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Where Are We Now? 
The LHC has found the Higgs

Top question in particle physics “what triggers EWSB?” is answered

Other questions remain: one, two, many? ... natural or not ?  etc. 
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Where Are We Now? 
The LHC has found the Higgs

Top question in particle physics “what triggers EWSB?” is answered

Other questions remain: one, two, many? ... natural or not ?  etc. 

85% of  matter is totally mysterious

Uncovering its identity is, perhaps, the biggest question now

Null LHC searches (e.g. SUSY) undermine theoretical prejudices

Strong evidence: rotation curves, CMB, lensing, galaxy surveys...

DM is a fishing expedition, so what now?  
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Current Search Strategy
1. Direct Detection: XENON, CDMS, CoGeNT...

1. Direct Detection 

 Large BG, tiny recoils for M < few GeV

Sensitive to dominant, (meta)stable, dark species 

Astrophysical  uncertainties 
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Current Search Strategy
2. Indirect Detection: FGST, AMS, PAMELA... 

Sensitive to dominant, (meta)stable, dark species 

 Large BG for DM < few GeV

(Astrophysical  uncertainties)^2 
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Current Search Strategy
3. Colliders: LHC, Tevatron,LEP, BaBar, Belle...

But: weak sensitivity < few -10 GeV
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Overview 

•A “light” dark sector?

•What can be done today?

•        ... tomorrow?

•Why electron beams? 
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 “Light” MeV-GeV Dark States?

Asymmetric DM, direct/indirect detection anomalies, missing 
satellites, self  interacting DM, Sommerfeld enhancement, non-
thermal dark matter, hidden valleys, (g-2)µ ... 

Can arise in many contexts:

... but remain elusive in existing program

Motivates new strategies

A0 ⇠ 3.5� discrepancy
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Q: Does “Light” Make Sense?
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Q: Does “Light” Make Sense?
Naive expectation: inefficient annihilation 
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Naive expectation: inefficient annihilation 

But this merely implies additional light mediators
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Naive expectation: inefficient annihilation 

But this merely implies additional light mediators
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CMB bounds: late annihilations to leptons 
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Q: Does “Light” Make Sense?
A: Yes, many possibilities...

If  there are light particles, we should look for them! 

⇠ 15%

⇠ 85%

? ?

5

Visible Sector

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

u, c, t, d, s, b

e, µ, ⌧, ⌫e, ⌫µ, ⌫⌧

�,W, Z,G,H

Dark Sector

e, p �

MET

�, j

e, p �

FIG. 5: 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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A’ w/ kinetic mixing:

Parameters: 

↵D ⇠ 10�2 � 1

m�,mA0 ⇠ MeV �GeV

✏ ⇠ 10�5 � 10�2

“Simplified model” proxy for light-mediator scenarios
w/ neutral-current interactions 

Benchmark Model

Ideally suited for fixed target searches 

L � ✏

2
Fµ⌫F

0
µ⌫ +

mA0

2
A0µA0

µ + �̄(i 6D +m�)�

Thursday, January 23, 14



If  A’ Decays to the SM

Many experiments out there (arXiv:1209.2558)

Much harder for invisible decays

Figure 2: The updated constraint from the electron g − 2 is compared to the other
experimental bounds [20, 34]. The gray regions have been already excluded by them.
The green bands are favored by the muon g − 2 (see Fig. 1). The regions enclosed
by the colored–dashed lines are suggested to be covered in future. See Ref. [20] for
details of the experiments, where the excluded regions and future sensitivities are
found. The recent update of the KLOE bound [34] is included (see Note Added).

R∞ with extremely high precision. Although R∞ has been provided very precisely
in CODATA [13], we should not refer to it in the current analysis. This is because
the determination of the Rydberg constant is based on the transition frequencies,
and hence the analysis would become self–inconsistent.2 On the other hand, if the
Rydberg constant is determined from the definition, (10), it is required to know the
fine structure constant and the electron mass very precisely. If the lepton (g − 2)’s
are used to determine the fine structure constant, the hidden photon contribution
to the transition frequency, δA

′

, becomes obscure. Also, the relation (11) cannot
be used to determine the α0, because it depends on R∞. Thus, other methods are
required to determine α0 accurately. Furthermore, it is very difficult to measure the
electron mass with the required precision. The accuracy of Ar(e) is worse than that
of Eq. (34).

In order to avoid the difficulties of the Rydberg constant, let us consider a ratio

2 The treatment of R∞ is unclear in [14], in which they refer to the CODATA, despite that the
hidden photon contributions to the transition frequencies are studied.

11
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If  A’ Decays Invisibly

mc = 10 MeV, aD = 1

e+e- Æ g + inv. Hg- 2Le
Hg- 2Lm

K+ Æ p+ + inv.

JêyÆ inv.

0.01 0.1 1
10-9

10-8

10-7

10-6

10-5

10-4

mA' HGeVL

e2

NB: Only the g-2 curves are model independent
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A’ Decays Invisibly: Neutrino Factories

Figure 2: An illustration of the dark matter production modes and elastic scattering signatures.
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Figure 3: Top: The production of a WIMP pair through neutral meson decay. Bottom: The scattering
of a WIMP in the MiniBooNE detector. The cross again represents the kinetic mixing between the vector
mediator V and the photon.

p+p(n) → V ∗ → χ†χ. The second is through decays of mesons with large radiative branching
such as π0 and η in the form π0, η → V γ → χ†χγ. Once produced, the dark matter beam can
be detected via elastic scattering on nucleons or electrons in the detector, as the signature
is similar to the neutral current scattering of neutrinos. The basic production and detection
principle is summarized in Fig. 2.

At MiniBooNE, the most relevant production mechanisms are via π0 and η which subse-
quently decay to vectors that in turn decay to WIMPs. These WIMPs can then scatter on
the nuclei or electrons in the MiniBooNE detector. This process is detailed in Fig. 3. We
estimate the π0 and η production by averaging and scaling [5] the π+ and π− Sanford-Wang
distributions used in Ref. [30] and use the cuts from the analysis of neutral current scattering
(on nucleons) in Ref. [30] to obtain a total efficiency of about 35%. (Similar efficiencies were
adopted in analyzing electron scattering.) Contours in the parameter space of the model
were computed corresponding to 1, 10, and 1000 neutral current-like scattering events on
nucleons or electrons with 2× 1020 POT at MiniBooNE. While the Sanford-Wang distribu-
tion used corresponds to a beryllium target, the results are not expected to differ much when
steering the beam into the iron beam dump since the ratio of the charged hadron production
(which sets the number of neutrinos produced) to neutral hadrons (which sets the number
of WIMPs produced) does not strongly depend on atomic number.

In Fig. 4, these contours are shown in the plane of direct-detection scattering cross

7

Proposed searches at  MiniBooNE, LSND, T2K*
DM from  decays, scatters downstream

(de Niverville, Pospelov, Ritz, Batell)1.2258  
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p+p(n) → V ∗ → χ†χ. The second is through decays of mesons with large radiative branching
such as π0 and η in the form π0, η → V γ → χ†χγ. Once produced, the dark matter beam can
be detected via elastic scattering on nucleons or electrons in the detector, as the signature
is similar to the neutral current scattering of neutrinos. The basic production and detection
principle is summarized in Fig. 2.

At MiniBooNE, the most relevant production mechanisms are via π0 and η which subse-
quently decay to vectors that in turn decay to WIMPs. These WIMPs can then scatter on
the nuclei or electrons in the MiniBooNE detector. This process is detailed in Fig. 3. We
estimate the π0 and η production by averaging and scaling [5] the π+ and π− Sanford-Wang
distributions used in Ref. [30] and use the cuts from the analysis of neutral current scattering
(on nucleons) in Ref. [30] to obtain a total efficiency of about 35%. (Similar efficiencies were
adopted in analyzing electron scattering.) Contours in the parameter space of the model
were computed corresponding to 1, 10, and 1000 neutral current-like scattering events on
nucleons or electrons with 2× 1020 POT at MiniBooNE. While the Sanford-Wang distribu-
tion used corresponds to a beryllium target, the results are not expected to differ much when
steering the beam into the iron beam dump since the ratio of the charged hadron production
(which sets the number of neutrinos produced) to neutral hadrons (which sets the number
of WIMPs produced) does not strongly depend on atomic number.

In Fig. 4, these contours are shown in the plane of direct-detection scattering cross

7

Proposed searches at  MiniBooNE, LSND, T2K*

Setup for neutrino oscillations = large NC backgrounds
Large ~ O(100) m baseline degrades acceptance 

Proper search expensive, requires dedicated beam time

DM from  decays, scatters downstream
(de Niverville, Pospelov, Ritz, Batell)1.2258  

But: 
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Overview 

•A “light” dark sector?

•What can be done today?

•        ... tomorrow?

•Why electron beams? 
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0. General Setup  
How to Search 

Basic Ingredients: 

Electron beam (few-100) GeV,  continuous or pulsed 

Beam dump & dirt ~ few 10s m, range out beam BG 

Detector sensitive to neutral currents: oil, plastic, LAr ...  
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1. Production

 off-shell radiative 

on-shell A’-strahlungmA0 > 2m� =)

mA0 < 2m� =)

� ⇠ ✏2

m2
A0

� ⇠ ↵D✏2

m2
�

How to Search 
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2. Downstream Detection
How to Search 
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2. Downstream Detection
How to Search 

Coherent Nuclear
Low recoil energies, light mediator

enhancement, form factor Z2
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Why Electron Beams? 
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Why Electron Beams? 

Beam related backgrounds: negligible

Small scale & inexpensive

Parasitic running: existing beams are powerful

Cosmic backgrounds: beatable & reducible 

Production rate comparable to proton beams 

High acceptance: nearby detector & forward kinematics
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“Benchmark” Setup 

Aluminum dump, 12 GeV beam (pulsed)

Fiducial volume = 1m3 Oil based detector (CH2)* 
Depth = 15 m.w.e.

1. Layout

Average current ~ 80µA

1022 EOT (~ one year operation)

10�4Duty cycle ~           ,  live-time ~       s 103
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2.Beam Related Backgrounds

Neutrinos from beam  π/µ

Nuclear recoil cut 

Nuclear recoil cut E
recoil

> 10 MeV

Consistent with SLAC mQ rates 

(0.1� 1) BG event per 1022 e�

“Benchmark” Setup 
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2.Beam Related Backgrounds

Neutrinos from beam  π/µ

Ejected “Fast” Neutrons

Nuclear recoil cut 

, below cuts 

Beam backgrounds very small=)

Nuclear recoil cut E
recoil

> 10 MeV

Consistent with SLAC mQ rates 

En < 10MeV

(0.1� 1) BG event per 1022 e�

“Benchmark” Setup 

Thursday, January 23, 14



3. Beam Unrelated Backgrounds

Cosmic muons
Decays in flight ~ 0.005 Hz (veto)
Stopped decays ~ 100 µs cut (veto)

“Benchmark” Setup 
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3. Beam Unrelated Backgrounds

Cosmic muons

Consistent with CDMS-SUF (~ 10 m.w.e)

Decays in flight ~ 0.005 Hz (veto)
Stopped decays ~ 100 µs cut (veto)

�(E > 10 MeV) ⇡ 2⇥ 10�2m�2s�1

Cosmic neutrons 

“Benchmark” Setup 
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3. Beam Unrelated Backgrounds

Cosmic muons

Consistent with CDMS-SUF (~ 10 m.w.e)

Decays in flight ~ 0.005 Hz (veto)
Stopped decays ~ 100 µs cut (veto)

Cosmic neutrons 
�(E > 10 MeV) ⇡ 2⇥ 10�2m�2s�1

Pulsed beam ~ livetime                       cosmic BG events  

=) Small, Measurable 
Sensitivity ~ 10 event signal yield

103 s , O(10)

“Benchmark” Setup 

Thursday, January 23, 14



“Benchmark” Setup 

aD = 1

BaBar

Hg- 2Lm K+

e-Beam , mc = 10 MeV

LSND

20 50 100 200 500 100010-9

10-8

10-7

10-6

10-5

10-4

mA' HMeVL

e2

E = 12 GeV , 1022 EOT , Dist. = 20 m , Det = 1 m3

Quasi-elastic nucleon , pulsed beam 
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“Benchmark” Setup 

Leptophilic, pulsed beam

aD = 1

BaBar

Hg- 2Le

Hg- 2Lm

e-Beam , mc = 10 MeV

1 5 10 50 100 500 100010-9

10-8

10-7

10-6

10-5
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mA' HMeVL

e2

E = 12 GeV , 1022 EOT , Dist. = 20 m , Det = 1 m3
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What Can Be Done Today?

 30 GeV electrons, Tungsten dump

Oil based detector (CH2)* 
Depth = 15 m.w.e.

Pulsed beam, negligible cosmics

1.  SLAC FACET-Beam

Sensitivity ~ 10 signal events

⇠ 1020 e�/ Yr.O(µA) =)Current
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What Can Be Done Today?
1.  SLAC FACET-Beam

aD = 0.1
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What Can Be Done Today?
1.  SLAC FACET-Beam

Leptophilic , pulsed beam 

aD = 1

BaBar

Hg- 2Le

Hg- 2Lm

e- Beam , mc = 10 MeV
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What Can Be Done Today?

Continuous wave  12 GeV beam

Aluminum beam dump

Oil based detector (CH2)* 
Depth = 15 m.w.e.

No neutron rejection (veto muons)

=) ⇠ 10

22
Electrons/Yr.80µA

2.  JLab CEBAF

Sensitivity ~ 20,000 signal events

Nn ⇠ 400, 000 , Systematics ⇠ 2.5%
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What Can Be Done Today?
2.  JLab CEBAF

Quasi-elastic nucleon , continuous wave beam 
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What Can Be Done Today?
2.  JLab CEBAF

Leptophilic DM, continuous wave beam 

aD = 1

BaBar

Hg- 2Le

Hg- 2Lm

JLab 2¥104 events, mc = 10 MeV
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10-8

10-7

10-6

10-5

10-4

mA' HMeVL

e2

E = 12 GeV HJLabL , 1022 EOT , Dist. = 20 m. , Det = 1 m3
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Overview 

•A “light” dark sector?
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•Why electron beams? 

Thursday, January 23, 14



Around the Corner 1

95% cosmic neutron reduction

2.5 % systematics (n flux) 

Comparable to CDMS-SUF 

Sensitivity ~ 1000 event signal yield 

Need one/some:

Neutron moderator 
Active neutron veto

Directional information
Oil-based, cubic-meter fiducial

Depth ~15 m.w.e

Some BG reduction (JLab)
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Around the Corner 1
Some BG reduction (JLab)

aD = 0.1

BaBar
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2¥104, 1¥103 events, mc = 10 MeV
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Around the Corner 1
Some BG reduction (JLab)

aD = 1

BaBar

Hg- 2Le

Hg- 2Lm

JLab 2¥104, 1¥103 events, mc = 10 MeV
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E = 12 GeV HJLabL , 1022 EOT , Dist. = 20 m. , Det = 1 m3

Leptophilic DM, continuous wave beam 
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Aggressive BG reduction (JLab)

99.9% background reduction ~ 400 events

Statistics dominated uncertainty
Sensitivity ~ 40 event signal yield 

Around the Corner 2

Need all (?) of  these:

Oil-based, cubic-meter fiducial
Depth ~15 m.w.e

Neutron moderator 
Active neutron veto

Directional information
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Around the Corner 2
Aggressive BG reduction (JLab)

Quasi-elastic nucleon , continuous wave beam 

aD = 0.1

BaBar

K+

2¥104, 1¥103, 40 events, mc = 10 MeV
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E = 12 GeV , 1022 EOT , Dist. = 20 m. , Det = 1 m3
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Around the Corner 2
Aggressive BG reduction (JLab)

aD = 1

BaBar

K+

2¥104, 1¥103, 40 events, mc = 10 MeV

LSND

50 100 200 500 1000
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10-6

10-5

10-4
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E = 12 GeV , 1022 EOT , Dist. = 20 m. , Det = 1 m3

Quasi-elastic nucleon , pulsed beam 
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Around the Corner 2
Aggressive BG reduction (JLab)

Leptophilic DM, continuous wave beam 

aD = 1

BaBar

Hg- 2Le

Hg- 2Lm

2¥104, 1¥103, 40 events, mc = 10 MeV
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E = 12 GeV HJLabL , 1022 EOT , Dist. = 20 m. , Det = 1 m3
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40 event yields

Around the Corner 2
Aggressive BG reduction (JLab)
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Variations
This layout is only a proof  of  concept, not definitive! 
Detector size, geometry, material, may all vary in a smarter setup
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This layout is only a proof  of  concept, not definitive! 
Detector size, geometry, material, may all vary in a smarter setup

Exploit high acceptance?

Different dump?
Beam related BG may not be negligible! May need deflectors

Setup cosmics limited. Smaller, closer detector, w/ more shielding? 

Different cuts/signals (electron, inelastic...)?

Different beam?
CW: JLab, Mainz, DESY...  
Pulsed: SLAC, SuperKEKB, ILC (?)...

Variations
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Overview 

•A “light” dark sector?

•What can be done today?

•        ... tomorrow ... 10-20 years?

•Why electron beams? 

�!
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Down the Street : ILC

Pulsed  125 GeV beam

Duty cycle               , livetime             s  

Aluminum dump

Sensitivity ~ 10 signal events* 

1022 e�(⇠ 1 year run)

80µA average current

⇠ 10�4 ⇠ 103

Oil-based, cubic-meter fiducial
Depth ~15 m.w.e
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Down the Street : ILC

aD = 1

BaBar

Hg- 2Lm K+

JLab 2¥104, 1¥103, 40 events, mc = 10 MeV

LSND

ILC 10 events
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E = 125 GeV HILCL , 1022 EOT , Dist. = 20 m. , Det = 1 m3

Quasi-elastic nucleon , pulsed beam 
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Electron Scattering

40 event yields
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Summary
Electron fixed-target searches are powerful

Can run parasitically at existing facilities 

High acceptance, negligible beam BG, reducible cosmic BG

JLab, SLAC, Mainz, DESY, Super KEK-B.... 

Small & cheap
 Parasitic running, meter-scale (or smaller) detector, 

Probe almost entire, viable MeV – GeV range

Simple setup: definitively cover (g-2)µ, complement visible searches, 
Dedicated experiment can extend sensitivity by orders of  magnitude

This is just the beginning
We don’t yet know the optimal setup...
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Thanks! 
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