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✦Motivation: Completing the WIMP Story


✦Key Building Block: New Forces


✦Search Challenges and Opportunities

– (brief perspective) Low-Mass Direct Detection

– New Forces

– Dark Matter Production

�2



Dark Matter

Bulge
Disk

Halo

(Dark Matter)

�3

Total Mass

has been discovered many 
times over, but we still don’t 
know what it’s made of

Visible Matter 
Mass



A Strong Candidate: WIMP DM 

WIMP

MeV GeV TeV

Simple, predictive cosmology

Simple, familiar particle content gW gSM

weak force
new matter

Physics-rich mass range

DM with thermal freeze-out origin
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➝ Heavy thermal wino constrained by indirect 
detection
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weak force
new mattermain source of tension

➝ direct detection – naive tree-level scattering 
excluded by direct detection

➝ production of DM and related particles at 
colliders

➝ Heavy thermal wino constrained by indirect 
detection

Next steps in WIMP search are important!

But also time to broaden the lamppost – what uncharted 
territory can we reach by loosening assumptions?



A Small Step: Hidden Sector DM 

Simple, familiar particle content gD gSM

New force

Dark matter could be charged under a new force!
(in keeping with the history of particle physics) 

Immediate reward for this assumption:  
– dark matter can be stabilized by new charge
– preserve & extend much of the WIMP story

Immediate perils:  
– why haven’t we seen the force yet?

maybe because it doesn’t couple very strongly to us



Vector Portal

Higgs portal1

Higgs portalsinglet

Neutrino Portal

Any currents
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The Portals
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If DM is Standard Model neutral, 
what kinds of relevant interactions 
can it have with SM fields? 
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Great working 
example: Compatible 
with cosmology in 
simple models, 
illustrative – focus here 
for most of my talk



Simple, familiar particle content gD gSM

New forceDark matter could be charged  
under a new force!

Vector Portal 1
2�Y FY

µ�F
0µ� A0 γ 

XA0 γ 

gSM ⇠ (10�6 � 10�2)e➝ expect small couplings

A Small Step: Hidden Sector DM



Generic mass scale for 
matter with O(1) coupling 
to origin of EWSB
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TeV

GeV

MeV

SM Matter Dark Matter?

me ⇠ small #⇥MW

MW

Mproton ⇠ Mlargee
�#

(derived from weak scale)

(accidentally close to weak scale)

...but hidden sector matter 
weakly coupled to SM could 
well be here (similar origins to 
electron or proton masses)

For decades: look here!

the Vicinity of the Weak Scale



Light Thermal Dark 
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Thermal Relic Targets

(10–2 –10–3) x ϵ1–2 loop2

Consistent with expectation for 
perturbative kin. mixing 

Lighter DM ⟷ Weaker coupling

gD ϵ e

~ 3 10-26 cm3/s



Simple, familiar particle content gD ϵ e

new force
new matter

A Strong Candidate: Hidden Sector DM 

Dark/Hidden sector

WIMP

MeV GeV TeV

Motivated (broader) mass range

Simple, predictive cosmology
DM with thermal freeze-out origin

 Thermal DM



Three New Search Directions

Light DM 
scattering 
– K. Morå 

Light DM 
production

New force 
searches
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Sub-GeV Direct Detection
Extension of direct detection to <GeV masses – e.g. 
through electron recoils, Migdal effect, LHe detectors, 
advanced materials – has been an exciting and 
remarkable growth area over the last decade.  (I won’t talk 
about the experiments because Knut Morå just did)

� �� ��� ���
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��

�χ [���]

σ
�
[�
�
� ]

����� (���� ↑)

������� ������

���������� ������� ↑

�������� ��

�������� ��

���=�
��� = � �χ

���������� �����/������/����-���� (�����/������/������)

���
�-�

�
�
�
��
-��

��� ��
(����

��
)

��� ��
(��� ��

)

����� ������ �

����� ������ �

�������
�
�
��
�
��
�
����

�������
�
�
��
�
��
�
�
�

�������
�
�
�
�+

����
��

��
�
�
�
�
�
�
-��

��
�

�������

��������

�����
��-�

�� ��
- � ����

�����
�� ��� �

�- � ��

�����
�� ��� �

�- � ���
�

�����
�γ� ���

�����-��� ��� ��
- � ���

���������-
��+������

- ����

�����
� �
�� �� -����

�� (��)
� ����

�� ���

FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [93, 94] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [51, 93, 97, 98, 101, 102]; the label includes the threshold (in terms of

number of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indi-

cate an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero back-

ground (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained

in Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil exper-

iments (from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP

nuclear-recoil searches [51]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV;

a freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [51]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Snowmass 2013
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Direct Detection and  
Light Thermal DM

•Small DM-SM coupling •Velocity-suppression

100g-yr Si

Good news!

10kg-yr
1000kg-yr

Projections from Essig et al 1801.10159 
including neutrino backgrounds

Very challenging…

Need another signal

Elastic scalar thermal DM will be 
explored very soon!  But many other 
simple models are nearly impossible 
to reach through elastic scattering!

Interesting direction: there 
"direct-detection-adjacent” 
signals of these models – are 
any of them robust?  

(But not for this talk…)

Of course, there are other models 
outside thermal class that could be 
discovered here, too!



Direct Detection and  
Light Thermal DM

•Small DM-SM coupling •Velocity-suppression

100g-yr Si

Good news!

10kg-yr
1000kg-yr

Projections from Essig et al 1801.10159 
including neutrino backgrounds

One lesson: Can be hard  
to explore physics of DM 
semi-relativistic annihilation 

𝛘

𝛘
e–

e+
vDM ~ c

_

with very non-relativistic  
(v~10–3 c) halo DM.  
Accelerator-based searches 
for DM and related particles 
are an essential tool to 
explore this idea broadly.



Organizing the Physics 
(Vector Mediators as an example — most models work similarly)
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DM and Mediator Production
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Dark matter mass

mA ́= 2 mDMMediator decays  
to DM

Contact operator DM production 

Mediator decays visibly 
DM can be produced near 
threshold
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e�

e+

A′ 

A′ 
�

�̄

Search for both the mediator 
and DM itself!

Visible decays 
negligible

(+DM from off-shell A’)



Dark Photon Production

"17

Kinetic mixing effectively gives matter of electric 
charge qe an A′ coupling ∝ qεe 

⇒ Wherever there are photons 
(and sufficient phase space), there are dark photons

e�

e+

A′ 
Annihilation:

e�
A′ Radiation:

Decay:
π0

A′ 

γ



Visible Dark Photons 
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Visible “Dark Photons” 

✦Body Level One

– Body Level Two

‣ Body Level Three


– Body Level Four

✦ Body Level Five
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mixing or hidden 
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Visible “Dark Photons” 

✦Body Level One

– Body Level Two

‣ Body Level Three


– Body Level Four

✦ Body Level Five
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For part of DM-A’ mass 
range where this process 
controls freeze-out,  
provides a lower limit on 
mediator coupling vs mass! 

gD ϵ e

at low mass, other reactions dominate:  see e.g. https://arxiv.org/abs/2011.01240) 

https://arxiv.org/abs/2011.01240


Small Bumps

✦Body Level One

– Body Level Two

‣ Body Level Three


– Body Level Four

✦ Body Level Five
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FIG. 5: The signal e�ciency as a function of the dark photon
mass (mA0) for prompt µ+ ! e+⌫e⌫̄µA

0, A0 ! e+e� decays.

10�4 is the photon conversion probability in the target.
Derivations of Eqs. (7), (8) and (9) are shown in Ap-
pendix A. Inserting the numbers, we find that the ex-
pected number of accidental background events over the
lifetime of the experiment (before correcting for the ef-
ficiency) are given by, roughly, N3M ⇠ 15, 000 (60,000),
N2M� ⇠ 30,000 (6 ⇥ 106), and N2Me ⇠ 75,000 (2 ⇥ 107)
for phase I (II). We use these numbers to normalize each
accidental background component. We note that we will
not consider the 2MBhabha background, as it is challeng-
ing to simulate reliably. More study is needed by the
Mu3e Collaboration to determine its size, but prelimi-
nary estimates2 suggest that in the 10 MeV to 80 MeV
mass range, this background should be at most compa-
rable, but more likely subdominant, to the irreducible
backgrounds.

The e+e� invariant mass distribution of the most im-
portant irreducible and accidental backgrounds, after ap-
plying all selection criteria, is shown in Fig. 4, assuming
a total number of 1015 (top plot) and 5.5⇥ 1016 (bottom
plot) muon decays for the two phases of Mu3e, respec-
tively. Both combinations per muon candidate are con-
sidered and included in the corresponding histograms.
The signal reconstruction e�ciency is shown in Fig. 5
and varies between 7% and 41%, depending on the dark
photon mass.

As expected, the distribution peaks towards low val-
ues of me+e� . The spectrum is dominated by µ+

!

e+⌫e⌫̄µe+e� events (red line in Fig. 4) with an additional
contribution from µ+

! e+⌫e⌫̄µ� with the conversion
� ! e+e� in the target material (black line). The acci-
dental backgrounds (green line) are subdominant, except
for me+e� & 80 MeV, where they become comparable to
the irreducible contribution. However, as we will discuss

2 We thank André Schöning for valuable discussions of this back-
ground.
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FIG. 6: Fit to the e+e� invariant mass distribution for a dark
photon mass hypothesis of 40MeV. The blue line shows the
expected background. The signal probability density func-
tion, as obtained from a fit to the signal Monte Carlo sample,
is shown as the red line in the insert.

below, this region is already well explored by existing ex-
periments. Therefore, even if our accidental background
estimate is o↵ by a factor of a few, it will have little im-
pact on the the dark-photon parameter region probed by
Mu3e that is currently unexplored (mA0 . 70 MeV).

A dark photon signal would appear as a narrow peak
over the smooth background distribution. The signal res-
olution is determined by fitting the corresponding mass
spectrum with a sum of three Gaussians. The central
mass resolution is at the level of 0.2 � 0.3 MeV, almost
independent of mA0 . We checked that these results are
similar to the expected performance of the Mu3e detec-
tor [53].

We estimate the signal sensitivity by fitting a sig-
nal component on top of the expected background in
the range 10 MeV < mA0 < 80 MeV. Each fit is per-
formed over an interval of ±5 MeV around the nominal
dark photon mass.. An example of a fit is displayed in
Fig. 6. We extract a 95% confidence level (CL) limit on
the number of signal events, and derive a bound on the
µ+

! e+⌫e⌫̄µA0, A0
! e+e� branching fraction by di-

viding by the signal e�ciency and the number of muon
decays. These results are translated into limits on the
kinetic mixing parameter, ✏, and shown as a blue (red)
solid line for Mu3e’s phase I (II) in Fig. 7, together with
existing constraints and prospects for upcoming experi-
ments.

A substantial fraction of open parameter space in the
low mA0 region can be explored, complementing or over-
lapping the reach of currently planned experiments, in-
cluding APEX [28, 36], HPS [47], DarkLight [27, 43], and
an experiment at the SPS [46] (the latter is not shown).
As mentioned in the introduction, if U(1)Y is embed-
ded in a GUT, the mixing that is generated by a one-
(two-)loop interaction naturally gives ✏2 ⇠ 10�6

� 10�2

(⇠ 10�10
� 10�6). Mu3e has the opportunity to explore

Look for tiny resonance 
on very high-statistics 
background

Echenard, Essig, Zhong 
1411.1770

This approach has 
closed dark photon 
window for g-2 
anomaly!



Turning Weakness into Strength

✦Body Level One

– Body Level Two

‣ Body Level Three


– Body Level Four

✦ Body Level Five
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Mathew Graham, SLACNew Perspectives in Dark Matter

Two HPS searches:  Bump-hunt and Vertexing

18

•  two types of searches → two kinematic fits →two mass 
resolutions  

•  Large coupling Aʹs decay in the target → constrain the 
e+ & e− to originate from beamspot 

•very good constraint on angles 
•Small coupling  Aʹs decay outside of target → point 
decay products back to target 

•good at removing poorly reconstructed tracks

Small Coupling

Large Coupling

!+

!−

!+

!−

40µm 
(vertical)

Small coupling search

Large coupling search

!+

!−

!−

not included yet…recoil electron!   
⟹adds mass resolution/BH discrimination

σm(NC) ~ 2-3 MeV 
σm(BSC) ~ 0.7-2.7 MeV

Mathew Graham, SLACNew Perspectives in Dark Matter

What an HPS search looks like:  Vertexing region

20

500 A’ at 80MeV 
α~5×10−8

toy MC for example only... 
does not reflect  reality

4000 bkg events 
(50-100MeV)

10M bkg  
events 

50 A’ at 80MeV 
α~5×10−8

(after vertex cut) 
(after mass cut) 

2D search in mass & vertex position (z) 

→ small coupling region (α~10−8 − 10−10) 
!
vertex resolution is the key here!  
 mass resolution is secondary
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Proton Dumps and New LHC Detectors
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Figure 6. As in the right panel of Fig. 5, the projected sen-
sitivity of SeaQuest to displaced decays of dark photons at
Phase I (solid purple) and Phase II (dashed purple) for the
fiducial decay regions of 5 m � 6 m and 5 m � 12 m, respec-
tively, compared to existing constraints (solid gray) [1, 2].
Also shown are the projected reach of the HPS (green) and
Mu3e, MMAPS, and Belle-II experiments (pink) [1, 2, 47], a
beam dump run of NA62 (cyan) [45], and futuristic searches at
LHCb (brown) [48, 49] and the proposed experiments FASER
(blue) [14] and SHiP (red) [13].

↵D ⌘ e
2
D/4⇡ and eD is the U(1)D gauge coupling. In

this case, a plethora of di↵erent signatures is accessible at
SeaQuest and other fixed-target experiments. For exam-
ple, if the lighter species is stable on collider timescales,
invisible A

0 decays can be searched for at low-energy
missing energy and momentum experiments [1, 2]. Less
minimal models involving additional particles in the dark
sector often predict longer decay chains, and A

0 produc-
tion leads to several visible and invisible particles in the
final state [50]. Such a study of SeaQuest within the con-
text of strongly interacting DM has recently appeared in
Ref. [51]. In this section, we investigate similar types of
experimental signatures in models of inelastic DM (see
Refs. [52, 53] for recent studies of similar phenomenol-
ogy).

A. Model

Models of inelastic DM (iDM) were first proposed
as a viable explanation to the longstanding DAMA
anomaly [54] and have continued relevance in a broader
parameter space independent of this anomaly. The es-
sential physics of iDM is that in some models (such as
DM interacting through a massive vector mediator) it
is generic for DM to (1) have two nearly (but not ex-
actly) degenerate mass states, and (2) interact primar-

ily through mass-o↵-diagonal couplings. In this section,
we discuss not the DAMA-motivated parameter space of
iDM but the generic physics described above, which is
an attractive framework for GeV-scale thermal DM. It
is well-known that thermal DM lighter than ⇠ 10 GeV
must have suppressed annihilations at late times in or-
der to alleviate strong bounds from measurements of the
cosmic microwave background (CMB) [55]. This is ac-
complished within models of iDM since freeze-out dom-
inantly occurs through coannihilations of the DM with
its slightly heavier counterpart, whose population is suf-
ficiently depleted at the time of recombination. As a
result, late-time annihilations are suppressed below de-
tectable levels. Furthermore, since iDM naturally has
suppressed scattering rates in underground direct detec-
tion experiments,2 dedicated searches at low-energy ac-
celerators constitute a prime avenue towards the detec-
tion of light DM in this class of models.
We focus on the particular implementation of iDM

involving a single Dirac pair of two-component Weyl
spinors, ⌘ and ⇠, oppositely charged under the broken
U(1)D symmetry. Similar to Sec. IV, we assume that the
dark photon associated with U(1)D, A0, kinetically mixes
with SM hypercharge (see Eq. (4)). In addition to the
Dirac mass, mD, allowed by all symmetries of the model,
it is also natural to include U(1)D-breaking Majorana
mass terms, �⌘,⇠, for each Weyl component. These are
naturally generated by the same U(1)D-breaking spurion
that is responsible for generating the A

0 mass (such as
a dark Higgs). We therefore take as our simplified La-
grangian,

� L � mD ⌘ ⇠ +
1

2
�⌘ ⌘

2 +
1

2
�⇠ ⇠

2 + h.c. (24)

Since �⌘,⇠ explicitly breaks U(1)D, it is technically nat-
ural to take �⌘,⇠ ⌧ mD. Hereafter, we will adopt this
limit, in which case the spectrum consists of a pseudo-
Dirac pair of nearly degenerate Majorana fermions that
couple o↵-diagonally (inelastically) to the A

0.
In the physical mass basis, the eigenvectors, denoted

by �1 and �2, have a mass given by

m1,2 ' mD ⌥
1

2
(�⌘ + �⇠) , (25)

where

�1 ' i(⌘ � ⇠)/
p
2

�2 ' (⌘ + ⇠)/
p
2 . (26)

The lightest state, �1, is cosmologically stable and can
constitute a DM candidate. The hierarchy �⌘,⇠ ⌧ mD

translates into a small fractional mass splitting,

� ⌘
m2 �m1

m1
'

�⌘ + �⇠

mD
⌧ 1 . (27)

2 See, however, Ref. [56] for novel venues to test iDM at direct
detection experiments.
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Figure 1. Layout of the SeaQuest spectrometer in its current form (adapted from Ref. [16]).

II. THE SEAQUEST EXPERIMENT

The SeaQuest spectrometer is currently operating at
Fermilab with access to the 120 GeV main injector proton
beam [17]. It is designed to study the sea quark content
of the proton by measuring Drell-Yan dimuon production
from the collision of protons with various nuclear and
polarized targets. Recently, the experiment has seen the
installation of a displaced vertex trigger [18–20], allowing
the detection of muons originating from the decays of
exotic long-lived and low-mass particles.

A schematic layout of the SeaQuest detector is shown
in Fig. 1. The detector extends up to ⇠ 25 m in length
and is comprised of a series of tracking/triggering and
muon-identification stations. A 5 m long magnetized iron
block (“FMAG”) is placed . 1 m downstream from a
thin nuclear target.1 This serves as a focusing magnet
and a beam dump for the relatively unattenuated pro-
ton beam. Its magnetic field imparts a kick of �pT '

2.9 GeV and e↵ectively sweeps away soft SM radiation,
aside from, e.g., high-energy neutrinos, muons, and neu-
tral mesons. An additional 3 m long open-aperture mag-
net (“KMAG”) is placed between the first two track-
ing stations and imparts a transverse momentum kick
of �pT ' 0.4 GeV in order to facilitate accurate mo-
mentum reconstruction.

SeaQuest o↵ers a unique combination of advantages
compared to previous and existing high-intensity experi-
ments. For instance, compared to electron beam dumps,
SeaQuest benefits from large particle production rates.
Compared to previous proton beam dumps, SeaQuest
operates at a higher energy than LSND [21] (⇠ 120 GeV
vs. ⇠ 0.8 GeV) and is sensitive to shorter decay lengths
than CHARM [22] (⇠ 1 m vs. ⇠ 100 m). Other high-
intensity proton beam experiments are expected to ac-
quire data in the near and more distant future. For in-
stance, NA62 [15] and the proposed SHiP experiment at

1 A 25 cm hole along the beam line is drilled into the front of
FMAG, in order to spatially separate events originating from
the nuclear target and the dump, without increasing single muon
rates from the decay of charged pions in flight.

CERN [13] will have access to the 400 GeV SPS beam.
However, these instruments will have a longer decay vol-
ume, thicker shielding, and a complementary sensitivity
to longer lifetimes (see Table I below). As we explore in
this work, SeaQuest can potentially probe large regions of
motivated and currently unexplored model space in the
near future with minor upgrades to the existing spec-
trometer.

A parasitic run at SeaQuest using the displaced vertex
trigger recently acquired ⇠ 3 ⇥ 1016 protons on target
(POT) of data in the search for long-lived particles [23].
The signal is a muon pair that is significantly displaced
from the front of FMAG. An additional run utilizing the
displaced muon trigger is expected to begin at the end
of 2018 and will acquire ⇠ 1.44⇥ 1018 POT in two years
of parasitic data taking, equivalent to ⇠ 35 ab�1 of in-
tegrated luminosity [24]. We will denote this luminosity
phase as “Phase I.” As another benchmark luminosity, we
also outline the SeaQuest reach with 1020 POT (“Phase
II”), a dataset similar to that of MiniBooNE [25] and
the proposed SHiP experiment, which could be collected
in the coming years as a result of the Fermilab Proton
Improvement Plan [26].

At SeaQuest, there are plans to install a refurbished
electromagnetic calorimeter (ECAL) from the PHENIX
detector at Brookhaven National Laboratory within the
next year [18, 19, 23]. This upgrade would allow
SeaQuest to measure energetic electrons, enlarging the
discovery potential for long-lived particles below the
dimuon threshold. In this study, we discuss the physics
goals that could be achieved after the proposed ECAL
upgrade. The optimal location for the calorimeter within
the spectrometer is uncertain, as is the specific form of
the displaced electron trigger. For concreteness, we as-
sume that the ECAL is installed between tracking sta-
tions 3 and 4, i.e., in place of the hadron absorber wall,
as shown in Fig. 1. In this case, tracking in station 4 can
be utilized for additional particle identification by func-
tioning as a muon veto. As noted in Ref. [16], it might
be necessary to add an additional small magnet after
FMAG in order to properly separate electron pairs. In
the remainder of this work, we assume that the electrons
are adequately separated and that SeaQuest’s vertexing

SeaQuest➝DarkQuest

ECal

Advantages: boost, high luminosity, 
improved sensitivity to Higgs-mixed 
particles



Collider-auxiliary LLP detectors
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Take advantage of boost and large interaction rates at LHC 

Also:

MATHUSLA, CODEXb (also at LHC)

Millicharge detector proposals

GAZELLE proposal at Belle-II



Dark Matter Production
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Dark Matter interacts very weakly and in these 
models is comparable in mass to light SM particles 
– how do we know when we've produced it? 

A′ 
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𝛘
𝛘

γ
π0,η0

p

p +…

from mediator decay or via off-shell mediator



Dark Matter Beams
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lium target, and into a cooling air gap (which is inside
the neck of the aluminum horn). After leaving the horn
the protons enter the air-filled decay pipe, and finally
reach the beam dump located 50m downstream of the
target location, as illustrated in Fig. 5. Running in this
mode reduces the number of charged mesons that are
generated in the thin beryllium target.

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 5. The production of dark matter in o↵-target run-
ning [19].

The charged mesons that are produced in a thin target
will escape and produce decay-in-flight neutrinos, while
within the beam dump, the charged mesons are absorbed
or decay-at-rest within a few radiation lengths, as illus-
trated in Fig. 6. This is in comparison with neutral

Thin
Target

Beam

⇡0
�

⇡0
�

⇡±
⌫

⇡± ⌫

Decay-in-flight due to
short life time

Decay-in-flight after
leaving target

Thick
Target

Beam

⇡0
�

⇡0
�

⇡±
⇡±

Decay-in-flight due to
short life time

Absorbed or decay-
at-rest) reduced neu-
trino flux

FIG. 6. (top) Production of dark matter and neutrino when
the beam hits a thin target. (bottom) The production of dark
matter and suppression of neutrino generation when the beam
hits a thick target.

mesons that will decay-in-flight due to their short life-
times. The neutral mesons could decay into a dark pho-
ton which would then decay into two dark matter par-
ticles, as shown schematically in Fig. 5. The horn was
turned o↵ during this run so no charged particles gen-
erated would be (de)focused. For the rest of this paper,

this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beamline.
The decay pipe and beam dump are buried in crushed

aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another 26
inches of steel in the beam direction. A detailed study of
the neutrino flux coming from the BNB in on-target mode
seen in the MiniBooNE detector using theGEANT4 [32]
simulation package BooNEG4Beam can be found in
Ref. [33]. On-target running consisted of neutrino, and
anti-neutrino modes. The simulations were updated to
study the o↵-target beam configuration and are described
below.

A. Beam O↵-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux �⌫ by less than a percent but are important for the
o↵-target beam configuration. Fig. 7 shows a schematic
of the beamline geometry around the target, pointing out
the materials that were added. An aluminum window at

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the o↵-target simula-
tion. The added materials change the neutrino-mode flux by
less than a percent.

the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two

Produce dark 
matter in dump 

𝛘
𝛘

γ
π0,η0

p

p +…

Look for 
(relativistic)  
scattering in 
detector

𝛘𝛘

e– e–

Already set powerful constraints!

arXiv:1807.06137
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3

II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [62–66], resolve puz-
zles in simulations of structure formation [67, 68], mod-
ify the number of relativistic species in the early uni-
verse [69, 70], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[71–75], and explore novel hidden-sector phenomenology
[25, 64, 69, 76–97].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)D. The most general renormal-
izable Lagrangian for this scenario contains

LD �
✏Y
2
F 0
µ⌫Bµ⌫ +

m2
A0

2
A0

µA
0µ + �̄(i 6D �m�)�, (2)

where A0 is the U(1)D gauge boson, F 0
µ⌫ = @[µ,A

0
⌫]

and Bµ⌫ = @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m�,A0 are the appropriate dark
sector masses. The covariant derivative Dµ ⌘ @µ +
igDA0

µ contains the coupling constant gD, and we define
↵D ⌘ g2D/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏Y is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)Y and U(1)D.

After electroweak symmetry breaking, the hypercharge
field is Bµ = cos ✓WAµ � sin ✓WZµ in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫Fµ⌫ , where ✏ ⌘ ✏Y cos ✓W and ✓W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)D mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and mA0 > m�, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

The mass hierarchy mA0 > m� and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦� < ⌦DM , so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for mA0 = 3m�

and ↵D = 1. For lower ↵D or a greater mA0/m� ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦DM . The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠
T 2H(T )

↵↵Dne(T )

����
T=2m�

⇠
> 2.1 ⇥ 10�17

⇣ m�

10 MeV

⌘✓ 0.1

↵D

◆
, (4)

assuming mA0 ⇠ m�. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints

The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND

1
If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0

,

which is not suppressed by ✏, is more readily constrained by late

time CMB measurements, and easily leads to thermal underpro-

duction in the early universe unless ↵D ⌧ ↵. In this region of

parameter space, A0
decays visibly and doesn’t contribute to the

observables considered in this paper.
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and ↵D = 1. For lower ↵D or a greater mA0/m� ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦DM . The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠
T 2H(T )

↵↵Dne(T )

����
T=2m�

⇠
> 2.1 ⇥ 10�17

⇣ m�

10 MeV

⌘✓ 0.1

↵D

◆
, (4)

assuming mA0 ⇠ m�. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints

The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND

1
If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0

,

which is not suppressed by ✏, is more readily constrained by late

time CMB measurements, and easily leads to thermal underpro-

duction in the early universe unless ↵D ⌧ ↵. In this region of

parameter space, A0
decays visibly and doesn’t contribute to the

observables considered in this paper.
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II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [62–66], resolve puz-
zles in simulations of structure formation [67, 68], mod-
ify the number of relativistic species in the early uni-
verse [69, 70], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[71–75], and explore novel hidden-sector phenomenology
[25, 64, 69, 76–97].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)D. The most general renormal-
izable Lagrangian for this scenario contains
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µA
0µ + �̄(i 6D �m�)�, (2)

where A0 is the U(1)D gauge boson, F 0
µ⌫ = @[µ,A

0
⌫]

and Bµ⌫ = @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m�,A0 are the appropriate dark
sector masses. The covariant derivative Dµ ⌘ @µ +
igDA0

µ contains the coupling constant gD, and we define
↵D ⌘ g2D/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏Y is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)Y and U(1)D.

After electroweak symmetry breaking, the hypercharge
field is Bµ = cos ✓WAµ � sin ✓WZµ in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫Fµ⌫ , where ✏ ⌘ ✏Y cos ✓W and ✓W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)D mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and mA0 > m�, the relic
density is set by ��̄ annihilation to SM final states, which
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The mass hierarchy mA0 > m� and resulting dominant
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ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for mA0 = 3m�

and ↵D = 1. For lower ↵D or a greater mA0/m� ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦DM . The condition for � to thermalize with the
radiation in the early universe is,
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assuming mA0 ⇠ m�. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints

The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
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which is not suppressed by ✏, is more readily constrained by late

time CMB measurements, and easily leads to thermal underpro-

duction in the early universe unless ↵D ⌧ ↵. In this region of

parameter space, A0
decays visibly and doesn’t contribute to the

observables considered in this paper.
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Tracker pT Resolutions

Tagger (px, py) resolutions at target are (1.0,1.4) MeV.

Recoil (px, py) resolutions are limited by 4 MeV scattering in 10% X0 target (included here)
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50 mm thick (0.3 �A), which corresponds to a depth of roughly 3 m. The Side HCal design is
similar to that of the Main HCal, but with finer sampling (⇠ 0.07 �A, and is ⇠ 3�A in depth).

The final HCal design will be optimized as we improve our understanding of background pro-
cesses. For example, the transverse size will likely be less than 3 m, we may vary the sampling
fraction with depth, with thinner absorber in the front of the HCal for improved energy resolution,
and the total HCal depth can be reduced or extended in a modular way based on studies such as
those of the photo-nuclear modeling presented in Sec. V D.

Enabling HCal technologies The HCal scintillator design is based on that of the Mu2e Cos-
mic Ray Veto (CRV) system. The scintillator is in the form of doped polystyrene bars, of the
type developed for the Mu2e CRV. Extruded polystyrene bars have been produced at Fermilab for
several decades. The Mu2e bars are 20 mm thick ⇥ 50 mm wide, co-extruded with an integrated
TiO2 reflector. The extrusion also includes through holes into which a wavelength-shifting fiber is
inserted (see Fig. 24 and Fig. 25). The Mu2e system uses two 1.4 mm fibers per bar. The scintil-
lator response to minimum ionizing particles (MIPs) has been measured for 120 GeV protons on
a 20 mm thick extruded polystyrene bar, read out with a 1.4 mm Kuraray scintillating fiber and a
2 mm⇥ 2 mm Hamamatsu SiPM [44]. On average, each MIP at normal incidence deposited 3.9
MeV in a bar, corresponding to a response of 50 photo-electrons/fiber at each bar end (Fig. 26).
Based on these measurements, we expect that a 15 mm ⇥ 50 mm bar with a single fiber will
yield 75 photoelectrons per fiber per bar (both ends), which should provide an adequate signal for
LDMX. In the Side HCal, due to space constraints, the readout will be single-ended. We have
already produced prototype bars with a single hole, and we will assume a single fiber per bar in
the following discussion. The transverse spatial resolution measured by Mu2e is 15 mm, while the
resolution along a 2 m bar, determined by the relative timing of the signals at either end of the bar,
has been measured to be 150 mm [44]. Slightly longer bars should offer similar performance, ad-
equate for ambiguity resolution in the crossed x, y configuration. We plan to attach the scintillator
bars to the steel absorber, and to support this structure by an external frame. In this manner, there
is ample access to the sides, top and bottom of the HCal for signal, SiPM bias, and monitoring
cabling.

FIG. 24: Photograph of the end of a
20 mm ⇥ 50 mm extruded polystyrene bar,
coextruded with a TiO2 diffuse reflecting
layer and containing a single hole for a
wavelength-shifting fiber. We expect to use a
15 mm ⇥ 50 mm bar for the HCal.

FIG. 25: Detail of the front corner of the HCal,
showing the 15 mm ⇥ 50 mm bars, each con-
taining a single wavelength-shifting fiber.

Two existing readout electronics systems providing adequate performance have been identified.
The merits of each are currently being explored; we briefly describe them below. The existence of

µ±,π±,p n

Low-energy events due to rare photon reactions (photonuclear or 
conversion to muons) that transfer energy to hadrons or muons

see 1912.05535

(JHEP)

https://arxiv.org/abs/1912.05535
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Recoil (px, py) resolutions are limited by 4 MeV scattering in 10% X0 target (included here)
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50 mm thick (0.3 �A), which corresponds to a depth of roughly 3 m. The Side HCal design is
similar to that of the Main HCal, but with finer sampling (⇠ 0.07 �A, and is ⇠ 3�A in depth).

The final HCal design will be optimized as we improve our understanding of background pro-
cesses. For example, the transverse size will likely be less than 3 m, we may vary the sampling
fraction with depth, with thinner absorber in the front of the HCal for improved energy resolution,
and the total HCal depth can be reduced or extended in a modular way based on studies such as
those of the photo-nuclear modeling presented in Sec. V D.

Enabling HCal technologies The HCal scintillator design is based on that of the Mu2e Cos-
mic Ray Veto (CRV) system. The scintillator is in the form of doped polystyrene bars, of the
type developed for the Mu2e CRV. Extruded polystyrene bars have been produced at Fermilab for
several decades. The Mu2e bars are 20 mm thick ⇥ 50 mm wide, co-extruded with an integrated
TiO2 reflector. The extrusion also includes through holes into which a wavelength-shifting fiber is
inserted (see Fig. 24 and Fig. 25). The Mu2e system uses two 1.4 mm fibers per bar. The scintil-
lator response to minimum ionizing particles (MIPs) has been measured for 120 GeV protons on
a 20 mm thick extruded polystyrene bar, read out with a 1.4 mm Kuraray scintillating fiber and a
2 mm⇥ 2 mm Hamamatsu SiPM [44]. On average, each MIP at normal incidence deposited 3.9
MeV in a bar, corresponding to a response of 50 photo-electrons/fiber at each bar end (Fig. 26).
Based on these measurements, we expect that a 15 mm ⇥ 50 mm bar with a single fiber will
yield 75 photoelectrons per fiber per bar (both ends), which should provide an adequate signal for
LDMX. In the Side HCal, due to space constraints, the readout will be single-ended. We have
already produced prototype bars with a single hole, and we will assume a single fiber per bar in
the following discussion. The transverse spatial resolution measured by Mu2e is 15 mm, while the
resolution along a 2 m bar, determined by the relative timing of the signals at either end of the bar,
has been measured to be 150 mm [44]. Slightly longer bars should offer similar performance, ad-
equate for ambiguity resolution in the crossed x, y configuration. We plan to attach the scintillator
bars to the steel absorber, and to support this structure by an external frame. In this manner, there
is ample access to the sides, top and bottom of the HCal for signal, SiPM bias, and monitoring
cabling.

FIG. 24: Photograph of the end of a
20 mm ⇥ 50 mm extruded polystyrene bar,
coextruded with a TiO2 diffuse reflecting
layer and containing a single hole for a
wavelength-shifting fiber. We expect to use a
15 mm ⇥ 50 mm bar for the HCal.

FIG. 25: Detail of the front corner of the HCal,
showing the 15 mm ⇥ 50 mm bars, each con-
taining a single wavelength-shifting fiber.

Two existing readout electronics systems providing adequate performance have been identified.
The merits of each are currently being explored; we briefly describe them below. The existence of

µ±,π±,p n

Low-energy events due to rare photon reactions (photonuclear or 
conversion to muons) that transfer energy to hadrons or muons

Granular ECal rejects 
such events based on 
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“long” showers
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https://arxiv.org/abs/1912.05535
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Tagger (px, py) resolutions at target are (1.0,1.4) MeV.

Recoil (px, py) resolutions are limited by 4 MeV scattering in 10% X0 target (included here)
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Very real possibility of studying the physics of the dark sector 
– especially with multi-experiment program.
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0 (bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e+e�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A0

! e+e�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-
tom). We focus on scenarios where �’s are produced from
an on-shell A0 that decays invisibly to ��̄ or via an o↵-
shell A0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m� as function of mA0 , ✏, and ↵D, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e�N ! e�NA0(⇤)

! e�N��̄ (where N is a nucleus with
Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, ���̄ (we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N� = 2���̄ Ne XAl NA/AAl , (2)

where Ne = 30 C, XAl = 24.3 g cm�2, NA is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓x < �x/L and tan ✓y < �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/Nacc

� )(dNacc
� /dE�), and convolute it

with the � � e� di↵erential scattering cross section,

d�f,s

dEe
= 4⇡✏2 ↵ ↵D

2meE2
�� ff,s(Ee)(Ee � me)

(E2
� � m2

�)(m2
A0 + 2meEe � 2m2

e)
2

,

(3)
where the subscripts f, s stand for fermion and scalar
�, respectively, ff (Ee) = 2meE� � meEe + m2

� + 2m2
e,

fs = 2meE� + m2
�, and Ee is the recoil electron energy.

To conform to the E137 signal region, we impose Ee >
Eth = 1 GeV and ✓e > 30 mrad, where ✓e is the angle
of the scattered electron, to obtain �cut

�e . The number of
expected signal events is then given by

N�e = N� ✏acc �cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e� number density
(length) of detector sub-layer i. To pass the trigger, �
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Conclusions
✦ The identity of dark matter is a stark open question in 

fundamental physics

✦ Hidden sector DM modestly extends WIMP dark 

matter, offers sharp science case to explore new 
physics at familiar scales with unprecedented 
precision


✦Powerful discovery potential for several 
complementary experimental approaches


✦Motivates new experiments underground, at colliders, 
and at fixed-target facilities
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