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Dark Forces at the GeV Scale

• Theory of New Vector Bosons   
(and hints from dark matter)

• e+e- Collider Searches                 
(Babar, Belle, KLOE)

• Fixed-Target Experiments          
(e.g. @ JLab)
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HyperCP
anomaly

g-2 preferred

Dark matter
interactions?
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A Simple U(1) Example

GUT or Planck scale quantum corrections

γ A�

[Holdom ʻ86]

δL = �FY FA�

� ≈ gDgY

16π2

�

i

qD,iYi ln
Λ2

µ2
i

∼ 10−4 − 10−3

Gauge kinetic mixing is a “portal” that can link the 
Standard Model to new dark forces

Loops charged under 
SM and dark sector
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Ordinary Matter and Dark Forces

(equivalent)

Photon mixing with massive A’ is equivalent to 
electrically charged matter acquiring a milli-charge 

under the A’

A�

γ∗

e

e− e+

×
e× �

A�

e− e+

�
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Mass Scales
MPl

MW
ΛQCD

H

Weak coupling to dark sector is natural, 
but what about the mass scale?

GUT or Planck scale?

Nearly massless?
Anywhere (technicolor like dark sector) ?

Massless?

What about the weak-scale?
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New U(1) Near The Weak-Scale

L ⊃
�

d2θ
�

2
Wα

Y WA�α + h.c.

W = µDH+H− W = λSH+H−

Assume that weak-scale SUSY exists, and couple the 
Standard Model to a dark sector via kinetic mixing.

Supersymmetric kinetic mixing:

Dark sector matter:

or
[Cheung, Ruderman, Wang, Yavin; Katz 
and Sundrum; Morrissey, Poland, Zurek]
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New U(1) Near The Weak-Scale

Dark U(1) and hypercharge U(1) D-terms mix

Dark Sector D-term Potential:

Electro-weak symmetry breaking triggers dark U(1) 
breaking:

VD ∼ g
2
D(|φD|2 − �gY

gD
|HSM |2)2

m2
A� ∼ �

gD

gY
M2

W � (1GeV)2

[Cheung, Ruderman, Wang, Yavin; Katz 
and Sundrum; Morrissey, Poland, Zurek]
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New Dark Gauge Forces - Where to Look?
MPl

MW
ΛQCD

H

Dark gauge forces? A good place to explore!

New weakly coupled gauge interactions
with mass scale beneath the weak scale

Theoretical Region of Interest:
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Phenomenological Motivation

Suppose that dark matter is a TeV mass thermal relic charged 
under a dark U(1) that kinetically mixes with the photon 

What if dark matter belongs to a dark sector

MW

ΛQCD
� GeV

Dark Sector Standard Model

∼ TeV
Dark matter: χ + χc

Wednesday, April 14, 2010



Dark Matter Charged Under a GeV-Scale 
Gauge Force

• Annihilation enhanced at low velocities

• Annihilation or decay into light, not heavy 
states

• Additional GeV-scale Dark Matter species

• Excited states split by O(MeV)

• Scattering off matter:

• rate similar to neutral current

• inelastic scattering

Several Striking Consequences:
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Dark Matter and Dark Forces

A ∼ eDe�

m2
A�
∼ e2

M2
W

Direct Detection Rates:

Despite lack of SM charge, dark matter can naturally 
have weak-scale scattering rates with ordinary matter!

χ χ

Z Z

A�∗

γ∗
�

e

eD

m2
A� = �

qigD cos 2β

2gY
M2

W

Nucleus Nucleus
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Dark Matter and Dark Forces

χ χ

A�∗

In Non-Abelian dark sectors, radiative effects 
can split dark matter states

(radiative splittings) (custodial symmetry 
breaking )

Very small dark matter mass splittings:
[Tucker-Smith and Weiner; 
Arkani-Hamed, Finkbeiner, Slatyer, Weiner]

δMDM ∼ αDδMgauge ∼ α
2
DMgauge ∼ O(keV−MeV)
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Dark Matter and Dark Forces

TeV-scale dynamics also generates small splittings
from higher-dimension operators:

δMDM ∼ �hdark�2

MTeV
∼ O(keV−MeV)

δW =
1

MTeV
h2

dΦ
2
DM

(super-potential term)

Very small dark matter mass splittings:
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Dark Matter and Dark Forces
Inelastic Scattering:

χ

Z Z

A�∗

γ∗
�

e

eD
χ∗

Vector mediated scattering is automatically inelastic

δMDM ∼ O(keV−MeV)

Nucleus Nucleus
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Dark Forces at the GeV Scale

• Theory of New Vector Bosons   
(and hints from dark matter)

• e+e- Collider Searches                 
(Babar, Belle, KLOE)

• Fixed-Target Experiments          
(e.g. @ JLab)

Wednesday, April 14, 2010



PAMELA satellite
Nature, 2009

theory
expectation

(~1 citation/day)

These and related anomalies are compatible with 
annihilation of ~TeV dark matter into Standard 
Model leptons. (also compatible with diffuse 
microwave, gamma-ray sources claimed by 
Finkbeiner et. al.)

Fermi satellite, HESS

e+ + e- flux

17

(difference
due to solar
modulation

effects)

New e+ 
source

e+,e– energy
~mDM~TeV

[Meade, Papucci, 
Strumia, Volansky]

Satellite Data – Dark Matter Anomalies?
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Dark Matter Anomalies – why a new force?

1) No antiproton excess observed!
– not consistent with annihilation into   ,     ,       

⇒ new force? 
– suggests mAʹ′ ≲ 1 GeV

g W± Z

A� → �+�−, π+π−

18

⇒ decay to protons is 
kinematically forbidden,

2) Observed annihilation rate is large!
– consistency with standard cosmology requires attractive force 

with range ≫ 1/mDM ⇒ again suggests mAʹ′ ≲ 1 GeV
[Cholis, Goodenough,  Weiner; 
Arkani-Hamed, Finkbeiner, Slatyer, Weiner; 
Pospelov & Ritz]
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Dark Matter Annihilation or Decay into Leptons

[A. Strumia, Planck ’09] [Meade, Papucci, Strumia, Volansky  

} Standard Model
Particles

(m<mA’/2)

DM

DM

A�

A�

[Arkani-Hamed, Finkbeiner, Slatyer, Weiner;
Cholis, Finkbeiner, Goodenough, Weiner;
Pospelov & Ritz]
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DAMA Annual Modulation

Sheffield PPPA Group WebSite

A decade of modulation

Precisely in phase

...but unusual

arXiv:0804.2741, Bernabei et. al.
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A Distinctive Recoil Spectrum

arXiv:0804.2741, Bernabei et. al.

A dip at low energy?

Modulation 
Amplitude
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The CoGeNT Anomaly 3

FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

[arXiv: 1002.4703]

Falling 
component of 

events

Suggestive, but much more needs to be done to rule out 
background possibilities...
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Can GeV-scale dark sectors possibly 
explain direct detection data? 
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Possible Origin of Light Dark Matter Species

� GeV

Dark Sector:

∼ TeV
Dark matter: χ + χc

Heavy (~TeV) stable components 
dominate the dark matter mass density

(small annihilation cross-sections)

Particles from the dark-force sector 
(the dark higgs sector for example) 

can be stable

GeV-scale stable particles are a 
small fraction (~1%) of the dark 

matter mass density
(larger annihilation cross-sections)

vector, dark higgs particles, 
SUSY partners...etc
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A’ Mediation of Inelastic DM-Nuclei Scattering

A ∼ eDe�

m2
A�
∼ e2

M2
W

χ χ

Z Z

A�∗

γ∗
�

e

eD

Nucleus Nucleus

GeV-scale stable particles scatter via A’ exchange off 
protons. The cross-section is large, so even a small 

number density can be visible

This could be a dark higgsino!

[Essig, Kaplan, PS, Toro]
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Simultaneous Explanations of DAMA & CoGeNT
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Specific models with ~5 GeV mass 
particle from the dark force sector can 

explain all anomalies
[Essig, Kaplan, PS, Toro]
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Do new gauge forces explain astro/direct-detection data?

New Gauge Forces

Insight from laboratory experiments 
needed!

 Are there new gauge forces? – an intriguing possibility
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A new program of collider and fixed-target searches 
can cover:
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The Search for New Forces – Summary

Dark matter
interactions?
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A new program of collider and fixed-target searches 
can cover: 4-6 decades in mass
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The Search for New Forces – Summary

3-5 decades in coupling strength

Fixed-Target

GeV-scale e+e- colliders

High energy hadron colliders
Dark matter
interactions?

Region of interest for dark matter interactions
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Broad Array of Signatures and Searches! 

High Energy Hadron Colliders: 
     New heavy particles decaying into 

dark sector (lepton jets) (CDF & D0)

Colliding e+e-: On- or Off- shell A’, 
X=dark sector or leptons & pions

(BELLE, BaBar, BES-III, 
KLOE, CLEO)

A�
E1 E1 x

E1 (1− x)
Fixed-Target: Electron or Proton collisions,

A’ decays to di-lepton, pions, multiple channels
(Jefferson Lab (Hall A, Hall B/CLAS), SLAC, 
MAMI (Mainz), ELSA (Bonn), XFEL (DESY), 
COMPASS (CERN), FNAL, ...)

(very interesting, but no time in this talk)
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• Theory of New Vector Bosons 
(and hints from dark matter)

• e+e- Collider Searches                 
(Babar, Belle, KLOE)

• Fixed-Target Experiments        
(e.g. @ JLab)

Dark Forces at the GeV Scale
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Radiative returnOff-Shell Aʹ′

Dark Sector Collider Production

σ ∝ �2/s High-luminosity
GeV-scale colliders

X = dark sector particles

e, µ,π±or

e, µ,π±or
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GeV-Scale Colliders
Figure of Merit is: Lint/s

430 fb−1

(10.6 GeV)2
725 fb−1

(10.6 GeV)2

BELLE BaBar

100,000170,000

≈ 1 fb−1

(4 GeV)2

1,000

CLEO-C

No. of events for αD = α, � = 10−2 (approx):

50,000

KLOE

2.5 fb−1

(1 GeV)2
?? fb−1

(4 GeV)2

BES III

Missing from numerical comparison: 
– accessible mass range
– kinematic acceptance & visibility of events

Broad range of searches needed
Wednesday, April 14, 2010



e+e− → V ∗ → 4l

Final States (direct production)

8

• “Generic”:  

• “Generic + higgs”: 

κ2

α�κ2

• “Nonabelian”: 

e+e− → γl+l−

V

W1

W2

Also: higher multiplicity (confining), 4l + ET, ...

- BaBar [via !-decay 

              search, H. Kim] !?
- Belle [Y. Kwon, J. Rorie]
- BES-III [H. Li, Y. Zheng]
- KLOE [F. Bossi]

- not yet!

- BaBar [4l, M. Graham] !

[interest from BaBar, 
Belle, BES-III, KLOE]

From e+e- working group summary (SLAC Dark Forces workshop)

� ∼ 10−4Reach:

Reach:
� ∼ 10−3
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Rare Meson Decays

[Reece & Wang ʼ09]

Existing data sets provide sensitivity to � ∼ 10−3

Good sensitivity in additional channels:

Searches ongoing...

π → eeγ

J/ψ → 6l

(Babar, Belle, kTeV)

(BES-III in 1 year)

� � 10−3Sensitivity to

� ∼ 10−4 − 10−3Sensitivity to
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• Theory of New Vector Bosons 
(and hints from dark matter)

• e+e- Collider Searches                 
(Babar, Belle, KLOE)

• Fixed-Target Experiments        
(e.g. @ JLab)

Dark Forces at the GeV Scale
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µ+

µ−
Nucleus

A�
E1 E1 x

E1 (1− x)

Collider       vs.   Fixed-Target

O(few) ab−1
per decade O(few) ab−1

per day

σ ∼ α2�2

E2
σ ∼ α3Z2�2

m2
∼ O(10 fb) ∼ O(10 pb)
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0.01 0.1 1
10�9
10�8
10�7
10�6
10�5
10�4
10�3
10�2

0.01 0.1 1

10�9
10�8
10�7
10�6
10�5
10�4
10�3
10�2

mA' �GeV�

Ε E137
E141

E774
aΜae ��3S�

SN

Past Beam Dump Limits
(A’ di-lepton decay modes)

Nucleus

A�
E1 E1 x

E1 (1− x)

Production Mode:

[see; Reece, Wang; Batell 
Pospelov, Ritz; PS, Yavin, Toro;
Batell, Pospelov, Ritz, Shang
for additional constraints]

tracking, calorimetry, ...

decay volume
(50 cm - 100 m)

shield
(10 cm - 100 m)

e beam

thick target

SLAC E137: 1020 e- (30 C) at 20 GeV, 200m shield

Lifetime small compared to 
shield length:

decay products stop

Lifetime large compared to 
shield length, and lower cross-

section: run out of statistics

[see: Bjorken, 
Essig, PS, Toro]
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• Electron beam dump experiments set strongest bounds.
• To see higher ϵ, mA (best DM region) need thinner target – now beam 

gets through, too!

• Two strategies: 
• Resonance Search
• Vertex and recoil tagging

Features of conceptual design:

Approaches for New Experiments

• Very good forward coverage            
(signal production is peaked forward)

• Fast trigger (high event rate)
• Fast detector and continuous beam 

(control coincidence backgrounds)
• 1% or better mass resolution      

(kinematic discrimination)
• Silicon good for fast precision tracking 

(use vertex discrimination)

Beam's eye:

A B

C

.

!cm

tracking
stations

ecal/trigger

A

B

C

10 cm

2 cm
0.1 X0  W

Two-arm spectrometer

Small with variable geometry
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• Theory of New Vector Bosons 
(and hints from dark matter)

• e+e- Collider Searches                 
(Babar, Belle, KLOE)

• Fixed-Target Experiments                   
A’ Experiment (APEX)

Dark Forces at the GeV Scale
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Search for a New Vector Boson Aʹ Decaying to e+e-

40

(arXiv:1001.2557)

The A’ Experiment (APEX) Collaboration
http://hallaweb.jlab.org/experiment/APEX/

A. Afanasev, D. Armstrong, T. Averett, S. Beck, J. Bjorken, P. Bosted, P. 
Brindza, N. Bubis, A. Camsonne, O. Chen, E. Chudakov, C. Curtis, M. Dalton, 
K. De Jager, A. Deur, R. C. Field, E. Folts, A. Gavalya, S. Gilad, R. Gilman, S. 
Glamazdin, J. Gomez, M. Graham, O. Hansen, D. Higinbotham, T. Holmstrom, 

J. Huang, J. Jaros, E. Jensen, M. Khandaker, I. Korover, G. Kumbartzki, J. 
LeRose, R. Lindgren, N. Liyanage, P. Markowitz, T. Maruyama, V. Maxwell, 
D. Meekins, R. Michaels, M. Mihovilovic, K. Moffeit, S. Nanda, V. Nelyubin, 

B. Norum, A. Odian, M. Oriunno, M. Paolone, R. Partridge, E. Piasetzky, I. 
Pomerantz, A. Puckett, V. Punjabi, Y. Qiang, R. Ransome, S. Riordan, G. Ron, 

A. Saha, R. Schneor, J. Segal, A. Shahinyan, S. Sirca, S. Stepanyan, V. 
Sulkosky, D. Walz, L. Weinstein, B. Zhao

and The Hall A Collaboration 

Spokespeople: R. Essig, P. Schuster, N. Toro, B. Wojtsekhowski
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Fixed-Target Search for a New Vector Boson

Goal:
Search for a new ~100 MeV vector boson (Aʹ) 
with weak coupling to electrons

e+

e−
A� (“dark photon”)

small coupling

g�

α� ≡ g�2

4π
Significant new reach in     (~2-3 orders of magnitude)
Broad interest in particle physics community

α�

- new gauge force
- dark matter interactions?
- (g-2)µ and HyperCP anomalies

see also Dark forces workshop, SLAC Sept. 2009: 
http://www-conf.slac.stanford.edu/

darkforces2009/ 41
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Existing limits and APEX Sensitivity

This is a theoretically motivated region
– relevant for dark matter         – predicted by grand unification 42

Direct 
production:
e+e– → γAʹ′

KTeV

KLOE
Belle

Gray regions: 
excluded (2σ) by 
past experiments

Dashed lines: 
estimated 2σ 
sensitivity of other 
possible searches in 
existing KLOE, 
KTeV, and Belle 
data.

No past experiment has sufficient statistics and mass resolution to 
see Aʹ′ if its coupling is below the dotted lines.

APEX: 2σ

3σ

0.01 0.1 1
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0.01 0.1 1
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mA' �GeV�

Α
'�Α
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BaBar

beam-dump
experiments
(long-lived 

Aʹ′)

precision 
QED (g-2)e,μ

E137
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Aʹ′ Properties in APEX Search Region

43

•  Produced abundantly through bremsstrahlung  

• Aʹ′ decays promptly to e+e–, μ+μ–, or π+π– 

Strategy: measure e+e– mass spectrum precisely, in 
kinematic region optimized for Aʹ′ acceptance and 
QED background suppression

Nucleus

A�

e+

e−

e−

(e.g. >1/second for 75 μA beam, 0.1 X0)

⇒ large QED background

(αʹ′/α >10-7)
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0.0 0.2 0.4 0.6 0.8 1.00
5
10
15
20
25
30
35

�E��E���Ebeam

Ev
ts
�s

A' �Α'�Α�3 10�6�
QED Background�103

Approach: Aʹ′  Production and Background Kinematics
Production diagrams analogous 
to photon bremsstrahlung

Nucleus

A�

e+

e−

e−

44

QED Backgrounds

Aʹ products carry full beam energy!

γ*

– Distinctive kinematics
– Assists in background suppression

(rates before angular cuts)

N~αʹ′ x Branching N~α2  

Best kinematics to select events for Aʹ′ search

O(1)
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Narrow Resonance Search

45

mA� ≈
�

E+E−(θ+ + θ−)

180 200 220 240 260
100
1000
104
105
106
107
108

e�e� mass �MeV�

Ev
en
ts��1M

eV
�

2Σ
5Σ

180 200 220 240 260
�10000

0
10000
20000
30000
40000
50000

e�e� mass �MeV�
Ev
en
ts��1M

eV
� �Data � fit� events in 6 days

�2Σ
�2Σ

�5Σ

106 evts

To identify Aʹ′ signal, must study invariant mass distribution

In mass window Δm:

m_{A'}

window Δm

To search at small αʹ′, need:
★High e+e– 

statistics
★Excellent mass 

resolution

S√
B
∼ α�

α2

�
NQED

�mA�

∆m

�
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Outline of Experimental Setup

• Signal dominated at E+ = E– = Ebeam/2

• Use septa to achieve 5° central angles ⇒ high statistics

• Mass resolution is critical, controls target design
46

HRS−right

HRS−left

Electron, P = E0/2

Positron, P = E0/2

.

.

Septum

W target

Beam

Search for narrow resonance in e+e– mass spectrum

(enhance e+e– rate 
relative to π rate)

Wednesday, April 14, 2010



Experimental Design: HRS Spectrometer Setup

Configuration QQDnQ Vertical bend
Bending angle 45◦
Optical length 23.4 m
Momentum range 0.3 - 4.0 GeV/c
Momentum acceptance -4.5% < δp/p <+4.5%
Momentum resolution 1×10−4

Angular range HRS-L 12.5◦ - 150◦
HRS-R 12.5◦ - 130◦

Angular acceptance: Horizontal ±30 mrad
Vertical ±60 mrad

Angular resolution : Horizontal 0.5 mrad
Vertical 1.0 mrad

Solid angle at δp/p = 0, y0 = 0 6 msr

HRS
Right Arm

Excellent momentum and 
angular resolution 
⇒mass resolution 

controlled by multiple 
scattering in target

Use PREX septa to achieve 
smaller central angle (5°)

47

Right HRS

Left HRS

Scattering chamber

Septa magnet

replace w/ S0
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C A
D

B

 Run Plan and Sensitivity
Settings A B C D

Beam energy (GeV) 2.302 4.482 1.1 3.3

Beam current (µA) 80 80 80 80

Nominal central angle 5.0◦ 5.5◦ 5.0◦ 5.0◦

Time Requested (hrs)
Energy change – 4 4 4

Angle change – 16 – –

Magnet setup 4 4 4 4

Optics calibration 4 4 4 4

10% L 2 2 2 2

Normal L 144 288 144 144

Total 154 318 158 158

48

1 Month Beam Time

Conditional Approval from JLab PAC 35:  
APEX is preparing for a test run in June-July 2010

We will fully test all aspects of the experiment needed for the complete run
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MIT FEL
proposal

~1 C beam dump

JLab 
Hall A

(24 days)

SLAC/JLab
Hall B

Improvements:
Sensitivity with existing beams
but better acceptance

Pixel tracking extends reach

[see: Freytsis, Ovanesyan, Thaler]

Complementary coverage 
from B/phi-factories: higher 
mass, multi-lepton channels

Final version of SLAC/JLab
experiment may have extended reach
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• Dark forces are an intriguing possibility, well-
motivated by existing data

• Laboratory tests are crucial and complementary to 
astro/direct-detection hints and upcoming data

Summary

• Broad array of experimental investigation is possible

• Sensitivity to many decades in mass and cross section 
with existing data and new small-scale experiments

New searches and experiments on ~1-2 year timescale!
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Experimental Design: Count Rates and Trigger

With 2ns offline coincidence timing, trident dominates over accidental & pion 
backgrounds (computed assuming 104 π+ rejection, but true even with 103 rejection)

(80 µA current)
Settings A B C D

Beam energy (GeV) 2.302 4.482 1.1 3.3

Central momentum (GeV) 1.145 2.230 0.545 1.634

Central angle 5.0
◦

5.5
◦

5.0
◦

5.0
◦

Target T/X0 4.25% 10% 0.58% 10%

Singles (negative polarity)
e− (MHz) 4.5 0.7 6. 2.9

π− (MHz) 0.6 2.2 0.4 2.5

Singles (positive polarity)
π+ [p] (kHz) 640. 2200 36. 2500.

e+
(kHz) 31. 3.6 24. 23.

Trigger/DAQ:
Trigger (kHz) 4. 0.4 3.2 3.4

Signal to background:
Trident (Hz) 610 70 350 530

Two-step (Hz) 35 15 5 75

Background (Hz) 70 1.3 70 35

51

70-300 million 
events! 
(6–12 days)

10,000 x more statistics than existing Aʹ′ searches in this mass range!
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