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Thermal relic dark matter 
DM

DM SM

SM

annihilation

freeze-out

Simple and predic5ve explana5on for 
origin of DM abundance 

WIMPs have been a significant focus 
of experimental efforts so far 

Ac5ve community effort to expand 
the program 
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“Hidden sector” dark maKer: charged under new force, extends thermal DM 
mass range down to electron mass 
Simple dark sector extension: vector mediator that mixes with SM photon 

Light dark matter 
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“Hidden sector” dark maKer: charged under new force, extends thermal DM 
mass range down to electron mass 
Simple dark sector extension: vector mediator that mixes with SM photon 

m(χ) < m(A’)

current
constraints

Light dark matter 
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Target 

LDMX: an electron-based fixed-
target missing momentum search 
for light dark ma8er

Missing momentum/energy approach: 
DM produc5on iden5fied by 
missing energy and momentum in 
detector  
Equipped for e/ɣ par5cle ID 
Recoil pT can be used as a signal 
discriminator and iden5fier 

LDMX concept 
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Signal characteris5cs 
A’ takes most of the beam 
energy 
No visible final state par5cles 
except low-energy recoil 
electron, possibly with large 
transverse momentum kick 10 MeV100
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background

mA’ = 10-1500 MeV

Recoil e- kinematics allow efficient 
background rejection and signal selection

Signal: Etotal = Erecoil << Ebeam 

Assuming 4 GeV 
e- beam

DM production kinematics 
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Beam: 
Parasi5c use of LCLS-II beam at SLAC via dedicated transfer line (LESA) 
Ini5al beam energy 4 GeV, later upgrade to 8 GeV 
Individual tagging & reconstruc5on of up to 1016 electrons on target (EoT) → low 
current, high repe55on rate 

Detector technology suited for high rates, high radia5on doses: 
Fast, high momentum resolu5on trackers 
Fast, granular EM calorimeter with good energy resolu5on, herme5c HCAL veto

Design study on arXiv: arXiv:1808.05219

LDMX design 

https://arxiv.org/abs/1808.05219
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LDMX design 



Trackers and trigger scintillator 
27

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
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Tagging tracker 
In central dipole field, measures 
incoming electron 

Recoil tracker 
In fringe field, measures recoil electron 
and vetoes extra par5cles 
Momentum resolu5on limited by 
mul5ple scaKering in target

Tag incoming beam e-
Select recoil e-

worst-case beam background

recoil |pe| (GeV)

reconstructed 4 GeV beam e-

recoil |pe| (GeV)

off-trajectory 
1.2 GeV sample 
(actually can’t 
originate from 

beampipe)

tagger
signal
region

Tagger, 
reconstructed 

4 GeV beam e-

0.1 X0, tungsten, balance signal 
rate vs momentum resolution

Trigger scintillator 
Arrays of scin5llator 
bars along incoming 
beam 
Provides fast count 
of incoming 
electrons as input to 
missing-energy 
trigger 

See Niramay’s talk 
next!



Electromagnetic calorimeter 
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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 
Jĺ PP background
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40 X0 silicon-tungsten sampling 
calorimeter 

Fast, dense, radia5on hard, full 
shower containment 
Provides fast trigger (missing energy) 
High granularity, can exploit both 
transverse and longitudinal shower 
shapes to reject background 
MIP tracking capabili5es 
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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 
Jĺ PP background
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Target
γ

e–

e+

Etotal = Erecoil + Eɣ ≈ Ebeam 

Only look at events 
with low energy 

deposition

vs
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Etotal = Erecoil << Ebeam 
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More challenging: photon 
has rare reaction leading to 

low total energy

Target
γ

µ±,π±,p,n
Pattern recognition with 

machine learning identifies 
“wide” or “long” showers, 
charged particle tracks

Boosted decision 
tree based on 
ECAL features 

ECAL MIP tracking

Rare backgrounds 



Target

B

vs
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Target
γ

µ±,π±,p,n

Energetic neutrons need 
more material

What’s left? 
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Steel/plastic scintillator sampling calorimeter 
Plas5c scin5llator bars with wavelength-
shiging fibers read out by SiPM, steel 
absorber 
Surrounds ECAL as much as possible 
Highly efficient veto for photo nuclear 
events producing hadrons 
Also catches wide-angle bremsstrahlung 
and ɣ→μ+μ- 

Single neutron veto inefficiency vs 
HCAL depth, energy = 2 GeV

Desired rejection power: ~10-5 - 10-6

Hadron calorimeter 



Putting it all together 
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From paper studying background 
veto performance with high-
statistics simulation samples: 

arXiv:1912.05535

<1 background event for 35-50% 
signal efficiency combining all 

systems for O(1e14) EoT

https://arxiv.org/abs/1912.05535
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A final handle 
Recoil electron transverse momentum key 
final measurement, not touched in veto 
handles 

Gives confidence in signal + es5mate of dark 
maKer mass scale! 

Characterizing signal 
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4 x 1014 electrons on target @ 4 GeV

1016 electrons on target @ 8 GeV

Detailed analysis in arXiv:1808.05219

Projected sensitivity 

https://arxiv.org/abs/1808.05219


Summary 

LDMX exploits missing momentum/energy technique 
towards powerfully probing the sub-GeV range for 
thermal relic dark maKer 

Unique poten,al to reach all thermal DM milestones 
at masses below O(100 MeV)! 

+Broad range of sensi5vity to dark sector physics, also 
sensi5ve to visible displaced decays 

+Electronuclear measurements to support neutrino 
program 

Exci5ng 5mes ahead as we move forward towards 
construc5on phase!
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Sensitivity to many new physics 
scenarios explored in arXiv:1807.01730 

(A. Berlin, N. Blinov, G. Krnjaic, P. Schuster, N. Toro)

https://arxiv.org/abs/1807.01730


Additional Material
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4 x 1014 electrons on target @ 4 GeV

Mass determination 

Assuming 0 background
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1016 electrons on target @ 8 GeV

Assuming 0 background

Mass determination 
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Strategies to improve initial reach: higher beam 
energies, change target density/thickness

Extend sensitivity past pseudo-Dirac target up to 100 MeV
Detailed analysis in arXiv:1808.05219
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At higher energy, reduced 
fraction of hard-to-reject 
events (e.g. hard single 

neutron) → potential for lower 
background

Full LDMX sensitivity 

https://arxiv.org/abs/1808.05219
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Rates per incoming electron 
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Missing momentum reach 
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Parameter dependence 



LDMX potential 
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�8

Beyond LDM: Axions, SIMPs, Millicharges, 5th Forces…

Berlin, Blinov GK, Schuster, Toro (to appear, 2018) 
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FIG. 10: LDMX Sensitivity to invisibly decaying dark photons. The dashed purple curve is the projected
sensitivity �+missing energy search at Belle II presented in [10] and computed by rescaling the 20 fb�1

background study up to 50 ab�1 [11]. The red dashed curve is the Phase 2 LDMX projection for a 10% ra-
diation length Tungsten target presented in [10] , which was scaled up to 1016 EOT relative to a background
study with 4 ⇥ 1014 EOT. The green dashed curve is the NA64 sensitivity projection assuming 1012 EOT
[10]

IV. MISSING MOMENTUM BEYOND DARK MATTER

A. Invisibly Decaying Dark Photons

The discussion in Sec II considers an invisibly dark photon mediator coupled to various thermal
dark matter candidates with the current interactions

L � A
0
µ (✏eJµ

EM + gDJ
µ
D) , (22)

where JEM is the SM electromagnetic current and J
µ
D is a dark sector current with coupling gD that

allows A
0 to decay invisibly with a large branching fraction. In this section, we consider the same

A
0 particle, but interpret this signal agnostically with respect to the final state decay products. In

Fig. 10 we show the parameter space for this scenario int the ✏ vs. mA0 plane. Also shown are
LDMX and NA64 projections taken from [10]. Unlike the y vs m� plots in Sec. II, here we remain
agnostic about the identity of the A

0 decay products; they need not have any connection to dark
matter as long as they are (meta)stable on the relevant experimental length scales.

B. B � L and Other Light Gauge Bosons Decaying to Neutrinos

C. Millicharges
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FIG. 11: LDMX Sensitivity to B � L gauge boson via decay to neutrinos –Asher
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FIG. 12: LDMX Sensitivity to Millicharge production –Asher

V. VISIBLE SIGNALS IN MISSING MOMENTUM EXPERIMENTS

Discuss backgrounds!
If dark matter is heavier than twice the mediator mass, its relic abundance is determined by dark

sector interactions alone [26]. This means that there is no sharp target for the coupling with SM
particles. However, this class of secluded dark matter models gives rise to a different set of signals
that can also be searched for at missing momentum experiments. If a mediator is produced, only
decays to SM particles are kinematically allowed. Weakly-coupled mediators tend to be long-lived
and can travel macroscopic distances before decaying, leading to, e.g., displaced electromagnetic
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V. VISIBLE SIGNALS IN MISSING MOMENTUM EXPERIMENTS

Discuss backgrounds!
If dark matter is heavier than twice the mediator mass, its relic abundance is determined by dark

sector interactions alone [26]. This means that there is no sharp target for the coupling with SM
particles. However, this class of secluded dark matter models gives rise to a different set of signals
that can also be searched for at missing momentum experiments. If a mediator is produced, only
decays to SM particles are kinematically allowed. Weakly-coupled mediators tend to be long-lived
and can travel macroscopic distances before decaying, leading to, e.g., displaced electromagnetic
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FIG. 15: Sensitivity of an LDMX-style experiment to axion-like particles (ALPs) dominantly coupled to
photons (top row) or electrons (bottom row) via late-decay and invisible channels. The solid red lines show
the reach of a search for late visible decays within the detector, while the green-dashed lines correspond to
the missing momentum channel where the ALP escapes the detector. In both cases, the two sets of lines
correspond to 8 and 16 GeV beams, with Ebeam = 16 GeV having slighter better reach in mass; the left
(right) column assumes 1016 (1018) EOT. In the top row, recasts of constraints from beam dump experiments
E141, E137, ⌫Cal, and the BaBar monophoton search from Ref. [42], and LEP [43] are shown as gray
regions. Projections for SHiP [41], Belle II 3 photon search (50 ab�1 integrated luminosity) [42] are shown
as thin dashed lines. In the bottom row, existing constraints from E141, Orsay, BaBar [35] and electron
g � 2 are shaded in gray, while the estimated sensitivity of DarkLight [44], HPS [10], MAGIX [10, 45] and
Belle II are indicated as thin dashed lines.
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photons (top row) or electrons (bottom row) via late-decay and invisible channels. The solid red lines show
the reach of a search for late visible decays within the detector, while the green-dashed lines correspond to
the missing momentum channel where the ALP escapes the detector. In both cases, the two sets of lines
correspond to 8 and 16 GeV beams, with Ebeam = 16 GeV having slighter better reach in mass; the left
(right) column assumes 1016 (1018) EOT. In the top row, recasts of constraints from beam dump experiments
E141, E137, ⌫Cal, and the BaBar monophoton search from Ref. [42], and LEP [43] are shown as gray
regions. Projections for SHiP [41], Belle II 3 photon search (50 ab�1 integrated luminosity) [42] are shown
as thin dashed lines. In the bottom row, existing constraints from E141, Orsay, BaBar [35] and electron
g � 2 are shaded in gray, while the estimated sensitivity of DarkLight [44], HPS [10], MAGIX [10, 45] and
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FIG. 8: Projected reach of an LDMX-style experiment to missing momentum (green solid and dashed
lines) and visible late decay (purple solid and dashed lines) in a model with a strongly interacting dark
sector. The visible channel is described in more detail in Sec. V. The solid (dashed) lines correspond to 8
(16) GeV electron beam, with other experimental parameters given in the text. Regions excluded by existing
data from the BaBar invisible search [22], DM scattering at LSND [8], E137 [9], and MiniBooNE [23], as
well as electon beam dumps E137 [24] and Orsay [25] are shown in gray. The projections for an upgraded
version of the SeaQuest experiment (dotted purple) and the Belle-II invisible search (dotted/solid blue) are
also shown. We have fixed ↵D = 10�2, m0

A/m⇡ = 3, mV /m⇡ = 1.8, and m⇡/f⇡ = 3 in computing
experimental limits. Contours of the dark matter self-interaction cross-section per mass, �scatter/m⇡, are
shown as vertical gray dotted lines. The dot-dashed gray contours denote regions excluded by measurements
of the cosmic microwave background. The black solid (dashed) line shows the parameters for which hidden
sector pions saturate the observed DM abundance for mV /m⇡ = 1.8 (1.6).
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arXiv:1807.01730

LDMX also sensi5ve to: 
DM with quasi-thermal origin (asymmetric 
DM, SIMP/ELDER scenarios) 
new invisibly decaying mediators in general 
displaced vertex signatures from DM co-
annihila5on or SIMP model 
axion-like par5cles 
milli-charged par5cles

https://arxiv.org/abs/1807.01730
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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 / ✏

2
↵D

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
of input parameters.

2.1 Important Variations

2.1.1 Inelastic Dark Matter (iDM)

If the A
0 couples to a DM fermion with both Dirac and Majorana masses, the leading

interaction is generically o↵-diagonal and

A
0
µ
J
µ

DM
! A

0
µ
�̄1�

µ
�2 , (6)

where the usual Dirac fermion � decomposes into two Majorana (“pseudo-Dirac”)
states �1,2 with masses m1,2 split by an amount �. This kind of scenario is well moti-
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secluded direct annihilation

invisiblevisible

prompt decay (resonance feature)
long-lived (displaced decay)

missing…  
    … mass 
    … energy 
    … momentum

Signatures 
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Asymmetric Fermion

Elastic Scalar

Inelastic Scalar Hsmall splittingL

Majorana Fermion

Pseudo-Dirac Fermion
Hsmall splittingL
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Thermal and Asymmetric Targets for DM-e Scattering
Direct detection targets

US Cosmic Visions 2017 Community Report

~1010-1020

current
constraints

Accelerator targets

~102-103

Using conservative values for 
αD (=0.5), mχ/mA’ (1/3) for 
experimental constraints

Direct detec:on: non-rela:vis:c DM sca8ering highly sensi:ve to DM nature

Accelerator vs direct detection 

https://arxiv.org/abs/1707.04591

