
Searching for  
Dark Forces 

Natalia Toro 
Perimeter Institute

Fermilab-CERN HCPSS 
Aug 20, 2014















References
• Dark forces workshop, SLAC Sept. 2009: !

http://www-conf.slac.stanford.edu/darkforces2009/!
• Searching for a New Gauge Boson at JLab, Sept. 2010:   !

http://conferences.jlab.org/boson2010/program.html!
• Intensity Frontier Workshop: !

http://www.intensityfrontier.org!
Summary document — arXiv:1205.2671!

• Dark 2012 !
http://www.lnf.infn.it/conference/dark/index.php!

• Snowmass 2013!
http://www.snowmass2013.org/!
Major summary document — arXiv:1311.0029!

• New Perspectives on Dark Matter, FNAL April 2014:!
http://theory.fnal.gov/people/fox.html/New_Perspectives_on_Dark_Matter!

• Dark Interactions, Brookhaven June 2014:!
http://www.bnl.gov/di2014/!

6

http://www.intensityfrontier.org
http://www.lnf.infn.it/conference/dark/index.php
http://www.snowmass2013.org/
http://theory.fnal.gov/people/fox.html/New_Perspectives_on_Dark_Matter/Schedule.html
http://www.bnl.gov/di2014/


























10-3 10-2 10-1 110-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

mA' HGeVL

e2

A' Æ Standard Model

am, 5s

am,±2s favored

ae

!

Decay-Independent Constraints

7

q~mµ (me)

q~αme













An Array of Opportunities for Discovery!
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Fixed!
Target
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Branching Fractions (SM only)
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Many new data runs



10-3 10-2 10-1 110-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

mA' HGeVL

e2

APEX
Test

A1

U70

E141

E774

am, 5s

am,±2s favored

ae

BaBar

KLOE
KLOEHADES

Orsay

HPS
2015

HPS
2015

APEXDarkLight

MAMI           KLOE          BaBar
New analysis in full 

dataset, using e+e– and 
μ+μ- channels

2014

1212

A’ ISR
fixed-target in Mainz!
Many new data runs

Fixed-target proposals 
for 2015-17



~1023#
atoms#

in #
target

O(few) ab�1 per day

1011 e-

N(hard scatter) ~ 0.01 – 1#
per electron

O(few) ab�1 per decade

1011 e- 1011 e+

N(hard scatter) ~ 1 #
per crossing

Fixed-Target e+e-

LUMINOSITY

CROSS-SECTION

Nucleus

A�
E1 E1 x

E1 (1� x)

⇤ � �3Z2⇥2

m2 � O(10 pb)

µ+

µ�

⇤ � �2⇥2

E2 � O(10 fb)

– Scales as A! 
mass, not 
beam energy  #

– Coherent 
scattering 
from nucleus

Fixed-Target Advantages



Continuous Electron Beam Accelerator Facility

• Delivers beam up to 6 GeV to 3 experimental halls 
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• 1.5 GHz RF ⇒ each hall 
gets bunch every 2ns!

• 12 GeV upgrade by 2014

Halls A,C up to 100 μA!
Hall    B:           1 μA    
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Where Do the Dark Photons Go?

Match spectrometer acceptance to 
distinctive kinematics: 
! Aʹ carries (almost) full beam 

energy  
…and at very forward angle

Many large backgrounds are removed 
by this kinematic selection 
(QED still >>> Aʹ production)
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Accidental

QED !
(no efficiency 

correction)

Data
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Test-Run Science Data and Resonance Search
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example of fit used in 
peak-search!

(toy MC only!)

APEX PRL 107 191804, arxiv:1108.2750
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 arXiv:1404.5502Mainz Microtron MAMI-C: Emax=1.6 GeV  

MAMI C beam parameters: 
•  1604 MeV, 'E<0.100MeV 
•  max. 100µA (150kW beam power) 
•  ca. 80% Polaration up to 40µA 
•  ca. 7000 hours / year 

Cascade of 3 race track microtrons + 
Harmonic Double Sided Microtron (HDSM) 

HIGH Intensity 
       HIGH Resolution 
              HIGH Polarization 
      HIGH Reliability 

Achim Denig                                                                                                                              Dark Photon Search @ MAMI 

A1 Experiment 

Achim Denig                                                                                                                              Dark Photon Search @ MAMI 

http://arxiv.org/pdf/1404.5502v1.pdf


Field region, 0.5 to 1.5 T

Tungsten
Target

Si Strip Tracker

Calorimeter Muon detector

Momentum and Vertex Trigger and Particle ID

min θA’ ~ 15 mrad (0.85°) 
Δm/m ~ 1% (bump hunt)  
Δz ~ 1mm   (vertexing)

HPS: Resonance + Vertex Searches

e+

e−pe+ + pe−

~1m

Vertexing allows sensitivity to 
weakly coupled A′ that produce 
only ~25 events!

Decay Length Distribution

(future addition)
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Projections for 2015-17

two-loop!
(Grand Unified 

Theories)

APEX & DarkLight 
uniquely explore 
GUT region from 
above, HPS from 

below
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~1019cm-2 gas target, 
10mA beam#
!
Searches for visible 
and invisible A′ decay

















DM Production at Lower 
Energies
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A′→ χ χ decay constrained by BaBar search

[hep-ex/0808.0017]
χ
χ

A′  mass2 (GeV2)

signal fit (not 
significant)

2γ background#
(signal-faking)



DM Production at Lower 
Energies
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FIG. 10: Constraints in the " versusmA0 plane for invisibly-decaying hidden photons assuming they can decay either invisibly
to a hidden-sector state � or visibly to SM matter for mA0 < 2m�. We show the constraints for fixed mass m� = 10 MeV
(left) or 100 MeV (right). The bounds from the BABAR mono-photon data are shown by the blue shaded region. Projections
for a possible Belle II search is shown with a solid blue line, corresponding to the “standard” mono-photon search discussed
in Sec. VI. Various other constraints (shaded regions) and projected sensitivities (dashed lines) are also shown: the anomalous
magnetic moment of the electron (ae, red) and muon (aµ, blue), rare kaon decays (brown), the upcoming electron fixed-target
experiment DarkLight (light blue; shown when kinematically relevant), and LSND (light gray; assuming ↵D = 0.1 and that
there are no other light hidden-sector states that � decays to, which do not interact with the hidden photon). In the green
shaded region an A0 could explain the discrepancy between the measured and predicted SM value of aµ. For mA0 < 2m�, we
show with gray shaded regions the constraints from visible searches (E141, E774, Orsay, U70 etc.) that apply unless there are
other decay modes (besides A0 ! �̄�) available for the A0. We do not show the experimental prospects in this case of visible
decays. More details and references are given in Sec. VB.
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DM Production… 
and Detection
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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.

nuclear dissociation; 
nucleon, nucleus, or 
electron recoil
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Past, Present and Future DM 
Searches at Proton Beams

Other Experiments
LSND
800 MeV p, 1023 POT

DM prod. through π0 decay
NC scattering on electrons
170 T mineral oil detector
30 m off-axis

[Batell, Pospelov, Ritz ’09] [deNiverville, Pospelov, Ritz ’11]

slide from Dave McKeen, FNAL New Perspectives on Dark Matter 25



slide from Ranjan Dharmapalan, FNAL  New Perspectives...
Dark Matter Search at MiniBooNE Ranjan Dharmapalan
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Be target

p

50 m decay pipe (Air)

50 m Fe dump
Dark matter travels ~515 m 
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• π0 and η decay quickly (to new vector 
bosons and subsequently dark matter)!

• The charged mesons are absorbed 
before decaying.

MiniBooNE Beam-dump mode: Setup

Beam off-target mode reduces the neutrino background by a factor of  ~40.

Running now!

Past, Present and Future DM 
Searches at Proton Beams
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Plots by P. deNiverville

Dark Matter Search at MiniBooNE Ranjan Dharmapalan
/3424

• MiniBooNE has best sensitivity in interesting parameter regions
• In other models (e.g., leptophobic), MiniBooNE has unique sensitivity!
• Complements “visible” searches for dark photon at JLAB, Mainz 

Dark Matter signal rates 
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Plots by P. deNiverville, Univ. of Victoria

MiniBooNE Beam-dump mode: ProjectionsPast, Present and Future DM 
Searches at Proton Beams
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Searches are being developed for T2K, 
MicroBoone, LBNE, … #



Electron Beam Dumps in Action

E137 @ SLAC (1982)

production ⇠ ✏2(↵D) detection ⇠ ✏2↵D

[Batell, Essig, Surujon 1406.2698]

[BDX Collaboration arXiv:1406.3028]

(scaled up to 1m3 behind JLab Hall A)



Next Steps

• First generation of searches for visibly 
decaying dark photons ~2015-17#
– Future experiments may close the gaps in 

coupling & reach higher masses#
• Proton- and electron-beam-dump searches 

for dark photons decaying invisibly running 
& under development#

• Realistic near-term goal: test g-2 “preferred” 
region for any branching ratio between 
visible & invisible decays
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