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Outline

• Scientific Goals 

• Experimental concepts for exploring dark sector 

• Opportunities to do these experiments using 
LCLS-II linac  

without interfering with photon science!
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• Mostly Dark Matter 
– To date, seen only through 

gravitational effects 

– Identity and origin are key 
open questions in cosmology 
(and P5 science driver)

What is the Universe Made Of?
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What is the Universe Made Of?
• A hint of more interactions 

– Dark Matter (DM) coupled to 
familiar matter ➝ thermal 
production in early Universe 

– Simple explanation of DM’s 
origin for MeV (e– mass) to 
TeV masses 

– Sharp target: minimum 
interaction strength for given 
DM mass
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direct detection  
(CDMS, LZ, …)

Collider production (LHC)

How do we 
get here?



Exploring Light and Slight Dark Matter
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Dark Matter Sensitivity of Missing Mass/Momentum Experiments
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Past and Future !
Dark Matter production experiments’ sensitivity

• Most powerful way to study Dark 
Matter sector: controlled terrestrial 
experiments  
– Collide particles with enough energy to 

produce DM and related particles 

– Production rate proportional to 
interaction strength 

• We do this at LHC, but low-mass/
weak-coupling calls for different 
strategy    
– beam-on-target, not beam-on-beam 

– use electrons (point particles) 

– High repetition (MHz–GHz) e– beam is 
ideal tool for exploring this physics.



Searching for Dark Matter

• [High intensity] Produce DM (rare) & detect 
scattering in downstream detector (also rare) 

!

• [Low intensity] Identify DM production by absence 
of visible particles carrying energy away from 
interaction
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DM production process can be exploited in two 
complementary ways
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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.

Figure 4: Schematic of the experimental setup. A high-intensity multi-GeV electron beam impinging
on a beam-dump produces a secondary beam of dark sector states. In the basic setup, a small
detector is placed downstream with respect to the beam-dump so that muons and energetic neutrons
are entirely ranged out.

and only the final state photon would be detected. The A

0 is thus reconstructed via the final state
photon missing mass. The A

0 mass range that can be explored is limited to 22.8 MeV due to the
small energy available in the center-of-mass frame. Nevertheless, with 1013�1014 positrons on target
per year, PADME wold set a limit down to 10�8 � 10�9 in "

2, without making any assumption on
the A

0 decay, and thus exploring a completely unknown region of the parameters space. A similar
experiment has been proposed at the VEPP-3 storage ring [25], with 500 MeV positrons impinging
on an gas hydrogen internal target, detecting the final state photon only. In 6 months of run at a
luminosity of 1032 cm�2 s�1, the experiment can explore the parameter space region below mA0 ' 20
MeV and down to "

2 ' 10�8.
A recently proposed experiment at CERN SPS [26] would also search for invisible A

0 decays. The
experiment employs an innovative technique, by having the primarily e

� beam from the SPS, with
energy between 10 and 300 GeV, impinging on an active beam-dump, made by a calorimeter based
on scintillating fibers and tungsten, ECAL1. A nearly-hermetic detector would be located behind
the active beam-dump. The detector is made by a charged particle veto counter, a decay volume,
two scintillating fiber counters, a second electromagnetic calorimeter ECAL2, and an hadronic
calorimeter. The primary goal of the experiment is to search for A

0 production in the active dump
trough a Bremmstrahlung-like process, followed by A

0 decay to e

+
e

�. The signature for these events
is a signal in ECAL1 and two clusters in ECAL2, from the A

0 decay products. The same experiment,
could also search for A

0 invisible decays by exploiting the detector hermeticity, and requiring a single
hit in ECAL1 from the e

� radiating the A

0. The projected sensitivity for 3 ·1012 electrons on target
covers a very large region in the A

0 parameter space, with mA0

< 1 GeV and " > 1 · 10�5. However,
in the event of a positive signal, the experiment would carve out a contour in the parameter space,
but would not independently measure the A

0 properties,
Direct searches for A

0 decay products are natural extensions of the A

0 invisible decay search
program presented above. Experiments measuring the � scattering in a detector placed at tens
of meters downstream of the dump of a high-intensity, high-energy beam have access to the full
A

0 � � parameter space, and have the potential of constraining a vast part of it. The MiniBooNE
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High-granularity 
calorimeter (CMS Phase-II 
upgrade prototype?) 
catch visible scattering products

Upstream Si tracking  

(precisely measures incoming electrons)

Downstream Si tracking  

(measures scattered electrons)

Joe Incandela (UCSB)

Target

Searching for Dark Matter II
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DMPhysics Process Track beam electrons through target one at a 
time, look for energy loss + transverse kick 
indicative of heavy particle production…

…and make sure nothing else is carrying away energy.
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Past and Future !
Dark Matter production experiments’ sensitivity

Searching for Dark Matter II
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time, look for energy loss + transverse kick 
indicative of heavy particle production…

…and make sure nothing else is carrying away energy.



Example: HPS (and Beyond)
Doesn’t look for the 
dark matter itself, 
but for new force 
through which DM 
could interact
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The Heavy Photon Search Experiment (HPS) 

HPS searches for A’ produced in a thin (0.125% X0) tungsten foil that decay 
to e+e- pairs at the CEBAF accelerator at JLab 

e+ 

e- 
50-200nA electron beam 
1-6GeV/c2 

Bump-hunt search Displaced vertex search Forward (1.5mm to beam) acceptance is 
critical; beam backgrounds are copious: 
⇒  time resolution and continuous 

(~500MHz) beam are key 
 
Mass resolution (bump-hunt) and prompt 
vertex rejection are key performance   

15mrad  
�dead zone� 

Scattered electron beam 
(beam’s eye view) 

dipole magnet 

Crystal ECal 

 

LDMA 2015, Genoa 11 

Silicon P-strip Tracker 

 

LDMA 2015, Genoa 12 

Expected HPS Reach 

35 

One week, 50nA @ 1.1 GeV 

One week, 200nA @ 2.2 GeV 

Four week total reach = above 
+  
Two weeks, 300nA  @ 4.4 GeV 

H2
 Times are PAC times 

(Clock time/2) 

2015 Spring Engineering run 
accumulated 1/3 PAC week 
at 1.056GeV 

4-week reach projection
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Doesn’t look for the 
dark matter itself, 
but for new force 
through which DM 
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Silicon P-strip Tracker 

 

LDMA 2015, Genoa 12 

Expected HPS Reach 

35 

One week, 50nA @ 1.1 GeV 

One week, 200nA @ 2.2 GeV 

Four week total reach = above 
+  
Two weeks, 300nA  @ 4.4 GeV 

H2
 Times are PAC times 

(Clock time/2) 

2015 Spring Engineering run 
accumulated 1/3 PAC week 
at 1.056GeV 

4-week reach projection

Moving tracking outside of magnet 
allows higher current ⇒ new reach 
(Super-HPS)
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Opportunities at LCLS-II
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1) Substantial LCLS-II current will go to BSY dump 
rather than undulators – good site for high-intensity 
beam dump DM search! 



Opportunities at LCLS-II
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1) Substantial LCLS-II current will go to BSY dump 
rather than undulators – good site for high-intensity 
beam dump DM search 
!

2) In between FEL bunches, linac accelerates ~200 
“gun dark current” bunches for free 

!
!
!

!
Well suited to Super-HPS and Missing Momentum 
experiments –– what does it take to use this beam, 
without impacting LCLS-II?



DArk Sector Experiments at 
LCLS-II (DASEL)

A beam line fed by new kicker downstream of FEL kickers 
!

!

–New gun laser & spoiler/collimator system provide finer control 
over “dark matter” beam 

–Technically feasible locations: End Stations or S. Arc 
instrumentation area 
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Pros and cons to each –
 e.g. ESA has most existing 
infrastructure but limited 
timeframe 



Dark Forces Workshop 2009
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International Experimental Renaissance

JLab CEBAF

The NA48/2 detector 
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 Principal subdetectors: 
 

� Magnetic spectrometer (4 DCHs) 

    4 views/DCH: redundancy  �  efficiency; 

    Gp/p = 0.48% ⨁ 0.009%p  [GeV/c] (in 2007) 
 

� Scintillator hodoscope (HOD) 

    Fast trigger, time measurement (150ps). 
 

� Liquid Krypton EM calorimeter (LKr) 

    High granularity, quasi-homogeneous; 

    VE/E = 3.2%/E1/2 ⨁ 9%/E ⨁ 0.42% [GeV]; 

    Vx=Vy=4.2mm/E1/2 ⨁ 0.6mm (1.5mm@10GeV). 

Narrow momentum band Kr beams: 

PK= 60 (74) GeV/c, GPK/PK ~ 1% (rms). 
 

� Maximum Kr decay rate ~100 kHz; 

� NA48/2: six months in 2003�04; 

� NA62-RK: four months in 2007. 

2003–2008: charged kaon beams, 
the NA48 detector 

Beam 

Vacuum 

beam pipe 

E. Goudzovski / Messina, 25 September 2014 

NA48/2

MAMI A1

High-energy colliders

High 
intensity!
colliders
Fixed!
Target

CMS

ATLAS

WASA@COSY
HPS

PHENIX

KLOE at DAΦNE

APEX

MiniBooNE

SLAC has pioneered 
this science & 
continues to do so



Strong local &international 
community behind a SLAC Program
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SLAC:  
John Jaros, Tim Nelson, Philip Schuster, NT 
Clive Field 
Tony Beukers, Carsten Hast, Tom 
Markiewicz, Yuri Nosochkov, Tor 
Raubenheimer

Missing Momentum effort nucleating 
around groups at SLAC, UCSB (Joseph 
Incandela) and Minnesota (Jeremy Mans, 
Roger Rusack)
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Dark matter search in a Beam-Dump

eXperiment (BDX) at Jefferson Lab

The BDX Collaboration

M. Battaglieri⇤†, A. Bersani, A. Celentano†, R. De Vita†, E. Fanchini, S. Fegan, P. Musico,
M. Osipenko, M. Ripani, E. Santopinto, M. Taiuti

Istituto Nazionale di Fisica Nucleare, Sezione di Genova
e Dipartimento di Fisica dell’Università, 16146 Genova, Italy

E. Izaguirre†, G. Krnjaic†, P. Schuster, N. Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada, N2L 2Y5

M. Dalton, A. Freyberger, F.-X. Girod, V. Kubarovsky, E. Smith†, S. Stepanyan†, M. Ungaro
Jefferson Lab, Newport News, VA 23606, USA
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Istituto Nazionale di Fisica Nucleare, Sezione di Bari e Dipartimento di Fisica dell’Università, Bari, Italy

M. Carpinelli, V. Sipala
Università di Sassari e Istituto Nazionale di Fisica Nucleare, 07100 Sassari, Italy

S. Aiello, V. Bellini, M. De Napoli, A. Giusa, F. Mammoliti, E. Leonora, F. Noto, N. Randazzo,
G. Russo, M. Sperduto, C. Sutera, C. Ventura

Istituto Nazionale di Fisica Nucleare, Sezione di Catania, Catania, Italy

L. Barion, G. Ciullo, M. Contalbrigo, P. Lenisa, A. Movsisyan, F. Spizzo, M. Turisini
Istituto Nazionale di Fisica Nucleare, Sezione di Ferrara e Dipartimento di Fisica dell’Università, Ferrara,

Italy

F. De Persio, E. Cisbani, C. Fanelli, F. Garibaldi, F. Meddi, G. M. Urciuoli
Istituto Nazionale di Fisica Nucleare, Sezione di Roma e Gruppo Collegato Sanità, e Università La

Sapienza, Italy

S. Anefalos Pereira, E. De Sanctis, D. Hasch, V. Lucherini, M. Mirazita, R. Montgomery,
S. Pisano

Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, P.O. 13, 00044 Frascati, Italy

G. Simi
Istituto Nazionale di Fisica Nucleare, Sezione di Padova, Padova, Italy

⇤

Contact Person, email: Marco.Battaglieri@ge.infn.it

†

Spokesperson
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A. D’Angelo, L. Colaneri L. Lanza, A. Rizzo, C. Schaerf, I. Zonta
Istituto Nazionale di Fisica Nucleare, Sezione di Roma-TorVergata e Dipartimento di Fisica

dell’Università, Roma, Italy
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Istituto Nazionale di Fisica Nucleare, Sezione di Torino, Torino, Italy

M.Holtrop, R. Peremuzyan
University of New Hampshire, Durham NH 03824, USA

D. Glazier, D. Ireland, B. McKinnon, D. Sokhan
University of Glasgow, Glasgow G12 8QQ, United Kingdom

A. Afanasev, B. Briscoe
The George Washington University, Washington, D.C., 20052

N. Kalantarians
Department of Physics, Hampton University, Hampton VA 23668, USA

L. El Fassi, L. Weinstein
Old Dominion University, Department of Physics, Norfolk VA 23529, USA

P. Beltrame, A. Murphy, D. Watts, L. Zana
Edinburgh University, Edinburgh EH9 3JZ, United Kingdom

K. Hicks
Ohio University, Department of Physics, Athens, OH 45701, USA

Abstract

MeV-GeV dark matter (DM) is theoretically well motivated but remarkably unexplored. This
Letter of Intent presents the MeV-GeV DM discovery potential for a 1 m3 segmented plastic
scintillator detector placed downstream of the beam-dump at one of the high intensity JLab
experimental Halls, receiving up to 1022 electrons-on-target (EOT) in a one-year period. This
experiment (Beam-Dump eXperiment or BDX) is sensitive to DM-nucleon elastic scattering at
the level of a thousand counts per year, with very low threshold recoil energies (⇠1 MeV), and
limited only by reducible cosmogenic backgrounds. Sensitivity to DM-electron elastic scattering
and/or inelastic DM would be below 10 counts per year after requiring all electromagnetic
showers in the detector to exceed a few-hundred MeV, which dramatically reduces or altogether
eliminates all backgrounds. Detailed Monte Carlo simulations are in progress to finalize the
detector design and experimental set up. An existing 0.036 m3 prototype based on the same
technology will be used to validate simulations with background rate estimates, driving the
necessary R&D towards an optimized detector. The final detector design and experimental set
up will be presented in a full proposal to be submitted to the next JLab PAC. A fully realized
experiment would be sensitive to large regions of DM parameter space, exceeding the discovery
potential of existing and planned experiments by two orders of magnitude in the MeV-GeV DM
mass range.
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The Heavy Photon Search test detector

M. Battaglieria, S. Boyarinovb, S. Bueltmannc, V. Burkertb, A. Celentanoa, G. Charlesf, W. Cooperd, C. Cuevasb, N.
Dashyane, R. DeVitaa, C. Desnaultf, A. Deurb, H. Egiyanb, L. Elouadrhirib, R. Essigg, V. Fadeyevh, C. Fieldi, A.

Freybergerb, Y. Gershteinj, N. Gevorgyane, F.-X. Girodb, N. Grafi, M. Grahami, K. Gri�oenk, A. Grilloh, M.
Guidalf, G. Halleri, P. Hansson Adriani,⇤, R. Herbsti, M. Holtropl, J. Jarosi, S. Kanetab, M. Khandakerm, A.

Kubarovskyn, V. Kubarovskyb, T. Maruyamai, J. McCormicki, K. Mo↵eiti, O. Morenoh, H. Neali, T. Nelsoni, S.
Niccolaif, A. Odiani, M. Oriunnoi, R. Paremuzyane, R. Partridgei, S. K. Phillipsl, E. Raulyf, B. Raydob, J.

Reichertj, E. Rindelf, P. Rosierf, C. Salgadom, P. Schustero, Y. Sharabianb, D. Sokhanp, S. Stepanyanb, N. Toroo,
S. Uemurai, M. Ungarob, H. Voskanyane, D. Walzi, L. B. Weinsteinc, B. Wojtsekhowskib

aIstituto Nazionale di Fisica Nucleare, Sezione di Genova e Dipartimento di Fisica dellÚniversita, 16146 Genova, Italy
bThomas Je↵erson National Accelerator Facility, Newport News, Virginia 23606

cOld Dominion University, Norfolk, Virginia 23529
dFermi National Accelerator Laboratory, Batavia, IL 60510-5011

eYerevan Physics Institute, 375036 Yerevan, Armenia
fInstitut de Physique Nucléaire, CNRS/IN2P3 and Université Paris Sud, Orsay, France

gStony Brook University, Stony Brook, NY 11794-3800
hSanta Cruz Institute for Particle Physics, University of California, Santa Cruz, CA 95064

iSLAC National Accelerator Laboratory, Menlo Park, CA 94025
jRutgers University, Department of Physics and Astronomy, Piscataway, NJ 08854

kThe College of William and Mary, Department of Physics, Williamsburg, VA 23185
lUniversity of New Hampshire, Department of Physics, Durham, NH 03824

mNorfolk State University, Norfolk, Virginia 23504
nRensselaer Polytechnic Institute, Department of Physics, Troy, NY 12181

oPerimeter Institute, Ontario, Canada N2L 2Y5
pUniversity of Glasgow, Glasgow, G12 8QQ, Scotland, UK

Abstract

The Heavy Photon Search (HPS), an experiment to search for a hidden sector photon in fixed target electroproduction,
is preparing for installation at the Thomas Je↵erson National Accelerator Facility (JLab) in the Fall of 2014. As
the first stage of this project, the HPS Test Run apparatus was constructed and operated in 2012 to demonstrate
the experiment’s technical feasibility and to confirm that the trigger rates and occupancies are as expected. This
paper describes the HPS Test Run apparatus and readout electronics and its performance. In this setting, a heavy
photon can be identified as a narrow peak in the e+e� invariant mass spectrum above the trident background or as
a narrow invariant mass peak with a decay vertex displaced from the production target, so charged particle tracking
and vertexing are needed for its detection. In the HPS Test Run, charged particles are measured with a compact
forward silicon microstrip tracker inside a dipole magnet. Electromagnetic showers are detected in a PbW04 crystal
calorimeter situated behind the magnet, and are used to trigger the experiment and identify electrons and positrons.
Both detectors are placed close to the beam line and split top-bottom. This arrangement provides sensitivity to low-
mass heavy photons, allow clear passage of the unscattered beam, and avoids the spray of degraded electrons coming
from the target. The discrimination between prompt and displaced e+e� pairs requires the first layer of silicon sensors
be placed only 10 cm downstream of the target. The expected signal is small, and the trident background huge,
so the experiment requires very large statistics. Accordingly, the HPS Test Run utilizes high-rate readout and data
acquisition electronics and a fast trigger to exploit the essentially 100% duty cycle of the CEBAF accelerator at JLab.

Keywords: silicon, tracking, vertexing, heavy photon, dark photon, electromagnetic calorimeter

Preprint submitted to Nuclear Instruments and Methods in Physics Research Section A June 5, 2015
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Summary
• Evidence for dark matter motivates searches for new 

forces and light Dark Matter particles 

• Several ideas for powerful next-generation experiments  
– Search for light dark matter behind beam dump 

– Powerful search for dark matter through electron missing 
momentum 

– High-intensity new-force search (super-HPS) 

• LCLS-II is a natural home for these experiments, both at BSY 
dump and by directing dark bunches to experimental area
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