
Very	frui)ul	workshop!	
	
Over	20	talk	in	WG3	parallel	session,	including	current	results,	new	theore@cal	ideas,	
facili@es	and	new	proposals	as	well	as	interes@ng	discussions.	
	
New	proposals	aimed	at	definitely	probing	the	thermal	relic	target	in	the	MeV-GeV	
range	with	different	approaches.	
	
Most	of	these	proposals	are	based	on	proven	technology	/	techniques,	and	could	be	
deployed	in	the	near	future	(if	not	already	in	construc@on)	
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•Accelerators probe DM interactions at the same momentum scales 
governing freeze-out:  much sharper coupling vs. mass milestones

•Plot sensitivity with unfavorable assumptions for unknown model 
parameters
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FIG. 5: Upper bounds on the coupling of electrons to a me-
diator decaying invisibly to dark-sector states (region (b) of
Fig. 2). The solid black line / blue shaded region shows the
bound from BABAR data (this work), for a vector or pseudo-
vector mediator. The dotted line shows the bound for a scalar
or pseudo-scalar mediator. The black dashed line shows the
projected upper limit from an “improved BABAR” analysis
for a vector or pseudo-vector mediator, where the �/� back-
ground has been reduced by a factor of 10. The projected
reaches of four possible searches for a vector mediator at Belle
II are shown by the solid blue lines: a converted mono-photon
search (dashed, labelled (a) and (b), which respectively as-
sume no (a factor of 10) improvement in the �/� background
rejection over the “improved BABAR” projection), a standard
mono-photon search (solid), and a low-energy mono-photon
search (dot-dashed) (see Sec. VI). The gray shaded region is
excluded by LEP [5]. Additional limits relevant for sub-GeV
mediators are shown in Fig. 7. See text for more details.

in our analysis, since our signal would also appear in
the o↵-resonance sample. The search becomes there-
fore background-limited for mA0 <⇠ 1 GeV in the current
BABAR data. However, an improved background esti-
mate may be possible. We therefore show a projection
for an “improved BABAR” limit, assuming that the �

/

�

background can be reduced by a factor of 10. For this
case, we fit smooth curves to the current BABAR data to
show the expected limit. At Belle II, additional improve-
ments in both background rejection and resolution may
decrease the value of mA0 at which the search becomes
background-limited to a few hundred MeV, see Sec. VI.

We convert the limits on N

signal

into limits on ge using
simulation, accounting for the cut e�ciency as described
above. The limits are shown in Fig. 5, along with pro-
jections for Belle II and limits from LEP (see Secs. VI
and V A). In Figs. 7 and 10 we show our limits in the "

versus mA0 plane for the special case of an invisibly de-
caying hidden photon. The bounds and projected reach
of various other experiments are also shown, and are dis-
cussed further in Sec. V B.
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FIG. 6: Upper limits on geg� for the o↵-shell light media-
tor region (region (c) of Fig. 2), for a fixed mediator mass of
100 MeV. The coloring and assumptions of the BABAR and
Belle II curves are as in Fig. 4. The gray shaded region is ex-
cluded by LEP [5]. With a hidden-photon mediator, there is
a stronger constraint from combining g�-perturbativity with
a search for visibly-decaying hidden-photons at KLOE (green
line). The possible reach of an edge search is not shown,
but may allow some improvement. The solid and dotted blue
line both show the projected reach of Belle II in the vector-
mediated case assuming that the various background compo-
nents are known at the 5� 20% level (“systematics” limited)
or, more idealistically, are known perfectly up to statistical
fluctuations (“statistics” limited) (see Sec. VI for details). See
text for more details.

C. Constraints for O↵-Shell Light Mediators

When 2me < mA0
< 2m� (region (c) of Fig. 2), � +��

production proceeds through a light o↵-shell mediator,
giving a broad mono-photon spectrum as seen in Fig. 3.
This spectrum has a kinematic edge at m

2

�� = 4m

2

�.
Without good control over backgrounds, this spectrum is
di�cult to distinguish from backgrounds, and we conser-
vatively place constraints by requiring that the expected
signal does not exceed the observed number of events by
more than 2� in any bin.

Fig. 6 shows the upper limit on geg� as a func-
tion of m� for a fixed mediator mass of 100 MeV, for
various mediator types. The constraint on geg� from
LEP (see Sec. V A) is shown by the gray shaded re-
gion. In the case of a hidden photon mediator there
is a stronger constraint, shown by the green line. This
combines the requirement g� <

p
4⇡ (for perturbativ-

ity) with bound on a visibly-decaying hidden photon by
the KLOE experiment, which constrains ge < 0.002 for
mA0 = 100 MeV [68]. We note that if the mediator can
decay to a second light state in the hidden sector then
the visible constraints do not apply. However, this second
light state is then constrained by the on-shell constraints
in Sec. IVB, which are of comparable strength.

Also shown is the projected reach of Belle II for the

 mono photon + missing energy 
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2Fermi National Accelerator Laboratory, Batavia, IL 60510

3University of Texas (Arlington), Arlington, TX 76019
4University of Pittsburgh, Pittsburgh, PA 15260, USA

5Columbia University; New York, NY 10027
6Indiana University, Bloomington, IN 47405

7New Mexico State University, Las Cruces, NM 88003
8Center for Theoretical Physics of the Universe, Institute for Basic Science (IBS), Daejeon, 34051, Korea

9Argonne National Laboratory, Argonne, IL 60439
10Los Alamos National Laboratory, Los Alamos, NM 87545

11University of Florida, Gainesville, FL 32611
12Queen Mary University of London, London, E1 4NS, UK

13Saint Mary’s University of Minnesota, Winona, MN 55987
14University of Michigan, Ann Arbor, MI 48111
15University of Alabama, Tuscaloosa, AL 35487

(Dated: February 10, 2017)

The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

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

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

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

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

Be

Target

Earth

Air

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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FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal.
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 18] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)

B�L

, U(1)

`

i

�`

j

, U(1)

3B�`

i

, (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]

�
�
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Proton	/	electron	beam	dump	
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FIG. 4. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 15] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [16]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

II. SUB-GEV THERMAL COANNIHILATION

In this section, we describe a class of models of coannihi-
lating DM: DM that couples inelastically to the SM through
a kinetically-mixed dark photon. We detail the early universe
cosmology and freeze out of the model, as well as introduce
a useful parametrization of the parameters of the model in
which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [21, 22]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a
renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,

Signatures @ Missing Energy & 
Momentum Experiments
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of its energy and that there is no additional SM activity downstream.
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A. Mediator Model Building
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Highlights	from	the	missing	mass	approach	
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Projected Belle II exclusion region, 20 fb-1 

• Assumes we can quantitatively predict background levels. 
- photon efficiency over barrel/endcap gaps. 

15

better calorimeter 
hermeticity to suppress 
e+e- → γ γ 

Reach masses of 9.1–9.5 GeV/c2 
with lower trigger threshold (vs  
8 GeV/c2 for BaBar) 

C. Hearty | Dark sector at BaBar, Belle, and Belle II | US Cosmic Visions

BABAR	/	Belle	II	(C.	Hearty)	

BaBar single photon search

• Optimized for and interpreted in terms of a dark photon 
A′ decaying invisibly.  

• We assume on-shell A′ (mχ < mA′/2), so signal is a  
monoenergetic photon. 

• analysis is otherwise not sensitive to mχ or to the 
coupling of the χ to the A′.
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C. Hearty | Dark sector at BaBar, Belle, and Belle II | US Cosmic Visions

PADME	(M.	Raggi)	



Highlights	from	the	missing	mass	approach	

MMAPS	(J.	Alexander)	 DarkLight	(M.	Kohl)	

Fully	developed	concepts,	ready	to	be	build	or	in	construc@on	

DarkLight phases 
15 

Phase 0: Transition of MW e-beams through mm apertures (2013) 
Phase 1a: Intern. target, prototype detector, to be redone (2016/17) 
Phase 1b: Møller process, test of streaming readout (2017/18) 
Phase 1c: Test of 17 MeV fifth force carrier (2017/18) 
Phase 2: Full measurement 

NSF/MRI award 2014 (HU & MIT ~$1M) 

DarkLight sensitivity: visible decay 

Goal: Explore e+ e- invariant mass spectrum from 10-90 MeV 
using the process e- p        e- p  e- e+   

11 

€ 

" α ≡ ε 2α , (α = e2 /4π )

DarkLight: “Invisible” 
 ep → epA’ (“invisible”) observe only final state electron and proton,  

 Backgrounds' kinematics different enough that they can be controlled 

 Requires photon veto ep → epγ 

A' 

e 

e- 

p 

e+ 

e' 

Kahn, Thaler Phys. Rev. D 86 (2012) 115012 

€ 

" α ≡ ε 2α , (α = e2 /4π )

DarkLight sensitivity: invisible decay 
12 



Highlights	from	the	beam	dump	approach	

Slides	from	Natalia	



Highlights	from	the	missing	energy	/	momentum	approach	

Key Features of the setup:
• High energy beam to trigger the reaction: 100 

GeV e- beam from the CERN SPS.
• Max intensity ~ 5 x 106 e-/ spill.
• Typically 2 spills/min
• Main impurities of H4 beam: π−, low energy e− 

(∼1%) μ− and K− (≲0.1%)

NA64: Setup October 2016 run and prospects
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• October 2016 run : 

‣ Good performance at 5x106 e-/spill   

‣ 4x1010 eot collected.  

‣ Data analysis in progress.  

• 2017 run     

‣ Improved  e- tagging: tracker+SRD 

‣ Tests at intensity (7–8)x106 e-/spill  

‣ Goal (2–3)x1011 eot.  

       Projected Sensitivity

Summary
The conceptual idea of NA64 is to search for dark sector physics in missing-
energy events with an active beam dump experiment.  

The run 2016:  
• All detectors performed quite efficiently at high intensity and showed positive 

results for being able to run at even higher flux.
• The July 2016 run set new limits on the !-A’ mixing and explanation of the (g-2)µ 

anomaly with invisible A’ is excluded.
• October 2016 data analysis in progress.

The run 2017 : 
• Plan to collect up to few 1011 electrons on target for the invisible channel and 

cover significant area of the A’ parameter space.
• Upgrades to the tracking system as well as to the synchrotron radiation detectors 

are foreseen.
• We also intend to switch to visible mode to collect few 1010 eot (> 1 week ) to 

address the Be8 decay anomaly which could be explained by a 17 MeV boson.

D.	Banerjee	



Highlights	from	the	missing	energy	/	momentum	approach	

LDMX

12

LDMX Phase I Detector Concept

36”

vacuum chamber
ECal HCal

target

recoil

trackertagging tracker

~B

18D36 Dipole

4 GeV e�

LDMX

30

Summary and Outlook

Accelerator-based DM 
searches have unique sensitivity 
in the MeV-GeV range.

Missing Energy/Momentum 
experiments provide best 
sensitivity per luminosity.

LDMX can robustly reach all 
thermal targets over most of 
the MeV-GeV range.

LDMX can complete this 
program within the next 
decade at reasonable cost.
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Thermal Relic Targets & Current Constraints

LDMX Phase II @ 8 GeV 
0.1-0.3 X0 target

LDMX Phase I @ 4 GeV 
0.1-0.3 X0 target

LDMX	can	robustly	reach	all	thermal	targets	over	most	of	the	MeV-GeV	range	

	
LDMX	can	complete	this	program	within	the	next	decade	at	reasonable	cost.		
	

T.	Nelson	



Highlights	from	the	mediator	search	

Summary	and	Outlook	
•  Phase-I	

–  Great	discovery	poten>al!	
–  A	new	vertex	trigger	&	DAQ++	
–  Early	parasi>c	data	taking	

2017-2020+	
–  POT	1.4	x1018	or	more	

	
•  Phase-II	

–  Possible	detector	upgrade	later,	add	
electron	and	hadron	capability	

–  A	new	dedicated	dark	maVer	
program	at	Intensity	Fron>er!	

3/23/17	 Ming	Liu,	DOE	Cosmic	Vision:	New	Ideas	in	Dark	MaLer	 21	
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A	target	Drell-Yan	event	

A	beam-dump	dark	photon	event		---	parasi>c	run	possible!	

3/23/17	 Ming	Liu,	DOE	Cosmic	Vision:	New	Ideas	in	Dark	MaLer	



Enabling	the	science	

Facili@es:	DASEL	



Enabling	the	science	

Facili@es:	Fermilab	



Enabling	the	science	

Facili@es:	JLab	



Summary	table	of	proposals	

Name								type																	Data	taking											Cost	



Summary	plots	and	conclusion	


