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Figure 3.1: Evolution of the co-
moving number density and freeze-

out in the early universe. [45]

H0 = 100h km s�1 Mpc�1:
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The number of relativistic degrees of freedom at freeze-out is given by g⇤
F
, MP l is the Planck

mass. To estimate the relic density within this approximation one thus has to calculate the

annihilation cross section and extract the mass-dependent parameters a and b, which allows to

derive xF . In an order-of-magnitude estimation equation (3.16) can be re-written as

⌦Xh2
⇡

3 ⇥ 10�27 cm3 s�1

h�vi
, (3.17)

from which it can be readily seen that the present abundance of the species X is determined

by the annihilation cross section at the time of freeze-out. In particular, for larger annihilation

cross section, the relic density is smaller, as a larger fraction of X could annihilate. Analogously,

a small annihilation cross section results in a larger relic abundance. This is also illustrated in

figure 3.1, in this version taken from [45], which shows the evolution of the comoving number

density2 as a function of x. The number density decreases exponentially with increasing x, until

the interaction rate becomes too small and the component freezes out, i.e. the comoving number

density does not change any more. This happens the earlier, the lower the annihilation cross

section is, which is sometimes referred to as the ‘survival of the weak’.

It has to be kept in mind that the above relations were derived under certain simplifying

assumptions that are not valid generally. The relic density can be changed significantly with

respect to the result obtained in the standard calculation by the presence of a scalar field in the

early universe, as shown in [46]. There are three other cases in which the treatment outlined

above does not hold, which are detailed in [47]: There could be resonant enhancement, the relic

particle could be close to a mass threshold, allowing for additional annihilation or there could

be coannihilations, when there is another species which shares a quantum number with species

X and has a similar mass.
2Since the universe is expanding, the density has to be considered w.r.t. to the ‘expanding volume’.
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Experiment Machine Type Ebeam ( GeV) Detection Mass range ( GeV) Sensitivity First beam Ref.

Future US initiatives

BDX CEBAF @ JLab electron BD 2.1-11 DM scatter 0.001 < m� < 0.1 y & 10�13 2019+ [211, 212]
COHERENT SNS @ ORNL proton BD 1 DM scatter m� < 0.06 y & 10�13 started [213, 214]
DarkLight LERF @ JLab electron FT 0.17 MMass (& vis.) 0.01 < mA0 < 0.08 ✏2 & 10�6 started [215]
LDMX DASEL @ SLAC electron FT 4 (8)* MMomentum m� < 0.4 ✏2 & 10�14 2020+ [216]
MMAPS Synchr @ Cornell positron FT 6 MMass 0.02 < mA0 < 0.075 ✏2 & 10�8 2020+ [217]
SBN BNB @ FNAL proton BD 8 DM scatter m� < 0.4 y ⇠ 10�12 2018+ [218, 219]
SeaQuest MI @ FNAL proton FT 120 vis. prompt 0.22 < mA0 < 9 ✏2 & 10�8 2017 [220]

vis. disp. mA0 < 2 ✏2 ⇠ 10�14
� 10�8

Future international initiatives

Belle II SuperKEKB @ KEK e+e� collider ⇠ 5.3 MMass (& vis.) 0 < m� < 10 ✏2 & 10�9 2018 [203]
MAGIX MESA @ Mami electron FT 0.105 vis. 0.01 < mA0 < 0.060 ✏2 & 10�9 2021-2022 [205]
PADME DA�NE @ Frascati positron FT 0.550 MMass mA0 < 0.024 ✏2 & 10�7 2018 [206, 207]
SHIP SPS @ CERN proton BD 400 DM scatter m� < 0.4 y & 10�12 2026+ [208, 209]
VEPP3 VEPP3 @ BINP positron FT 0.500 MMass 0.005 < mA0 < 0.022 ✏2 & 10�8 2019-2020 [210]

Current and completed initiatives

APEX CEBAF @ JLab electron FT 1.1-4.5 vis. 0.06 < mA0 < 0.55 ✏2 & 10�7 2018-2019 [197, 198]
BABAR PEP-II @ SLAC e+e� collider ⇠ 5.3 vis. 0.02 < mA0 < 10 ✏2 & 10�7 done [191, 229, 230]
Belle KEKB @ KEK e+e� collider ⇠ 5.3 vis. 0.1 < mA0 < 10.5 ✏2 & 10�7 done [231]
HPS CEBAF @ JLab electron FT 1.1-4.5 vis. 0.015 < mA0 < 0.5 ✏2 ⇠ 10�7** 2018-2020 [232]
NA/64 SPS @ CERN electron FT 100 MEnergy mA0 < 1 ✏2 & 10�10 started [186]
MiniBooNE BNB @ FNAL proton BD 8 DM scatter m� < 0.4 y & 10�9 done [188]
TREK K+ beam @ J-PARC K decays 0.240 vis. N/A N/A done [201, 202]

TABLE II: Summary table of current light DM experiments and future proposals. The sensitivities are quoted either for the kinetic mixing
or the variable y, whichever is most relevant (see the text and the corresponding figures for more detailed predictions). The range quoted for
experiments sensitive to both visible and invisible decays refers to the invisible case. Starting dates are subject to variations. Legend: beam
dump (BD), fixed target (FT), dark matter scattering (DM scatter), missing mass (MMass), missing momentum (MMomentum), missing
energy (MEnergy), prompt/displaced visible decays (vis). Notes: *LDMX beam energy is 4 GeV for phase I, and could be upgraded to
8 GeV for phase II. **Sensitivity to displaced vertices under study.
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starting point: thermal relic assumption 
• restricts viable mass range 
• minimum annihilation cross section 

• otherwise overproduction of DM

if WIMPs ‘too light’ (mχ< few GeV ) 
• annihilation into SM inefficient  

• overproduction of DM 
• Lee-Weinberg-bound

introduce new, light mediator 
• additional annihilation channel 

• correct relic abundance

representative benchmark model: Dark Photon (A’) 
• vector mediator 
• kinetically mixes with photon (ε) 
• annihilation cross section
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 Four “minimal” LDM 
scenarios:

– Dirac fermion
– (Elastic) Complex Scalar

– Majorana (Inelastic)
 fermion

– (Inelastic) Complex Scalar

Landscape of Scenarios

The four minimal models all have a 
thermal DM parameter range of interest!
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What about MA′ > 2MDM?

Assume abundance of light dark 
matter with dark photon 
interaction is determined by 
thermal origins.

Can calculate minimum cross 
section allowed to avoid producing 
too much DM.

Defines a parameter space with 
clear targets for light DM searches.

{

DM annihilation

A0 �
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×

y ≡ dimensionless parameter
controlling cross-section
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Current constraints

• Some assumptions are needed to plot constraints from 
missing mass/momentum/energy experiments

• We choose very conservative parameters: αD = 0.5 and mA/mχ = 3.
• These parameters lead to weak(est) constraints

For smaller values of αD or larger mass ratio, the constraints are weaker, while the 
targets are invariant.

clear experimental 
thermal targets

conservative:
m4

�

m4
A0

= 1
3
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Direct Detection 

5

Direct detection: nuclear recoil due to WIMP scattering 
• sensitivity drops quickly below few GeV 

Many new ideas in recent years to get to lower masses 
• needs lower energy threshold 

• examples: 
• electron-DM scattering 
• semiconductors 

1310.8327

Direct Detection Landscape

The WIMP program is active, important, and exciting!

[talk this afternoon]
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Why not just direct detection?

6

direct detection:  

strong spin/velocity dependency

Asymmetric Fermion
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Thermal and Asymmetric Targets for DM-e Scattering

FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!

��̄) or e�p ! e�p(A0
! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.

70
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to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
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The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!
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! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.

70

[MeV]

[c
m

-2
]

Oct. 11, 2017David Hitlin                              Brookhaven Forum Oct. 11, 2017 4

Current constraints

• Some assumptions are needed to plot constraints from 
missing mass/momentum/energy experiments

• We choose very conservative parameters: αD = 0.5 and mA/mχ = 3.
• These parameters lead to weak(est) constraints

For smaller values of αD or larger mass ratio, the constraints are weaker, while the 
targets are invariant.

at accelerators: relativistic production 

—> spin/velocity dependency reduced 

all thermal targets in reach!
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Signatures
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Figure 1: Classification of dominant DM annihilation and mediator decay channels
in the benchmark dark photon (A0) mediated scenario for di↵erent mA0/m� ratios
were f is a charged SM fermion – similar categorizations exist for other mediators.
Also, the same classification holds for Majorana-DM, with the substitution (�, �̄) !

(�1, �2). (a) In the left column, the mediator is lighter than the DM, so for ✏e ⌧

gD the dominant annihilation is in the “secluded” channel, which is independent of
the mediator coupling to the SM. This scenario has no direct thermal target; every
arbitrarily small values of ✏ are compatible with a thermal annihilation rate. (b) The
middle column represents the m� < mA0 < 2m� window in which the annihilation
rate is sensitive to ✏ but the mediator decays visibly. This regime has a predictive
thermal relic target, which can be tested by probing su�ciently small values of ✏ in
searches for visibly decaying dark photos (e.g. HPS, APEX, Belle II). (c) The right
column where mA0 > 2m� o↵ers ample parameter space with a predictive thermal
target and features mediators that decay invisibly to DM states. Since �v / ✏

2
↵D

this scenario has a thermal target which can be probed by testing su�ciently small
values of this combination at BDX, whose signal yield scales as the same combination
of input parameters.

2.1 Important Variations

2.1.1 Inelastic Dark Matter (iDM)

If the A
0 couples to a DM fermion with both Dirac and Majorana masses, the leading

interaction is generically o↵-diagonal and

A
0
µ
J
µ

DM
! A

0
µ
�̄1�

µ
�2 , (6)

where the usual Dirac fermion � decomposes into two Majorana (“pseudo-Dirac”)
states �1,2 with masses m1,2 split by an amount �. This kind of scenario is well moti-

12
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Figure 1: Classification of dominant DM annihilation and mediator decay channels
in the benchmark dark photon (A0) mediated scenario for di↵erent mA0/m� ratios
were f is a charged SM fermion – similar categorizations exist for other mediators.
Also, the same classification holds for Majorana-DM, with the substitution (�, �̄) !

(�1, �2). (a) In the left column, the mediator is lighter than the DM, so for ✏e ⌧

gD the dominant annihilation is in the “secluded” channel, which is independent of
the mediator coupling to the SM. This scenario has no direct thermal target; every
arbitrarily small values of ✏ are compatible with a thermal annihilation rate. (b) The
middle column represents the m� < mA0 < 2m� window in which the annihilation
rate is sensitive to ✏ but the mediator decays visibly. This regime has a predictive
thermal relic target, which can be tested by probing su�ciently small values of ✏ in
searches for visibly decaying dark photos (e.g. HPS, APEX, Belle II). (c) The right
column where mA0 > 2m� o↵ers ample parameter space with a predictive thermal
target and features mediators that decay invisibly to DM states. Since �v / ✏

2
↵D

this scenario has a thermal target which can be probed by testing su�ciently small
values of this combination at BDX, whose signal yield scales as the same combination
of input parameters.

2.1 Important Variations

2.1.1 Inelastic Dark Matter (iDM)

If the A
0 couples to a DM fermion with both Dirac and Majorana masses, the leading

interaction is generically o↵-diagonal and

A
0
µ
J
µ

DM
! A

0
µ
�̄1�

µ
�2 , (6)

where the usual Dirac fermion � decomposes into two Majorana (“pseudo-Dirac”)
states �1,2 with masses m1,2 split by an amount �. This kind of scenario is well moti-
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secluded direct annihilation
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were f is a charged SM fermion – similar categorizations exist for other mediators.
Also, the same classification holds for Majorana-DM, with the substitution (�, �̄) !

(�1, �2). (a) In the left column, the mediator is lighter than the DM, so for ✏e ⌧

gD the dominant annihilation is in the “secluded” channel, which is independent of
the mediator coupling to the SM. This scenario has no direct thermal target; every
arbitrarily small values of ✏ are compatible with a thermal annihilation rate. (b) The
middle column represents the m� < mA0 < 2m� window in which the annihilation
rate is sensitive to ✏ but the mediator decays visibly. This regime has a predictive
thermal relic target, which can be tested by probing su�ciently small values of ✏ in
searches for visibly decaying dark photos (e.g. HPS, APEX, Belle II). (c) The right
column where mA0 > 2m� o↵ers ample parameter space with a predictive thermal
target and features mediators that decay invisibly to DM states. Since �v / ✏

2
↵D

this scenario has a thermal target which can be probed by testing su�ciently small
values of this combination at BDX, whose signal yield scales as the same combination
of input parameters.

2.1 Important Variations

2.1.1 Inelastic Dark Matter (iDM)

If the A
0 couples to a DM fermion with both Dirac and Majorana masses, the leading

interaction is generically o↵-diagonal and

A
0
µ
J
µ

DM
! A

0
µ
�̄1�

µ
�2 , (6)

where the usual Dirac fermion � decomposes into two Majorana (“pseudo-Dirac”)
states �1,2 with masses m1,2 split by an amount �. This kind of scenario is well moti-
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secluded direct annihilation
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(�1, �2). (a) In the left column, the mediator is lighter than the DM, so for ✏e ⌧

gD the dominant annihilation is in the “secluded” channel, which is independent of
the mediator coupling to the SM. This scenario has no direct thermal target; every
arbitrarily small values of ✏ are compatible with a thermal annihilation rate. (b) The
middle column represents the m� < mA0 < 2m� window in which the annihilation
rate is sensitive to ✏ but the mediator decays visibly. This regime has a predictive
thermal relic target, which can be tested by probing su�ciently small values of ✏ in
searches for visibly decaying dark photos (e.g. HPS, APEX, Belle II). (c) The right
column where mA0 > 2m� o↵ers ample parameter space with a predictive thermal
target and features mediators that decay invisibly to DM states. Since �v / ✏

2
↵D

this scenario has a thermal target which can be probed by testing su�ciently small
values of this combination at BDX, whose signal yield scales as the same combination
of input parameters.

2.1 Important Variations

2.1.1 Inelastic Dark Matter (iDM)

If the A
0 couples to a DM fermion with both Dirac and Majorana masses, the leading

interaction is generically o↵-diagonal and

A
0
µ
J
µ

DM
! A

0
µ
�̄1�

µ
�2 , (6)

where the usual Dirac fermion � decomposes into two Majorana (“pseudo-Dirac”)
states �1,2 with masses m1,2 split by an amount �. This kind of scenario is well moti-

12

secluded direct annihilation

invisiblevisible

prompt decay (resonance feature)
long-lived (displaced decay)

— See next talks for examples — 
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collider

DRAFT

name DSID � (AMI) [pb] Filt. E↵. k-fac. H.o. � [pb]
ttbar_hdamp258p75_nonallhad 410501 730.19 0.543 1.139 452.360
ttbar_hdamp258p75_dil 410503 730.19 0.10534 1.139 87.625

Table 15: tt̄ MC samples. The last column lists the higher order (H.o.) cross sections.

name DSID � (AMI) [pb] Filt. E↵. k-fac. H.o. � [pb]
singletop_tchan_lept_top 410011 43.739 1.0 1.00944237408 44.152
singletop_tchan_lept_antitop 410012 25.778 1.0 1.01931879898 26.276
Wt_inclusive_top 410013 34.009 1.0 1.054 35.845486
Wt_inclusive_antitop 410014 33.989 1.0 1.054 35.824406
Wt_dilepton_top 410015 3.5835 1.0 1.054 3.777009
Wt_dilepton_antitop 410016 3.5814 1.0 1.054 3.7747956
Wt_inclusive_top_HT500 407018 34.01 0.088461215 1.054 3.17102848195
Wt_inclusive_tbar_HT500 407020 33.99 0.088415243 1.054 3.16751675149
SingleTopSchan_noAllHad_top 410025 2.0517 1.0 1.00463518058 2.06121
SingleTopSchan_noAllHad_antitop 410026 1.2615 1.0 1.02153151011 1.288662

Table 16: Single top MC samples. The last column lists the higher order (H.o.) cross sections.
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@SuperKEKB 
• e+/e- collider at 4.0/7.0 GeV 

(10.57 GeV)

 Probing Dark Photons and ALPs at B-factories  (Torben Ferber)

Belle II: Invisible Dark Photon decays, exp. sensitivity
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]2 [GeV/cχm
3−10 2−10 1−10 1

4 )
A'

/m χ
 (m

D
α 2 ε

y 
= 

17−10

15−10

13−10

11−10

9−10

7−10

5−10
4−10

BaBar
NA64

E137

LSND

LEP

Pseudo-Dirac Fermion Relic Target

Scalar Relic Target
   Belle II (Phase 3)
Belle II (Phase 2)

   LDMX2@8GeV
LDMX1@4GeV

Dark Sector Physics at BaBar and Belle II (Torben Ferber)

Belle II: Dark Photons to invisible (``Single photon search’’)

16

]2 [GeV/cχm
3−10 2−10 1−10 1

4 )
A'

/m χ
 (m D

α 2 ε
y 

= 

17−10

15−10

13−10

11−10

9−10

7−10

5−10
4−10

BaBar
NA64

E137
LSND

LEP

Pseudo-Dirac Fermion Relic Target

Scalar Relic Target
   Belle II (Phase 3)
Belle II (Phase 2)

   LDMX2@8GeV
LDMX1@4GeV

αD = 0.5 
3mχ = mA’ 

B2TIP, to be submitted to PTEP (2017).

Belle II (20 fb-1) 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B2TIP, to be submitted to PTEP (2018)

References: 
J. Alexander et al. (2016), arXiv:1608.08632 
Natalia Toro, private communication (20170 
J. P. Lees et al., BaBar (2017), arXiv:1702.0332 
B2TIP, to be submitted in PTEP (2018)

*Relic density lines assume a standard 
cosmological history and that there is only a 
single component of dark matter, which only 
interacts via Dark Photon exchange.

Bounds from relic  
Dark Matter density*

Belle II (20 fb-1) 
Belle II (50 ab-1)

Belle II calorimeter has 
no gaps in the barrel.

Phase 2 data taking finished July 17th 
• >0.5/fb collected

projected sensitivity

superior sensitivity for 
mX ≥ O(100) GeV

talk by T. Ferber at DM@LHC

https://indico.cern.ch/event/669891/contributions/2813364/attachments/1626548/2590447/2018_04_dmlhc_ferber.pdf
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reanalysis of E137 data (1988), “proof of principle" 
• search for neutral metastable penetrating particles 
• 20 GeV electrons on SLAC beam dump, total of 2x1020 EoT 2
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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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FIG. 2. Top left: Constraints (95% C.L.) in the ✏ � mA0 plane for dark photons A0 decaying invisibly to light DM �, with
m� < 0.5 MeV. The SLAC E137 experiment excludes a Dirac fermion (red shading/red solid line) or complex scalar (red
long dashed) DM. We fix ↵D = 0.1 and assume an electron recoil threshold energy of Eth = 1 GeV in the E137 detector
(for comparison, the red dotted line shows Eth = 3 GeV for a fermionic �). Also shown are constraints from the anomalous
magnetic moment of the electron (ae, 2�, blue dashed) and muon (aµ, 5�, dark green dashed), and a light-green dashed region
in which the A0 explains the aµ discrepancy. Other model-dependent constraints (see text for details), arise from LSND (yellow
solid), SLAC mQ experiment (cyan solid), BABAR (blue dotted), and BNL E787 and E949 (brown dotted). The inset focuses
on mA0 = 100 � 300 MeV. Top right and Bottom left: Same as top left but for m� = 10 MeV and 50 MeV, respectively.
Above the black solid line, the thermal relic abundance of a scalar � satisfies ⌦�  ⌦DM; the region above the blue solid
line is excluded if � can scatter o↵ electrons in the XENON10 experiment, assuming � makes up all the DM; the light gray
regions/dotted lines are excluded from searches for A0 ! e+e� (if this mode is available for mA0 < 2m�) in E141, E774, Orsay,
HADES, or A1. Bottom right: 95% C.L. upper limits on ↵D as a function of mA0 for a Dirac fermion �, assuming ✏ is
fixed to the smallest value consistent with explaining the aµ anomaly. The E137 constraint is shown for m� < 0.5 MeV (red
shading/solid line) and for m� = 10, 50 MeV (dashed red), while the remaining constraints are only shown for m� < 0.5 MeV.
The solid gray curve is the limit from A0 ! visible searches, while the gray dashed represents the transition between A0 ! ��̄
and A0 ! visible decays dominating.

look for shower with: 
• E > 1 GeV 
• pointing back to dump 

0 observed —> N95 = 3

different parameter choice

Phys. Rev. D 38, 3375 (1988) 

Phys. Rev. Lett. 113, 171802 (2014)
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BDΧ - Beam Dump eΧperiment 
• first dedicated (electron) beam-dump experiment for LDM search 
• conditionally approved for 41 weeks (~1022 EoT) @ 11 GeV (JLab)

arxiv:1607.01390

Figure 11: A GEANT4 implementation of the BDX detector. On the right, the Outer
Veto is shown in green, the Inner Veto in blue, the lead in gray and the crystals in
cyan.

reduces the sensitivity to low-energy environmental background (mainly low energy
photons). A sketch of the BDX detector is shown in Fig. 11. The detector concept
has been validated by a campaign of measurement at INFN - Sezione di Catania
and Laboratori Nazionali del Sud (LNS) with a prototype, extensively discussed in
Appendix B.

3.2.1 The electromagnetic calorimeter

The core of the BDX detector is an electromagnetic calorimeter sensitive to both the
�-electron and �-nucleon scatterings. The signal expected in the two cases are quite
di↵erent: a few GeV electromagnetic shower in the first and a low energy (few MeV)
proton/ion recoil in the latter. Among the di↵erent options we chose a high-density,
inorganic crystal scintillator material to reduce the detector footprint, fitting in the
new proposed facility for beam-dump experiments at JLab (see Sec. 3.6). The com-
bination of a low threshold (few MeV) sensitivity for high ionizing particles (light
quenching not higher than few percents), a reasonable radiation length (few centime-
ters), together with a large light yield limits the choice to few options: BGO, BSO,
CsI(Tl) and BaF2

‡. Considering that the request of about 1 cubic meter of active
volume would drive costs of any possible options in the range of few million dollars,
and that the timeline for producing and testing thousands of crystals would be of
the order of several years, we decided to reuse crystals from an existing calorime-
ter. Former experiments that still have the desired amount of crystals available from
decommissioned EM calorimeters include: BaBar at SLAC (CsI(Tl)), L3 at CERN
(BGO)and CLEO at Cornell (CsI(Tl)). After consulting with the management of the
di↵erent laboratories, we identified the BaBar option as the most suitable for a BDX
detector. In particular, the BaBar EM end-cap calorimeter, made by 820 CsI(Tl)

‡We are not considering some new very expensive crystals such as LYSO or LaBr.

27

electromagnetic calorimeter 
• CsI(Tl) crystals (from Babar) + SiPM readout 
• measure ~GeV shower from X-e scattering 
• ~MeV signal from inelastic X-nucleon scattering

passive veto 
• 5cm lead bricks

active veto sandwich 
• inner & outer 
• plastic scintillators

2 prototypes  
• measured cosmic and 

beam background 
• validated MC simulations 

and cosmic estimates
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Figure 33: Red curves show 3, 10, and 20 event for BDX yield projections for
electron scattering with a 300 MeV energy threshold for thermal relic DM in two
representative scenarios. Top: thermal relic DM coupled to a leptophilic U(1)e�µ

gauge boson (A0). Bottom: here the A
0 is a kinetically mixed dark photon coupled

to the electromagnetic current. Here the thermal target — where the model predicts
the correct observed DM abundance — is shown in solid black.

66

ultimately limited by irreducible neutrino background 
• ~10 events in BDX life time

300 MeV threshold

Introduction Experimental setup Backgrounds Experiment reach Experiment status Conclusions

BDX active veto

Active veto requirements: high e�ciency for
charged particles detection, hermeticity,
compactness
Technology: two layers of plastic scintillator
counters, made of di�erent paddles, each read
by WLS fibers + SiPMs (IV) / PMTs (OV).
5-cm lead vault between two layers to shield
photons
R&D:

• Veto e�ciency for charged particles measured
with cosmics-ray setup, in di�erent positions:
Á > 99%

• On-going e�ort to replace light guides by slim
wavelength-shifting plastics to reduce dead
spaces and simplify mechanical supports

10 / 30
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FIG. 1. A plot illustrating the distinct contributions to DM production (coupled through the vector portal), as discussed in
the text, using the 9 GeV proton beam at MiniBooNE as an example. The rate of elastic scattering events on nucleons is
plotted versus the vector mediator mass. From smaller to larger values of mV , the dominant channels are ⇡0 decays, ⌘ decay,
bremsstrahlung, which becomes resonant near the ⇢/! mass region, and finally direct parton-level production. The plot uses
m� = 0.01 GeV, ✏ = 10�3 and ↵0 = 0.1.

• ⇡
0
/⌘ decay in flight - relevant for low mV .

• Bremsstrahlung, with resonant vector meson mixing - relevant for intermediate mV

• Direct production from quark and gluon constituents - relevant for higher mV > 1GeV.

We summarize these channels below, while Fig. 1 shows the relative contributions at MiniBooNE.

A. ⇡0/⌘ decay in flight

Radiative ' = ⇡
0, ⌘ decay provides the dominant production channel for su�ciently light DM and mediators,

⇡
0
/⌘ �! � + V

(⇤)
�! � + �

† + �. (2)

If kinematically allowed, on-shell V -production is dominant, but we also include o↵-shell V ⇤
! �

†
� decays,

�'!��†� =
1

4⇡m'

Z
d⇧'!�V d⇧V!�†�dq

2
|M|

2
. (3)

Here d⇧ is the 2-body phase space, and [4]

|M|
2 =

c
'
V,Bk

(1)
V,B↵f(q

2
, p · k1, p · k2)

⇡f2
'[(q

2 �m
2
V )

2 +m
2
V �

2
V ]

, (4)

where f=(q2�4m2
�)(m

2
'�q

2)2�4q2(p · k1�p · k1)2, c
'
V = c

⇡
B = 1, c⌘B = 0.61 (with qB = 1), and for later convenience

we have defined the coupling combination,

k
(n)
V,B =

⇢
✏
2
↵(↵0)n forU(1)0

↵
n+1
B forU(1)B

. (5)

In these expressions p is the photon momentum, q the momentum of V , and k1,2 the momenta of the dark sector
particles in the final state, so that q = k1+k2. It should be noted that, in this approximation, the mesons are treated
as elementary but a form factor could be incorporated to account for the virtuality dependence.

The production distributions vary depending on beam energy, and we make use of the Sanford-Wang distribution for
the 9 GeV beam at MiniBooNE [51] (more precisely the average of the ⇡+ and ⇡

� distributions), and the distribution
determined in [52] (denoted BMPT) for experiments with higher beam energies (see Fig. 2). We use similar angular
distributions for ⇡0 and ⌘, but account for the lower production rate, N⇡0 ⇡ 30N⌘ [53] for the beam energies considered
here.

Phys. Rev. D 95, 035006 (2017)

resonant vector meson 
(ρ/ω) mixing

MiniBooNE, 9 GeV

experiments with promising sensitivity
10

Name Energy POT Detector Mass Material Distance Angle E�ciency

MiniBooNE-Beam Dump 8 GeV 2⇥ 1020 400 tons CH2 490 m 0 0.35

T2K-ND280 (P0D) 30 GeV 5⇥ 1021 6 tons H2O,Plastic 280 m 2.5o 0.35

T2K-Super-K 30 GeV 5⇥ 1021 50 kilotons H2O 295 km 2.5o 0.66

SHiP 400 GeV 2⇥ 1020 10 tons LAr 100 m 0 0.5

TABLE I. A summary of the relevant characteristics of the experiments considered. The listed detector mass is the fiducial
mass, when available. Note that SHiP is still in the proposal and planning stage, and the design has not been finalized, so the
detector material and mass have been chosen for illustration (the final fiducial mass may be larger).

• �mZ and EW fit - a limit due to the induced shift in the Z mass and electroweak precision fits [78].

• CDF constraints on Monojets - limits from searches for pp ! jet+missing energy [79, 80].

• Lepton g�2 - the blue band is where agreement with muon g�2 is improved to within 3�. All parameter space
is excluded which increases the disagreement of either muon or electron g � 2 to more than 5� [81–83].

• Direct Detection - the strongest current low mass limits are from CRESST-II [44] and CDMS-Lite [84].

• Angular Dependence in Neutron Scattering - a constraint on baryonic vectors ↵B < 3.4⇥ 10�11
�

mV
MeV

�4
[85, 86].

C. Sensitivity

There are a number of di↵erent short- and long-baseline neutrino facilities either in, or recently in, operation around
the world (MiniBooNE, MicroBooNE, T2K, MINOS, NOvA, OPERA,. . . ). There are also several future facilities that
may have interesting sensitivity to this class of light dark matter models (DUNE, SBN, SHiP,. . . ). The sensitivity
depends on a combination of the e↵ective yield, e.g. through having a su�ciently energetic beam, and a sizable
angular acceptance for the detector, along with a viable means of detecting scattering and mitigating the neutrino
backgrounds. Based on these criteria, we have focussed our analysis on MiniBooNE, T2K and SHiP, which currently
appear to provide the best (potential) sensitivity in di↵erent ranges for the mediator mass. The relevant parameters
for these experiments, beam energy, number of protons on target, detector geometry and material, etc, are listed
in Table I. It is worth noting that future facilities, such as DUNE, or T2HK with ⌫PRISM, could provide excellent
sensitivity if additional near detectors were to be installed.

Our results are exhibited in a number of parameter space plots, which include the existing constraints summarized
above. The majority of these plots for the vector portal model make use of the following slice [40] through the
parameter space: Y vs m� at fixed mV /m� = 3, where

Y ⌘ ✏
2
↵
0
✓
m�

mV

◆4

, (20)

which captures the essential parameter scaling of the annihilation and scattering cross sections, and assists the
comparison with direct detection sensitivity (see [40]). By convention the plots use the choice ↵

0 = 0.5, which is
relatively large from a model-building perspective. However, it is used simply to provide a conservative view of the
full parameter reach of each experiment, in comparison to the relic density curve, which sets the lowest values of Y
for which the model is cosmologically viable. Note that the relic density curve remains fixed in Y , as parameters are
varied, while the other constraints generally scale to lower values of Y with decreasing ↵

0 [40]. (For comparison with
earlier results, Fig. 7 shows the MiniBooNE sensitivity using the alternate parameter slice ✏ vs mV at fixed m� and
↵
0.)
The signal yields at MiniBooNE, T2K and SHiP are summarized below and exhibited in Figs. 7–11.

• MiniBooNE - The MiniBooNE collaboration took data during a dedicated beam dump run in 2013/14 [14],
and as detailed below we consider a number of possible scattering signatures for both vector and baryonic portal
interactions. The sensitivity contours are shown in Figs. 7 and 8.

1. Elastic nucleon scattering. We use the following cuts on nucleon recoil energy: ER 2 [0.35, 1]GeV.

Phys. Rev. D 95, 035006 (2017)

see dedicated talk in this session

different production modes 
• radiative meson decay (low mass) 
• bremsstrahlung with resonant mixing 

(intermediate mass) 
• direct production (masses >1 GeV)

generally “messier" —> higher beam backgrounds

Here the annihilation rate scales as

(“direct” annihilation) h�vi ⇠
g
2
D ↵✏

2
m

2
�

m
4
A0

, (15)

where ↵ is the QED fine structure constant, and ✏ = ✏Y cos ✓w. This o↵ers a clear, predictive
target for discovery or falsifiability since the dark coupling gD and mass ratio m�/mA0 are
at most O(1) in this mA0 > m� regime. Thus, there is a minimum SM-mediator coupling
✏ compatible with a thermal history; larger values of gD require non-perturbative dynamics
in the mediator-SM coupling or intricate model building.

In the direct annihilation regime, the minimum annihilation rate requirement translates
into a minimum value of the dimensionless combination

↵g
2
D ✏

2

4⇡

✓
m�

mA0

◆4

& h�virelic m
2
� , (16)

which, up to order one factors, is valid for every DM/mediator variation provided that
m� < mA0 .

D. Brief Summary of Existing Constraints

DM searches at accelerators can be divided into two broad categories: fixed-target and
collider experiments. We summarize the di↵erent strategies in Table II.

Existing constraints have primarily been deduced by recasting a number of prior exper-
imental searches. Before moving to future opportunities, we provide a brief summary of
these limits. For lower mass DM, the strongest constraints follow from limits on anomalous
scattering at proton and electron fixed target experiments such as LSND [86–88] and E137
[89, 90]. For specific mass ranges, limits on invisible pion [91], kaon [9, 92] and J/ [93]
decays are significant, while monophoton searches at BABAR [94, 95] are stringent at higher
masses. Monojet searches [96, 97] are generally less constraining, but relevant for leptopho-
bic mediators. Finally, vector mediator exchange induces corrections to g�2 of the electron
and muon, which impose constraints at low mass [9, 98–100] and, in the case of the muon
g � 2 anomaly, have identified a region of interest in parameter space. A number of these
existing limits are shown in the figures below.

In what follows, we summarize current and future opportunities. The summary bullets
only provide key information, such as beam type and energy, detector type and detection
strategy, and schedule – additional references are provided for details.

E. Proton Beam-Dump Experiments

• MiniBooNE at FNAL: 8 GeV Booster Neutrino Beamline (BNB) protons. Can run
in target mode (Be), and o↵-target mode (Fe). Mineral oil Cherenkov detector, 450
ton fiducial mass, situated 540 m downstream. Main production mode via ⇡

0
/⌘⌘

0
!

�(A0
! ��̄) and qq̄ ! A

0
! ��̄. Detection via �e ! �e, or �N ! �N elastic

scattering, or via inelastic such as �N ! �(� ! N⇡
0). Completed running in o↵-

target mode with 1.86⇥1020 POT, analysis ongoing. See Ref. [14, 36, 86, 87, 101–105]
for more details.
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+ several other current/future 
neutrino experiments

https://arxiv.org/abs/1609.01770
https://arxiv.org/abs/1609.01770
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Dark Matter Search in a Proton Beam Dump with MiniBooNE
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to a 90% confidence limit on the dark-matter
cross section parameter, Y = ✏2↵D(m�/mV )4 . 10�8, for ↵D = 0.5 and for dark-matter masses
of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from a
dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

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

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

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

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

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

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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to neutrinos in the decay volume immediately following
the target, as shown in Fig 1. This results in a large

Using this high-statistics and low-background event sam-
ple, we report the first measurement of an absolute !"

CCQE double differential cross section, the main result
of this work. In addition, CCQE cross sections in several
other conventional forms are provided. The layout of the
remainder of this paper is as follows. In Sec. II, we provide
a summary of the MiniBooNE experiment, including the
booster neutrino beamline (BNB) and the MiniBooNE
detector. We detail the neutrino interaction model used to
describe the signal and background in Sec. III. The CCQE
selection and analysis strategy is outlined in Sec. IV.
Finally, in Sec. V, we report the MiniBooNE flux-
integrated CCQE double differential cross section
( d2#
dT" d cos$"

), the flux-integrated CCQE single differential

cross section ( d#
dQ 2

QE
), and the flux-unfolded CCQE cross

section as a function of energy (#½EQE;RFG
! "). To facilitate

comparison with updated model predictions [16,17], we
provide the predicted MiniBooNE neutrino fluxes and
measured cross section values in tabular form in the
appendix.

II. MINIBOONE EXPERIMENT

A. Neutrino beamline and flux

The Booster Neutrino Beamline (BNB) consists of three
major components as shown in Fig. 1: a primary proton
beam, a secondary meson beam, and a tertiary neutrino
beam. Protons are accelerated to 8 GeV kinetic energy in
the Fermilab Booster synchrotron and then fast-extracted
in 1:6 " s ‘‘spills’’ to the BNB. These primary protons
impinge on a 1.75 interaction-length beryllium target cen-
tered in a magnetic focusing horn. The secondary mesons
that are produced are then focused by a toroidal magnetic
field which serves to direct the resulting beam of tertiary
neutrinos towards the downstream detector. The neutrino
flux is calculated at the detector with a GEANT4-based
[18] simulation which takes into account proton transport
to the target, interactions of protons in the target, produc-
tion of mesons in the p-Be process, and transport of
resulting particles through the horn and decay volume. A
full description of the calculation with associated uncer-
tainties is provided in Ref. [19]. MiniBooNE neutrino data

is not used in any way to obtain the flux prediction. The
resulting !" flux is shown as a function of neutrino energy
in Fig. 2 along with its predicted uncertainty. These values
are tabulated in Table V in the appendix. The !" flux has an
average energy (over 0< E! < 3 GeV) of 788 MeV and
comprises 93.6% of the total flux of neutrinos at the
MiniBooNE detector. There is a 5.9% (0.5%) contamina-
tion of !!" (!e, !!e); all events from these (non-!" ) neutrino
types are treated as background in this measurement
(Sec. IVD).
The largest error on the predicted neutrino flux results

from the uncertainty of pion production in the initial p-Be
process in the target as the simulation predicts that 96.7%
of muon neutrinos in the BNB are produced via %þ decay.
The meson production model in the neutrino beam simu-
lation [19] relies on external hadron production measure-
ments. Those of the HARP experiment [20] are the most
relevant as they measure the %$ differential cross section
in p-Be interactions at the same proton energy and on the
same target material as MiniBooNE. The uncertainty in
%þ production is determined from spline fits to the HARP
%þ double differential cross section data [19]. The spline-
fit procedure more accurately quantifies the uncertainty in
the underlying data, removing unnecessary sources of error
resulting from an inadequate parameterization [21] of the
HARP data. The HARP data used was that from a thin (5%
interaction length) beryllium target run [20]. While that
data provides a valuable constraint on the BNB flux pre-
diction, additional uncertainties resulting from thick target
effects (secondary rescattering of protons and pions) are
included through the BNB flux simulation.

FIG. 1 (color online). Schematic overview of the MiniBooNE
experiment including the booster neutrino beamline and
MiniBooNE detector.
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FIG. 2 (color online). Predicted !" flux at the MiniBooNE
detector (a) along with the fractional uncertainties grouped into
various contributions (b). The integrated flux is 5:16%
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2 (0<E! < 3 GeV) with a mean energy of

788 MeV. Numerical values corresponding to the top plot are
provided in Table V in the appendix.
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FIG. 1. The production of neutrinos in the Booster Neutrino
Beamline in on-target running [21].

flux of neutrinos at the MiniBooNE detector, which is a
background to the dark matter neutral-current-like scat-
tering signature. Instead, in the beam-dump running
mode, the proton beam is steered past the beryllium tar-
get and directed on to the steel absorber at the end of
the decay volume, which significantly reduces the neu-
trino flux and increases sensitivity to a potential dark
matter signal. A dedicated run in beam-dump mode was
carried out from November 2013 to September 2014 col-
lecting 1.86⇥1020 protons on target (POT). Besides the
capability of running in beam-dump mode, MiniBooNE
has several advantages which make this search feasible,
including a detailed understanding of detector response
and standard background processes gained through over
a decade of operation, and robust and well-tested particle
identification techniques.

The results presented here improve upon those in
Ref. [19] by including two additional dark matter inter-
action channels in two separate analyses. The first was
a combined NCE and neutral-current pion production
through Delta resonant decay (NC⇡) fit to search for
dark matter interaction with nucleons, and the second
was to search for dark matter to elastically scatter o↵
electrons. A “time-of-flight” observable was also added
to both analyses to increase sensitivity to heavier dark
matter masses. No significant excess is observed in ei-
ther analysis, and 90% confidence level limits are derived
for vector portal and leptophobic dark matter models.
MiniBooNE excludes new parameter space in the vector
portal dark matter model.

The following section provides an overview of the the-
oretical aspects of sub-GeV dark matter. Following this,
Sec. III reviews the Booster Neutrino Beamline (BNB),
where the neutrino flux (in beam-dump mode) is given,
and the “time-of-flight” measurement is discussed. In
Sec. IV the MiniBooNE detector and simulations are re-
viewed. Sec. V presents the event distributions, describes
backgrounds, systematics, and fit methodology. Sec. V
also presents results from a search for an excess of neu-
trino oscillation candidate events. Finally, the dark mat-
ter results are presented in Sec. VI, and a discussion of
the implications are given in Sec. VII.

II. THEORY OF SUB-GEV DARK MATTER

Light dark matter � with mass below 1GeV c�2 and
coupled to ordinary matter through a light mediator par-
ticle is a viable and theoretically well-motivated possibil-
ity. While it is possible that � exists at this scale in iso-
lation, on general grounds one may expect a larger “dark
sector” of states. One or more of these additional states
may mediate interactions to the Standard Model (SM)
and may also play a role in the cosmological production
of dark matter, allowing for the correct relic abundance
through the standard thermal freeze-out mechanism.
The simplest dark sector scenario of this type is known

as vector portal dark matter, in which the interactions of
� are mediated by a new dark U(1) gauge boson Vµ that
kinetically mixes with the ordinary photon [22–25]. In
such a model, there are four parameters that govern the
properties of dark matter: the dark matter mass m�, the
dark photon mass mV , the kinetic mixing angle ✏, and
the dark gauge coupling gD . Eq. 1 gives the Lagrangian
LV that is added to the SM Lagrangian.

LV = L� � 1

4
Vµ⌫V

µ⌫ +
1

2
m2

V VµV
µ � ✏

2
Fµ⌫V

µ⌫ , (1)

where

L� =

⇢
i� /D��m��� Dirac fermion
|Dµ�|2 �m2

� |�|2 Complex scalar
,

and Dµ = @µ � igDVµ with the dark matter charge equal
to one. The interactions above lead to e�cient dark mat-
ter annihilation to light SM particles such that the ob-
served dark matter abundance can be explained for cer-
tain values of the model parameters. Furthermore, if
the dark matter is a complex scalar the annihilation oc-
curs in the p-wave and is velocity suppressed [2], evading
otherwise strong constraints from the Cosmic Microwave
Background [26]. For this reason, the dark matter parti-
cle is assumed to be a complex scalar in this work.
The BNB is able to produce dark matter through sev-

eral mechanisms, illustrated in Fig. 2. They are (i)

⇡0,⌘
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V

�

�†

(a) Meson Decay

p p

�

V
�

�†

p p

(b) Proton Bremsstrahlung
+ Vector-Mixing

FIG. 2. Feynman diagrams for the production channels rele-
vant for the MiniBooNE dark matter search [19].

decay of secondary ⇡0 or ⌘ mesons, and (ii) proton
bremsstrahlung plus vector-meson mixing. Note that in
all cases, the production rate scales as ✏2 provided V can
decay to two on-shell �. On-shell decay is defined by
mV > 2m�, and is known as the invisible decay mode.
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to neutrinos in the decay volume immediately following
the target, as shown in Fig 1. This results in a large

Using this high-statistics and low-background event sam-
ple, we report the first measurement of an absolute !"

CCQE double differential cross section, the main result
of this work. In addition, CCQE cross sections in several
other conventional forms are provided. The layout of the
remainder of this paper is as follows. In Sec. II, we provide
a summary of the MiniBooNE experiment, including the
booster neutrino beamline (BNB) and the MiniBooNE
detector. We detail the neutrino interaction model used to
describe the signal and background in Sec. III. The CCQE
selection and analysis strategy is outlined in Sec. IV.
Finally, in Sec. V, we report the MiniBooNE flux-
integrated CCQE double differential cross section
( d2#
dT" d cos$"

), the flux-integrated CCQE single differential

cross section ( d#
dQ 2

QE
), and the flux-unfolded CCQE cross

section as a function of energy (#½EQE;RFG
! "). To facilitate

comparison with updated model predictions [16,17], we
provide the predicted MiniBooNE neutrino fluxes and
measured cross section values in tabular form in the
appendix.

II. MINIBOONE EXPERIMENT

A. Neutrino beamline and flux

The Booster Neutrino Beamline (BNB) consists of three
major components as shown in Fig. 1: a primary proton
beam, a secondary meson beam, and a tertiary neutrino
beam. Protons are accelerated to 8 GeV kinetic energy in
the Fermilab Booster synchrotron and then fast-extracted
in 1:6 " s ‘‘spills’’ to the BNB. These primary protons
impinge on a 1.75 interaction-length beryllium target cen-
tered in a magnetic focusing horn. The secondary mesons
that are produced are then focused by a toroidal magnetic
field which serves to direct the resulting beam of tertiary
neutrinos towards the downstream detector. The neutrino
flux is calculated at the detector with a GEANT4-based
[18] simulation which takes into account proton transport
to the target, interactions of protons in the target, produc-
tion of mesons in the p-Be process, and transport of
resulting particles through the horn and decay volume. A
full description of the calculation with associated uncer-
tainties is provided in Ref. [19]. MiniBooNE neutrino data

is not used in any way to obtain the flux prediction. The
resulting !" flux is shown as a function of neutrino energy
in Fig. 2 along with its predicted uncertainty. These values
are tabulated in Table V in the appendix. The !" flux has an
average energy (over 0< E! < 3 GeV) of 788 MeV and
comprises 93.6% of the total flux of neutrinos at the
MiniBooNE detector. There is a 5.9% (0.5%) contamina-
tion of !!" (!e, !!e); all events from these (non-!" ) neutrino
types are treated as background in this measurement
(Sec. IVD).
The largest error on the predicted neutrino flux results

from the uncertainty of pion production in the initial p-Be
process in the target as the simulation predicts that 96.7%
of muon neutrinos in the BNB are produced via %þ decay.
The meson production model in the neutrino beam simu-
lation [19] relies on external hadron production measure-
ments. Those of the HARP experiment [20] are the most
relevant as they measure the %$ differential cross section
in p-Be interactions at the same proton energy and on the
same target material as MiniBooNE. The uncertainty in
%þ production is determined from spline fits to the HARP
%þ double differential cross section data [19]. The spline-
fit procedure more accurately quantifies the uncertainty in
the underlying data, removing unnecessary sources of error
resulting from an inadequate parameterization [21] of the
HARP data. The HARP data used was that from a thin (5%
interaction length) beryllium target run [20]. While that
data provides a valuable constraint on the BNB flux pre-
diction, additional uncertainties resulting from thick target
effects (secondary rescattering of protons and pions) are
included through the BNB flux simulation.

FIG. 1 (color online). Schematic overview of the MiniBooNE
experiment including the booster neutrino beamline and
MiniBooNE detector.
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FIG. 2 (color online). Predicted !" flux at the MiniBooNE
detector (a) along with the fractional uncertainties grouped into
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2 (0<E! < 3 GeV) with a mean energy of

788 MeV. Numerical values corresponding to the top plot are
provided in Table V in the appendix.
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FIG. 1. The production of neutrinos in the Booster Neutrino
Beamline in on-target running [21].

flux of neutrinos at the MiniBooNE detector, which is a
background to the dark matter neutral-current-like scat-
tering signature. Instead, in the beam-dump running
mode, the proton beam is steered past the beryllium tar-
get and directed on to the steel absorber at the end of
the decay volume, which significantly reduces the neu-
trino flux and increases sensitivity to a potential dark
matter signal. A dedicated run in beam-dump mode was
carried out from November 2013 to September 2014 col-
lecting 1.86⇥1020 protons on target (POT). Besides the
capability of running in beam-dump mode, MiniBooNE
has several advantages which make this search feasible,
including a detailed understanding of detector response
and standard background processes gained through over
a decade of operation, and robust and well-tested particle
identification techniques.

The results presented here improve upon those in
Ref. [19] by including two additional dark matter inter-
action channels in two separate analyses. The first was
a combined NCE and neutral-current pion production
through Delta resonant decay (NC⇡) fit to search for
dark matter interaction with nucleons, and the second
was to search for dark matter to elastically scatter o↵
electrons. A “time-of-flight” observable was also added
to both analyses to increase sensitivity to heavier dark
matter masses. No significant excess is observed in ei-
ther analysis, and 90% confidence level limits are derived
for vector portal and leptophobic dark matter models.
MiniBooNE excludes new parameter space in the vector
portal dark matter model.

The following section provides an overview of the the-
oretical aspects of sub-GeV dark matter. Following this,
Sec. III reviews the Booster Neutrino Beamline (BNB),
where the neutrino flux (in beam-dump mode) is given,
and the “time-of-flight” measurement is discussed. In
Sec. IV the MiniBooNE detector and simulations are re-
viewed. Sec. V presents the event distributions, describes
backgrounds, systematics, and fit methodology. Sec. V
also presents results from a search for an excess of neu-
trino oscillation candidate events. Finally, the dark mat-
ter results are presented in Sec. VI, and a discussion of
the implications are given in Sec. VII.

II. THEORY OF SUB-GEV DARK MATTER

Light dark matter � with mass below 1GeV c�2 and
coupled to ordinary matter through a light mediator par-
ticle is a viable and theoretically well-motivated possibil-
ity. While it is possible that � exists at this scale in iso-
lation, on general grounds one may expect a larger “dark
sector” of states. One or more of these additional states
may mediate interactions to the Standard Model (SM)
and may also play a role in the cosmological production
of dark matter, allowing for the correct relic abundance
through the standard thermal freeze-out mechanism.
The simplest dark sector scenario of this type is known

as vector portal dark matter, in which the interactions of
� are mediated by a new dark U(1) gauge boson Vµ that
kinetically mixes with the ordinary photon [22–25]. In
such a model, there are four parameters that govern the
properties of dark matter: the dark matter mass m�, the
dark photon mass mV , the kinetic mixing angle ✏, and
the dark gauge coupling gD . Eq. 1 gives the Lagrangian
LV that is added to the SM Lagrangian.
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µ⌫ , (1)

where
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⇢
i� /D��m��� Dirac fermion
|Dµ�|2 �m2

� |�|2 Complex scalar
,

and Dµ = @µ � igDVµ with the dark matter charge equal
to one. The interactions above lead to e�cient dark mat-
ter annihilation to light SM particles such that the ob-
served dark matter abundance can be explained for cer-
tain values of the model parameters. Furthermore, if
the dark matter is a complex scalar the annihilation oc-
curs in the p-wave and is velocity suppressed [2], evading
otherwise strong constraints from the Cosmic Microwave
Background [26]. For this reason, the dark matter parti-
cle is assumed to be a complex scalar in this work.
The BNB is able to produce dark matter through sev-

eral mechanisms, illustrated in Fig. 2. They are (i)
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FIG. 2. Feynman diagrams for the production channels rele-
vant for the MiniBooNE dark matter search [19].

decay of secondary ⇡0 or ⌘ mesons, and (ii) proton
bremsstrahlung plus vector-meson mixing. Note that in
all cases, the production rate scales as ✏2 provided V can
decay to two on-shell �. On-shell decay is defined by
mV > 2m�, and is known as the invisible decay mode.
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Once the dark matter is produced by one of these
mechanisms, it can scatter with nucleons or electrons
through a neutral-current channel in the detector via Vµ

boson exchange, as depicted in Fig. 3. The scattering

� �

V

p, e p, e

(a) Free Protons or
Electrons

� �

V

n, p,�

12C X

(b) Bound Nucleons

FIG. 3. Feynman diagrams for the dark matter interactions
with nucleons and electrons in MiniBooNE. The �, in the
bound nucleon case, would be observed by its decay products,
a pion and a nucleon.

rate scales as ✏2↵D , where ↵D = g2
D
/4⇡. The accelerator-

produced dark matter event rate in MiniBooNE scales as
✏4↵D for on-shell decays in this model.

Another potential dark sector scenario amenable to the
MiniBooNE search is leptophobic dark matter [8, 10, 11],
in which the mediator V couples dominantly to quarks
and not leptons. For illustration, a simplified scenario
is presented in which a vector mediator couples to the
baryon number current, with the Lagrangian given in
Eq. 2.

LB = LV + gBVµJ
µ
B + · · · , (2)

where

JB
µ =

1

3

X

i

q̄i�µqi ,

is the sum over all quark species, and LV (Eq. 1) is de-
pendent on the baryon gauge coupling gB (gD is replaced
by gB ). The limit ✏e ⌧ gB gives the leptophobic dark
matter scenario. Three parameters will be considered
in the interpretation of the presented results: the dark
matter mass m�, the leptophobic vector mediator mass
mV , and the coupling ↵B = g2

B
/4⇡. Consideration of the

dark matter production and scattering rates leads to the
conclusion that the event rates scale as ↵3

B
for on-shell

decays.
It turns out to be challenging to construct a phe-

nomenologically viable UV completion of the leptophobic
model with large mediator couplings to the SM. Among
other challenges, significant constraints arise as a conse-
quence of the anomalous nature of the vector mediator
in the case at hand [27, 28], which will provide stronger
constraints than the MiniBooNE dark matter search in
most UV completions of the model. Nevertheless, the
MiniBooNE limits presented here are likely to be of value
in certain leptophobic scenarios, e.g., those involving lep-
tophobic scalar mediators.

As we are discussing new light degrees of freedom at
the (sub-) GeV scale, a variety of constraints from past

experiments must be considered. The strongest con-
straints on the scenarios discussed above arise from fixed-
target/beam-dump experiments, medium energy e+e�

colliders, and meson decays. These constraints are de-
scribed in detail in Refs. [9, 25, 29–31] for the vector
portal model, and in Refs. [8, 27, 28] for the leptophobic
model.

III. BOOSTER NEUTRINO BEAMLINE

The Fermilab Booster delivers 8 GeV (kinetic energy)
protons to the BNB target hall. As shown in Fig. 1,
when running in on-target mode a secondary beam of
mesons is produced that travel through the air-filled de-
cay pipe and decay-in-flight to produce neutrinos which
then travel and interact in the MiniBooNE detector. The
intensity of the proton beam can range from 1⇥1012 pro-
tons per pulse (ppp) to 5⇥ 1012 ppp.
Each pulse has a 53MHz microstructure that is com-

posed of 82 bunches, and each bunch has a full width half
maximum of 2 ns. Fig. 4 overlays an example trace of the
BNB pulse microstructure, with an arbitrary o↵set with
neutrino mode ⌫µ charged-current quasi-elastic (CCQE)
interactions in the MiniBooNE detector, see Sec. V for
definition. The trace and the CCQE data shapes are in
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FIG. 4. Zoomed in example of the BNB pulse microstructure
as measured by the resistive wall monitor (RWM). The data
points come from neutrino-mode ⌫µ charge-current interac-
tions in the MiniBooNE detector during 2015-2016.

good agreement.
Neutrinos are a background for the dark matter search.

To reduce the neutrino production coming from the BNB,
the primary proton beam was steered above the beryl-
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To reduce the neutrino production coming from the BNB,
the primary proton beam was steered above the beryl-

dedicated run in 'beam-dump mode': 
• Nov 2013 - Sep 2014, 1.86 x 1020 PoT, 8 GeV proton beam 
• first dedicated DM search in proton beam-dump experiment 
• well-understood experiment! (>10 years of operation)

arxiv:1807.06137

12m diameter sphere  
800t mineral oil CH2 (450t fiducial) 
~1300 PMTs to detect Cherenkov light

refined analysis published recently, 
additionally including 

• neutral pion channel 
• elastic electron scattering 
• “time-of-flight“

https://arxiv.org/abs/1807.06137
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further increase in sensitivity requires special beam dump target,                            
EoI received positive feedback from FNAL PAC

https://arxiv.org/abs/1807.06137
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550 MeV e+ beam at DAΦNE beam test facility @ INFN 
• first to look for annihilation in target —> single photon + nothing 
• minimal assumption: some coupling of A’ to electrons

Dipole gap

γ

e+

Target 
(Diamond, 100 µm)

Hard Bremsstrahlung  
positron veto 

Soft Bremsstrahlung  
Positron veto 
(scintillators) Hard Bremsstrahlung  

photon veto 
(fast: PbF2 crystals)

Calorimeter 
(BGO crystals)

Not interacting e+ 
(to dump)

Electron veto 

A'

γ

χ

χ

e

e

reconstruct missing mass M2
miss = (pe+ - pγ)2 

• know beam position and momentum 
• measure photon position and energy

(positron annihilation into DM experiment)

clean environment due to vacuum chamber
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mass reach (24 MeV) limited by beam energy 
• proposal to move PADME to Cornell 

• 6 GeV beam energy —> mA’ < 78 MeV 
• similar to MMAPS@Cornell 
• could run in early 2020s

commissioning started in spring 2018, 

data taking to start in September 

• sensitivity for 1-4 x 1013 positrons on target

parameter space in these models corresponds to DM-mediator coupling strengths that are
SM-like.

It is worth noting that the dimensionless variable y is no longer a suitable parameter for
presenting results when m� > mA0 , as the DM annihilation proceeds trough ��̄ ! A0A0,
independent of the kinetic mixing strength. However, accelerators can still probe interesting
parameter space through o↵-shell DM production and through direct mediator searches,
where the mediator decays back to Standard Model Final States. The present status and
prospects for visibly-decaying A0 searches are shown in Fig. 22. These searches are set to
continue testing the top-down motivated values of ✏ in the near future.

BaBar

PADME

NA64
VEPP-3

MMAPS

DarkLight

Belle II

NA64

(g-
2)e

PADME

(g-
2)� +

2�

LDMX

1 10 102 103
10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

mA' [MeV]

�2

Invisibly Decaying Dark Photon A' � ��

FIG. 18: Current constraints (shaded regions) and sensitivity estimates (dashed lines) on the SM-
mediator coupling ✏ = gSM/e, for various experiments based on the missing mass, missing energy
and missing momentum approaches. The green band show the values required to explain the muon
(g-2)µ anomaly [53]. Right: Corresponding curves on the parameter y, plotted alongside various
thermal relic target. These curves assumes mA0 = 3m� and ↵D = 0.5. For larger mass ratios or
smaller values of ↵D, the experimental curves shift downward, but the thermal relic target remains
invariant. The asymmetric DM and ELDER targets (see text) are also shown as solid orange and
magenta lines, respectively. Courtesy G. Krnjaic.

H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.

79

sensitivity limited by duty factor (10-5) 
• can potentially be improved by factor 

2000@DAΦNE arxiv:1711.06877

plans for a similar experiment in Novosibirsk (VEPP) — PADME just the first of a family of such experiments?

https://arxiv.org/abs/1711.06877
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100 GeV secondary electron beam at SPS at CERN 
• low contamination with π (<1%), µ/K (0.1%)  
• energy tails <1%

2

e−, 100 GeV

S1
V1

T1
T2

Vacuum vessel
SRD

γ

MU4

V2

MU1

MU2

MU3

HCAL1

HCAL2

HCAL3

HCAL4

T3
T4

S3

ECAL

S2

e−

Magnet2

Magnet1

FIG. 1: Schematic illustration of the setup to search for A0 ! invisible decays of the bremsstrahlung A0s produced in the
reaction eZ ! eZA0 of 100 GeV e� incident on the active ECAL target.

A0 o↵er new intriguing possibilities to explain the gµ � 2
and various other anomalies [44] and are subject to dif-
ferent experimental constraints [45–48]. The most severe
limits on the invisible sub-GeV A0s decays have been ob-
tained from the results of beam dump experiments LSND
[49] and E137 [50], under assumptions on the strength of
the coupling gD, and properties of the DM decay parti-
cles. In this Letter we report the first results from the
experiment NA64 specifically designed for a direct search
of the A0 ! invisible decay at the CERN SPS.

The method of the search is as follows [51, 52]. If the A0

exists it could be produced via the kinetic mixing with
bremsstrahlung photons in the reaction of high-energy
electrons scattering o↵ nuclei of an active target of a her-
metic detector, followed by the prompt A0 ! invisible
decay into dark matter particles (�):

e�Z ! e�ZA0;A0 ! invisible (1)

A fraction f of the primary beam energy EA0 = fE0 is
carried away by �’s which penetrate the detector with-
out interactions resulting in an event with zero-energy
deposition. While the remaining part Ee = (1� f)E0 is
deposited in the target by the scattered electron. Thus,
the occurrence of A0 produced in the reaction (1) would
appear as an excess of events whose signature is a single e-
m shower in the target with energy Ee accompanied by a
significant missing energy Emiss = EA0 = E0 �Ee above
those expected from backgrounds. Here we assume that
the �s have to traverse the detector without decaying vis-
ibly in order to give a missing energy signature. No any
other assumptions on the nature of the A0 ! invisible
decay are made.

The NA64 detector is schematically shown in Fig. 1.
The experiment employed the upgraded 100 GeV electron
beam from the H4 beamline. The beam has a maximal
intensity ' (3 � 4) · 106 per SPS spill of 4.8 s produced
by the primary 450 GeV/c proton beam with an inten-
sity of few 1012 protons on target. The detector utilized
the beam defining scintillator (Sc) counters S1-S3, and
magnetic spectrometer consisting of two successive dipole
magnets with the integral magnetic field of '7 T·m and

a low-material-budget tracker. The tracker was a set of
two upstream Micromegas chambers (T1, T2) and two
downstream GEM stations (T3, T4) allowing the mea-
surements of e� momenta with the precision �p/p ' 1%
[53]. The magnets also served as an e↵ective filter re-
jecting low energy component of the beam. To enhance
the electron identification the synchrotron radiation (SR)
emitted by electrons was used for their e�cient tagging.
A 15 m long vacuum vessel between the magnets and the
ECAL was installed to minimize absorption of the SR
photons detected immediately at the downstream end of
the vessel with a SR detector (SRD), which was either
an array of BGO crystals or a PbSc sandwich calorime-
ter of a very fine segmentation [51]. By using the SRD
the initial level of the hadron contamination in the beam
⇡/e� . 10�2 was further suppressed by a factor ' 103.
The detector was also equipped with an active target,
which is an electromagnetic (e-m) calorimeter (ECAL)
for measurement of the the electron energy with the ac-
curacy �E/E ' 10%/

p
E. The ECAL is a matrix of 6⇥6

Shashlik-type modules assembled from Pb and Sc plates
with wave-shifting fiber read-out. Each module is ' 40
radiation lengths. Downstream the ECAL the detector
is equipped with a high-e�ciency veto counter V2, and a
massive, hermetic hadronic calorimeter (HCAL) of ' 30
nuclear interaction lengths. The HCAL served as a dump
to completely absorb and measure the energy of hadronic
secondaries produced in the e�A ! anything interac-
tions in the target. Four muon plane counters, MU1-
MU4, located between the HCAL modules were used for
the muon identification in the final state. The events
were collected with the hardware trigger requiring an in-
time cluster in the ECAL with the energy EECAL . 80
GeV. The results reported here came mostly from a set of
data in which neot = 1.88 ·109 of electrons on target (eot)
were collected with the beam intensity ' 1.4 · 106 e� per
spill with the PbSc calorimeter. While a smaller sample
of neot = 0.87 · 109 and an intensity Ie = 0.3 · 106 e� was
also recorded with the BGO detector. Data of these two
runs (hereafter called the BGO and PbSc run) were an-
alyzed with similar selection criteria and finally summed
up, taking into account the corresponding normalization

e- tagging system 
• tracker  (100 GeV track) 

• magnetic field 7Tm 
• synchrotron radiation detector (SRD) 

• particle ID (SR emission ~1/m4)

hermetic calorimeter 
• ECAL (E < Ebeam) 

• PbSc sandwich, 40 X0 

• segmented (2D) 
• HCAL (veto) 

• FeSc sandwich, 7 λ/module 
• WLS fibres in spirals (reduce 

leakage)

poster this 
afternoon!
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runs for invisible signature 
• 2016: 4.3 x 1010 EoT [Phys. Rev. D 97, 072002 (2018)] 
• 2017: 5.0 x 1010 EoT [analysis close to completion] 
• 2018: ~2 x 1011 EoT [first results early 2019]
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FIG. 7: Event distribution in the (EECAL;EHCAL) plane from the runs II(top row) and III (bottom row) data. The left panels
show the measured distribution of events at the earlier phase of the analysis. Plots in the middle show the same distribution after
applying all selection criteria, but the cut against upstream interactions. The right plots present the final event distributions
after all cuts applied. The dashed area is the signal box region which is open. The side bands A and C are the one used for the
background estimate inside the signal box. For illustration purposes the size of the signal box along EHCAL-axis is increased
by a factor five.

hadron electroproduction in the ECAL which satisfy the
energy conservation EECAL+EHCAL ' 100 GeV within
the detector energy resolution. The leak of these events
to the signal region mainly due to the HCAL energy reso-
lution was found to be negligible. The fraction of events
from the region III was due to pileup of e� and beam
hadrons. It was beam rate dependent with a typical value
from about a few % up to ' 20%.

V. DIMUON EVENTS FROM THE REACTION
e�Z ! e�Zµ+µ�

To evaluate the performance of the setup, a cross-check
between a clean sample of & 104 observed and MC simu-
lated µ

+
µ
� events was made. The process (16) was used

as a benchmark allowing to verify the reliability of the
MC simulation and to estimate the corrections to the
signal reconstruction e�ciency and possible additional
uncertainties in the A

0 yield calculations. Let us first
briefly review the description of the gamma conversion
into a muon-antimuon pair implemented in Geant4. The
dimuon production was also used as a reference for the
prediction of background, see Sec. VIII.

A. Simulation of dimuon events

The dimuon production has been simulated with
Geant4 [50] and a code developed by NA64 used also
for simulation of dark photon production [46]. Here, we
report our comparison with data based mostly on Geant4
simulation for decays and propagation of muons through
the detectors. However, we anticipate that comparison
of dimuon results with the NA64 code will follow in the
future, as it will be an important additional cross-check
of the A

0 yield calculations reported in this work and in
Ref.[54].
The gamma conversion into a muon-antimuon pair

�Z ! µ
+
µ
�
Z (17)

on nuclei is a well known reaction in particle physics
(Bethe-Heitler process). The simulation of this reaction
in Geant4 is based on the di↵erential cross section for
electromagnetic creation of muon pairs on nuclei (A,Z)
in terms of the energy fraction of muons [64, 65]:

d�

dx+
= 4↵Z2

r
2
µ

⇣
1� 4

3
x+x�

⌘
log(W ) , (18)

16

TABLE IV: Summary of estimated numbers of background events inside the signal box for 4.3⇥ 1010 EOT.

Background source Estimated number of events, nb

hermeticity: punchthrough �’s, cracks, holes < 0.001
loss of hadrons from e�Z ! e� + hadrons < 0.001
loss of muons from e�Z ! e�Z�; � ! µ+µ� 0.005± 0.001
µ ! e⌫⌫, ⇡, K ! e⌫, Ke3 decays 0.02± 0.004
e� interactions in the beam line materials 0.09± 0.03
µ,⇡,K interactions in the target 0.008± 0.002
accidental SR tag and e� from µ,⇡,K decays < 0.001
Total nb 0.12± 0.04

shape at the ECAL was also used to distinguish the
single electron shower from the overlapped one.

Similar background was caused by a random super-
position of uncorrelated low-energy, 50 - 70 GeV,
electron from the low-energy beam tail and 100
GeV beam µ, ⇡, K occurring during the detec-
tor gate-time. The electron could emit the amount
of SR energy above the threshold which is detected
in the SRD as a tag of 100 GeV e

� and then is
deflected by the spectrometer magnets out of the
detector’s acceptance angle. While the accompany-
ing mistakenly tagged µ,⇡ or K could either decays
in-flight in front of the ECAL into the e�+X state
with the decay electron energy less then the beam
energy, or could also interact in the target produc-
ing an e-m like cluster below 50 GeV though the
µZ ! µZ� or ⇡,K charge-exchange reactions, ac-
companied by the poorly detected scattered µ, or
secondary hadrons, thus resulting in both cases to
the signal signature of Eq.(15). These background
components were simulated with a statistics higher
or comparable to the number of events expected
from the data and was found to be small.

The remaining physical backgrounds were

• Dimuon, ⌧ , charm decays. The process (16) could
mimic the signal either i) due to muons decay in
flight inside the ECAL target into e⌫⌫ state, or ii)
if the muons escape detection in the V2 and HCAL
modules due to fluctuations of the energy (number
of photoelectrons) deposited in these detectors. In
the case i) the relatively long muon lifetime results
in a small probability to decay inside the ECAL.
For the case ii) the background is suppressed by
the high-e�ciency veto system V2+HCAL. The V2

was a ⇠ 4 cm thick high-sensitivity scintillator ar-
ray whose ine�ciency for a single muon detection
was estimated to be . 10�4. Therefore, the level
of dimuon background is expected to be < 10�13

per EOT. The fake signal could also arise from the
reactions of ⌧ , e.g., eZ ! eZ⌧

+
⌧
�; ⌧ ! e⌫⌫, or

charm, e.g., eZ ! eZ + Ds + anything; DS !
e+ ⌫ + anything, production and their subsequent
prompt decays into an electron accompanied by

emission of neutrinos. The estimate show that
these backgrounds are also expected to be negli-
gible.

• Finally, the electroproduction of a neutrino pair
eZ ! eZ⌫⌫ resulting in the invisible final state
accompanied by energy deposition in the ECAL1
from the recoil electron can occur. An estimate
showed that the ratio of the cross sections for this
reaction to the bremsstrahlung cross section is well
below 10�13 [44].

In Table IV the contributions from all background pro-
cesses estimated by using the MC simulations, exept for
those from beam interactions in the upstream part of
the setup, are summarized. The final number of back-
ground events estimated from the combined MC and data
events is nb = 0.12 ± 0.04 events for 4.3 ⇥ 1010 EOT.
The estimated uncertainty of about 30% was due mostly
to the uncertainty in background level from upstream
beam interactions. It also includes the uncertainties in
the amount of passive material for e� interactions, in the
cross sections of the hadron charge-exchange reactions on
lead (30%), and systematic errors related to the extrap-
olation procedure. The total systematic uncertainty was
calculated by adding all errors in quadrature.

IX. RESULTS AND CALCULATION OF LIMITS

In the final statistical analysis the three runs I-III were
analysed simultaneously using the multi-bin limit set-
ting technique. The corresponding code is based on the
RooStats package [68]. First of all, the above obtained
background estimates, e�ciencies, and their corrections
and uncertainties were used to optimize more accurately
the main cut defining the signal box by comparing sensi-
tivities, defined as an average expected limit calculated
using the profile likelihood method, with uncertainties
used as nuisance parameters. Log-normal distribution
was assumed for the nuisance parameters [69]. The most
important inputs for this optimization were the expected
values from the background extrapolation into the signal
box for the data samples of the runs I,II,III. The un-
certainties for background prediction were estimated by

signal region (scaled up by 50 in y-direction)

poster this 
afternoon!

https://arxiv.org/abs/1710.00971
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exclusion bounds and projections

16.

S.N. Gninenko – NA64 Status Report, SPSC  Open Meeting, CERN, June 7–8, 2018
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Results from 2016 and beyond: light TDM    

αD(=0.5)~αS αD(=0.005)~αE-M

 mA’=3mχ

Phys. Rev. D 97, 072002 (2018)

Report at SPSC, June 2018

approved for running in 2021 

target: another 3 x 1011 EoT  

upgrade 2019/20 to tracker, 
ECal, electronics  

—> improved performance at 
higher beam intensities  

poster this 
afternoon!

https://arxiv.org/abs/1710.00971
https://na64.web.cern.ch/sites/na64.web.cern.ch/files/na64_status_2018.pdf
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The Detector
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FIG. 5: Top: Electron energy (left) and pT (right) spectra for DM pair radiation process, at various dark
matter masses. Bottom Left: Selection efficiency for energy cut Ee < Ecut, as a function of Ecut, on
inclusive signal events, The nominal cut is Ecut = 0.3Ebeam.Bottom Right: Selection efficiency for pT cut
pT,e > pT,cut, as a function of pT,cut, on events with 50MeV < Ee < Ecut. In all panels, the numbers next
to each curve indicate A0 mass. Also included in each plot is the corresponding inclusive single electron
background distribution.

LDMX — Missing Momentum
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multi-GeV electron beam, not approved yet                                                                                                

(default: 4/8 GeV@SLAC, parasitic at LCLS-II)

A'

χ

χγ

e

e

detector requirements: 
• high-rate capabilities 
• radiation hard 

—> fast, low-mass tracking 

—> fast, radiation hard, granular ECAL 

—> efficient HCAL (veto)

FeSc 
sandwichSiW 

sampling

goal: 1014 - 1016 EoT in few years

measure missing momentum (and energy) 
• powerful additional handle

design paper 
new on arxiv! 
arxiv:1808.05219

(Light DM eXperiment)

https://arxiv.org/abs/1808.05219
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LDMX Detector Design
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leveraging techniques from existing/planned experiments                                                                                               27

the first four layers of the recoil tracker are identical to the layers of the tagging tracker and
share the same support and cooling structure, as shown in Figure 16. The key element of this

FIG. 16: An overview of the tracking systems and target inside the LDMX magnet.

upstream support structure is a vertically-oriented aluminum plate onto which the stereo modules
are mounted. To provide cooling, a copper tube through which coolant flows is pressed into a
machined groove in the plate. This support plate slides from the upstream end of the magnet into
precision kinematic mounts in a support box that is aligned and locked in place inside the magnet.
Another similar plate slides into the support box on the positron side of the chamber and hosts the
Front End Boards (FEBs) that distribute power and control signals from the DAQ and digitize raw
data from the modules for transfer to the external DAQ. The last two layers of the recoil tracker,
being much larger, are supported on another structure: a cooled support ring onto which the single-
sided, axial-only modules are mounted. This support ring is installed from the downstream end
of the chamber, engaging precision kinematic mounts in the support box for precise alignment
to the upstream stereo modules. The cooling lines for all three cooled structures—the upstream
and downstream tracker supports and the FEB support—are routed to a cooling manifold at the
upstream end of the magnet which, in turn, connects to a cooling feedthrough with dielectric
breaks on the outside of an environmental enclosure which shields the detector from light and RF
and maintains an environment of dry gas.

Overall, this design is similar to that of the HPS tracker, although with some important simpli-
fications. First, because the radiation dose in LDMX is modest, cooling is needed only to remove
heat from the readout electronics and not to keep the silicon itself cold. Therefore, cooling water
that is close to room temperature can be used and there are no significant issues of differential
thermal expansion to be concerned with. Second, the LDMX detector is in no danger from the
nominal beam, so it does not need to be remotely movable, in contrast to HPS. Finally and most
significantly, the LDMX detector does not need to operate inside the beam vacuum as is the case
for HPS, which greatly simplifies many elements of the design, the material selection, and the
construction techniques. Because the tracking systems are very similar to, but are a significant

tracking 
• simplified copy of Silicon Vertex Tracker (SVT) of HPS 

experiment@JLab (visible Dark Photon search) 
• fast (2ns hit time resolution) 
• radiation hard 
• technology well understood

Oct. 11, 2017David Hitlin                              Brookhaven Forum Oct. 11, 2017 17

Electromagnetic calorimeter
The electromagnetic calorimeter is a Si-W sampling device
• Fast, dense and radiation hard
• 40 X0 deep for shower containment
• High granularity, to exploit transverse & longitudinal 

shower shapes to reject background events
• Can provide fast trigger 

The ECAL is based on technology currently being developed 
for the CMS upgrade, which is readiliy adaptable to LDMX 

High granularity enables 
muon/electron discrimination, 
which is important to reject 
γ→ µµ background

ECal 
• draw on design of CMS forward SiW calorimeter upgrade 

• 32 layers with 7 modules each, 40 X0 
• fast, radiation hard, dense 
• high granularity (MIP ‘tracking’)
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Electromagnetic calorimeter
The electromagnetic calorimeter is a Si-W sampling device
• Fast, dense and radiation hard
• 40 X0 deep for shower containment
• High granularity, to exploit transverse & longitudinal 

shower shapes to reject background events
• Can provide fast trigger 

The ECAL is based on technology currently being developed 
for the CMS upgrade, which is readiliy adaptable to LDMX 

High granularity enables 
muon/electron discrimination, 
which is important to reject 
γ→ µµ background

HCal 
• need highly efficient veto for low- and high-energy neutrons 
• plastic scintillator with steel absorber 
• surround ECal as much as possible (back and side)

34

FIG. 21: A possible realization of the hadronic veto (HCal) system. Dark areas represent the steel plate
radiators and white areas represent the extruded plastic scintillator bars. The Side HCal, which surrounds
the ECAL, is also shown.

Based on our studies of the backgrounds from hadronic processes, the hadronic veto system
must identify neutral hadrons in the energy range from approximately 100 MeV to several GeV
with high efficiency. The most problematic events typically contain either a single very high energy
neutral hadron, or multiple lower energy neutral hadrons. The required efficiency for lower energy
neutrons can be achieved with sampling thickness of the absorber plates in the range of 10% to
30% of a strong interaction length. To identify single high energy forward-going neutrons, a depth
of approximately 16 nuclear interaction lengths (�A) of the primary steel radiator is required, in
order to reduce the probability for a neutron to escape without interacting to the required negligible
level.
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FIG. 22: Photograph of the end of a 20mm
⇥ 50mm extruded polystyrene bar, coextruded
with a TiO2 diffuse reflecting layer and contain-
ing a single hole for a wavelength-shifting fiber.

FIG. 23: Detail of the front corner of the HCal,
showing the 20mm ⇥ 50mm bars, each contain-
ing a single wavelength-shifting fiber.

for independent monitoring and calibration of each 50 mm bar. In the event of a SiPM failure,
the Counter Mother Boards, which hold the four SiPMs for each quad-bar, can be replaced by
removing two mounting screws. The four SiPM signals are transmitted to a Front End Board
(FEB) on four shielded twisted pairs via an HDMI-2 cable.

A Front End Board (FEB) services 16 CMBs, digitizing a total of 64 SiPM signals. The Read-
out Controller (ROC) chassis, which receives the signals from 24 FEBs, also provides the 48 volt
bias to the SiPMs and the power to the FEBs, all over a CAT 6 cable. The readout of the bars in the
Side HCal is similar to that described for the Main HCal. As the energy of wide angle hadronic
showers is lower, the sampling is reduced to 12.5mm steel and the scintillator bar thickness is also
reduced to 15 mm. This necessitates designing a reduced thickness version of the CMB. The rest
of the FEB to ROC readout chain is unchanged.

The second readout system is based on the CMS hadronic calorimeter system. In contrast to
the Mu2e system, the CMS readout electronics system is a fiber plant scheme where fibers are
taken from the scintillator to a centralized SiPM location called a readout box (RBX). The RBX
is described in more detail below. Signals from wavelength-shifting fibers in the scintillating bars
are transported to the RBX via clear fiber cables. The CMS system can optically gang up to 6 clear
fibers onto a single large area SiPM thus reducing the channel count and effective segmentation.
The light transmission efficiency of the wavelength-shifting fiber-to-clear fiber combination is
approximately 75%.

The clear fibers transport the signal from the scintillating fibers to a readout module (RM). An
RM consists of an optical decoder unit (ODU) which organizes the clear fibers for ganging and is
installed directly onto the SiPM mounting unit. There are 64 SiPMs in a single RM. The SiPM
signals are then sent to the QIE board which includes a QIE11 digitizer ASIC that digitizes the
SiPM signal, which is then sent to the backend electronics via the CERN VTTX transceiver. Four
RMs are contained in one RBX. A schematic of the front-end electronics readout chain is given in
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LDMX can explore a lot of new 
parameter space 

sensitive to various thermal targets 
already with phase 1 

ultimately potential to probe all 
thermal targets up to O(100) GeV 

timescale: few years
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FIG. 76: The blue line is the sensitivity of the “Phase I” LDMX discussed throughout this whitepaper,
conservatively assuming 0.5 background events. A scaling estimate of the sensitivity of the scenario de-
noted by the “*” line in Table XIV is illustrated by the red line. We have again assumed low background,
which is consistent with the expected reductions (relative to our 4 GeV study) in both the yield of potential
background, and improved rejection power at higher energies.
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A special beam…
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triggered idea of having a new Linac into SPS@CERN,  
quickly became active field of study

A primary electron beam facility at CERN

T. Åkesson
1
, Y. Dutheil

2
, L. Evans

2
, A. Grudiev

2
, S. Stapnes

2

On behalf of PBC-acc-e-beams⇤ working group

1
CERN, Geneva, Switzerland

2
Lund University, Lund, Sweden

Tuesday 29
th

May, 2018

Figure 1: Schematic representation of the electron beam facility at CERN with the proposed beam cycles.

This document describes the concept of a primary electron beam facility at CERN, to be used for searching dark gauge
forces and light dark matter. The electron beam is produced through three stages: A Linac accelerates electrons from a
photo-cathode to 3.5GeV. This beam is injected into the Super Proton Synchrotron, SPS, and accelerated at up to 16GeV.
Finally, the accelerated beam is slowly extracted to an experiment, followed by a fast dump of the remaining electrons to
another beamline. The beam requirements are optimized using the requirements of the Light Dark Matter eXperiment,
LDMX [1], as benchmark

Electron acceleration and extraction

Electrons are produced and accelerated to 3.5GeV using a high-gradient Linac that employs the technologies devel-
oped by the Compact LInear Collider (CLIC) [2] research program.

A 0.1GeV S-band photo-injector produces the electron beam. Most relevant here is the laser allowing a wide range
of beam time-structure to be produced. Following the source is a 3.4GeV X-Band high-gradient Linac which technology
was developed by the CLIC research program. The design uses fixed cells 5.3m long capable of accelerating 200 ns trains
by 264MeV. Each cell makes use of a klystron, modulator and pulse compressor feeding power to 8 copper accelerating
structures.

Table 1 summarizes the beam and Linac parameters proposed. Both beam parameters and Linac elements are the product
of the CLIC research program and were experimentally proven feasible. Although highly technical this method to accelerate
electrons to 3.5GeV does not represent a technical risk as all elements exist commercially or can be ordered.

⇤PBC-acc-e-beams@cern.ch

1

requirements for an experiment like LDMX 
• multi-GeV (ideally ~15 GeV) 
• low current (resolve individual particles) 
• large beam spot (separation of particles) 
• high repetition rate (high integrated number of EoT)

flexible parameters:  
• energy: 3.5 - 16 GeV  
• electrons per bunch:  1 - 40 
• bunch spacing: multiples of 5 ns 
• adjustable beam size

• 3.5 GeV Linac as injector to SPS 
• large number of electrons can be 

filled within 2s 
• slow extraction over 10s 
• can run in parallel with other SPS 

programme

arxiv:1805.12379

https://arxiv.org/abs/1805.12379
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extension of DM search programme to low mass is 
• well motivated!  
• progressing on broad front with complementary experiments 

• new approaches in direct detection 
• various accelerator based experiments 

• different strengths/weaknesses 
• sensitive to variety of models (no time to talk about)

broad interest in Dark Sector physics, many new initiatives



Thank you!

…and thanks to  

Sergei Gninenko,  
Venelin Kozhuharov,  
Remington Tyler Thornton 
and my LDMX colleagues  

for valuable input when 
preparing these slides



Additional Material
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Various Future Projections
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12

→

FIG. 5: The parameter space for LDM and future experimental projections in the y vs. m� plane plotted
against the thermal relic targets for representative scalar and fermion DM candidates coupled to a dark
photon A0 – see text for a discussion. The red dashed curve represents the ultimate reach of an LDMX-style
missing momentum experiment.

The annihilation cross section for this model is p-wave suppressed, so �v(��⇤
! ff̄) /

v2 and therefore requires a slightly larger coupling to achieve freeze out relative to other
scenarios. This model also yields elastic signatures at direct detection experiments, so it
can be probed with multiple complementary techniques. The thermal target and parameter
space for this model are presented in the lower left panel of Fig. 5.

• Scalar Inelastic Dark Matter: In this scenario, � is a complex scalar particle with U(1)D
breaking mass terms (by analogy to the SU(2)W breaking mass terms of particles in the
Standard Model). Therefore, � couples to A0 inelastically and must transition to a slightly
heavier state in order to scatter through the current

Jµ
D = i(�⇤

1@
µ�2 � �⇤

2@
µ�1) , (6)

which typically suppresses direct detection signals even for small mass differences between
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e-DM Scattering (Xe)
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WIMP scattering ionises atom (∆E ~ 10 eV) 
• released electron can ionise further atoms 
• electrons produce detectable photon signal 

re-analysis of Xenon(10/100) data 

XENON10/100 constraints
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RE, Volansky, Yu

updated from 
RE, Manalaysay, Mardon,  
Sorensen, Volansky, 2012

Benchmark targets 
+

DD constraints

electron-scattering data can 
cover new parameter space!

Essig, Volansky, Yu

Phys. Rev. D 96, 043017 (2017)

http://home.fnal.gov/~javiert/sensei/materials/dd-overview.pdf
https://arxiv.org/abs/1703.00910
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SENSEI
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low band gap in Si: 1.1 eV  

Skipper CCD as target 
• readout noise dramatically reduced  
• threshold ~few eV 

Sub-Electron-Noise Skipper CCD Experimental Instrument 

100g detector can probe new parameter space in <<year  

Prospects for SENSEI-like experiment
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SENSEI public page

http://home.fnal.gov/~javiert/sensei/#pub
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first results from low-exposure commissioning run at surface

3
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FIG. 2. The 95% C.L. constraints on the DM-electron scattering cross-sections, �e, as a function of DM mass, m�, from
a commissioning run above ground at FNAL using the SENSEI prototype detector. We show di↵erent DM form factors,
FDM(q) = 1, ↵me/q, and (↵me/q)

2. The purple, blue, green, and red lines correspond to the strongest constraints, from using
events with exactly 1, 2, 3, or 4 electrons, respectively. The blue shaded regions are the current constraints from DM-electron
scattering from XENON10, XENON100, and DarkSide-50. For large cross sections, the DM is stopped in the Earth’s crust
(atmosphere) and does not reach the noble-liquid (SENSEI prototype) detectors: the dark-shaded regions (labelled |gp| = |ge|)
show preliminary results from [17] and are the excluded parameter regions assuming the interaction between DM and ordinary
matter is mediated by a heavy dark photon (left), an electric dipole moment (middle), or an ultralight dark photon (right).
The light-shaded regions (labelled gp = 0) are the approximate excluded parameter regions assuming a mediator that couples
only to electrons. The terrestrial e↵ects shown here are order-of-magnitude estimates only, and more detailed calculations will
appear in [17].

the image. We mask 10 pixels upstream of any pixel
containing more than 100 electrons.

In what follows we bin the data, after the above se-
lection cuts, according to the number of electrons per
pixel, and derive constraints for each bin separately. Ta-
ble I lists the selection e�ciencies for electron bins 1� 5,
calculated in a data-driven manner. The spectrum after
cuts is shown in Fig. 1, together with gaussian fits to the
first three bins. We use the bins with 1 � 100 electrons
in our analysis.

ANALYSIS AND RESULTS

We calculate the DM recoil spectrum for several mod-
els, deriving constraints both on DM-electron scattering
and on bosonic DM being absorbed by an electron [20–
23]. For the scattering case, we use the calculations and
conventions from [5, 13]. We present our results in the �e

versus m� parameter space for various DM form-factors,
FDM(q), wherem� is the DMmass and �e is the cross sec-
tion for DM to scatter o↵ a free electron with the momen-
tum transfer fixed to its typical value, q = ↵me, where ↵
is the fine-structure constant andme is the electron mass.
FDM(q) parameterizes the model-dependent momentum
dependence of the DM interaction: a “heavy” mediator
with mass � ↵me has FDM(q) = 1; an “ultralight” me-
diator with mass ⌧ ↵me has FDM(q) = (↵me/q)2; and

an electric-dipole-moment interaction with the Standard-
Model photon produces FDM(q) ' ↵me/q.
For bosonic DM, we will consider that the DM is a

dark photon, denoted A0, with mass mA0 , that is stable
on the lifetime of the Universe. We follow the calcula-
tions and conventions in [21], and present results in the
✏ versus mA0 parameter space, where ✏ is the parame-
ter that characterizes the strength of the kinetic mixing
between the A0 and the photon.
For each model, we calculate conservative 95% confi-

dence level upper limits using Poisson statistics and as-
suming that all observed electrons in a given bin are DM
events. We compare the resulting limit from each bin
with the predicted number of DM events (for a given
value of �e or ✏), after correcting for the e�ciencies.
Our main results, for �e versus m� are shown in Fig. 2

for the three form factors discussed above. The black line
denotes the overall SENSEI limit, while the colored lines
show the limits from each bin separately. The 1-, 2-, and
4-electron bins essentially set the strongest constraints in
di↵erent parts of the mass range.
Despite a small exposure time on the surface, the SEN-

SEI commissioning run already probes novel parameter
space for light DM (mass . 4 MeV) and for DM with
large cross sections. This is the first time that a direct-
detection constraint is derived for DM masses as low as
⇠500 keV. In contrast, noble-liquid experiments (espe-
cially XENON10) probe lower cross sections for masses
& 4 MeV.

Phys. Rev. Lett. 121, 061803 (2018)

0.019 gram-days (active mass: 0.071g)

prototype now installed 100m underground 
near MINOS experiment at FNAL

already new parameter space explored

https://arxiv.org/abs/1804.00088

