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     Outline: 
 
ü  Brief summary on “Standard” SHiP layout and sensitivities 
ü  Possible extension of SHiP physics programme 
ü  Main goals of the SHiP optimization 
ü  Important measurements towards TDR 
 
 More details in the talks of Gaia Lanfranchi and Richard Jacobsson  

SHiP is currently a collaboration of 49 institutes, 5 associate institutes 
from 16 countries, CERN and JINR  



Standard Model is great but it is not a complete theory 
Direct searches for NP at ATLAS & CMS have not been successful so far 

Parameter space for popular BSM models is being rapidly decreased, but only  
< 5% of the complete HL-LHC data set has been delivered so far 
 à NP discovery still may happen ! 

Searches (2)

SPC    25/9/2017 G. Dissertori  / ETHZ 44

?

SUSY	limits	in	a	nutshell:
§ Gluinos >				~2	TeV
§ Stops							>				~1	TeV
§ EWKinos >	~0.5	TeV

Other	searches	for	exotics:
§ Some	focus	on	boosted	topologies	

(eg.	X	decaying	to	pairs	of	W/Z/H/tops)
§ Also	focus	on	combining	searches	

targeting	DM (the	“mono-X”	class)

LP17	summaryEPS17	summary

Searches (1)

SPC    25/9/2017 G. Dissertori  / ETHZ 41

§ Broad	program:	23	SUSY	searches	completed	
with	full	2016	CMS	dataset

§ several	already	submitted	to	journals
§ Probing	different	models:	inclusive	production,	strong	

and	electroweak	production,	and	3rd generation	
sparticles (stops,	staus),	high	ΔM,	compressed,	…

§ Recent	highlight:	“EWK	combination”

?

Signal topology
Search WZ WH ZZ ZH HH
1` 2b X
4b X
2` on-Z X X X
2` soft X
2` SS, � 3` X X X X X
H(gg) X X X

Higgsino-
production
limits as 
function of 
BR(N1→H G~)

CMS-PAS-SUS-17-004

17SPC Meeting, CERN, 25th September 2017                                    

Search for Supersymmetry
-update on searches for the top squark (stop)-

- Stop mass limit beyond 0.9 TeV,  m(χ0) = 0
- Also progress in difficult parameter regions

significant extension 
at high mass

more difficult regions 
addressed 

16SPC Meeting, CERN, 25th September 2017                                    

Search for Supersymmetry
-Important new results with complete Run-2 dataset-

Data well described by expectations
from SM processes  

Gluino mass limit beyond 2 TeV,  m(χ0) = 
0

ATLAS-CONF-2017-022

16SPC Meeting, CERN, 25th September 2017                                    

Search for Supersymmetry
-Important new results with complete Run-2 dataset-

Data well described by expectations
from SM processes  

Gluino mass limit beyond 2 TeV,  m(χ0) = 
0

ATLAS-CONF-2017-022
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Interesting hints on violation of Lepton Flavour Universality (LFU)  
in two classes of decays: 

bàclν! bàsll 

Clear evidence of BSM physics if substantiated with further studies!    

Many models predict enhanced LFV effects (some close to the current experimental 
limits) in the 3rd generation  

Measurement of R(K) in LHCb

R(K) ⇤
Ø ⇥

d�(B+ ! K+µ+µ�)/dq2⇤ dq2Ø ⇥
d�(B+ ! K+e+e�)/dq2⇤ dq2

q2 : (dilepton invariant mass)2

In ����, LHCb measured R(K)R(K)R(K) for q2 2 [1 � 6]q2 2 [1 � 6]q2 2 [1 � 6] GeV2/c42/c42/c4, using Run � data.

} Challenges: low efficiency for electrons and Bremsstrahlung effects (energy loss).
} Signal extracted via invariant mass fits.

RLHCb(K) ⇤ 0.745+0.090
�0.074(stat) ± 0.036(syst) 2.6�2.6�2.6� from RSM(K) ⇤ 1±O(10�3)

([Phys. Rev. Lett. ���, ������] and others)

��

Phys. Rev. Lett. ���, ������ (����)

Julián García Pardiñas (USC) Rencontres du Vietnam August ��, ����

BaBar
[PRD ��, ������]

Belle
[PRL ���, ������]
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BaBar
[PRD ��, ������]

Belle
[PRL ���, ������]

Results and global picture

q2 bin RLHCb(K⇤)RLHCb(K⇤)RLHCb(K⇤) � from SM

Low 0.66+0.11
�0.07 ± 0.03 2.1 � 2.3

Central 0.69+0.11
�0.07 ± 0.05 2.4 � 2.5

The result is statistically dominated.

Dominant syst.: corrections to simulation
+ residual background (for central q2). BaBar: [PRD �� (����), ������]

Belle: [PRL ��� (����), ������]

Several groups have done global fits of the b ! sllb ! sllb ! sll anomalies (using the
effective Hamiltonian framework). For example, from [arXiv:����.����� (����)]:

} Some NP hypotheses favoured at 3�3�3� when using only R(K)R(K)R(K) and R(K⇤)R(K⇤)R(K⇤).
} When adding other results from b ! sll, b ! µµ and b ! s�: several

NP hypotheses favoured at ⇠ 5�⇠ 5�⇠ 5�.

Similar findings from other groups [arXiv:����.����� (����)] [ arXiv:����.����
(����)] [ arXiv:����.����� (����)] .

��

arXiv:����.����� (����)
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Global picture of R(D(⇤))

LHCb combination [FPCP ����]:
R(D⇤) ⇤ 0.306 ± 0.016 ± 0.022 2.1� above the SM

R(D*)
0.2 0.3 0.4

BaBar had. tag
 0.018± 0.024 ±0.332 

Belle had. tag
 0.015± 0.038 ±0.293 

Belle sl.tag
 0.011± 0.030 ±0.302 

Belle (hadronic tau)
 0.027± 0.035 ±0.270 

LHCb
 0.030± 0.027 ±0.336 

LHCb (hadronic tau)
 0.029± 0.019 ±0.285 

Average 
 0.007± 0.013 ±0.304 

S. Fajfer et al. (2012) 
 0.003±0.252 

HFLAV
FPCP 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ

World average [HFLAV]:

R(D⇤) ⇤ 0.304 ± 0.013 ± 0.007
(3.4� from SM)
R(D)R(D)R(D) ��� R(D⇤)R(D⇤)R(D⇤) is 4.1�4.1�4.1� from SM!

��
Julián García Pardiñas (USC) Rencontres du Vietnam August ��, ����

R(D)
0.2 0.3 0.4 0.5 0.6
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(D
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0.2
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0.3
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0.4
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0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017



Journée	  SHiP/Physique	  du	  secteur	  caché	  du	  
11/10/2017	   4	  

Search for non-LFU tau decays @ BELLE / BELLE II 
(extrapolation to BELLE II depends on background) 

LFV t decays; Signal and Background 
p+ p- 

p- 

n 

n 

qq  
_ 

2photon process  tt  
f=leptons,quarks 

signal  

zNeutrino(s) in tag side 
zParticle ID 
z(Mass of mesons) 

zNeutrinos in both side 
zMissing energy in signal side 

radiative Bhabha process  

e+ e- 

e- e- e+ 

e+ 

g 

zmany 
   tracks 

• e+e- Æ t+ t- 

– 1 prong tau 
decay (BR~85%) 
 

18 Main sources of background: 
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Current and expected sensitivities  

Upper limits on LFV t decays 

• Belle, Babar and LHCb reaching O(10-8) branching ratio. 
•  tÆ 3 leptons, l+mesons (to charged particles) show better sensitivity 
because of less background, compared to tÆ l g. 

8 

Sensitivity scales as 1/√L or 1/L depending on the level of background 
(beam related background may become an issue) 

ü  BELLE reached O(10-8) sensitivity using ~109 ττ events 
ü  BELLE II plans to collect ~5×1010 ττ events 
ü  Expected sensitivity for UL (τà3µ) varies from 10-9(BELLE II TDR) to few×10-10 

K.Inami	  ICHEP	  2016	  



Physics Beyond Colliders (covered by Claude) 
(complementary to LHC search for NP at CERN) 

6	  
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BSM program includes Search for Hidden Sector at the CERN 
SPS proton (SHiP & NA62++) and electron (NA64) beams 

2 

“Physics Beyond Colliders” Study Group established in March 2016 

Mandate 
Explore opportunities offered by the (very rich) CERN accelerator complex to address  
outstanding questions in particle physics through projects: 
 
!  complementary to high-energy colliders (studied at CERN: HE-LHC, CLIC, FCC) 
    " we know there is new physics, we don’t know where it is " we need to be as broad  
         as possible in our exploratory approach 
!  exploiting the unique capabilities of CERN accelerator complex and infrastructure and  
    complementary to other efforts in the world: 
    " optimise the resources of the discipline globally  
 
 
 

  Enrich and diversify CERN’s future scientific programme  

Goal is to involve interested worldwide community, and to create synergies with other  
laboratories and institutions in Europe (and beyond).  
Note: interesting ideas may emerge from these studies which do not need to be realised at CERN. 

!  Overall coordinators: Joerg Jaeckel (Heidelberg; theory), Mike Lamont (CERN; accelerator),  
     Claude Vallée (CPPM and DESY; experimental physics) 
!  Kick-off meeting 6-7 September 2016 
!  Final report by end 2018 " in time for update of European Strategy  

Many theoretical ideas predict new light particles, which can be tested 
experimentally   [ Rep.	  Progr.	  Phys.	  79(2016)	  124201	  (137pp)	  ]	  	  
(see	  talk	  of	  Misha	  Shaposhnikov)	  
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Thanks to stable LHC operation and long lifetime of the LHC beams 
 significant fraction of the SPS protons, and its time, are available 
 for physics at the North Area ! 

Nominal year of the SPS operation à 200 days with typical machine availability ~80%; 
20% of the SPS physics time to run LHC and 80% - to run fix target programme 

C. Vallée, CERN, 03.03.2017 Physics Beyond Colliders at CERN 17

High energy experiments
and test beams

Former CNGS
extraction line

Antimatter
Factory

Low energy experiments
and test beams

THE PRESENT CERN ACCELERATOR COMPLEX



Fixed Target Experiments @ CERN 

SPS	

LHC	

Neutrino platform,  
NA61, NA64, etc. 

Compass	

NA62	

SHiP	

Highest energy proton beam delivered for fixed target experiments in the world 

27 

Proposed implementation is based on minimal modification 
 to the current SPS complex 

The Beam Dump Facility at the SPS at Prevessin North Area site 
is being actively studied within the PBC framework  

Very intense proton beam with highest in the world energy delivered to fixed target exp. 
at CERN SPS. The aim is to deliver with 4×1013 protons / spill (at slow extraction) 

Journée	  SHiP/Physique	  du	  secteur	  caché	  du	  
11/10/2017	   8	  

3.1. INTRODUCTION AND OPERATIONAL SCENARIO 19

by at least 5 GeV/c.
The physics sensitivity of the experiment is based on acquiring a total of 2·1020 protons

on target. The operational mode consists of continuous 24-hour data taking throughout the
operational year with the exception of maintenance during technical stops of the SPS and
limited accesses for faults.

In order to respect the maximum beam induced instantaneous particle flux in the SHiP
detectors and the limits on the power density deposition in the target, the SHiP proton spill is
transferred to TT20 using a slow resonant extraction on the third integer resonance at a time
scale of one second with a flat top of 1.2 seconds. Based on past experience, a beam intensity
of 4·1013 protons on target per spill is assumed as the baseline for the SHiP facility, and for the
design of the critical components like the target, the detectors and the general layout of the
experimental area.

Figure 3.3: The expected number of protons on the current North Area targets as a function
of the number of protons on target for the SHiP facility. The plot shows the performance for
di↵erent flat-top durations of the cycle for the current targets. The expected integrated number
of protons for exclusive operation of the North Area targets with the super-cycle planned for
2015 is indicated as a dot.

The minimum cycle length which is compatible with the parameters above is 7.2 s (Ap-
pendix A:A2). The flat-top duration of the cycles dedicated to fixed target physics with the
current North Area targets must be of the order of 9 s to profit from the maximum number
of protons that can be accelerated per cycle in the SPS to 400 GeV, and be compatible with
the maximum event rate acceptable at present by the North Area experiments and with the
thermo-mechanical stress on the splitter magnets. Taking this into account, realistic configu-
rations of the SPS super-cycle have been elaborated using the operational e�ciency and the
injector schedule from 2011 and 2012 for the operation of the North Area, CNGS and LHC, and
Machine Developments (MD). It has been assumed that 10% of the SPS scheduled physics time

Sharing	  of	  pot	  between	  current	  
fixed	  target	  exp.	  and	  planned	  BDF	  



   Full reconstruction and PID are essential to minimize model dependence 
Experimental challenge is background suppression 

(see Gaia’s talk)  

Models	   Final	  states	  

HNL,	  SUSY	  neutralino	  
Vector,	  scalar,	  axion	  portals,	  SUSY	  sgoldsCno	  
HNL,	  SUSY	  neutralino,	  axino	  
Axion	  portal,	  SUSY	  sgoldsCno	  
SUSY	  sgoldsCno	  

l+π-, l+K-, l+ρ- ρ+àπ+π0

l+l-
l+l-ν
γγ
π0π0 

ü  HS production and decay rates are strongly suppressed relative to SM 
      - Production branching ratios O(10-10) 
      - Long-lived objects 
      - Interact very weakly with matter 

 
Hidden Sector 

Naturally accommodates Dark Matter   
(may have rich structure) 

 
Visible Sector     

    Mediators	  or	  portals	  to	  the	  HS:	  
vector,	  scalar,	  axial,	  neutrino	  

L	  = LSM + Lmediator +LHS	  

Search for Hidden Sector (HS) or very Weakly Interacting  
Massive Particles (vWIMP) 
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DM production at LCLS-II Beam Dump

New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-

2
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.

.

A0a)

Z

e�

e�

�

�
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b)

A0

Z

� �

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models

ar
X

iv
:1

30
7.

65
54

v2
  [

he
p-

ph
]  

18
 N

ov
 2

01
3

14 m

'

Production Detection

2 m

50 cm

I’m assuming the dump is made out of  aluminum

Detection takes place at a 50cm x 50 cm x 200 cm CsI prototype

Production Detection2

of MeV � GeV dark matter are those whose interactions
with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon) [41, 59]. Such models
readily account for the stability of dark matter and its
observed relic density, are compatible with observations,
and have important implications beyond the dark matter
itself. In these scenarios, high energy accelerator probes
of sub-GeV dark matter are as ine↵ective as direct detec-
tion searches, because the missing energy in dark matter
pair production is peaked well below the Z ! ⌫⌫̄ back-
ground and is invisible over QCD backgrounds[60, 61].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [62], rare kaon decays [63], precision (g � 2) mea-
surements of the electron and muon [64, 65], neutrino ex-
periments [16], supernova cooling, and high-background
analyses of electron recoils in direct detection [56]. These
constraints and those from future B-factories and neu-
trino experiments leave a broad and well-motivated class
of sub-GeV dark matter models largely unexplored. For
example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimistic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)

µ

anomaly wide open
(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged par-
ticles. This includes a swath of light force carrier pa-
rameters motivated by the (g � 2)

µ

anomaly, extending
beyond the reach of proposed neutrino-factory searches
and Belle II projections (see Figure 3). The setup re-
quires a small 1 m3-scale (or smaller) detector volume
tens of meters downstream of the beam dump for a high-
intensity multi-GeV electron beam (for example, behind
the Je↵erson Lab Hall A or C dumps or a linear collider
beam dump), and could run parasitically at existing facil-
ities (see [66] for a proof-of-concept example). All of the
above-mentioned light particles (referred to hereafter as
“�”) can be pair-produced radiatively in electron-nucleus
collisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[68] will produce 100µA beams at 12 GeV. Even a sim-
ple meter-scale (or smaller) instrument capable of de-
tecting quasi-elastic nucleon scattering, but without cos-
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relic density, are compatible with observations, and have
important implications beyond the dark matter itself. In
these scenarios, high energy accelerator probes of sub-
GeV dark matter are as ine↵ective as direct detection
searches, because the missing energy in dark matter pair
production is peaked well below the Z ! ⌫⌫̄ background
and is invisible over QCD backgrounds[? ? ].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [? ], rare kaon decays [? ], precision (g � 2) mea-
surements of the electron and muon [? ], neutrino ex-
periments [? ], supernova cooling, and high-background
analyses of electron recoils in direct detection [? ]. These
constraints and those from future B-factories and neu-
trino experiments leave a broad and well-motivated class
of sub-GeV dark matter models largely unexplored. For
example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimisitic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)

µ

anomaly wide open
(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged parti-
cles. This includes a swath of light force carrier parame-
ters motivated by the (g�2)

µ

anomaly, extending beyond
the reach of proposed neutrino-factory searches and Belle
II projections (see Figure 3). The setup requires a small
1 m3-scale detector volume tens of meters downstream
of the beam dump for a high-intensity multi-GeV elec-
tron beam (for example, behind the Je↵erson Lab Hall A
or C dumps or a linear collider beam dump), and could
run parasitically at existing facilities. All of the above-
mentioned light particles (referred to hereafter as “�”)
can be pair-produced radiatively in electron-nucleus col-
lisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[53] will produce 100µA beams at 12 GeV. Even a simple
meter-scale instrument capable of detecting quasi-elastic
nucleon scattering, but without cosmic background re-
jection, positioned roughly 20 meters downstream of the
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [50], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

mic background rejection, positioned roughly 20 meters
(or less) downstream of the Hall A dump has interesting
physics sensitivity (upper, dotted red curves in Fig. 3).
Dramatic further gains can be obtained by shielding from
or vetoing cosmogenic neutrons (lower two red curves),
or more simply by using a pulsed beam. The lower red
curve corresponds to 40-event sensitivity per 1022 elec-
trons on target, which may be realistically achievable
in under a beam-year at JLab. The middle and upper
red curves correspond to background-systematics-limited
configurations, with 1000 and 2 · 104 signal-event sensi-
tivity, respectively, per 1022 electrons on target. Though
not considered in detail in this paper, detectors sensitive
to �-electron elastic scattering, coherent �-nuclear scat-
tering, and pion production in inelastic �-nucleon scat-
tering could have additional sensitivity. With a pulsed
beam, comparable parameter space could be equally well
probed with 1 to 3 orders of magnitude less intensity.
A high-intensity pulsed beam such as the proposed ILC
beam could reach even greater sensitivity (orange curve).
The parameter spaces of these plots are explained in the
forthcoming subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [62], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [69]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for

2
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surements of the electron and muon [64, 65], neutrino ex-
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mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component
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anomaly, extending
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and Belle II projections (see Figure 3). The setup re-
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tens of meters downstream of the beam dump for a high-
intensity multi-GeV electron beam (for example, behind
the Je↵erson Lab Hall A or C dumps or a linear collider
beam dump), and could run parasitically at existing facil-
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above-mentioned light particles (referred to hereafter as
“�”) can be pair-produced radiatively in electron-nucleus
collisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[68] will produce 100µA beams at 12 GeV. Even a sim-
ple meter-scale (or smaller) instrument capable of de-
tecting quasi-elastic nucleon scattering, but without cos-
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production is peaked well below the Z ! ⌫⌫̄ background
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These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component
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II projections (see Figure 3). The setup requires a small
1 m3-scale detector volume tens of meters downstream
of the beam dump for a high-intensity multi-GeV elec-
tron beam (for example, behind the Je↵erson Lab Hall A
or C dumps or a linear collider beam dump), and could
run parasitically at existing facilities. All of the above-
mentioned light particles (referred to hereafter as “�”)
can be pair-produced radiatively in electron-nucleus col-
lisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[53] will produce 100µA beams at 12 GeV. Even a simple
meter-scale instrument capable of detecting quasi-elastic
nucleon scattering, but without cosmic background re-
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [50], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic
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mic background rejection, positioned roughly 20 meters
(or less) downstream of the Hall A dump has interesting
physics sensitivity (upper, dotted red curves in Fig. 3).
Dramatic further gains can be obtained by shielding from
or vetoing cosmogenic neutrons (lower two red curves),
or more simply by using a pulsed beam. The lower red
curve corresponds to 40-event sensitivity per 1022 elec-
trons on target, which may be realistically achievable
in under a beam-year at JLab. The middle and upper
red curves correspond to background-systematics-limited
configurations, with 1000 and 2 · 104 signal-event sensi-
tivity, respectively, per 1022 electrons on target. Though
not considered in detail in this paper, detectors sensitive
to �-electron elastic scattering, coherent �-nuclear scat-
tering, and pion production in inelastic �-nucleon scat-
tering could have additional sensitivity. With a pulsed
beam, comparable parameter space could be equally well
probed with 1 to 3 orders of magnitude less intensity.
A high-intensity pulsed beam such as the proposed ILC
beam could reach even greater sensitivity (orange curve).
The parameter spaces of these plots are explained in the
forthcoming subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [62], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [69]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
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In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

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

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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of MeV � GeV dark matter are those whose interactions
with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon) [41, 59]. Such models
readily account for the stability of dark matter and its
observed relic density, are compatible with observations,
and have important implications beyond the dark matter
itself. In these scenarios, high energy accelerator probes
of sub-GeV dark matter are as ine↵ective as direct detec-
tion searches, because the missing energy in dark matter
pair production is peaked well below the Z ! ⌫⌫̄ back-
ground and is invisible over QCD backgrounds[60, 61].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [62], rare kaon decays [63], precision (g � 2) mea-
surements of the electron and muon [64, 65], neutrino ex-
periments [16], supernova cooling, and high-background
analyses of electron recoils in direct detection [56]. These
constraints and those from future B-factories and neu-
trino experiments leave a broad and well-motivated class
of sub-GeV dark matter models largely unexplored. For
example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimistic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)

µ

anomaly wide open
(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged par-
ticles. This includes a swath of light force carrier pa-
rameters motivated by the (g � 2)

µ

anomaly, extending
beyond the reach of proposed neutrino-factory searches
and Belle II projections (see Figure 3). The setup re-
quires a small 1 m3-scale (or smaller) detector volume
tens of meters downstream of the beam dump for a high-
intensity multi-GeV electron beam (for example, behind
the Je↵erson Lab Hall A or C dumps or a linear collider
beam dump), and could run parasitically at existing facil-
ities (see [66] for a proof-of-concept example). All of the
above-mentioned light particles (referred to hereafter as
“�”) can be pair-produced radiatively in electron-nucleus
collisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[68] will produce 100µA beams at 12 GeV. Even a sim-
ple meter-scale (or smaller) instrument capable of de-
tecting quasi-elastic nucleon scattering, but without cos-
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MeV � GeV dark matter are those whose interactions
with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon). Such models readily
account for the stability of dark matter and its observed
relic density, are compatible with observations, and have
important implications beyond the dark matter itself. In
these scenarios, high energy accelerator probes of sub-
GeV dark matter are as ine↵ective as direct detection
searches, because the missing energy in dark matter pair
production is peaked well below the Z ! ⌫⌫̄ background
and is invisible over QCD backgrounds[? ? ].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [? ], rare kaon decays [? ], precision (g � 2) mea-
surements of the electron and muon [? ], neutrino ex-
periments [? ], supernova cooling, and high-background
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trino experiments leave a broad and well-motivated class
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example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimisitic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)
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(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged parti-
cles. This includes a swath of light force carrier parame-
ters motivated by the (g�2)

µ

anomaly, extending beyond
the reach of proposed neutrino-factory searches and Belle
II projections (see Figure 3). The setup requires a small
1 m3-scale detector volume tens of meters downstream
of the beam dump for a high-intensity multi-GeV elec-
tron beam (for example, behind the Je↵erson Lab Hall A
or C dumps or a linear collider beam dump), and could
run parasitically at existing facilities. All of the above-
mentioned light particles (referred to hereafter as “�”)
can be pair-produced radiatively in electron-nucleus col-
lisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[53] will produce 100µA beams at 12 GeV. Even a simple
meter-scale instrument capable of detecting quasi-elastic
nucleon scattering, but without cosmic background re-
jection, positioned roughly 20 meters downstream of the
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [50], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

mic background rejection, positioned roughly 20 meters
(or less) downstream of the Hall A dump has interesting
physics sensitivity (upper, dotted red curves in Fig. 3).
Dramatic further gains can be obtained by shielding from
or vetoing cosmogenic neutrons (lower two red curves),
or more simply by using a pulsed beam. The lower red
curve corresponds to 40-event sensitivity per 1022 elec-
trons on target, which may be realistically achievable
in under a beam-year at JLab. The middle and upper
red curves correspond to background-systematics-limited
configurations, with 1000 and 2 · 104 signal-event sensi-
tivity, respectively, per 1022 electrons on target. Though
not considered in detail in this paper, detectors sensitive
to �-electron elastic scattering, coherent �-nuclear scat-
tering, and pion production in inelastic �-nucleon scat-
tering could have additional sensitivity. With a pulsed
beam, comparable parameter space could be equally well
probed with 1 to 3 orders of magnitude less intensity.
A high-intensity pulsed beam such as the proposed ILC
beam could reach even greater sensitivity (orange curve).
The parameter spaces of these plots are explained in the
forthcoming subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [62], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [69]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
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readily account for the stability of dark matter and its
observed relic density, are compatible with observations,
and have important implications beyond the dark matter
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of sub-GeV dark matter are as ine↵ective as direct detec-
tion searches, because the missing energy in dark matter
pair production is peaked well below the Z ! ⌫⌫̄ back-
ground and is invisible over QCD backgrounds[60, 61].
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best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged par-
ticles. This includes a swath of light force carrier pa-
rameters motivated by the (g � 2)
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anomaly, extending
beyond the reach of proposed neutrino-factory searches
and Belle II projections (see Figure 3). The setup re-
quires a small 1 m3-scale (or smaller) detector volume
tens of meters downstream of the beam dump for a high-
intensity multi-GeV electron beam (for example, behind
the Je↵erson Lab Hall A or C dumps or a linear collider
beam dump), and could run parasitically at existing facil-
ities (see [66] for a proof-of-concept example). All of the
above-mentioned light particles (referred to hereafter as
“�”) can be pair-produced radiatively in electron-nucleus
collisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[68] will produce 100µA beams at 12 GeV. Even a sim-
ple meter-scale (or smaller) instrument capable of de-
tecting quasi-elastic nucleon scattering, but without cos-
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relic density, are compatible with observations, and have
important implications beyond the dark matter itself. In
these scenarios, high energy accelerator probes of sub-
GeV dark matter are as ine↵ective as direct detection
searches, because the missing energy in dark matter pair
production is peaked well below the Z ! ⌫⌫̄ background
and is invisible over QCD backgrounds[? ? ].
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matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
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Fig. 3), including GeV-scale dark matter, any component
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of the beam dump for a high-intensity multi-GeV elec-
tron beam (for example, behind the Je↵erson Lab Hall A
or C dumps or a linear collider beam dump), and could
run parasitically at existing facilities. All of the above-
mentioned light particles (referred to hereafter as “�”)
can be pair-produced radiatively in electron-nucleus col-
lisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
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meter-scale instrument capable of detecting quasi-elastic
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [50], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic
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a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

mic background rejection, positioned roughly 20 meters
(or less) downstream of the Hall A dump has interesting
physics sensitivity (upper, dotted red curves in Fig. 3).
Dramatic further gains can be obtained by shielding from
or vetoing cosmogenic neutrons (lower two red curves),
or more simply by using a pulsed beam. The lower red
curve corresponds to 40-event sensitivity per 1022 elec-
trons on target, which may be realistically achievable
in under a beam-year at JLab. The middle and upper
red curves correspond to background-systematics-limited
configurations, with 1000 and 2 · 104 signal-event sensi-
tivity, respectively, per 1022 electrons on target. Though
not considered in detail in this paper, detectors sensitive
to �-electron elastic scattering, coherent �-nuclear scat-
tering, and pion production in inelastic �-nucleon scat-
tering could have additional sensitivity. With a pulsed
beam, comparable parameter space could be equally well
probed with 1 to 3 orders of magnitude less intensity.
A high-intensity pulsed beam such as the proposed ILC
beam could reach even greater sensitivity (orange curve).
The parameter spaces of these plots are explained in the
forthcoming subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [62], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [69]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
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New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter
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(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

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

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models

ar
X

iv
:1

30
7.

65
54

v2
  [

he
p-

ph
]  

18
 N

ov
 2

01
3

Can be production in proton or electron fixed 
target or collider 

Technique #2

1. make DM  2. observe scatter etc.

Saturday, April 30, 16

DM at accelerators can be produced in electron 
 or proton fixed target, or at colliders  

Taxonomy of Dark Sectors
Kinetically mixed dark photon coupled to DM

D
ar

k 
ph

ot
on

 m
as

s

2 me

0 

Long-
lived 
Aʹ➝3γ

Visible decays – 
width Γ~αmAʹϵ2

Not produced on-shell 
* can still mediate DM production

Dark matter mass

mA  ́= 2 mDM

Decays mainly to 

DM anti-D
M pair, 

width Γ~
αD m

Aʹ

     ⇒
 invisible signal 

+ subleasing visible decay

he
av

y

Search for DM at accelerators 
in visible (Gaia) or invisible (AG) 

final states 

  

                                     

7/9                                                                                                                                                              S.Gori

Large productions at SeaQuest              

A'

(A')*

Requirement of displacement:

L = (5,7)m

L = (1,10)mPreliminary

SG, Schuster, Toro, to appear

μ (e)

μ (e)

N. raw events after 2 years parasitic run

Inelastic DM production: 
m(A’) > m(χ1) + m(χ2) 

8th$SHiP$workshop,$Imperial,$2016$ 11$

Two strategies at CERN SPS 

SHiP%seminar%in%Annecy,%18/09/2015% 14%

General experimental requirements 

"  Search for HS particles in Heavy Flavour decays 
          Charm (and beauty) cross-sections strongly 
          depend on the beam energy  
 
"  HS produced in charm and beauty decays have 
     significant PT 

  Detector must be placed close to the target to maximize geometrical acceptance  
  Effective (and “short”) muon shield is essential to reduce muon-induced backgrounds 

Opening angle of the 
 decay products in N!µπ  

 Reconstruction of decay vertex 

Direct observation (SHiP & NA62++) 

Missing energy 
technique (NA64) 

electron	  beam	  

Journée	  SHiP/Physique	  du	  secteur	  caché	  du	  
11/10/2017	  

10	  

DM production at LCLS-II Beam Dump

New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

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

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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of MeV � GeV dark matter are those whose interactions
with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon) [41, 59]. Such models
readily account for the stability of dark matter and its
observed relic density, are compatible with observations,
and have important implications beyond the dark matter
itself. In these scenarios, high energy accelerator probes
of sub-GeV dark matter are as ine↵ective as direct detec-
tion searches, because the missing energy in dark matter
pair production is peaked well below the Z ! ⌫⌫̄ back-
ground and is invisible over QCD backgrounds[60, 61].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [62], rare kaon decays [63], precision (g � 2) mea-
surements of the electron and muon [64, 65], neutrino ex-
periments [16], supernova cooling, and high-background
analyses of electron recoils in direct detection [56]. These
constraints and those from future B-factories and neu-
trino experiments leave a broad and well-motivated class
of sub-GeV dark matter models largely unexplored. For
example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimistic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)

µ

anomaly wide open
(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged par-
ticles. This includes a swath of light force carrier pa-
rameters motivated by the (g � 2)

µ

anomaly, extending
beyond the reach of proposed neutrino-factory searches
and Belle II projections (see Figure 3). The setup re-
quires a small 1 m3-scale (or smaller) detector volume
tens of meters downstream of the beam dump for a high-
intensity multi-GeV electron beam (for example, behind
the Je↵erson Lab Hall A or C dumps or a linear collider
beam dump), and could run parasitically at existing facil-
ities (see [66] for a proof-of-concept example). All of the
above-mentioned light particles (referred to hereafter as
“�”) can be pair-produced radiatively in electron-nucleus
collisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[68] will produce 100µA beams at 12 GeV. Even a sim-
ple meter-scale (or smaller) instrument capable of de-
tecting quasi-elastic nucleon scattering, but without cos-
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [50], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic
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(or less) downstream of the Hall A dump has interesting
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or vetoing cosmogenic neutrons (lower two red curves),
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curve corresponds to 40-event sensitivity per 1022 elec-
trons on target, which may be realistically achievable
in under a beam-year at JLab. The middle and upper
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
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rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
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ter parameter space. Experiments of this type are also es-
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mixed gauge bosons, as they complement the ongoing
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Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
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neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models

ar
X

iv
:1

30
7.

65
54

v2
  [

he
p-

ph
]  

18
 N

ov
 2

01
3

Can be production in proton or electron fixed 
target or collider 

Technique #2

1. make DM  2. observe scatter etc.

Saturday, April 30, 16

DM at accelerators can be produced in electron 
 or proton fixed target, or at colliders  

Taxonomy of Dark Sectors
Kinetically mixed dark photon coupled to DM

D
ar

k 
ph

ot
on

 m
as

s

2 me

0 

Long-
lived 
Aʹ➝3γ

Visible decays – 
width Γ~αmAʹϵ2

Not produced on-shell 
* can still mediate DM production

Dark matter mass

mA  ́= 2 mDM

Decays mainly to 

DM anti-D
M pair, 

width Γ~
αD m

Aʹ

     ⇒
 invisible signal 

+ subleasing visible decay

he
av

y

Search for DM at accelerators 
in visible (Gaia) or invisible (AG) 

final states 

  

                                     

7/9                                                                                                                                                              S.Gori

Large productions at SeaQuest              

A'

(A')*

Requirement of displacement:

L = (5,7)m

L = (1,10)mPreliminary

SG, Schuster, Toro, to appear

μ (e)

μ (e)

N. raw events after 2 years parasitic run

Inelastic DM production: 
m(A’) > m(χ1) + m(χ2) 

8th$SHiP$workshop,$Imperial,$2016$ 11$

DM production at LCLS-II Beam Dump

New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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of MeV � GeV dark matter are those whose interactions
with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon) [41, 59]. Such models
readily account for the stability of dark matter and its
observed relic density, are compatible with observations,
and have important implications beyond the dark matter
itself. In these scenarios, high energy accelerator probes
of sub-GeV dark matter are as ine↵ective as direct detec-
tion searches, because the missing energy in dark matter
pair production is peaked well below the Z ! ⌫⌫̄ back-
ground and is invisible over QCD backgrounds[60, 61].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [62], rare kaon decays [63], precision (g � 2) mea-
surements of the electron and muon [64, 65], neutrino ex-
periments [16], supernova cooling, and high-background
analyses of electron recoils in direct detection [56]. These
constraints and those from future B-factories and neu-
trino experiments leave a broad and well-motivated class
of sub-GeV dark matter models largely unexplored. For
example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimistic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)

µ

anomaly wide open
(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged par-
ticles. This includes a swath of light force carrier pa-
rameters motivated by the (g � 2)

µ

anomaly, extending
beyond the reach of proposed neutrino-factory searches
and Belle II projections (see Figure 3). The setup re-
quires a small 1 m3-scale (or smaller) detector volume
tens of meters downstream of the beam dump for a high-
intensity multi-GeV electron beam (for example, behind
the Je↵erson Lab Hall A or C dumps or a linear collider
beam dump), and could run parasitically at existing facil-
ities (see [66] for a proof-of-concept example). All of the
above-mentioned light particles (referred to hereafter as
“�”) can be pair-produced radiatively in electron-nucleus
collisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[68] will produce 100µA beams at 12 GeV. Even a sim-
ple meter-scale (or smaller) instrument capable of de-
tecting quasi-elastic nucleon scattering, but without cos-
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lisions in the dump (see Fig. 2a). A fraction of these
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electrons in the detector volume (see Fig. 2b).
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meter-scale instrument capable of detecting quasi-elastic
nucleon scattering, but without cosmic background re-
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [50], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic
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shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

mic background rejection, positioned roughly 20 meters
(or less) downstream of the Hall A dump has interesting
physics sensitivity (upper, dotted red curves in Fig. 3).
Dramatic further gains can be obtained by shielding from
or vetoing cosmogenic neutrons (lower two red curves),
or more simply by using a pulsed beam. The lower red
curve corresponds to 40-event sensitivity per 1022 elec-
trons on target, which may be realistically achievable
in under a beam-year at JLab. The middle and upper
red curves correspond to background-systematics-limited
configurations, with 1000 and 2 · 104 signal-event sensi-
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tering could have additional sensitivity. With a pulsed
beam, comparable parameter space could be equally well
probed with 1 to 3 orders of magnitude less intensity.
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beam could reach even greater sensitivity (orange curve).
The parameter spaces of these plots are explained in the
forthcoming subsection.
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dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
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Two-step detection using LDM itself 

New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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Beam

e�

Dump

10 m 10 m
Dirt

Detector

�

1 m
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ShieldingDetector

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.

.

A0a)

Z

e�

e�

�

�

p, n
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A0

Z

� �

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models

ar
X

iv
:1

30
7.

65
54

v2
  [

he
p-

ph
]  

18
 N

ov
 2

01
3

Can be production in proton or electron fixed 
target or collider 

Technique #2

1. make DM  2. observe scatter etc.

Saturday, April 30, 16

DM at accelerators can be produced in electron 
 or proton fixed target, or at colliders  

Taxonomy of Dark Sectors
Kinetically mixed dark photon coupled to DM

D
ar

k 
ph

ot
on

 m
as

s

2 me

0 

Long-
lived 
Aʹ➝3γ

Visible decays – 
width Γ~αmAʹϵ2

Not produced on-shell 
* can still mediate DM production

Dark matter mass

mA  ́= 2 mDM

Decays mainly to 

DM anti-D
M pair, 

width Γ~
αD m

Aʹ

     ⇒
 invisible signal 

+ subleasing visible decay

he
av

y

Search for DM at accelerators 
in visible (Gaia) or invisible (AG) 

final states 

  

                                     

7/9                                                                                                                                                              S.Gori

Large productions at SeaQuest              

A'

(A')*

Requirement of displacement:

L = (5,7)m

L = (1,10)mPreliminary

SG, Schuster, Toro, to appear

μ (e)

μ (e)

N. raw events after 2 years parasitic run

Inelastic DM production: 
m(A’) > m(χ1) + m(χ2) 

8th$SHiP$workshop,$Imperial,$2016$ 11$

 Produce HS particle   

 Produce  
 HS particle   

Proton beam 

Proton beam 

Indirect detection 
 (SHiP & NA64) 

Note: 
Missing mass technique  
Is applicable only if dark 
photon mediator   

Scattering technique, 
electron or nuclei 
scattered by vWIMP (SHiP)  
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The SHiP experiment at SPS 
( to search for HS and vWIMPs with O(10 GeV) masses) 

>1018 D,  >1016 τ,  >1020 γ
for 2×1020 pot (in 5 years) 

SHiP	  Technical	  Proposal:	  
	  1504.04956	  

Emulsion 
 spectrometer 

Search for vWIMP (scattering on atoms) and ν physics 
Specific event topology in emulsion. Background from 
neutrino interaction for vWIMP searches can be reduced 
to a manageable level

Search for Hidden Sector 
particlesàdecay vertex 
in the decay volume  

“Zero background” experiment 
 - Heavy target 
 - Muon shield 
 - Surrounding Veto detectors 
 - Timing and PID detectors, … 



ü  Search for HS particles in Heavy Flavour decays 
          Charm (and beauty) cross-sections strongly 
          depend on the beam energy  
 
ü  HS produced in charm and beauty decays have 
     significant PT 

  Detector must be placed close to the target to maximize geometrical 
acceptance. Effective (and “short”) muon shield is the key element 

 to reduce muon-induced backgrounds 

Opening angle of the 
 decay products in Nàµπ  

General experimental requirements 
to search for HS at beam dump experiment  

SHiP = Search for Hidden Particles

� Goal: comprehensive investigation of ”dark sector” particles in the few GeV energy range: 
scalar (e.g. Higgs singlets), fermions (e.g. heavy neutral leptons), vectors (e.g. dark photons). 

Present in several BSM scenarios addressing DM, neutrino masses, baryogenesis problems
� Beam dump facility: 400 GeV protons from SPS on target Æ ~2x1020 POT in 5 years
� Produced e.g. in D decays; detected via decays into lepton, photon, hadron, hadron-lepton pairs

� Long (50 m) evacuated decay vessel
� Most crucial experimental issue is to reject huge backgrounds Æ heavy target, hadron absorber, 

active muon shield, veto and time detectors, particle ID, etc. 

ℒ= ℒSM + ℒPORTAL + ℒDS

SHiP = Search for Hidden Particles

� Goal: comprehensive investigation of ”dark sector” particles in the few GeV energy range: 
scalar (e.g. Higgs singlets), fermions (e.g. heavy neutral leptons), vectors (e.g. dark photons). 

Present in several BSM scenarios addressing DM, neutrino masses, baryogenesis problems
� Beam dump facility: 400 GeV protons from SPS on target Æ ~2x1020 POT in 5 years
� Produced e.g. in D decays; detected via decays into lepton, photon, hadron, hadron-lepton pairs

� Long (50 m) evacuated decay vessel
� Most crucial experimental issue is to reject huge backgrounds Æ heavy target, hadron absorber, 

active muon shield, veto and time detectors, particle ID, etc. 

ℒ= ℒSM + ℒPORTAL + ℒDS

Journée	  SHiP/Physique	  du	  secteur	  caché	  du	  
11/10/2017	  

12	  



Brief history and current status of SHiP 
New phase of the SHiP optimization  

Main goals: 

!  Improve SHiP (TP) sensitivity to new weakly interacting particles: 
    HNLs, dark photons, dark scalars, …, and tau neutrino physics 
 
!  Extend physics case. SHiP has very good potential to search for Light Dark 
    Matter (LDM) via its scattering on atoms of emulsion spectrometer 
 
!  Keep background under control and at O(0.1) level 

Improve SHiP TP version (but the cost constraints have to be respected …) 

 
ü  Letter Of Intent  - October 2013 
ü   Technical Proposal & Physics Paper - April 2015 
ü  Reviewed by the SPSC and CERN RB by March 2016, and recommended  
     to prepare a Comprehensive Design Study (CDS) by 2018 
     à Input to the European strategy consultation to take a decision  
         about construction of SHiP in 2019/2020  

CDS will improve SHiP TP version respecting cost constraints 
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Main goals of the SHiP optimization for the CDS 

ü  Further optimization of the target 
ü  Configuration of the muon shield, including magnetization of the hadron stopper 

(MC to be validated with data) 
ü  Shape, dimension and evacuation of the decay volume 
 

 
ü  Optimization of physics performance for various sub-detectors 
ü  Revisit detector technologies, including new sub-detectors, 
     to further consolidate background rejection and extend PID (see Walter’s talk) 
ü  Optimization of the emulsion detector to search for LDM 

Updated background estimates and signal sensitivities, and cost 
ü  Contribution from the secondary interactions in the target improves  
     signal yield by ~50%  (to be validated with data) 

Detector Optimization

Muon shield 
~30 m

Vacuum vessel ~45m

Neutrino Detector closer to 
the proton target
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ν

ü  High spatial resolution to observe the τ 
decay (~1 mm) 

 ➙ EMULSION FILMS 
ü  Electronic detectors to provide the time 

stamp to the event and match tracks 
from the emulsion target down to the 
muon spectrometer 

 ➙ TARGET TRACKER PLANES 
ü  Magnetized target to measure the 

charge of hadrons from τ decays 
    ➙ DIPOLAR MAGNET 
ü  Magnetic spectrometer to perform 

muon identification and measure its 
charge and momentum 

   ➙ MUON SPECTROMETER 
    

Optimization of the emulsion spectrometer 
TP layout  

Brief reminder on the requirements: 
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Requirements:  
}  Spatial resolution: 100 um 
}  Maximum thickness for a plane: 5 cm 
}  Distance between TT plane and ECC to be 
    small (a few mm) and uniform (constant 
    tracking capabilities) 
}  Small dead spaces (max 1 mm) to be 
    matched with ECC dead spaces 
}  High efficiency (>99%)  
}  Good performances in magnetized region 
}  Angular information 

} High spatial resolution needed, e.g.  to distinguish a 2-vertices topology (D0 decay) 
from two neutrino interactions occurring at different times

LAYOUT
}  12 planes: 0.8 x 1.6 m2  

ü  Provide time stamp of the neutrino interaction in the brick 
ü  Matching between the electronic detectors and the emulsion 

tracker in high density environment (long integration time of the 
emulsion films) 

ü  Matching the muon track with the downstream muon spectrometer 

TT: Target Trackers (12 planes, 0.8×1.6 m2 each)  
Technology is to be chosen!   

Note: Good spatial resolution needed, e.g. to discriminate between 2-vertices  
topology (D0-decay) and two neutrino interactions occurring at the same time stamp  
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Optimization of the SHiP emulsion spectrometer 
for vWIMP searches (iSHiP) and ντ physics TT

OPERA	  νe	  
candidate	  Possible improvements: 

ü  Analog readout of TT to provide 
    calorimetric information 
ü  Optimize the distance between 
    consecutive TT planes (currently ~10X0)  
ü  Use a combination of TT and ECC to 
    measure electromagnetic and hadronic 
    showers in the event 

New layout is under study 

ü  Single long magnet hosting the 
     emulsion and muon spectrometer 
ü   Muon identification using 
     a filter outside the magnet 
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ü  Planning very well aligned with  
–  Update of European strategy 2019/2020 
–  Accelerator schedule (to be followed closely) 
–  TDRs by 2021 
–  Production Readiness Reviews (PRR) 2021Q2 – 2022Q1 
–  Construction / production 2021Q2 à 
–  Data taking (pilot run) 2026 (start of LHC Run 4) 

ü  Main current priority: Comprehensive Design Study by 2018 

Global SHiP schedule 

 REFERENCE EDMS NO. REV. VALIDITY 

 SHiP-XXXX 1816155 0.0 DRAFT 

 Page 6 of 24 

 

 

Figure 1: SHiP master schedule (SHiP EDMS 1821284) 

2. Critical hardware R&D and prototyping work packages 

2.1 Magnetization of the hadron stopper 
Project responsible(s): R. Jacobsson 

Group participation: CERN(EP, EN/STI), RAL(UK), MISiS (RU) 

The beam induced muon flux is swept out of the acceptance of the experiment with the 
help of a muon shield which consists of a magnetized hadron stopper and a chain of 
free-standing dipole magnets. 

This work package should specify and validate the implementation of the magnetization 
of the hadron stopper. The work package comprises defining the material choice, the 
coil and yoke configuration and assembly, the working conditions of the magnetic coils 
with emphasis on reliability and redundancy, and the handling within the target complex. 
It also includes validating the manufacturing in contact with an industrial company. It 
should both consider a coil made from aluminium and from copper. The work package 
will be executed in close collaboration with the work package described in §3.3.1 of 
REFERENCE and the PBC-BDF working group on the target and target complex is the 
executive body for this implementation. 

Simulations of the magnetic and the thermal forces and stresses will be performed in 
order to optimize the coil and the yoke assembly as well as the surrounding shielding 
and handling. Thermo-mechanical simulation and CFD analyses will be performed in 
order to define the cooling needs of the magnetic coil(s). The cooling system will be 
investigated together with the cooling requirements of the target and the target 
proximity shielding in order to deal with the high level of activation (i.e. tritium and 7Be 
content) expected in the cooling circuits. 

2.1.1 Prototyping 
The coil design requires critical reduced-scale prototyping in order to study the coil 
assembly, the insulation properties, heat conductivity, heat removal with external heat 
exchangers, electric requirements, and general handling issues. The durability should 
be tested by multiple energisation cycles in order to ensure mechanical stability of all 
components. Radiation resistance of all components must also be verified. 

The aim is to produce a first prototype of the coil which is based on an aluminium 
conductor wound to a rectangular shape with inner dimensions of 1 x 0.5m2 and with 

LHC
SPS

Production
Milestones

Civil engineering
Infrastructure
Beamline Prototyping, design T
Target complex D
Target  R Production

Accelerator schedule 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Run 2 LS2 Run 3 LS3 Run 4

Installation

2025 2026 2027

NA stop SPS stop

Pre-construction 

ESPP
Detector CDS Prototyping, design

CwB Data taking
Facility CwBIntegration

TP CDR TDR PRR

CDS Prototyping, design

Installation
CDS
CDS Prototyping, design Production

InstallationProduction
Installation

Installation

Target - Detector hall - Beamline Junction
CwB: 
Commissioning 
with beam
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ü  MHNL< Mb   LHCb, Belle2 
     SHiP will have much better sensitivity 
 
ü  Mb<MHNL<MZ  FCC in e+e- mode 
     (improvements are also expected 
     from ATLAS / CMS)  
 
ü  MHNL>MZ   Prerogative of ATLAS/CMS 
     @ HL LHC  

SHiP will also have the best prospects for HS particles produced 
 in heavy flavour decays, e.g. hidden scalars  (see Gaia’s talk) 
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moving down towards ultimate see-saw limit  
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Detection via scattering 
 - SHiP has the best sensitivity in 20 – 200 MeV 
   Optimization is ongoing  
   COHERENT, BDX and SBNe in US 
     
Missing mass / energy technique 
-  Belle II  with 50 ab-1 provided that  
    low energy mono-photon trigger works 
 -   LDMX (under discussion at SLAC) has 
     the best prospects for Mχ< 100 MeV 

MA’(MeV)	  

Future prospects and comparison with other facilities   
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(only mesons & brem.) 

A’	→ visible modes	

J. Alexander et al., 
Dark Sector 2016 Workshop, 
Community report, 
arXiv:1608:08632 
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Search for τ à µµµ (τSHiP) at possible extension of SHiP facility 
Currently at the pre-EOI stage (see SHiP Physics Paper)    

Wilkinson Part B1 NEWFLAV  
 

 4 

 
SHiP physics and LFV studies at TauFV 
 
A proposal for the SHiP experiment, primarily designed for searches for light particles belonging to the 
‘hidden sector’, is currently under consideration at CERN. Realisation of the project will necessitate the 
construction of a beam line and dump facility for the high intensity 400 GeV proton source of the SPS.  If 
designed appropriately, this facility also offers exciting and remarkable opportunities in LFV and other 
topics in flavour physics.  It has long been recognised that searches for violation of charged lepton flavour 
(e.g. the disappearance or appearance of a charged lepton from one generation, unaccompanied by the 
appearance or disappearance of the corresponding neutrino or antineutrino) are excellent probes of physics 
beyond the SM, one given added impetus by the links that theorists discern between LUV and LFV. 
 
A high priority task in LFV studies is to search for effects that manifest themselves in the 3rd generation, i.e. 
tau decays.  Here many theories predict enhanced effects, some close to the current experimental limits.  A 
benchmark decay is τ→μμμ, the branching ratio of which is excluded by studies at e+e- machines to the level 
of a few 10-8.  In a single beam dump at the SHiP facility, each lasting 1 second, around 600 million 
(?check?) tau leptons will be produced.  Such a flux presents a unique opportunity for LFV studies.  

Although SHiP itself is unsuited to this 
measurement programme, it will be possible to 
install an additional experiment, TauFV, upstream 
of the SHiP beam dump, which searches for decay 
vertices arising from tau leptons produced in thin 
~1 mm tungsten targets. A system of planar silicon 
detectors, very similar in layout to the LHCb 
Vertex Locator, would enable the decay vertices to 
be reconstructed, and the tracks then linked to a 
downstream muon system.  Simulation studies 
indicate that in 5 years of operation it will be 
possible to observe or set limits on τ→μμμ at the 
level of a few 10-11, significantly better than could 
be achieved at the upcoming Belle-II experiment. 
Similar sensitivity could be attained on other 

flagship LFV modes, such as τ→μγ and τ→eee if a compact calorimeter could be installed in this region, and 
impressive performance also attained for very rare-charm meson decays. These results would have great 
discovery potential, be world-leading in third-generation LFV studies, and constitute a major contribution to 
flavour physics. A possible layout for TauFV is shown in Fig. 2. 
 
In order to achieve these goals, however, great improvements in detector technology are required.  The 
radiation challenges are very similar to those outlined above for future LHCb upgrades, as are the 
requirements on granularity and fast timing. Once more, the triggering and reconstruction will require next-
generation data-handling techniques for which Deep Learning is the most promising candidate. Intense 
efforts are now required to make the physics case for TauFV to CERN and the wider community, to form a 
collaboration, and to prepare a full experiment design.  Such a project would naturally attract physicists from 
both SHiP and LHCb, and would be synergistic with these experiments, allowing for a new physics 
opportunity to be realised in a uniquely efficient manner. 
 
 
(3) Project work plan and goals 
 
The project will encompass three, closely interlinked, work packages (WPs). The overall timeline is sketched 
in Fig. 3. 
 
Work package 1: development of next-generation calorimetry   
 

In the high intensity environments foreseen for future-flavour detectors electromagnetic calorimeters 
(ECALs) must be able to withstand integrated radiation doses of ~100 Mrad and cope with a high particle 
density.  This latter challenge necessitates a small Moliere radius and short (<5 ns) signal collection time, 
for which appropriate signal processing methods have to be developed.  The primary task of an ECAL in 

Figure 2: Schematic of TauFV. 
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The Beam Dump Facility at the SPS 
(Prevessin North Area site) 

Proposed implementation is based on minimal modification to the SPS complex 

The SHiP facility is located 
on the North Area, and  
shares the TT20 transfer 
line and slow extraction 
mode with the fixed target  
programmes    

7"

τSHiP is located upstream SHiP

ü  Thin (~1mm thick) W target(s) à τ-decay vertex in the air 
ü  ~ 5×1013 τ leptons produced in 5 years  
ü  Backgrounds include  
     - Combinatorial bckg., mainly from muons produced in em decays of η, ρ, ω, …
   -  Bckg. from various semileptonic D decays, e.g. D+àηµ+ν, η à µ+µ-  
ü  Estimated sensitivity: UL on BR(τà3µ) better than 10-10  (SHiP Physics Paper) 

BUT: Great improvements in detector technologies are required 
          Synergy with LHCb tracking and calorimetry for future upgrades  
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ü  Measurement of muon flux expected at SHiP in 2018 
     Replica of the SHiP target followed by a muon spectrometer  

ü  SHIP target, 10×10 cm2 Mo/W 
replica 

ü  Spectrometer to measure  
     momentum and charge of 
     the muons 
ü  Muon tagger to identify muons 

	  	  	  

	  
	  

 1011 pot à 10 times more data than in SHiP MC 
Validate simulation in “dangerous” corners 
of the muon phase space 

EoI-016 submitted to the SPSC  

Important measurements towards TDR 
(test beam program and prototypes will be covered by Richard)  
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Associated charm production 

23	  

Measurement of inclusive d2σ / dEdθ charm cross section  
in SHiP-like target (to validate cascade production in the target) in 2018-2021 

	  	  	  

	  
	  

GOLIATH MAGNET

Beam
Muon Tagger

Spectrometer

PRIMARY PROTON INTERACTIONS

CASCADE PRODUCTION

ü  SHIP target, 10×10 cm2 Mo/W 
blocks (few mm)interleaved 
with emulsion to identify charm 
topology 

ü  Spectrometer to measure  
     momentum and charge of 
     the charm daughters 
ü  Muon tagger to identify muons 

p C+

C
-

400 GeV protons 

5 x 107 pot à ~ 10000 charmed hadron pairs  
EoI-017 submitted to the SPSC  

Cascade effect à a factor ~ 2-3 
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ü  Physics case to search for Dark Sector is very timely ! 
     No NP finding at LHC, but many theoretical models offer a solution for the BSM 
     experimental facts with light very weakly-interacting particles. Must be tested ! 
 
ü  CERN is ideal place to search for Dark Sector at high energy and 
     high intensity SPS beams. Two complementary strategies are being explored, 
     direct observation of the decay vertex and indirect detection via scattering on atoms 
 
ü   New possibilities to search for LFV in tau decays at the SHiP facility 

ü   SHiP is an ideal experiment to search for new phenomena 
      in < O(10 GeV) range in “no background” environment 
      Complementarity between two detection techniques: 
          - Reconstruction of the decay vertices in the decay volume 
          - Detection of interactions with atoms in the emulsion spectrometer 
 
ü   The rich physics programme to search for Dark Sector at the SPS 
      North Area at CERN nicely complements searches for NP at the LHC 


