromagnetic
calorimeter made by a sandwich of a 1 cm plastic scin-
tillator paddles and 1 X0 iron (or aluminum) convert-
ers. To satisfy the trigger condition, � particles should
have scattered in the first 5 layers. A total charge of
⇠ 30 C was dumped during the live-time of the exper-
iment in two slightly di↵erent experimental setups, de-
noted as “E137-I” and “E137-II” (see Tab. I). The origi-
nal data analysis searched for axion-like particles decay-
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FIG. 1. Three di↵erent A0 production modes in fixed target
lepton beam experiments: (a) A0-strahlung in e�/e+-nucleon
scattering; (b) A0-strahlung in e+e� annihilation; (c) resonant
A0 production in e+e� annihilation.

to the � � e scatterings in the detector) was computed
as:

N
s
��e = N�� neLdet �

⇤
�e"s , (3)

where N�� is the total number of LDM particles (�+�)
propagating from the beam-dump and impinging on the
detector, Ldet and ne (NAv/A ⇢Z) are the detector length
and the electron density, respectively, "s is the average
signal detection e�ciency, and �

⇤
�e is the total �� e scat-

tering cross-section integrated over recoil electron ener-
gies larger than the detection threshold Ethr. N�� was
computed by projecting the � angular distribution in the
dump to the detector front-face plane and measuring the
fraction of crossing particles. To evaluate �

⇤
�e and to

determine the energy and angular spectrum of recoiling
electrons, we used the di↵erential cross-section reported
in Ref. [7]:
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where E and ER are, the � and the scattered e

� energies,
respectively, and ↵D = g
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For aBDE, instead, we computed the number of signal
events as the number of A0 with energy higher than the
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FIG. 2. Di↵erential track-length distribution as a function
of x = E/E0 for positrons produced in a thick target by an
impinging e+/e� beam, normalized to the radiation length
X0.

TABLE I. Main parameters of the E137 and BDX beam-dump
experiments.

E137-I E137-II BDX
Beam energy 20 GeV 20 GeV 11 GeV
Electrons on target ' 6.2 · 1019 ' 1.2 · 1020 1022

Target-detector distance 383 m 383 m 25 m
Front-face size 2x3 m2 3x3 m2 50x40 cm2

Detector-length Ldet 49.5 cm 13.8 cm 300 cm
Electrons number density ne 7.4·1023 cm�3 1.5·1024 cm�3 1.1·1024 cm�3

Detection threshold ' 1 GeV ' 1 GeV ' 500 MeV

detector missing-energy cut ECUT
miss :

N
s
A0 = "s

Z E0

ECUT
miss

NA0(E)dE . (5)

The detection e�ciency "s of each experiment we con-
sidered was determined by applying the same selection
cuts used in the original analyses. Further details are
given in the following.
E137 is a BDE that ran at SLAC in 1980-1982, search-

ing for long-lived neutral objects which might be pro-
duced in the electromagnetic shower initiated by 20 GeV
electrons in the SLAC Beam Dump East. The main pa-
rameters of the experiment are summarized in Tab. I.
The detector was an 8-radiation length electromagnetic
calorimeter made by a sandwich of a 1 cm plastic scin-
tillator paddles and 1 X0 iron (or aluminum) convert-
ers. To satisfy the trigger condition, � particles should
have scattered in the first 5 layers. A total charge of
⇠ 30 C was dumped during the live-time of the exper-
iment in two slightly di↵erent experimental setups, de-
noted as “E137-I” and “E137-II” (see Tab. I). The origi-
nal data analysis searched for axion-like particles decay-

Dark Brehmsstrahlung Associated Production 
(with SM photon)

Resonant Production 

[see Yasuhito Sasaki’s talk]



Collider vs. Fixed-Target
• At the ILC, Dark Photons may be produced in collisions at 

the main IP via                             


• Traditional “                “ searches sensitive to DP in the 
0-250 GeV mass range, but don’t reach below  


• For DP masses ~GeV or below, fixed-target setup offers 
huge improvement in sensitivity due to higher statistics


• High-energy, high-intensity positron beams available at 
the ILC offer an especially attractive opportunity due to 
enhanced DP production

[Plot: F. Tanedo]



DP Phenomenology
• If                     , DP will decay to “visible” (SM) final states 


• If                    , DP will decay “invisibly” to DM pairs (prompt for               ) 


• My talk will focus on opportunities for invisible DP searches at the ILC


• Three DP production mechanisms are relevant at the ILC: 
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FIG. 1. Three di↵erent A0 production modes in fixed target
lepton beam experiments: (a) A0-strahlung in e�/e+-nucleon
scattering; (b) A0-strahlung in e+e� annihilation; (c) resonant
A0 production in e+e� annihilation.

to the � � e scatterings in the detector) was computed
as:

N
s
��e = N�� neLdet �

⇤
�e"s , (3)

where N�� is the total number of LDM particles (�+�)
propagating from the beam-dump and impinging on the
detector, Ldet and ne (NAv/A ⇢Z) are the detector length
and the electron density, respectively, "s is the average
signal detection e�ciency, and �

⇤
�e is the total �� e scat-

tering cross-section integrated over recoil electron ener-
gies larger than the detection threshold Ethr. N�� was
computed by projecting the � angular distribution in the
dump to the detector front-face plane and measuring the
fraction of crossing particles. To evaluate �

⇤
�e and to

determine the energy and angular spectrum of recoiling
electrons, we used the di↵erential cross-section reported
in Ref. [7]:
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where E and ER are, the � and the scattered e

� energies,
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For aBDE, instead, we computed the number of signal
events as the number of A0 with energy higher than the
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FIG. 2. Di↵erential track-length distribution as a function
of x = E/E0 for positrons produced in a thick target by an
impinging e+/e� beam, normalized to the radiation length
X0.

TABLE I. Main parameters of the E137 and BDX beam-dump
experiments.

E137-I E137-II BDX
Beam energy 20 GeV 20 GeV 11 GeV
Electrons on target ' 6.2 · 1019 ' 1.2 · 1020 1022

Target-detector distance 383 m 383 m 25 m
Front-face size 2x3 m2 3x3 m2 50x40 cm2

Detector-length Ldet 49.5 cm 13.8 cm 300 cm
Electrons number density ne 7.4·1023 cm�3 1.5·1024 cm�3 1.1·1024 cm�3

Detection threshold ' 1 GeV ' 1 GeV ' 500 MeV

detector missing-energy cut ECUT
miss :

N
s
A0 = "s

Z E0

ECUT
miss

NA0(E)dE . (5)

The detection e�ciency "s of each experiment we con-
sidered was determined by applying the same selection
cuts used in the original analyses. Further details are
given in the following.
E137 is a BDE that ran at SLAC in 1980-1982, search-

ing for long-lived neutral objects which might be pro-
duced in the electromagnetic shower initiated by 20 GeV
electrons in the SLAC Beam Dump East. The main pa-
rameters of the experiment are summarized in Tab. I.
The detector was an 8-radiation length electromagnetic
calorimeter made by a sandwich of a 1 cm plastic scin-
tillator paddles and 1 X0 iron (or aluminum) convert-
ers. To satisfy the trigger condition, � particles should
have scattered in the first 5 layers. A total charge of
⇠ 30 C was dumped during the live-time of the exper-
iment in two slightly di↵erent experimental setups, de-
noted as “E137-I” and “E137-II” (see Tab. I). The origi-
nal data analysis searched for axion-like particles decay-
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lepton beam experiments: (a) A0-strahlung in e�/e+-nucleon
scattering; (b) A0-strahlung in e+e� annihilation; (c) resonant
A0 production in e+e� annihilation.

to the � � e scatterings in the detector) was computed
as:

N
s
��e = N�� neLdet �

⇤
�e"s , (3)

where N�� is the total number of LDM particles (�+�)
propagating from the beam-dump and impinging on the
detector, Ldet and ne (NAv/A ⇢Z) are the detector length
and the electron density, respectively, "s is the average
signal detection e�ciency, and �

⇤
�e is the total �� e scat-

tering cross-section integrated over recoil electron ener-
gies larger than the detection threshold Ethr. N�� was
computed by projecting the � angular distribution in the
dump to the detector front-face plane and measuring the
fraction of crossing particles. To evaluate �

⇤
�e and to

determine the energy and angular spectrum of recoiling
electrons, we used the di↵erential cross-section reported
in Ref. [7]:
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For aBDE, instead, we computed the number of signal
events as the number of A0 with energy higher than the
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FIG. 2. Di↵erential track-length distribution as a function
of x = E/E0 for positrons produced in a thick target by an
impinging e+/e� beam, normalized to the radiation length
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TABLE I. Main parameters of the E137 and BDX beam-dump
experiments.

E137-I E137-II BDX
Beam energy 20 GeV 20 GeV 11 GeV
Electrons on target ' 6.2 · 1019 ' 1.2 · 1020 1022

Target-detector distance 383 m 383 m 25 m
Front-face size 2x3 m2 3x3 m2 50x40 cm2

Detector-length Ldet 49.5 cm 13.8 cm 300 cm
Electrons number density ne 7.4·1023 cm�3 1.5·1024 cm�3 1.1·1024 cm�3

Detection threshold ' 1 GeV ' 1 GeV ' 500 MeV

detector missing-energy cut ECUT
miss :

N
s
A0 = "s

Z E0

ECUT
miss

NA0(E)dE . (5)

The detection e�ciency "s of each experiment we con-
sidered was determined by applying the same selection
cuts used in the original analyses. Further details are
given in the following.
E137 is a BDE that ran at SLAC in 1980-1982, search-

ing for long-lived neutral objects which might be pro-
duced in the electromagnetic shower initiated by 20 GeV
electrons in the SLAC Beam Dump East. The main pa-
rameters of the experiment are summarized in Tab. I.
The detector was an 8-radiation length electromagnetic
calorimeter made by a sandwich of a 1 cm plastic scin-
tillator paddles and 1 X0 iron (or aluminum) convert-
ers. To satisfy the trigger condition, � particles should
have scattered in the first 5 layers. A total charge of
⇠ 30 C was dumped during the live-time of the exper-
iment in two slightly di↵erent experimental setups, de-
noted as “E137-I” and “E137-II” (see Tab. I). The origi-
nal data analysis searched for axion-like particles decay-
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A0 production in e+e� annihilation.

to the � � e scatterings in the detector) was computed
as:

N
s
��e = N�� neLdet �

⇤
�e"s , (3)

where N�� is the total number of LDM particles (�+�)
propagating from the beam-dump and impinging on the
detector, Ldet and ne (NAv/A ⇢Z) are the detector length
and the electron density, respectively, "s is the average
signal detection e�ciency, and �

⇤
�e is the total �� e scat-

tering cross-section integrated over recoil electron ener-
gies larger than the detection threshold Ethr. N�� was
computed by projecting the � angular distribution in the
dump to the detector front-face plane and measuring the
fraction of crossing particles. To evaluate �

⇤
�e and to

determine the energy and angular spectrum of recoiling
electrons, we used the di↵erential cross-section reported
in Ref. [7]:
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FIG. 2. Di↵erential track-length distribution as a function
of x = E/E0 for positrons produced in a thick target by an
impinging e+/e� beam, normalized to the radiation length
X0.

TABLE I. Main parameters of the E137 and BDX beam-dump
experiments.

E137-I E137-II BDX
Beam energy 20 GeV 20 GeV 11 GeV
Electrons on target ' 6.2 · 1019 ' 1.2 · 1020 1022

Target-detector distance 383 m 383 m 25 m
Front-face size 2x3 m2 3x3 m2 50x40 cm2

Detector-length Ldet 49.5 cm 13.8 cm 300 cm
Electrons number density ne 7.4·1023 cm�3 1.5·1024 cm�3 1.1·1024 cm�3

Detection threshold ' 1 GeV ' 1 GeV ' 500 MeV

detector missing-energy cut ECUT
miss :

N
s
A0 = "s

Z E0

ECUT
miss

NA0(E)dE . (5)

The detection e�ciency "s of each experiment we con-
sidered was determined by applying the same selection
cuts used in the original analyses. Further details are
given in the following.
E137 is a BDE that ran at SLAC in 1980-1982, search-

ing for long-lived neutral objects which might be pro-
duced in the electromagnetic shower initiated by 20 GeV
electrons in the SLAC Beam Dump East. The main pa-
rameters of the experiment are summarized in Tab. I.
The detector was an 8-radiation length electromagnetic
calorimeter made by a sandwich of a 1 cm plastic scin-
tillator paddles and 1 X0 iron (or aluminum) convert-
ers. To satisfy the trigger condition, � particles should
have scattered in the first 5 layers. A total charge of
⇠ 30 C was dumped during the live-time of the exper-
iment in two slightly di↵erent experimental setups, de-
noted as “E137-I” and “E137-II” (see Tab. I). The origi-
nal data analysis searched for axion-like particles decay-

Dark Brehmsstrahlung Associated Production 
(with SM photon)

Resonant Production 

e+ beam 
(or secondary e+ produced in target/dump - small)

atomic e_ in target



Main Beam Dump Experiments
• ILC Main Beam Dump: 125 GeV e-/e+ beams, 4*10^21 EOT/POT/year 


• A’ production in the dump (brem + Assoc/Res production with e+ beam)


• Prompt invisible decay to pair of DM particles, boosted along the beam axis 

• Setup similar to BDX experiment 
planned at JLAB, with similar 
statistics, ~12x beam energy, and 
positron beam available


• A cavern with access from main ILC 
linac tunnel seems feasible in terms 
of costs and engineering.
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers �> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 3: Schematic of the experimental setup. A high-intensity multi-GeV electron
beam impinging on a beam-dump produces a secondary beam of dark sector states. In
the basic setup, a small detector is placed downstream with respect to the beam-dump
so that muons and energetic neutrons are entirely ranged out.

e↵orts to search for dark photons independently of their connection to dark matter,
the success of these e↵orts relies on the assumption that the A

0 is the lightest particle
in its sector and that its primary decay channel only depends on ✏. Furthermore, if
the A

0 decays predominantly to SM particles, this explanation of the (g�2)µ anomaly
has been ruled out (see discussion in Sec. 5).

If, however, the A
0 couples to a light DM particle � (mA0 > m�), then the pa-

rameter space for reconciling theory and experiment with regard to (g � 2)µ remains
viable. For large values of ↵D, this explanation of the anomaly is under significant
tension with existing constraints, but for ↵D ⌧ ↵EM this explanation is still viable
and most of the remaining territory can be tested with BDX@JLab (see discussion in
Sec. 5).

In the remainder of this section, we review the salient features of LDM production
at an electron fixed-target facility. Secondly, we give an overview of the status of LDM
models parameter space, and the capabilities of present, and near future proposals
to make progress in the field. Finally, we highlight how BDX uniquely fits in this
developing field.
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Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.
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Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.
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Fig. 2. Computed missing mass spectrum for signal events for 4 different values of
mAÕ .

CALCHEP provides the total cross section of the process,
for Á = 1; the cross section value as a function of Á has been
obtained multiplying it by Á

2. Figure 2 shows results for 4
mass values: due to the e

+
e

≠
æ “A

Õ process kinematics,
the missing mass resolution for the signal is best for large A

Õ

masses and degraded for a “light” A
Õ (mAÕ < 50 MeV).

Expected background. All processes resulting in a single
“ hitting the calorimeter represent the background for the
experiment, the most relevant being bremsstrahung and
the e

+
e

≠ annihilation processes in two and three photons.
In order to reduce the bremsstrahlung background, the pro-
posed detector features an active veto system composed of
plastic scintillating bars: positrons losing energy via bremm-
strahlung in the target are detected in the vetos, rejecting the
event. However the high bremsstrahlung rate is an issue for
this class of experiments, limiting the maximum viable beam
current. To evaluate this background, a full GEANT4 (19)
simulation of the positron beam impinging on the target has
been performed. For all bremsstrahlung photons reaching the
ECAL, the missing mass has been computed, accounting for
the assumed detector angular and momentum resolution.
The e

+
e

≠
æ ““ and e

+
e

≠
æ “““ annihilation processes

can produce background events whenever only one of the
produced photons is detected in the ECAL. This contribu-
tion to background has been calculated as follows. Events
have been generated directly using CALCHEP, which pro-
vided also the total cross sections for the processes. As in
the case of bremsstrahlung, the missing mass spectrum was
computed for events with a single photon hit in the ECAL.
This study proved that, if one requires the measured energy
to be greater than 600 MeV, the two photon annihilation back-
ground becomes negligible. This is due to momentum con-
servation: asking for only one photon to fall within the ECAL
geometrical acceptance translates in a strong constraint on its
energy. This argument does not apply to the three photon an-
nihilation: this process generates an irreducible background
for the experiment (see Fig. 3 for the missing mass spectrum
produced by the three-photons annihilation).

Fig. 3. . Computed missing mass spectrum from positron annihilation into three
photons events.

Fig. 4. Layout of the proposed thin target setup.

Experimental Setup. The experimental setup of the pro-
posed measurement is shown in Fig. 4. The 11 GeV positron
beam impinges on a 100 µm thick carbon target, this ma-
terial being a good compromise between density and a low
Z/A ratio allowing to reduce bremsstrahlung rate. A mag-
net capable of generating a field of 1 T over a region of 2
m downstream the target bends the charged particles (includ-
ing non-interacting positrons) away from the ECAL, placed
a few meters downstream. The ECAL is composed of high
density scintillating crystals, arranged in a cylindrical shape.
High segmentation is necessary to obtain a good angular res-
olution, critical for a precise missing mass computation, but
should however be matched with the Moliére radius of the
chosen material.
Crystals of PbWO4, LSO(Ce) and BGO, represent optimal
choices, given the fast scintillating time, high-density and
short radiation length. Energy resolution, as well as angular
resolution, plays a crucial role in the missing mass computa-
tion; a value of ‡(E)

E
= 2%Ô

E
has been assumed for this study,

consistent with the performance of the 23 cm long PADME
BGO detector, corresponding to 20 radiation lengths. Such
a depth is indeed needed for achieving this performance, due
to longitudinal shower containment.
Since the small-angle bremsstrahlung high rate would blind
the central crystals of the calorimeter, the simplest solution
is to foresee a hole at the center of the cylinder. Assuming a
radius of 30 cm and a distance from the target of 6 m, a ge-
ometrical acceptance of ≥ 50 mrad is achieved. In PADME,
with a crystal front-face of 20◊20 mm2, a spatial resolution

L. Marsicano et al. | LDM searches with e
+ e+@JLab White Paper

• Missing Mass technique: positron beam 
on thin target,


• Detect photons ~10 m downstream at 
0.5-2 deg. angle


• Reconstruct MM:                                         


• Bump-hunt over SM bg: 


• Setup similar to PADME experiment 
running at Frascati, with ~500 x beam 
energy and large increase in statistics 

Extracted Beam Experiments

Figure: Marsicano et al, 2007.15081



Missing Mass Experiment
• Assume availability of extracted positron beam at 125 GeV. 


• Major limitation is pileup in the detector. At most O(10) events in the 
detector per detector response time (~10 nsec)


• Viable experiment requires increased bunch frequency, reduced bunch 
charge compared to standard ILC beams 


• Assume ~1 GHz bunches with ~10^6 positrons each, O(1) events per 
bunch with realistic target


• Beam energy known at ~1% level and angular dispersion <0.1 mrad 
required for missing-mass reconstruction



Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.
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Extracted Beam Experiments
• Missing energy/momentum technique: electron or positron beam on active 

target or thick target + hermetic detector downstream


• O(1) incident particles per detector response time, measure total shower energy, 
look for large mismatch between beam and shower energy 


• Technique successfully used by NA64 experiment (100 GeV e- beam at CERN), 
planned LDMX at SLAC (4-8 GeV, higher luminosity)


• Small bunch spacing (1-10 ns) required to collect interesting data set; O(1) 
particle per bunch is an interesting accelerator challenge


• If achieved, ~10^14 events/yr can be collected, similar to LDMX Phase I but at 
~20x beam energy and potentially positrons 



Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.
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Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.
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Scaling estimate based on LDMX projections 

and Marsicano et.al., arXiv:1807.05884



Long-Lived Particles from Main IP
• Related topic (though not fixed target) discussed 

in the SG is the possibility of a dedicated detector 
to search for visibly-decaying LLPs produced in 
main IP


• A ~(10 m)^3 detector situated underground ~100 
m from the IP seems realistic


• An LLP with production cross section                
and lifetime                      can be detected


• If LLP decay is detected, specific event in the main 
detector can be associated with it (unlike LHC)

LLPs from the main IP
• Underground detector ~100 m from the main IP suggested


• Similar distance from IP as MATHUSLA; slightly smaller size; x100 times more H at HL-LHC


• Less background (but they claim 100% cosmic ray rejection)


• FASER comparison? e+e- may be preferred production channel? (10-20 m)^3 cavern
Far Detector (continued)

2021/3/16 FixedTarget Yokoya 15

• Another possible location 
may be a cavern to be 
constructed somewhere in  
the access tunnel 
surrounding the detector 
hall. 

• Trucks can be used for 
transportation.

• Natural rock serves as the 
shield

• The distance from the IP 
should be chosen carefully.

Somewhere in this tunnel 
may be appropriate

Figure 5. Comparison of reach for 30 GeV LLPs produced in exotic Higgs decays and decaying hadronically,
for various MATHUSLA geometries (curves correspond to 4 LLPs decaying in the detector volume) and the
LHC main detector exclusion projection using a single-DV search in the ATLAS Muon System [97].

[89, 90]). Ref. [97] studied the reach of the HL-LHC main detectors to such an LLP scenario in the
long lifetime regime and obtained sensitivity projections for a single-DV search in the ATLAS Muon
System. Since LLPs that decay to jets in the tracker and are produced in exotic Higgs decays are too
light to efficiently pass Level 1 triggers without e.g. being limited to associated Higgs production,
the ATLAS Muon System is uniquely well suited for an inclusive main detector search. It is shielded
from QCD activity by the calorimeters, and can trigger at Level 1 on a single LLP decay. However,
the search is still limited by O(100fb) of backgrounds at the HL-LHC.

By comparison, MATHUSLA is able to search for these LLPs without background (or trigger)
limitations. We compute the number of LLPs decaying in MATHUSLA by convolving the geometries
from Fig. 3 with the kinematic distribution of LLPs produced in exotic Higgs decays following [1].
Sensitivity projections assuming 4 events decaying in MATHUSLA are shown in Fig. 5. MATH-
USLA200 has three orders of magnitude better sensitivity to LLP production cross section or long
lifetime than ATLAS. MATHUSLA100 and MATHUSLA50, despite being 1/4 and 1/16 the size of
MATHUSLA200, have about 0.4 and 0.1 times the sensitivity of MATHUSLA200, due to the slightly
greater importance of the common decay volume closest to the IP. This is perhaps the simplest demon-
stration of the enormous physics potential MATHUSLA contributes to the LHC.

MATHUSLA100 and in particular MATHUSLA200 are able to probe LLP lifetimes approaching
the c⌧ . 10

7
m upper limit from BBN [98]. Apart from being the ceiling of the majority of LLP

parameter space, this reach is significant in another way. If the HL-LHC detects a nonzero invisible
Higgs boson decay at the 10% level, then regardless of detection at MATHUSLA, its LLP searches
will help resolve the nature of the newly discovered signal. If MATHUSLA sees no LLP decays, then
due to the near-universal nature of the BBN bound, it can be regarded as highly likely that the Higgs
decays to a stable invisible particle, hence confirming the production of a dark matter candidate at the
HL-LHC. On the other hand, if the invisible Higgs boson decay produces an unstable constituent of a
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Conclusions
• Sub-GeV new particles feebly coupled to the SM are well motivated, e.g. as part of 

sector responsible for dark matter


• Fixed-target collider experiments are the primary means to search for such particles


• ILC offers new opportunities with main beam dumps and (possibly) extracted beams


• High-energy, high-luminosity positron beams are especially unique, have important 
advantages over electrons (e.g. new production channels)


• Simultaneous e- and e+ experiments may be useful, e.g. for model discrimination if a 
signal is discovered


• Additional opportunities to search for LLPs produced in the main IP


• Study of these subjects has just begun, now is a great time to get involved! Email me at 
mp325@cornell.edu to get on the Study Group mailing list.

mailto:mp325@cornell.edu

