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How do we know Dark Matter is there?
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.
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stars in the outer parts of many galaxies 
rotate much faster than expected based 
on gravitation from visible matter
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shown by Vera Rubin in the 1970s 
for hundreds of galaxies

first observation of “dunkle Materie” (dark matter) in 1930(s)

(often attributed to F. Zwicky, 1933, studied Coma Cluster)

but actually first mentioned by Knut Lundmark in 1930
(see L. Bergström's presentation in April 2015)

Rotation Curves

http://indico.ictp.it/event/a14282/session/98/contribution/549/material/slides/
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ample evidence for existence of non-luminous form of matter 
• all based on gravitational effects 
• observed on vastly different scales (single galaxies up to entire Universe)
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Cosmic Microwave Background
radiation from shortly after the big bang 

• density fluctuations in early Universe encoded in temperature fluctuations of CMB 
• measured most recently by ESA PLANCK satellite

 

 
 

 
9 (24) 

The satellite achieved unprecedented accuracy for all of the parameters of the standard model 
[63].  
 
These accurate values are extracted from the power spectrum shown in figure 4. For example, the 
age of the Universe is now known with better than 1% accuracy to be 13.8 billion years. The density 
of  the cosmic constituents was measured with a comparable significance, and when combined 
with supernova and large-scale structure observations, the margin for a potential time evolution 
of  dark  energy  has  been  severely  bounded,  i.e.,  the  observational  evidence  for  a  cosmological 
constant, Λ, is very strong  [62]. Similarly,  the statistical evidence  for dark matter exceeds 100 
standard deviations, a remarkable triumph for physical cosmology. 
 
 

 
 
 
Figure 4. Anisotropies in the temperature of the CMB as measured by the Planck satellite. The 
acoustic peaks are clearly visible. 
 
 
A summary of the physics of the acoustic peaks 
 
All the key ingredients of modern cosmology become visible after a close look at the acoustic peaks 
in figure 4 – especially the first three peaks. As we have seen, the detailed structure of the peaks 
is determined by the physical content of the Universe. The angular size of the structures, and in 
particular the position of the first peak, is fixed by the geometry of the Universe. As illustrated in 
figure 5, the “spots” in the CMB will look larger if the Universe has positive curvature, analogous 
to a sphere, and smaller if the curvature is negative, like a saddle. The actual position shows that 
our Universe is very nearly flat with a density that is critical. 

position/height of peaks contains information 
about composition of the Universe

This is how we know how much Dark Matter there is in the Universe.

Nobel Prize 2019 for J. Peebles



What Particles could Dark Matter be made of?
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Some basic requirements 
• electrically neutral (dark!) 
• stable on cosmological timescales 
• massive
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Some basic requirements 
• electrically neutral (dark!) 
• stable on cosmological timescales 
• massive

Given astronomical observations, what are allowed masses of dark matter particles?

Anything from 10-20 eV up to several solar masses. Depends on origin of dark matter.
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Some non-gravitational interaction! 

(i.e. we might detect it in experiments)
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WIMPs

WIMP: Weakly Interacting Massive Particle
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Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.
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Install
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LDMX	Build
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Searches for Thermal Relic DM

!11

Some non-gravitational interaction! 

(i.e. we might detect it in experiments)
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.
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How to realise LDM 

!12

starting point: thermal relic assumption 
• restricts viable mass range 
• minimum annihilation cross section 

• otherwise overproduction of DM

if WIMPs ‘too light’ (mχ< few GeV ) 
• annihilation into SM inefficient  

• overproduction of DM 
• Lee-Weinberg-bound

introduce new, light mediator 
• additional annihilation channel 

• correct relic abundance

representative benchmark model: Dark Photon (A’) 
• vector mediator 
• kinetically mixes with photon (ε) 
• annihilation cross section
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 Four “minimal” LDM 
scenarios:

– Dirac fermion
– (Elastic) Complex Scalar

– Majorana (Inelastic)
 fermion

– (Inelastic) Complex Scalar

Landscape of Scenarios

The four minimal models all have a 
thermal DM parameter range of interest!
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What about MA′ > 2MDM?

Assume abundance of light dark 
matter with dark photon 
interaction is determined by 
thermal origins.

Can calculate minimum cross 
section allowed to avoid producing 
too much DM.

Defines a parameter space with 
clear targets for light DM searches.

{

DM annihilation

A0 �

�

�̄

e�

e+

1

+ other modes↵D

✏ ↵

�v ⇠ ↵D✏2↵⇥
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�

m4
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⇥m2
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�

×

y ≡ dimensionless parameter
controlling cross-section
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Current constraints

• Some assumptions are needed to plot constraints from 
missing mass/momentum/energy experiments

• We choose very conservative parameters: αD = 0.5 and mA/mχ = 3.
• These parameters lead to weak(est) constraints

For smaller values of αD or larger mass ratio, the constraints are weaker, while the 
targets are invariant.

clear experimental 
thermal targets

conservative:

↵D = 0.5
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.
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FY22 FY23FY17 FY18 FY19 FY20

LDMX	Prelim	Design

FY21 FY24

Eng.	
Run

1st	Physics	Run

LDMX	Upgrade

Direct Detection 

!14

Direct detection: nuclear recoil due to WIMP scattering 
• sensitivity drops quickly below few GeV 

Many new ideas in recent years to get to lower masses 
• needs lower energy threshold 

• examples: 
• electron-DM scattering 
• semiconductors 

1310.8327

Direct Detection Landscape

The WIMP program is active, important, and exciting!
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Why not only direct detection?
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direct detection:  

strong spin/velocity dependency
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Thermal and Asymmetric Targets for DM-e Scattering

FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!

��̄) or e�p ! e�p(A0
! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.
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FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!

��̄) or e�p ! e�p(A0
! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.
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Current constraints

• Some assumptions are needed to plot constraints from 
missing mass/momentum/energy experiments

• We choose very conservative parameters: αD = 0.5 and mA/mχ = 3.
• These parameters lead to weak(est) constraints

For smaller values of αD or larger mass ratio, the constraints are weaker, while the 
targets are invariant.

at accelerators: relativistic production 

—> spin/velocity dependency reduced 

all thermal targets in reach!
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Active Field

!16

Experiment Machine Type Ebeam ( GeV) Detection Mass range ( GeV) Sensitivity First beam Ref.

Future US initiatives

BDX CEBAF @ JLab electron BD 2.1-11 DM scatter 0.001 < m� < 0.1 y & 10�13 2019+ [211, 212]
COHERENT SNS @ ORNL proton BD 1 DM scatter m� < 0.06 y & 10�13 started [213, 214]
DarkLight LERF @ JLab electron FT 0.17 MMass (& vis.) 0.01 < mA0 < 0.08 ✏2 & 10�6 started [215]
LDMX DASEL @ SLAC electron FT 4 (8)* MMomentum m� < 0.4 ✏2 & 10�14 2020+ [216]
MMAPS Synchr @ Cornell positron FT 6 MMass 0.02 < mA0 < 0.075 ✏2 & 10�8 2020+ [217]
SBN BNB @ FNAL proton BD 8 DM scatter m� < 0.4 y ⇠ 10�12 2018+ [218, 219]
SeaQuest MI @ FNAL proton FT 120 vis. prompt 0.22 < mA0 < 9 ✏2 & 10�8 2017 [220]

vis. disp. mA0 < 2 ✏2 ⇠ 10�14
� 10�8

Future international initiatives

Belle II SuperKEKB @ KEK e+e� collider ⇠ 5.3 MMass (& vis.) 0 < m� < 10 ✏2 & 10�9 2018 [203]
MAGIX MESA @ Mami electron FT 0.105 vis. 0.01 < mA0 < 0.060 ✏2 & 10�9 2021-2022 [205]
PADME DA�NE @ Frascati positron FT 0.550 MMass mA0 < 0.024 ✏2 & 10�7 2018 [206, 207]
SHIP SPS @ CERN proton BD 400 DM scatter m� < 0.4 y & 10�12 2026+ [208, 209]
VEPP3 VEPP3 @ BINP positron FT 0.500 MMass 0.005 < mA0 < 0.022 ✏2 & 10�8 2019-2020 [210]

Current and completed initiatives

APEX CEBAF @ JLab electron FT 1.1-4.5 vis. 0.06 < mA0 < 0.55 ✏2 & 10�7 2018-2019 [197, 198]
BABAR PEP-II @ SLAC e+e� collider ⇠ 5.3 vis. 0.02 < mA0 < 10 ✏2 & 10�7 done [191, 229, 230]
Belle KEKB @ KEK e+e� collider ⇠ 5.3 vis. 0.1 < mA0 < 10.5 ✏2 & 10�7 done [231]
HPS CEBAF @ JLab electron FT 1.1-4.5 vis. 0.015 < mA0 < 0.5 ✏2 ⇠ 10�7** 2018-2020 [232]
NA/64 SPS @ CERN electron FT 100 MEnergy mA0 < 1 ✏2 & 10�10 started [186]
MiniBooNE BNB @ FNAL proton BD 8 DM scatter m� < 0.4 y & 10�9 done [188]
TREK K+ beam @ J-PARC K decays 0.240 vis. N/A N/A done [201, 202]

TABLE II: Summary table of current light DM experiments and future proposals. The sensitivities are quoted either for the kinetic mixing
or the variable y, whichever is most relevant (see the text and the corresponding figures for more detailed predictions). The range quoted for
experiments sensitive to both visible and invisible decays refers to the invisible case. Starting dates are subject to variations. Legend: beam
dump (BD), fixed target (FT), dark matter scattering (DM scatter), missing mass (MMass), missing momentum (MMomentum), missing
energy (MEnergy), prompt/displaced visible decays (vis). Notes: *LDMX beam energy is 4 GeV for phase I, and could be upgraded to
8 GeV for phase II. **Sensitivity to displaced vertices under study.
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US Cosmic Visions: New Ideas in Dark Matter 2017 :
Community Report

Marco Battaglieri (SAC co-chair),1 Alberto Belloni (Coordinator),2 Aaron Chou (WG2
Convener),3 Priscilla Cushman (Coordinator),4 Bertrand Echenard (WG3 Convener),5

Rouven Essig (WG1 Convener),6 Juan Estrada (WG1 Convener),3 Jonathan L. Feng
(WG4 Convener),7 Brenna Flaugher (Coordinator),3 Patrick J. Fox (WG4 Convener),3

Peter Graham (WG2 Convener),8 Carter Hall (Coordinator),2 Roni Harnik (SAC
member),3 JoAnne Hewett (Coordinator),9, 8 Joseph Incandela (Coordinator),10 Eder

Izaguirre (WG3 Convener),11 Daniel McKinsey (WG1 Convener),12 Matthew Pyle (SAC
member),12 Natalie Roe (Coordinator),13 Gray Rybka (SAC member),14 Pierre Sikivie
(SAC member),15 Tim M.P. Tait (SAC member),7 Natalia Toro (SAC co-chair),9, 16

Richard Van De Water (SAC member),17 Neal Weiner (SAC member),18 Kathryn
Zurek (SAC member),13, 12 Eric Adelberger,14 Andrei Afanasev,19 Derbin Alexander,20

James Alexander,21 Vasile Cristian Antochi,22 David Mark Asner,23 Howard Baer,24

Dipanwita Banerjee,25 Elisabetta Baracchini,26 Phillip Barbeau,27 Joshua Barrow,28

Noemie Bastidon,29 James Battat,30 Stephen Benson,31 Asher Berlin,9 Mark Bird,32 Nikita
Blinov,9 Kimberly K. Boddy,33 Mariangela Bond̀ı,34 Walter M. Bonivento,35 Mark

Boulay,36 James Boyce,37, 31 Maxime Brodeur,38 Leah Broussard,39 Ranny Budnik,40 Philip
Bunting,12 Marc Ca↵ee,41 Sabato Stefano Caiazza,42 Sheldon Campbell,7 Tongtong Cao,43

Gianpaolo Carosi,44 Massimo Carpinelli,45, 46 Gianluca Cavoto,22 Andrea Celentano,1 Jae
Hyeok Chang,6 Swapan Chattopadhyay,3, 47 Alvaro Chavarria,48 Chien-Yi Chen,49, 16

Kenneth Clark,50 John Clarke,12 Owen Colegrove,10 Jonathon Coleman,51 David Cooke,25

Robert Cooper,52 Michael Crisler,23, 3 Paolo Crivelli,25 Francesco D’Eramo,53, 54 Domenico
D’Urso,45, 46 Eric Dahl,29 William Dawson,44 Marzio De Napoli,34 Ra↵aella De Vita,1

Patrick DeNiverville,55 Stephen Derenzo,13 Antonia Di Crescenzo,56, 57 Emanuele Di
Marco,58 Keith R. Dienes,59, 2 Milind Diwan,11 Dongwi Handiipondola Dongwi,43 Alex
Drlica-Wagner,3 Sebastian Ellis,60 Anthony Chigbo Ezeribe,61, 62 Glennys Farrar,18

Francesc Ferrer,63 Enectali Figueroa-Feliciano,64 Alessandra Filippi,65 Giuliana Fiorillo,66

Bartosz Fornal,67 Arne Freyberger,31 Claudia Frugiuele,40 Cristian Galbiati,68 Iftah
Galon,7 Susan Gardner,69 Andrew Geraci,70 Gilles Gerbier,71 Mathew Graham,9 Edda
Gschwendtner,72 Christopher Hearty,73, 74 Jaret Heise,75 Reyco Henning,76 Richard J.
Hill,16, 3 David Hitlin,5 Yonit Hochberg,21, 77 Jason Hogan,8 Maurik Holtrop,78 Ziqing

Hong,29 Todd Hossbach,23 T. B. Humensky,79 Philip Ilten,80 Kent Irwin,8, 9 John Jaros,9

Robert Johnson,53 Matthew Jones,41 Yonatan Kahn,68 Narbe Kalantarians,81 Manoj
Kaplinghat,7 Rakshya Khatiwada,14 Simon Knapen,13, 12 Michael Kohl,43, 31 Chris

Kouvaris,82 Jonathan Kozaczuk,83 Gordan Krnjaic,3 Valery Kubarovsky,31 Eric Kuflik,21, 77

Alexander Kusenko,84, 85 Rafael Lang,41 Kyle Leach,86 Tongyan Lin,12, 13 Mariangela
Lisanti,68 Jing Liu,87 Kun Liu,17 Ming Liu,17 Dinesh Loomba,88 Joseph Lykken,3 Katherine
Mack,89 Jeremiah Mans,4 Humphrey Maris,90 Thomas Markiewicz,9 Luca Marsicano,1 C.
J. Marto↵,91 Giovanni Mazzitelli,26 Christopher McCabe,92 Samuel D. McDermott,6 Art
McDonald,71 Bryan McKinnon,93 Dongming Mei,87 Tom Melia,13, 85 Gerald A. Miller,14

Kentaro Miuchi,94 Sahara Mohammed Prem Nazeer,43 Omar Moreno,9 Vasiliy Morozov,31

Frederic Mouton,61 Holger Mueller,12 Alexander Murphy,95 Russell Neilson,96 Tim
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Dark Sectors 2016 Workshop: Community Report

Jim Alexander (VDP Convener),1 Marco Battaglieri (DMA Convener),2 Bertrand
Echenard (RDS Convener),3 Rouven Essig (Organizer),4, ⇤ Matthew Graham

(Organizer),5, † Eder Izaguirre (DMA Convener),6 John Jaros (Organizer),5, ‡ Gordan
Krnjaic (DMA Convener),7 Jeremy Mardon (DD Convener),8 David Morrissey (RDS

Convener),9 Tim Nelson (Organizer),5, § Maxim Perelstein (VDP Convener),1 Matt Pyle
(DD Convener),10 Adam Ritz (DMA Convener),11 Philip Schuster (Organizer),5, 6, ¶ Brian
Shuve (RDS Convener),5 Natalia Toro (Organizer),5, 6, ⇤⇤ Richard G Van De Water (DMA
Convener),12 Daniel Akerib,5, 13 Haipeng An,3 Konrad Aniol,14 Isaac J. Arnquist,15 David
M. Asner,15 Henning O. Back,15 Keith Baker,16 Nathan Baltzell,17 Dipanwita Banerjee,18

Brian Batell,19 Daniel Bauer,7 James Beacham,20 Jay Benesch,17 James Bjorken,5 Nikita
Blinov,5 Celine Boehm,21 Mariangela Bond́ı,22 Walter Bonivento,23 Fabio Bossi,24

Stanley J. Brodsky,5 Ran Budnik,25 Stephen Bueltmann,26 Masroor H. Bukhari,27

Raymond Bunker,15 Massimo Carpinelli,28, 29 Concetta Cartaro,5 David Cassel,1, 5 Gianluca
Cavoto,30 Andrea Celentano,2 Animesh Chaterjee,31 Saptarshi Chaudhuri,8 Gabriele
Chiodini,24 Hsiao-Mei Sherry Cho,5 Eric D. Church,15 D. A. Cooke,18 Jodi Cooley,32

Robert Cooper,33 Ross Corliss,34 Paolo Crivelli,18 Francesca Curciarello,35 Annalisa
D’Angelo,36, 37 Hooman Davoudiasl,38 Marzio De Napoli,22 Ra↵aella De Vita,2 Achim
Denig,39 Patrick deNiverville,11 Abhay Deshpande,40 Ranjan Dharmapalan,41 Bogdan
Dobrescu,7 Sergey Donskov,42 Raphael Dupre,43 Juan Estrada,7 Stuart Fegan,39 Torben

Ferber,44 Clive Field,5 Enectali Figueroa-Feliciano,45 Alessandra Filippi,46 Bartosz
Fornal,47 Arne Freyberger,17 Alexander Friedland,5 Iftach Galon,47 Susan Gardner,48, 47

Francois-Xavier Girod,17 Sergei Gninenko,49 Andrey Golutvin,50 Stefania Gori,51 Christoph
Grab,18 Enrico Graziani,52 Keith Gri�oen,53 Andrew Haas,54 Keisuke Harigaya,10, 55

Christopher Hearty,44 Scott Hertel,10, 55 JoAnne Hewett,5 Andrew Hime,15 David Hitlin,3

Yonit Hochberg,10, 55, 1 Roy J. Holt,41 Maurik Holtrop,56 Eric W. Hoppe,15 Todd W.
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Igal Jaegle,59 Robert P. Johnson,60 Yonatan Kahn,61 Grzegorz Kalicy,62 Zhong-Bo Kang,12

Vardan Khachatryan,4 Venelin Kozhuharov,63 N. V. Krasnikov,49 Valery Kubarovsky,17

Eric Kuflik,1 Noah Kurinsky,5, 8 Ranjan Laha,13, 8 Gaia Lanfranchi,35 Dale Li,5 Tongyan
Lin,10, 55 Mariangela Lisanti,61 Kun Liu,12 Ming Liu,12 Ben Loer,15 Dinesh Loomba,64

Valery E. Lyubovitskij,65, 66, 67 Aaron Manalaysay,68 Giuseppe Mandaglio,69 Jeremiah
Mans,70 W. J. Marciano,38 Thomas Markiewicz,5 Luca Marsicano,2 Takashi Maruyama,5

Victor A. Matveev,49 David McKeen,71 Bryan McKinnon,72 Dan McKinsey,10 Harald
Merkel,39 Jeremy Mock,68 Maria Elena Monzani,5 Omar Moreno,5 Corina Nantais,73

Sebouh Paul,53 Michael Peskin,5 Vladimir Poliakov,74 Antonio D Polosa,75, 76 Maxim
Pospelov,6, 11 Igor Rachek,77 Balint Radics,18 Mauro Raggi,30 Nunzio Randazzo,22 Blair
Ratcli↵,5 Alessandro Rizzo,36, 37 Thomas Rizzo,5 Alan Robinson,7 Andre Rubbia,18 David

Rubin,1 Dylan Rueter,8 Tarek Saab,78 Elena Santopinto,2 Richard Schnee,79 Jessie
Shelton,80 Gabriele Simi,81, 82 Ani Simonyan,43 Valeria Sipala,28, 29 Oren Slone,83 Elton
Smith,17 Daniel Snowden-I↵t,84 Matthew Solt,5 Peter Sorensen,10, 55 Yotam Soreq,34

Stefania Spagnolo,24, 85 James Spencer,5 Stepan Stepanyan,17 Jan Strube,15 Michael
Sullivan,5 Arun S. Tadepalli,86 Tim Tait,47 Mauro Taiuti,2, 87 Philip Tanedo,88 Rex
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https://home.cern/scientists/updates/2016/05/cern-
launches-physics-beyond-colliders-study-group

arxiv:1608.08632

arxiv:1707.04591

arxiv:1901.09966

arxiv:1902.00260

https://home.cern/scientists/updates/2016/05/cern-launches-physics-beyond-colliders-study-group
https://home.cern/scientists/updates/2016/05/cern-launches-physics-beyond-colliders-study-group
https://arxiv.org/abs/1608.08632
https://arxiv.org/abs/1707.04591
https://arxiv.org/abs/1901.09966
https://arxiv.org/abs/1902.00260
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Figure 1: Classification of dominant DM annihilation and mediator decay channels
in the benchmark dark photon (A0) mediated scenario for di↵erent mA0/m� ratios
were f is a charged SM fermion – similar categorizations exist for other mediators.
Also, the same classification holds for Majorana-DM, with the substitution (�, �̄) !

(�1, �2). (a) In the left column, the mediator is lighter than the DM, so for ✏e ⌧

gD the dominant annihilation is in the “secluded” channel, which is independent of
the mediator coupling to the SM. This scenario has no direct thermal target; every
arbitrarily small values of ✏ are compatible with a thermal annihilation rate. (b) The
middle column represents the m� < mA0 < 2m� window in which the annihilation
rate is sensitive to ✏ but the mediator decays visibly. This regime has a predictive
thermal relic target, which can be tested by probing su�ciently small values of ✏ in
searches for visibly decaying dark photos (e.g. HPS, APEX, Belle II). (c) The right
column where mA0 > 2m� o↵ers ample parameter space with a predictive thermal
target and features mediators that decay invisibly to DM states. Since �v / ✏
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this scenario has a thermal target which can be probed by testing su�ciently small
values of this combination at BDX, whose signal yield scales as the same combination
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in the benchmark dark photon (A0) mediated scenario for di↵erent mA0/m� ratios
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(�1, �2). (a) In the left column, the mediator is lighter than the DM, so for ✏e ⌧

gD the dominant annihilation is in the “secluded” channel, which is independent of
the mediator coupling to the SM. This scenario has no direct thermal target; every
arbitrarily small values of ✏ are compatible with a thermal annihilation rate. (b) The
middle column represents the m� < mA0 < 2m� window in which the annihilation
rate is sensitive to ✏ but the mediator decays visibly. This regime has a predictive
thermal relic target, which can be tested by probing su�ciently small values of ✏ in
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collider

DRAFT

name DSID � (AMI) [pb] Filt. E↵. k-fac. H.o. � [pb]
ttbar_hdamp258p75_nonallhad 410501 730.19 0.543 1.139 452.360
ttbar_hdamp258p75_dil 410503 730.19 0.10534 1.139 87.625

Table 15: tt̄ MC samples. The last column lists the higher order (H.o.) cross sections.

name DSID � (AMI) [pb] Filt. E↵. k-fac. H.o. � [pb]
singletop_tchan_lept_top 410011 43.739 1.0 1.00944237408 44.152
singletop_tchan_lept_antitop 410012 25.778 1.0 1.01931879898 26.276
Wt_inclusive_top 410013 34.009 1.0 1.054 35.845486
Wt_inclusive_antitop 410014 33.989 1.0 1.054 35.824406
Wt_dilepton_top 410015 3.5835 1.0 1.054 3.777009
Wt_dilepton_antitop 410016 3.5814 1.0 1.054 3.7747956
Wt_inclusive_top_HT500 407018 34.01 0.088461215 1.054 3.17102848195
Wt_inclusive_tbar_HT500 407020 33.99 0.088415243 1.054 3.16751675149
SingleTopSchan_noAllHad_top 410025 2.0517 1.0 1.00463518058 2.06121
SingleTopSchan_noAllHad_antitop 410026 1.2615 1.0 1.02153151011 1.288662

Table 16: Single top MC samples. The last column lists the higher order (H.o.) cross sections.
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Table 16: Single top MC samples. The last column lists the higher order (H.o.) cross sections.
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.
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FIG. 5: Top: Electron energy (left) and pT (right) spectra for DM pair radiation process, at various dark
matter masses. Bottom Left: Selection efficiency for energy cut Ee < Ecut, as a function of Ecut, on
inclusive signal events, The nominal cut is Ecut = 0.3Ebeam.Bottom Right: Selection efficiency for pT cut
pT,e > pT,cut, as a function of pT,cut, on events with 50MeV < Ee < Ecut. In all panels, the numbers next
to each curve indicate A0 mass. Also included in each plot is the corresponding inclusive single electron
background distribution.
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.
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measurement of pT: strong discriminator 
AND information about (missing) mass! 
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<latexit sha1_base64="cpSE5bKrdmfm+dJCHb2qmmk9zkg=">AAACE3icbVC7TsMwFHXKq5RXgJElokUUhpJ0gbGAkBiLRB9SEyLHdVqrthPZDlIV5R9Y+BUWBhBiZWHjb3DbDFA40pWOzrlX994TxJRIZdtfRmFhcWl5pbhaWlvf2Nwyt3faMkoEwi0U0Uh0AygxJRy3FFEUd2OBIQso7gSjy4nfucdCkojfqnGMPQYHnIQEQaUl3zyuuJIwl0IxwFU3FBClzE/PD7Msvcpm8tFd6pzUs4pvlu2aPYX1lzg5KYMcTd/8dPsRShjmClEoZc+xY+WlUCiCKM5KbiJxDNEIDnBPUw4Zll46/SmzDrTSt8JI6OLKmqo/J1LIpByzQHcyqIZy3puI/3m9RIVnXkp4nCjM0WxRmFBLRdYkIKtPBEaKjjWBSBB9q4WGUAejdIwlHYIz//Jf0q7XHLvm3NTLjYs8jiLYA/ugChxwChrgGjRBCyDwAJ7AC3g1Ho1n4814n7UWjHxmF/yC8fEND5mdmg==</latexit><latexit sha1_base64="cpSE5bKrdmfm+dJCHb2qmmk9zkg=">AAACE3icbVC7TsMwFHXKq5RXgJElokUUhpJ0gbGAkBiLRB9SEyLHdVqrthPZDlIV5R9Y+BUWBhBiZWHjb3DbDFA40pWOzrlX994TxJRIZdtfRmFhcWl5pbhaWlvf2Nwyt3faMkoEwi0U0Uh0AygxJRy3FFEUd2OBIQso7gSjy4nfucdCkojfqnGMPQYHnIQEQaUl3zyuuJIwl0IxwFU3FBClzE/PD7Msvcpm8tFd6pzUs4pvlu2aPYX1lzg5KYMcTd/8dPsRShjmClEoZc+xY+WlUCiCKM5KbiJxDNEIDnBPUw4Zll46/SmzDrTSt8JI6OLKmqo/J1LIpByzQHcyqIZy3puI/3m9RIVnXkp4nCjM0WxRmFBLRdYkIKtPBEaKjjWBSBB9q4WGUAejdIwlHYIz//Jf0q7XHLvm3NTLjYs8jiLYA/ugChxwChrgGjRBCyDwAJ7AC3g1Ho1n4814n7UWjHxmF/yC8fEND5mdmg==</latexit><latexit sha1_base64="cpSE5bKrdmfm+dJCHb2qmmk9zkg=">AAACE3icbVC7TsMwFHXKq5RXgJElokUUhpJ0gbGAkBiLRB9SEyLHdVqrthPZDlIV5R9Y+BUWBhBiZWHjb3DbDFA40pWOzrlX994TxJRIZdtfRmFhcWl5pbhaWlvf2Nwyt3faMkoEwi0U0Uh0AygxJRy3FFEUd2OBIQso7gSjy4nfucdCkojfqnGMPQYHnIQEQaUl3zyuuJIwl0IxwFU3FBClzE/PD7Msvcpm8tFd6pzUs4pvlu2aPYX1lzg5KYMcTd/8dPsRShjmClEoZc+xY+WlUCiCKM5KbiJxDNEIDnBPUw4Zll46/SmzDrTSt8JI6OLKmqo/J1LIpByzQHcyqIZy3puI/3m9RIVnXkp4nCjM0WxRmFBLRdYkIKtPBEaKjjWBSBB9q4WGUAejdIwlHYIz//Jf0q7XHLvm3NTLjYs8jiLYA/ugChxwChrgGjRBCyDwAJ7AC3g1Ho1n4814n7UWjHxmF/yC8fEND5mdmg==</latexit><latexit sha1_base64="cpSE5bKrdmfm+dJCHb2qmmk9zkg=">AAACE3icbVC7TsMwFHXKq5RXgJElokUUhpJ0gbGAkBiLRB9SEyLHdVqrthPZDlIV5R9Y+BUWBhBiZWHjb3DbDFA40pWOzrlX994TxJRIZdtfRmFhcWl5pbhaWlvf2Nwyt3faMkoEwi0U0Uh0AygxJRy3FFEUd2OBIQso7gSjy4nfucdCkojfqnGMPQYHnIQEQaUl3zyuuJIwl0IxwFU3FBClzE/PD7Msvcpm8tFd6pzUs4pvlu2aPYX1lzg5KYMcTd/8dPsRShjmClEoZc+xY+WlUCiCKM5KbiJxDNEIDnBPUw4Zll46/SmzDrTSt8JI6OLKmqo/J1LIpByzQHcyqIZy3puI/3m9RIVnXkp4nCjM0WxRmFBLRdYkIKtPBEaKjjWBSBB9q4WGUAejdIwlHYIz//Jf0q7XHLvm3NTLjYs8jiLYA/ugChxwChrgGjRBCyDwAJ7AC3g1Ho1n4814n7UWjHxmF/yC8fEND5mdmg==</latexit>

very different from SM bremsstrahlung 
(main background)

Mediator carries most of the energy 

—> soft recoil electron, large missing energy

Recoil electron gets transverse 'kick' 

—> large missing transverse momentum
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.

LDMX	Final	Design

Install

HiLum	Physics	Run

LDMX	Build

FY22 FY23FY17 FY18 FY19 FY20

LDMX	Prelim	Design

FY21 FY24

Eng.	
Run

1st	Physics	Run

LDMX	Upgrade

LDMX 

!23

Light Dark Matter eXperiment

Sampling 
Calorimeters

Beam

Tracking

DM

DM

E < EB

energy EB, 
4-16 GeV

p. 30

Mechanics and assembly

We have a generic concept but final engineered design needed for mechanics 
and assembly

Open questions
• Back HCal support structure 
• Side HCal module structure
• Back HCal assembly
• Services
• Interface with ECal

Target

individually measure up to 1016 electrons on target (EoT), 
missing energy & missing (transverse) momentum

small-scale experiment

design paper arxiv:1808.05219



The Beam
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Schedule and Budget
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A special beam…

!25

looking for extremely rare signal  
—> need very large statistics

goal: 1014 - 1016 electrons in few years

beam energy ideally 4 GeV < EB < 20 GeV

—> beam with high duty-cycle

resolve individual particles 
  —> low number of electrons per bunch (≤10) 
  —> large beam spot

options (still an open question):  

SLAC (default, first stage)  
dedicated transfer line from LCLS-II   
                       (Linac Coherent Light Source) 

CERN (later stage) 
 new Linac injecting electrons into SPS      
                        (Super Proton Synchrotron)
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S30XL @ LCLS-II @ SLAC

energy: 4 (8) GeV 

bunch frequency: 46 MHz (186 MHz) 

4x1014 EoT year 1 

parasitic

https://confluence.slac.stanford.edu/display/MME/Publications+and+Presentations

(Sector 30 Transfer Line)

Goal: Parasitically extract low-current, high-
rate electron beam from LCLS-II linac 

Physics program spans dark matter physics 
(LDMX), neutrino physics (electro-nuclear 
scattering as reference), test beam program…

https://confluence.slac.stanford.edu/display/MME/Publications+and+Presentations
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S30XL @ LCLS-II @ SLAC

37

DASEL Phase I

BSY dump 

DASEL 

Soft X-Ray FEL 

Hard X-Ray FEL 

Beam Kickers 

LCLS-II SCRF Linac 

Laser system to fill “unused” buckets with 
electrons for DASEL 
•  Use rejected pulses from LCLS-II laser 

(46 MHz) 

Beamline connecting to ESA line 
•  3 dipoles & 11 quads (all refurbished) 

DASEL kicker/septum system 
downstream of FEL kickers to minimize 
interference 
•  Based on LCLS-II design but with 

longer kicker pulse 

laser system to fill unused buckets 
with electrons for S30XL

S30XL beamline 
to Endstation A

S30XL kicker/septum system 
downstream of FEL kickers 
(min. interference)

Endstation A

https://confluence.slac.stanford.edu/display/MME/Publications+and+Presentations

(Sector 30 Transfer Line)

https://confluence.slac.stanford.edu/display/MME/Publications+and+Presentations
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!28

Staged approach: 

• first: S30 Accelerator Improvement Project                                                                                      
(kicker & ~100m beamline – ending in beam switchyard) 

• Design underway following funding in FY19; release of 
construction funding expected after successful review 
(~early January) 

• Installation timeframe: depends on LCLS-II downtime 
schedule 

• Enable characterization of dark current, long-pulse 
kicker demonstration, single-electron QED tests, and 
high-rate single electron test beam 

• second: additional ~100m beamline to connect to 
existing End Station A line, potentially laser system

S30XL  
Beamline

Existing A-
Line

S30XL Kicker

End Station A

LCLS

— existing LCLS 
— existing ESA 
— S30XL proposal SLAC Linac

S30XL @ LCLS-II @ SLAC
(Sector 30 Transfer Line)



Ruth Pöttgen UVA HEP Seminar 14 Nov 2019 LDMX

28

Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.

LDMX	Final	Design

Install

HiLum	Physics	Run

LDMX	Build

FY22 FY23FY17 FY18 FY19 FY20

LDMX	Prelim	Design

FY21 FY24

Eng.	
Run

1st	Physics	Run

LDMX	Upgrade

eSPS at CERN

!29

A primary electron beam facility at CERN

T. Åkesson
1
, Y. Dutheil

2
, L. Evans

2
, A. Grudiev

2
, S. Stapnes

2

On behalf of PBC-acc-e-beams⇤ working group

1
CERN, Geneva, Switzerland

2
Lund University, Lund, Sweden

Tuesday 29
th

May, 2018

Figure 1: Schematic representation of the electron beam facility at CERN with the proposed beam cycles.

This document describes the concept of a primary electron beam facility at CERN, to be used for searching dark gauge
forces and light dark matter. The electron beam is produced through three stages: A Linac accelerates electrons from a
photo-cathode to 3.5GeV. This beam is injected into the Super Proton Synchrotron, SPS, and accelerated at up to 16GeV.
Finally, the accelerated beam is slowly extracted to an experiment, followed by a fast dump of the remaining electrons to
another beamline. The beam requirements are optimized using the requirements of the Light Dark Matter eXperiment,
LDMX [1], as benchmark

Electron acceleration and extraction

Electrons are produced and accelerated to 3.5GeV using a high-gradient Linac that employs the technologies devel-
oped by the Compact LInear Collider (CLIC) [2] research program.

A 0.1GeV S-band photo-injector produces the electron beam. Most relevant here is the laser allowing a wide range
of beam time-structure to be produced. Following the source is a 3.4GeV X-Band high-gradient Linac which technology
was developed by the CLIC research program. The design uses fixed cells 5.3m long capable of accelerating 200 ns trains
by 264MeV. Each cell makes use of a klystron, modulator and pulse compressor feeding power to 8 copper accelerating
structures.

Table 1 summarizes the beam and Linac parameters proposed. Both beam parameters and Linac elements are the product
of the CLIC research program and were experimentally proven feasible. Although highly technical this method to accelerate
electrons to 3.5GeV does not represent a technical risk as all elements exist commercially or can be ordered.

⇤PBC-acc-e-beams@cern.ch

1

flexible parameters:  
• energy: 3.5 - 16 GeV  
• electrons per bunch:  1 - 40 
• bunch spacing: multiples of 5 ns 
• adjustable beam size

• 3.5 GeV Linac as injector to SPS 
• large number of electrons can be 

filled within 2s 
• slow extraction over 10s 
• can run in parallel with other SPS 

programme

Expression of interest to SPSC in October 2018 https://cds.cern.ch/record/2640784 Input to Strategy Update (#36)

Get e- back in CERN accelerators, next step for X-band linac developed for CLIC, accelerator R&D

optimal catering for LDMX-like experiment

arxiv:1805.12379 arxiv:1905.07657

Idea ~2 years ago, quickly picked up momentum

https://cds.cern.ch/record/2640784
https://indico.cern.ch/event/765096/contributions/3295600/
https://arxiv.org/abs/1805.12379
https://arxiv.org/abs/1905.07657


Backgrounds and Detectors



Ruth Pöttgen UVA HEP Seminar 14 Nov 2019 LDMX

28

Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.

LDMX	Final	Design

Install

HiLum	Physics	Run

LDMX	Build

FY22 FY23FY17 FY18 FY19 FY20

LDMX	Prelim	Design

FY21 FY24

Eng.	
Run

1st	Physics	Run

LDMX	Upgrade

Backgrounds

!31

essentially only 
instrumental backgrounds

incoming outgoing
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  …

relative 
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“invisible” backgrounds ≪ 10-16

“visible” 
backgrounds

⌫⌫̄
⌫ (Møller + CCQE)

e� e�

EN
+µ+µ�
+hadrons

...

+e+e–
trident

Veto Handles

bremsstrahlung +hard �

K± decay  
in ECal

� ! µ+µ�
� ! hadrons

� ! 1n/K0
L + soft

<latexit sha1_base64="iT5ducBH5LqT5xYbVMX4sPuLey8=">AAACEHicbVDLSgNBEJz1bXxFPXoZDKIgxF0R9Ch4EfSgYBIhiaF3MpsMzmOZ6VXCkk/w4q948aCIV4/e/BsnMQdfBQ1FVTfdXXEqhcMw/AjGxicmp6ZnZgtz8wuLS8XllaozmWW8wow09jIGx6XQvIICJb9MLQcVS16Lr48Gfu2GWyeMvsBeypsKOlokggF6qVXcbHRAKaANKzpdBGvNLY30zslV2Dql215WuTMJ9lvFUlgOh6B/STQiJTLCWav43mgblimukUlwrh6FKTZzsCiY5P1CI3M8BXYNHV73VIPirpkPH+rTDa+0aWKsL410qH6fyEE511Ox71SAXffbG4j/efUMk4NmLnSaIdfsa1GSSYqGDtKhbWE5Q9nzBJgV/lbKumCBoc+w4EOIfr/8l1R3y1FYjs73SocHozhmyBpZJ1skIvvkkByTM1IhjNyRB/JEnoP74DF4CV6/WseC0cwq+YHg7RNSiZwX</latexit><latexit sha1_base64="iT5ducBH5LqT5xYbVMX4sPuLey8=">AAACEHicbVDLSgNBEJz1bXxFPXoZDKIgxF0R9Ch4EfSgYBIhiaF3MpsMzmOZ6VXCkk/w4q948aCIV4/e/BsnMQdfBQ1FVTfdXXEqhcMw/AjGxicmp6ZnZgtz8wuLS8XllaozmWW8wow09jIGx6XQvIICJb9MLQcVS16Lr48Gfu2GWyeMvsBeypsKOlokggF6qVXcbHRAKaANKzpdBGvNLY30zslV2Dql215WuTMJ9lvFUlgOh6B/STQiJTLCWav43mgblimukUlwrh6FKTZzsCiY5P1CI3M8BXYNHV73VIPirpkPH+rTDa+0aWKsL410qH6fyEE511Ox71SAXffbG4j/efUMk4NmLnSaIdfsa1GSSYqGDtKhbWE5Q9nzBJgV/lbKumCBoc+w4EOIfr/8l1R3y1FYjs73SocHozhmyBpZJ1skIvvkkByTM1IhjNyRB/JEnoP74DF4CV6/WseC0cwq+YHg7RNSiZwX</latexit><latexit sha1_base64="iT5ducBH5LqT5xYbVMX4sPuLey8=">AAACEHicbVDLSgNBEJz1bXxFPXoZDKIgxF0R9Ch4EfSgYBIhiaF3MpsMzmOZ6VXCkk/w4q948aCIV4/e/BsnMQdfBQ1FVTfdXXEqhcMw/AjGxicmp6ZnZgtz8wuLS8XllaozmWW8wow09jIGx6XQvIICJb9MLQcVS16Lr48Gfu2GWyeMvsBeypsKOlokggF6qVXcbHRAKaANKzpdBGvNLY30zslV2Dql215WuTMJ9lvFUlgOh6B/STQiJTLCWav43mgblimukUlwrh6FKTZzsCiY5P1CI3M8BXYNHV73VIPirpkPH+rTDa+0aWKsL410qH6fyEE511Ox71SAXffbG4j/efUMk4NmLnSaIdfsa1GSSYqGDtKhbWE5Q9nzBJgV/lbKumCBoc+w4EOIfr/8l1R3y1FYjs73SocHozhmyBpZJ1skIvvkkByTM1IhjNyRB/JEnoP74DF4CV6/WseC0cwq+YHg7RNSiZwX</latexit><latexit sha1_base64="iT5ducBH5LqT5xYbVMX4sPuLey8=">AAACEHicbVDLSgNBEJz1bXxFPXoZDKIgxF0R9Ch4EfSgYBIhiaF3MpsMzmOZ6VXCkk/w4q948aCIV4/e/BsnMQdfBQ1FVTfdXXEqhcMw/AjGxicmp6ZnZgtz8wuLS8XllaozmWW8wow09jIGx6XQvIICJb9MLQcVS16Lr48Gfu2GWyeMvsBeypsKOlokggF6qVXcbHRAKaANKzpdBGvNLY30zslV2Dql215WuTMJ9lvFUlgOh6B/STQiJTLCWav43mgblimukUlwrh6FKTZzsCiY5P1CI3M8BXYNHV73VIPirpkPH+rTDa+0aWKsL410qH6fyEE511Ox71SAXffbG4j/efUMk4NmLnSaIdfsa1GSSYqGDtKhbWE5Q9nzBJgV/lbKumCBoc+w4EOIfr/8l1R3y1FYjs73SocHozhmyBpZJ1skIvvkkByTM1IhjNyRB/JEnoP74DF4CV6/WseC0cwq+YHg7RNSiZwX</latexit>

� ! K± + soft
<latexit sha1_base64="YGmCwETJd3qqi7jUO40ATfD/o2E=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQEIdyJYMqAjWATwaiQi2Fus5cs7t4eu3NKOPIHbPwrNhaK2Nrb+W/cxBSa+GDg8d4MM/OiVAqLvv/lzczOzS8sFpaKyyura+uljc1LqzPDeINpqc11BJZLkfAGCpT8OjUcVCT5VXR7MvSv7rixQicX2E95S0E3EbFggE5ql3bDLigFNDSi20MwRt/Ts5swVfTAaSq3OsZBu1T2K/4IdJoEY1ImY9Tbpc+wo1mmeIJMgrXNwE+xlYNBwSQfFMPM8hTYLXR509EEFLetfPTNgO45pUNjbVwlSEfq74kclLV9FblOBdizk95Q/M9rZhhXW7lI0gx5wn4WxZmkqOkwGtoRhjOUfUeAGeFupawHBhi6AIsuhGDy5WlyeVgJ/EpwflSuVcdxFMg22SH7JCDHpEZOSZ00CCMP5Im8kFfv0Xv23rz3n9YZbzyzRf7A+/gGGWCbiQ==</latexit><latexit sha1_base64="YGmCwETJd3qqi7jUO40ATfD/o2E=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQEIdyJYMqAjWATwaiQi2Fus5cs7t4eu3NKOPIHbPwrNhaK2Nrb+W/cxBSa+GDg8d4MM/OiVAqLvv/lzczOzS8sFpaKyyura+uljc1LqzPDeINpqc11BJZLkfAGCpT8OjUcVCT5VXR7MvSv7rixQicX2E95S0E3EbFggE5ql3bDLigFNDSi20MwRt/Ts5swVfTAaSq3OsZBu1T2K/4IdJoEY1ImY9Tbpc+wo1mmeIJMgrXNwE+xlYNBwSQfFMPM8hTYLXR509EEFLetfPTNgO45pUNjbVwlSEfq74kclLV9FblOBdizk95Q/M9rZhhXW7lI0gx5wn4WxZmkqOkwGtoRhjOUfUeAGeFupawHBhi6AIsuhGDy5WlyeVgJ/EpwflSuVcdxFMg22SH7JCDHpEZOSZ00CCMP5Im8kFfv0Xv23rz3n9YZbzyzRf7A+/gGGWCbiQ==</latexit><latexit sha1_base64="YGmCwETJd3qqi7jUO40ATfD/o2E=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQEIdyJYMqAjWATwaiQi2Fus5cs7t4eu3NKOPIHbPwrNhaK2Nrb+W/cxBSa+GDg8d4MM/OiVAqLvv/lzczOzS8sFpaKyyura+uljc1LqzPDeINpqc11BJZLkfAGCpT8OjUcVCT5VXR7MvSv7rixQicX2E95S0E3EbFggE5ql3bDLigFNDSi20MwRt/Ts5swVfTAaSq3OsZBu1T2K/4IdJoEY1ImY9Tbpc+wo1mmeIJMgrXNwE+xlYNBwSQfFMPM8hTYLXR509EEFLetfPTNgO45pUNjbVwlSEfq74kclLV9FblOBdizk95Q/M9rZhhXW7lI0gx5wn4WxZmkqOkwGtoRhjOUfUeAGeFupawHBhi6AIsuhGDy5WlyeVgJ/EpwflSuVcdxFMg22SH7JCDHpEZOSZ00CCMP5Im8kFfv0Xv23rz3n9YZbzyzRf7A+/gGGWCbiQ==</latexit><latexit sha1_base64="YGmCwETJd3qqi7jUO40ATfD/o2E=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQEIdyJYMqAjWATwaiQi2Fus5cs7t4eu3NKOPIHbPwrNhaK2Nrb+W/cxBSa+GDg8d4MM/OiVAqLvv/lzczOzS8sFpaKyyura+uljc1LqzPDeINpqc11BJZLkfAGCpT8OjUcVCT5VXR7MvSv7rixQicX2E95S0E3EbFggE5ql3bDLigFNDSi20MwRt/Ts5swVfTAaSq3OsZBu1T2K/4IdJoEY1ImY9Tbpc+wo1mmeIJMgrXNwE+xlYNBwSQfFMPM8hTYLXR509EEFLetfPTNgO45pUNjbVwlSEfq74kclLV9FblOBdizk95Q/M9rZhhXW7lI0gx5wn4WxZmkqOkwGtoRhjOUfUeAGeFupawHBhi6AIsuhGDy5WlyeVgJ/EpwflSuVcdxFMg22SH7JCDHpEZOSZ00CCMP5Im8kFfv0Xv23rz3n9YZbzyzRf7A+/gGGWCbiQ==</latexit>

increasingly rare
photo-nuclear

... Hard Track

ECal Energy
ECal Feature
HCal Hits

Extra Tracks
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main background:  
SM photon bremsstrahlung

Beam

Tracking

E < EB

energy EB, 
4-16 GeV nn,…

Target

Sampling 
Calorimeters

particularly challenging:  

photo-nuclear reactions producing 
neutral final states (relative rate: ~10-9)

—> most design work (with UVA!) recently 
on HCal to optimise rejection power
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simplified copy of Silicon Vertex Tracker (SVT) of HPS 
experiment@JLab (visible Dark Photon search) 

• fast (2ns hit time resolution) 
• radiation hard 
• technology well understood
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the first four layers of the recoil tracker are identical to the layers of the tagging tracker and
share the same support and cooling structure, as shown in Figure 16. The key element of this

FIG. 16: An overview of the tracking systems and target inside the LDMX magnet.

upstream support structure is a vertically-oriented aluminum plate onto which the stereo modules
are mounted. To provide cooling, a copper tube through which coolant flows is pressed into a
machined groove in the plate. This support plate slides from the upstream end of the magnet into
precision kinematic mounts in a support box that is aligned and locked in place inside the magnet.
Another similar plate slides into the support box on the positron side of the chamber and hosts the
Front End Boards (FEBs) that distribute power and control signals from the DAQ and digitize raw
data from the modules for transfer to the external DAQ. The last two layers of the recoil tracker,
being much larger, are supported on another structure: a cooled support ring onto which the single-
sided, axial-only modules are mounted. This support ring is installed from the downstream end
of the chamber, engaging precision kinematic mounts in the support box for precise alignment
to the upstream stereo modules. The cooling lines for all three cooled structures—the upstream
and downstream tracker supports and the FEB support—are routed to a cooling manifold at the
upstream end of the magnet which, in turn, connects to a cooling feedthrough with dielectric
breaks on the outside of an environmental enclosure which shields the detector from light and RF
and maintains an environment of dry gas.

Overall, this design is similar to that of the HPS tracker, although with some important simpli-
fications. First, because the radiation dose in LDMX is modest, cooling is needed only to remove
heat from the readout electronics and not to keep the silicon itself cold. Therefore, cooling water
that is close to room temperature can be used and there are no significant issues of differential
thermal expansion to be concerned with. Second, the LDMX detector is in no danger from the
nominal beam, so it does not need to be remotely movable, in contrast to HPS. Finally and most
significantly, the LDMX detector does not need to operate inside the beam vacuum as is the case
for HPS, which greatly simplifies many elements of the design, the material selection, and the
construction techniques. Because the tracking systems are very similar to, but are a significant

~1m

tagger

recoil tracker

target

tagging tracker 
• in 1.5T dipole field 
• measure incoming electron 

• momentum filter 
• impact point on target

recoil tracker 
• in fringe field 
• measure recoil electron

target 
• ~0.1 - 0.3 X0 tungsten 
• balance signal rate & 

momentum smearing
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ECal 
• draw on design of CMS@LHC forward SiW calorimeter upgrade 

• fast, radiation hard, dense 
• 40 radiation lengths (>30 layers) 
• high granularity (‘tracking’ of minimum ionising particles, MIP) 

• potentially increase granularity in central module

Oct. 11, 2017David Hitlin                              Brookhaven Forum Oct. 11, 2017 17

Electromagnetic calorimeter
The electromagnetic calorimeter is a Si-W sampling device
• Fast, dense and radiation hard
• 40 X0 deep for shower containment
• High granularity, to exploit transverse & longitudinal 

shower shapes to reject background events
• Can provide fast trigger 

The ECAL is based on technology currently being developed 
for the CMS upgrade, which is readiliy adaptable to LDMX 

High granularity enables 
muon/electron discrimination, 
which is important to reject 
γ→ µµ background
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FIG. 46: Distributions of the ECal BDT discriminator value for signal and photo-nuclear events passing
the trigger in which the recoil electron is within the ECal fiducial region. All distributions are normalized
to unit area.

Muons and minimum ionizing particles Another important class of signals that could be
distinguished in the ECal are those of minimum ionizing particles (MIPs). Long tracks from MIPs
can be observed in the ECal due to its high degree of transverse and longitudinal segmentation.
Efficiently identifying such MIP tracks can provide a strong handle for vetoing backgrounds that
would be complementary to vetoes from the HCal system which does not have adequate segmen-
tation to track MIPs. This is a particularly important ECal capability for identifying muons which
will frequently, but not always penetrate into the HCal. In order to understand the energy range
for muons that do not reach the HCal, we perform a simple study to understand the MIP energy
loss of muons in the ECal. This is shown in Fig. 49 where it is seen that muons typically lose
⇠500 MeV or more in the ECal. Therefore, for most muons at or below ⇠500 MeV, we would
rely solely on the ECal information for muon background rejection.

Of course, it is also possible for a muon to decay in flight in the ECal; µ�
! e� + ⌫e + ⌫̄µ,

so that it produces no veto signal in the HCal. This is a much more rare occurrence and since the
muons are pair-produced, this rarer background is found to be negligible relative to the dominant
backgrounds.

G. HCAL Simulation and Performace

The HCAL performance is studied using simulations based on the GEANT4 framework, com-
bined with a model of the scintillator and readout responses to convert the energy deposited inside
the active medium into photoelectrons (PEs). As described previously (see section IV D), the scin-
tillator layers are longitudinally segmented in an alternate (x, y) configuration to allow ambiguity
resolution. In the current simulation, each bar is 20 mm thick and 50 mm wide.
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HCal 
• highly efficient veto of low- and high-energy neutrons 
• surround ECal as much as possible (back and side) 
• plastic scintillator with steel absorber                          

(inspiration from Minos/Mu2e/CMS)
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FIG. 21: A possible realization of the hadronic veto (HCal) system. Dark areas represent the steel plate
radiators and white areas represent the extruded plastic scintillator bars. The Side HCal, which surrounds
the ECAL, is also shown.

Based on our studies of the backgrounds from hadronic processes, the hadronic veto system
must identify neutral hadrons in the energy range from approximately 100 MeV to several GeV
with high efficiency. The most problematic events typically contain either a single very high energy
neutral hadron, or multiple lower energy neutral hadrons. The required efficiency for lower energy
neutrons can be achieved with sampling thickness of the absorber plates in the range of 10% to
30% of a strong interaction length. To identify single high energy forward-going neutrons, a depth
of approximately 16 nuclear interaction lengths (�A) of the primary steel radiator is required, in
order to reduce the probability for a neutron to escape without interacting to the required negligible
level.
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FIG. 22: Photograph of the end of a 20mm
⇥ 50mm extruded polystyrene bar, coextruded
with a TiO2 diffuse reflecting layer and contain-
ing a single hole for a wavelength-shifting fiber.

FIG. 23: Detail of the front corner of the HCal,
showing the 20mm ⇥ 50mm bars, each contain-
ing a single wavelength-shifting fiber.

for independent monitoring and calibration of each 50 mm bar. In the event of a SiPM failure,
the Counter Mother Boards, which hold the four SiPMs for each quad-bar, can be replaced by
removing two mounting screws. The four SiPM signals are transmitted to a Front End Board
(FEB) on four shielded twisted pairs via an HDMI-2 cable.

A Front End Board (FEB) services 16 CMBs, digitizing a total of 64 SiPM signals. The Read-
out Controller (ROC) chassis, which receives the signals from 24 FEBs, also provides the 48 volt
bias to the SiPMs and the power to the FEBs, all over a CAT 6 cable. The readout of the bars in the
Side HCal is similar to that described for the Main HCal. As the energy of wide angle hadronic
showers is lower, the sampling is reduced to 12.5mm steel and the scintillator bar thickness is also
reduced to 15 mm. This necessitates designing a reduced thickness version of the CMB. The rest
of the FEB to ROC readout chain is unchanged.

The second readout system is based on the CMS hadronic calorimeter system. In contrast to
the Mu2e system, the CMS readout electronics system is a fiber plant scheme where fibers are
taken from the scintillator to a centralized SiPM location called a readout box (RBX). The RBX
is described in more detail below. Signals from wavelength-shifting fibers in the scintillating bars
are transported to the RBX via clear fiber cables. The CMS system can optically gang up to 6 clear
fibers onto a single large area SiPM thus reducing the channel count and effective segmentation.
The light transmission efficiency of the wavelength-shifting fiber-to-clear fiber combination is
approximately 75%.

The clear fibers transport the signal from the scintillating fibers to a readout module (RM). An
RM consists of an optical decoder unit (ODU) which organizes the clear fibers for ganging and is
installed directly onto the SiPM mounting unit. There are 64 SiPMs in a single RM. The SiPM
signals are then sent to the QIE board which includes a QIE11 digitizer ASIC that digitizes the
SiPM signal, which is then sent to the backend electronics via the CERN VTTX transceiver. Four
RMs are contained in one RBX. A schematic of the front-end electronics readout chain is given in

Testbeam 
• obtained first funding from Swedish sources for R&D/prototype 
• planned for fall 2020 
• prototype layout coming together
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Scintillator bars: based on Mu2e cosmic ray veto that UVA group is building 
• great to have this first-hand expertise for LDMX! 
• bars extruded at FNAL with one hole in the middle for fiber (Mu2e uses 

two holes)  
• LDMX probably going to use quad-bar units instead of di-bars

The Mu2e Cosmic-Ray Veto

Will use 4 overlapping layers of scintillator bars 
separated by ~ 10 mm absorber

– Each bar is 5 x 2 x (300 - 660) cm3

– 2 wavelength shifting fibers / bar
– Read-out both ends of each fiber with SiPM
– Requirement: ~99.99 % veto efficiency

Craig Group - Brandeis - LDMX 3210/2019

LDMX and the Mu2e CRV
LDMX “Quad-bar” design - modified from the CRV design

10/2019 Craig Group - Brandeis - LDMX 35

Current studies show that the HCal can achieve the required veto efficiency.

LDMX

Mu2e
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Benchmark example:  

veto inefficiency of at most 10-6 for single 
neutrons (~15λ) 

13
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FIG. 7: Single neutron veto inefficiency for different sampling fractions as a function of the HCal length for
(left) 500 MeV and (right) 2 GeV incident neutrons.

VI. EVENT SELECTION368

One of the main features of the signal signature is the significant energy loss by the electron.369

Therefore, as previously mentioned, the first basic selection criterion is to require the energy mea-370

sured in the ECal to not be larger than 1.2 GeV. For such a selection, backgrounds from beam371

impurities and mis-measurements of electrons that did not interact in the target are negligible.372

In the following, we discuss backgrounds from events in which the electron undergoes regu-373

lar bremsstrahlung, considering different fates of the photon: purely electromagnetic showering,374

photo-nuclear reactions, and muon conversion.375

A. Photons producing a purely electromagnetic shower376

As the ECal is a sampling calorimeter, natural electromagnetic shower fluctuations can produce377

showers which have a low charge deposited in the silicon detector compared with the total energy378

of the shower. For such an event to appear as a signal event, it would be necessary for the shower379

in the calorimeter to not only match the recoil electron in energy, but to also appear at a position380

consistent with the low-momentum electron’s bending in the dipole field. The most-challenging381

region of phase space to reject is therefore the one in which the momentum of the electron is near382

the upper acceptance limit for the analysis – at 1.2 GeV.383

Accordingly, the behavior of the ECal has been studied for events with a 1.2 GeV electron and384

a 2.8 GeV photon (see Sec. IV). Figure 8 shows the fraction of events left after a cut on the energy385

reconstructed in the ECal, as a function of the cut value, for the potential background events (black386

dots) and several signal hypotheses (solid lines). Based on the extrapolated fit to the background387

curve (dashed line), the expected number of events of this type with less than 1500 MeV in the388

ECal– assuming 4 ⇥ 1014 EoT – is ⇠ 10�2 events. Here we have also taken into account the fact389

that only ⇠ 6⇥10�2 of 4 GeV electrons on target result in a recoil electron with less than 1.2 GeV390

energy. Thus, pure electromagnetic shower fluctuations are not expected to be a significant source391

of background for 4⇥ 1014 EoT.392

LDMX Preliminary

Absorber thickness?  

- too thick: neutrons ‘get stuck’  

—> no signal in scintillator 

    - too thin: detector needs to be very large 

Currently assuming 25mm, 4m deep, 
transverse size 2-3m

“Side HCal” around the ECal: Similar 
configuration, few λ deep

Finalisation of design parameters ongoing
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FIG. 46: Distributions of the ECal BDT discriminator value for signal and photo-nuclear events passing
the trigger in which the recoil electron is within the ECal fiducial region. All distributions are normalized
to unit area.

Muons and minimum ionizing particles Another important class of signals that could be
distinguished in the ECal are those of minimum ionizing particles (MIPs). Long tracks from MIPs
can be observed in the ECal due to its high degree of transverse and longitudinal segmentation.
Efficiently identifying such MIP tracks can provide a strong handle for vetoing backgrounds that
would be complementary to vetoes from the HCal system which does not have adequate segmen-
tation to track MIPs. This is a particularly important ECal capability for identifying muons which
will frequently, but not always penetrate into the HCal. In order to understand the energy range
for muons that do not reach the HCal, we perform a simple study to understand the MIP energy
loss of muons in the ECal. This is shown in Fig. 49 where it is seen that muons typically lose
⇠500 MeV or more in the ECal. Therefore, for most muons at or below ⇠500 MeV, we would
rely solely on the ECal information for muon background rejection.

Of course, it is also possible for a muon to decay in flight in the ECal; µ�
! e� + ⌫e + ⌫̄µ,

so that it produces no veto signal in the HCal. This is a much more rare occurrence and since the
muons are pair-produced, this rarer background is found to be negligible relative to the dominant
backgrounds.

G. HCAL Simulation and Performace

The HCAL performance is studied using simulations based on the GEANT4 framework, com-
bined with a model of the scintillator and readout responses to convert the energy deposited inside
the active medium into photoelectrons (PEs). As described previously (see section IV D), the scin-
tillator layers are longitudinally segmented in an alternate (x, y) configuration to allow ambiguity
resolution. In the current simulation, each bar is 20 mm thick and 50 mm wide.
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LDMX Phase I Sensitivity & Impact of Backgrounds

FIG. 74: Projected sensitivity in the y vs. m� plane for a 4 ⇥ 1014 EOT 4 GeV beam energy LDMX run
(solid blue curve), for the case of on-shell mediator production and decay into dark matter. Thermal relic
targets are shown as black lines. Grey regions are (model-dependent) constraints from beam dump experi-
ments and BABAR. The dashed and dotted curves illustrate the robustness of this search to any unexpected
photo-nuclear backgrounds at the 10-event level. In this case, a mass-dependent optimized pT cut can be
used to reduce the background level, recovering nearly the same sensitivity at high dark matter masses. The
dotted line further assumes, pessimistically, that such background can only be normalized to within a 50%
systematic uncertainty using veto sidebands as control regions.

arxiv:1808.05219

+ combine ECal features into a BDT

trigger on missing energy

+ veto on activity in HCal

at 4 GeV: close to 0-background for 4e14 EoT 
based on simulation studies

+ MIP tracking in ECal (new!)

https://arxiv.org/abs/1808.05219
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FIG. 46: Distributions of the ECal BDT discriminator value for signal and photo-nuclear events passing
the trigger in which the recoil electron is within the ECal fiducial region. All distributions are normalized
to unit area.

Muons and minimum ionizing particles Another important class of signals that could be
distinguished in the ECal are those of minimum ionizing particles (MIPs). Long tracks from MIPs
can be observed in the ECal due to its high degree of transverse and longitudinal segmentation.
Efficiently identifying such MIP tracks can provide a strong handle for vetoing backgrounds that
would be complementary to vetoes from the HCal system which does not have adequate segmen-
tation to track MIPs. This is a particularly important ECal capability for identifying muons which
will frequently, but not always penetrate into the HCal. In order to understand the energy range
for muons that do not reach the HCal, we perform a simple study to understand the MIP energy
loss of muons in the ECal. This is shown in Fig. 49 where it is seen that muons typically lose
⇠500 MeV or more in the ECal. Therefore, for most muons at or below ⇠500 MeV, we would
rely solely on the ECal information for muon background rejection.

Of course, it is also possible for a muon to decay in flight in the ECal; µ�
! e� + ⌫e + ⌫̄µ,

so that it produces no veto signal in the HCal. This is a much more rare occurrence and since the
muons are pair-produced, this rarer background is found to be negligible relative to the dominant
backgrounds.

G. HCAL Simulation and Performace

The HCAL performance is studied using simulations based on the GEANT4 framework, com-
bined with a model of the scintillator and readout responses to convert the energy deposited inside
the active medium into photoelectrons (PEs). As described previously (see section IV D), the scin-
tillator layers are longitudinally segmented in an alternate (x, y) configuration to allow ambiguity
resolution. In the current simulation, each bar is 20 mm thick and 50 mm wide.
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FIG. 74: Projected sensitivity in the y vs. m� plane for a 4 ⇥ 1014 EOT 4 GeV beam energy LDMX run
(solid blue curve), for the case of on-shell mediator production and decay into dark matter. Thermal relic
targets are shown as black lines. Grey regions are (model-dependent) constraints from beam dump experi-
ments and BABAR. The dashed and dotted curves illustrate the robustness of this search to any unexpected
photo-nuclear backgrounds at the 10-event level. In this case, a mass-dependent optimized pT cut can be
used to reduce the background level, recovering nearly the same sensitivity at high dark matter masses. The
dotted line further assumes, pessimistically, that such background can only be normalized to within a 50%
systematic uncertainty using veto sidebands as control regions.

arxiv:1808.05219

+ combine ECal features into a BDT

trigger on missing energy

+ veto on activity in HCal

at 4 GeV: close to 0-background for 4e14 EoT 
based on simulation studies

important: 
several handles not exploited yet, in particular pT! 
HCal optimisation ongoing  
things get easier at higher energy!

+ MIP tracking in ECal (new!)

https://arxiv.org/abs/1808.05219
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FIG. 46: Distributions of the ECal BDT discriminator value for signal and photo-nuclear events passing
the trigger in which the recoil electron is within the ECal fiducial region. All distributions are normalized
to unit area.

Muons and minimum ionizing particles Another important class of signals that could be
distinguished in the ECal are those of minimum ionizing particles (MIPs). Long tracks from MIPs
can be observed in the ECal due to its high degree of transverse and longitudinal segmentation.
Efficiently identifying such MIP tracks can provide a strong handle for vetoing backgrounds that
would be complementary to vetoes from the HCal system which does not have adequate segmen-
tation to track MIPs. This is a particularly important ECal capability for identifying muons which
will frequently, but not always penetrate into the HCal. In order to understand the energy range
for muons that do not reach the HCal, we perform a simple study to understand the MIP energy
loss of muons in the ECal. This is shown in Fig. 49 where it is seen that muons typically lose
⇠500 MeV or more in the ECal. Therefore, for most muons at or below ⇠500 MeV, we would
rely solely on the ECal information for muon background rejection.

Of course, it is also possible for a muon to decay in flight in the ECal; µ�
! e� + ⌫e + ⌫̄µ,

so that it produces no veto signal in the HCal. This is a much more rare occurrence and since the
muons are pair-produced, this rarer background is found to be negligible relative to the dominant
backgrounds.

G. HCAL Simulation and Performace

The HCAL performance is studied using simulations based on the GEANT4 framework, com-
bined with a model of the scintillator and readout responses to convert the energy deposited inside
the active medium into photoelectrons (PEs). As described previously (see section IV D), the scin-
tillator layers are longitudinally segmented in an alternate (x, y) configuration to allow ambiguity
resolution. In the current simulation, each bar is 20 mm thick and 50 mm wide.
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FIG. 74: Projected sensitivity in the y vs. m� plane for a 4 ⇥ 1014 EOT 4 GeV beam energy LDMX run
(solid blue curve), for the case of on-shell mediator production and decay into dark matter. Thermal relic
targets are shown as black lines. Grey regions are (model-dependent) constraints from beam dump experi-
ments and BABAR. The dashed and dotted curves illustrate the robustness of this search to any unexpected
photo-nuclear backgrounds at the 10-event level. In this case, a mass-dependent optimized pT cut can be
used to reduce the background level, recovering nearly the same sensitivity at high dark matter masses. The
dotted line further assumes, pessimistically, that such background can only be normalized to within a 50%
systematic uncertainty using veto sidebands as control regions.

arxiv:1808.05219

+ combine ECal features into a BDT

trigger on missing energy

+ veto on activity in HCal

at 4 GeV: close to 0-background for 4e14 EoT 
based on simulation studies

important: 
several handles not exploited yet, in particular pT! 
HCal optimisation ongoing  
things get easier at higher energy!

redundancy in vetoes —> data control samples, verify rejection 
comprehensive kinematic information —> establish signal-likeness

with data:

+ MIP tracking in ECal (new!)

https://arxiv.org/abs/1808.05219
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Schedule and Budget
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Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.
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Funding

!39

US: Awaiting outcome of application for R&D funding submitted in spring 

Europe: Some funding awarded during summer/fall 

• support for HCal prototype/testbam  

• Crafoord Foundation + Royal Physiographic Society Lund  

• project grant for research programme on LDMX from Knut and Alice Wallenberg Foundation 

• individual support from Swedish Research Council 

—> Things are moving along!
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The impact of (ii), raising the beam energy, is also relatively straightforward to estimate since
it can directly impact the signal production cross section. The increase is negligible in the lowest
mass range, but becomes increasingly significant at higher masses, as illustrated in Figure 75.
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FIG. 75: Both beam energy and target material affect the dark photon production cross-section, with
especially large effects at high masses. This figure illustrates how increasing the LDMX beam energy to
8 or 16 GeV, and/or switching from Tungsten to Aluminum targets (at 10% X0 in each case), impacts the
signal production cross-section for different dark photon masses. In each case, we assume the kinematic
selection Erecoil < 0.3Ebeam as was used in 4 GeV studies. This is conservative for higher-energy beams.

One consequence of (iii), doubling the mean number of electrons on target per 20 ns sampling
time, is a somewhat more challenging environment for triggering and reconstruction. It should not
present any show-stoppers. Nevertheless, it is not as straightforward to extrapolate the impact of
this change. The most common signal-like event type would be one in which there is a potential
signal, as defined for the case of one electron on target, but now accompanied by another beam
electron that loses very little energy in the target and tracker, and showers in the calorimeter. The
final state would contain an electron at beam energy and either a soft recoil electron and noise in the
case of signal, or noise and the remnants of a photo-nuclear interaction in the case of background.
Our Phase I configuration assumes a beam distribution of �x ⇥ �y = 2 ⇥ 8 cm2 at the target.
It would be necessary to isolate and identify all products of the two electrons in this region. The
electromagnetic shower produced in the ECal by the electron at or near full beam energy could
overlap with the photon or recoil electron from the electron that interacted in the target. If the
photon undergoes a photo-nuclear interaction yielding hadrons that do not produce a large signal
in the ECal, then the potential to miss it is increased. One must either reject all events in which a
beam electron in the ECal is near to where a hard photon is expected to be, or the HCal must be
relied upon to veto such events. The latter is feasible, given the performance of the HCal.

It follows that an increase in the average number of electrons per sample period will mainly
reduce acceptance. For exactly two electrons randomly distributed over a 2 ⇥ 8 cm2 target area,

Why higher energy?

!41

increased 
signal yield
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improved background 
rejection possibilities 
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Projected Sensitivity
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LDMX can explore a lot of new 
parameter space 

sensitive to various thermal targets 
already with "pilot run" 

ultimately potential to probe all 
thermal targets up to O(100) GeV 

timescale: few years

Expression of Interest VI A LIGHT DARK MATTER EXPERIMENT, LDMX

and temporally distributed 16 GeV electron beams. The experiment would have the ability to cover
the most well-motivated light dark matter models in the intuitively important sub-GeV mass range.
It is an exceptional opportunity to provide unrivaled experimental coverage of this crucial hiding
place for the nearly ubiquitous but still enigmatic dark matter.
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LDMX: 4 1014 EOT H4 GeVL on 10%W Hme=1,1 yrL
Extended: 1.6 1015 EOT H8 GeVL on 40% Al Hme=2,2 yrL
Future: 1.6 1016 EOT H16 GeVL on 40% Al

aD=0.5, mA'=3 mc

1 10 102 103
10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

mc @MeVD

y
=
e2
a D
Hm
cêm

A
'L4

Extended LDMX Sensitivity

FIG. 51: The blue line is the sensitivity of the Phase I LDMX reference study discussed in Ref. [27], that
conservatively assumes 0.5 background events for 4 ⇥ 1014 EOT. A scaling estimate of the sensitivity of
the configuration for the mass range 150  M� < 300 in Table III is illustrated by the solid red line. The
dashed red line represents a similar estimate of the projected reach for µe ⇠ 12 and roughly 3 years of
running. For the latter two examples we have again assumed low background, consistent with reductions in
yields of potential background sources, and better rejection, while increasing the effective luminosities to
1.6 ⇥ 1015 and 1.6 ⇥ 1016 EOT, respectively.
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Further Potential
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also sensitive to  
• DM with quasi-thermal origin (asymmetric, SIMP/ELDER scenarios) 
• new invisibly decaying mediators in general (A’ one example) 
• displaced vertex signatures (e.g. co-annihilation, SIMP) 
• milli-charged particles 

(more in Berlin, Blinov, Krnjaic, Schuster, Toro  arxiv:1807.01730 ) 

in addition: measurement of photo- and electro-nuclear processes (for 
neutrino experiments) 
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FIG. 83: Sensitivity to millicharge fermion particles with charge Q�/e vs mass. Production in LDMX oc-
curs through an off-shell photon. Grey regions are existing constraints. The green shaded region represents
parameter space where a millicharged dark matter subcomponent can accommodate the 21 cm absorption
anomaly reported by the EDGES collaboration [64–67]. The blue line is the sensitivity of the “Phase I”
LDMX run with 4 GeV beam energy and 4 ⇥ 1014 EOT. A scaling estimate of the sensitivity of the ex-
tended run scenario highlighted in Table XIV is illustrated by the red line.
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line is the sensitivity of the “Phase I” LDMX run with 4 GeV beam energy and 4 ⇥ 1014 EOT. A scaling
estimate of the sensitivity of the extended run scenario highlighted in Table XIV is illustrated by the red
line.

down (greater sensitivity) and to the left (lower masses). The effective cross-section sensitivity is
model-dependent — for elastic scalar dark matter, LDMX sensitivity maps to higher cross-sections
than those shown in the plot, while for inelastic models (scalar or fermion) LDMX sensitivity maps
to lower cross-sections.

https://arxiv.org/abs/1807.01730
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Summary
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• More than 5 times as much Dark Matter as normal matter 

• Light, thermal relic Dark Matter well motivated 

• Broad interest in Dark Sector physics, many new initiatives  

• LDMX can achieve outstanding sensitivity (within a few years) 

• Potential to probe thermal targets in MeV - GeV range  

• First funding coming in  

The next few years will be exciting!



Thank you!
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.
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Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.
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FIG. 6: The panels above demonstrate that the ↵D = 0.5 and mA0 = 3m� benchmarks shown in Fig. 5 are
conservative choices; deviations away from these vales largely improve the coverage of missing momentum
style techniques – except near the mA0 ⇡ 2m� resonance (see Fig. 79) Top Left: ↵D is fixed as the
mA0/m� ratio varies relative to the benchmarks in Fig. 5. The sensitivity of accelerators is shown in the ✏2

vs. mA0 plane. Note that the thermal freeze-out curves move to larger values of ✏2 as mA0/m� is increased,
while the accelerator sensitivity does not change. Top Right: ↵D is fixed as the mA0/m� ratio varies
relative to the benchmarks in Fig. 5, but now shown in the y vs. m� plane. Thermal freeze-out curves do
not vary, but the accelerator sensitivity shifts to lower values of y and lower m� as mA0/m� is increased.
Bottom: parameter space in the y vs. m� plane where the solid curves are identical to those shown in
Fig. 5 (with ↵D = 0.5), but the dotted curves show how the constraints and projections vary for the choice
↵D = 10�3. For fixed values of y, a smaller ↵D requires a larger ✏2 (i.e. larger mediator coupling), which
makes that parameter point easier to constrain. Hence, accelerator sensitivity generally improves in the y
vs. m� plane for smaller ↵D. Note that the thermal freeze-out curves in this plane are identical for both
values of ↵D shown here because the thermal abundance scales with y.
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FIG. 79: Sensitivity in the ✏2 vs mA0 plane to A0 production, with A0
! ��̄ (on-shell mediator production

of dark matter). In much of the viable parameter space for light dark matter, this type of reaction dominates
the dark matter yield in accelerator experiments. Shown for comparison are curves corresponding to direct
thermal freeze-out reaction accounting for the observed density of dark matter for Majorana (left) and
Pseudo-Dirac (right) dark matter; the gray regions are excluded by existing constraints. The mass ratio
mA0/m� is varied from 50 to 2.2, while ↵D = 0.5. The thermal relic sensitivity is most challenging to
reach as the parameters approach the narrow resonance region mA0/m� = 2 with large ↵D. The blue line is
the sensitivity of the “Phase I” LDMX run with 4 GeV beam energy and 4⇥1014 EOT. A scaling estimate of
the sensitivity of the extended run scenario highlighted in Table XIV is illustrated by the red line. Note that
as ↵D is decreased relative to the reference value shown here, the relic curves and beam dump constraints
shift uniformly upwards in the parameter space, whereas the BABAR exclusion region is unchanged.

The projected LDMX sensitivity can also be interpreted as an upper bound on the coupling
↵D of light dark matter to the mediator, as a function of mass, if we assume that the product of
couplings ↵D✏2 lies precisely at the thermal relic line. This interpretation of the expected LDMX
sensitivity is shown in Figure 80 for both Majorana and pseudo-Dirac dark matter. These figures
also show several complementary direct and indirect constraints: direct searches for dark matter
production at BABAR [61] and LSND [34] exclude the coupling ranges shaded in brown (in the
case of pseudo-Dirac dark matter, the best existing constraints at low mass come from LSND [34]
and NA64 [5, 6], but are below the range of the plot). Demanding that the U(1)D coupling remain
perturbative up to 1 TeV (“TeV perturbativity”) leads to a constraint that the running coupling at
m� must be below the “TeV perturbativity” line. Finally, demanding that the DM self-interaction
cross-section lie below �/m = 1 cm2/g excludes the light-gray shaded region (a thin gray line
illustrates the weaker constraint �/m < 10 cm2/g).

As discussed in detail in [23], the range of dark matter and mediator physics probed by fixed-
target missing momentum measurements extends far beyond dark photon mediators, and has
many other applications to new physics searches as well. For example, Figure 81 illustrates the
LDMX sensitivity to dark matter interacting via a B-L Z 0 gauge boson. The thermal targets and
other experiments’ sensitivity change by O(1) factors relative to the dark photon mediator case.
Other models feature more dramatically altered constraints and thermal targets, to which LDMX
nonetheless has substantial sensitivity, as catalogued in [23]. For example:

• Thermal freeze-out through mediators coupled to anomaly-free combinations of lepton
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.
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FIG. 5: The parameter space for LDM and future experimental projections in the y vs. m� plane plotted
against the thermal relic targets for representative scalar and fermion DM candidates coupled to a dark
photon A0 – see text for a discussion. The red dashed curve represents the ultimate reach of an LDMX-style
missing momentum experiment.

The annihilation cross section for this model is p-wave suppressed, so �v(��⇤
! ff̄) /

v2 and therefore requires a slightly larger coupling to achieve freeze out relative to other
scenarios. This model also yields elastic signatures at direct detection experiments, so it
can be probed with multiple complementary techniques. The thermal target and parameter
space for this model are presented in the lower left panel of Fig. 5.

• Scalar Inelastic Dark Matter: In this scenario, � is a complex scalar particle with U(1)D
breaking mass terms (by analogy to the SU(2)W breaking mass terms of particles in the
Standard Model). Therefore, � couples to A0 inelastically and must transition to a slightly
heavier state in order to scatter through the current

Jµ
D = i(�⇤

1@
µ�2 � �⇤

2@
µ�1) , (6)

which typically suppresses direct detection signals even for small mass differences between


