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Thermal Relic Targets & Current Constraints

Accelerator experiments are uniquely positioned 
to test thermal targets because high q2 makes 
them insensitive to DM spin & mass matrix

102–103

accelerator targets
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Maximizing Sensitivity for Accelerator Searches

Maximize DM yield ⟹ maximize dark mediator production
“where there are photons, there are dark photons”
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Maximizing Sensitivity for Accelerator Searches

Maximize DM detection efficiency

Missing momentum approach 
results in highest signal yields

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production

• High-energy, high-intensity e≠ beam impinging on a
dump

• ‰ particles pair-produced radiatively, trough AÕ emission
(both on-shell or o�-shell).

‰ detection

• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
3 / 25
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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.

N / ✏4
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m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
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The Light Dark Matter eXperiment

➡a zero background experiment can 
definitively test thermal DM over 
most of MeV-GeV range with ~1016 e-

LDMX is an e- fixed-target 
missing momentum search 
for light dark matter.
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Thermal Relic Targets & Current Constraints
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Dark Bremsstrahlung Kinematics

Heavier product (A′) carries away most of the beam energy

⟹   recoil electron is soft — large missing energy 
⟹   recoil electron emerges at wide angle — large missing momentum

A′
Target

�
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Dark Bremsstrahlung (signal) vs. Bremsstrahlung (background)

Recoil kinematics allow efficient signal definition providing ~30× background rejection
• Tagging tracker:  track with |p| = Ebeam on expected trajectory
• Recoil tracker:    single track, with |p| < 0.3 Ebeam, that points back to tag in target
• Calorimeters:     shower consistent with recoil track and no other activity
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A fixed target LDM experiment
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Dark Bremsstrahlung (signal) vs. Bremsstrahlung (background)

Goal: achieve zero background without using pT as a signal discriminator
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Missing Energy vs. Missing Momentum

Missing energy experiments…

• have higher signal yields/EOT

• have greater acceptance

• are challenged by  
backgrounds beyond 1014 EOT 
that require e-𝛾 particle ID
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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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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-

1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e ⌧ EB

Tagger

e� e�
��̄

Invisible

b)

Scenario B

Tagger
Ei

e = EB

e�

ECAL/HCAL

Target

Tracker

Ef
e ⌧ EB

e�
��̄

Invisible

A�
Production in Target

A0

Z

e�

e�

�

�̄A0

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.

Missing momentum experiments…

• have pT as a signal discriminator

• have pT as a signal identifier,  
sensitive to mA′/m𝜒

• are equipped for e-𝛾 particle ID

• include a missing energy experiment

Nothing prevents LDMX from doing a “missing energy” analysis, 
which probes backgrounds 3~10× beyond missing momentum statistics.
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Backgrounds for Missing Momentum Experiments
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Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production

• High-energy, high-intensity e≠ beam impinging on a
dump

• ‰ particles pair-produced radiatively, trough AÕ emission
(both on-shell or o�-shell).

‰ detection

• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
3 / 25

�

𝜈 backgrounds (irreducible) << 10-16

+hard �

reducible,
goal: eliminate 
without pT cuts

trivial

Møller + CCQE
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Ingredients for a 1016 EOT Missing Momentum Experiment

Beam that allows individual tagging and reconstruction of 1016 incident e-

• A low-current, multi-GeV, e- beam with high repetition rate (1016/year ≈ 1 e-/3 ns).  
The possibilities are DASEL @ SLAC (4/8 GeV) and CEBAF @ JLab (up to 11 GeV).

• large beamspot (~10 cm2) to spread out otherwise extreme rates and radiation doses

Tracking and calorimetry capable of high rates and radiation tolerance

• requirements for 1016 experiment close to limits of available technologies

➡ Two-stage approach to LDMX: 4×1014 “Phase I” followed by 1016 “Phase II” 

April 29, 2016 LDMX Concept -- J. Mans
2

Cartoon Guide to LDMX

● Signal definition is a low 

energy, moderate pT electron 

and an otherwise empty 

calorimeter

– Recoil pT between ~80 MeV and 

800 MeV

– Goal of 1015 – 1016 EOT

x ·

Tagging
Tracker

Recoil
Tracker

High-intensity
electron beam

Calorimeter

~10% X
o

W target

low-current
electron beam

⊗~B ⊗~B

~1e- / 25 ns @ 4 GeV O(1e- /ns) , ≳8 GeV



LDMX

36”

vacuum chamber
ECal HCal

target

recoil

trackertagging tracker

~B

18D36 Dipole

4 GeV e�

LDMX Phase I Detector Concept

12



LDMX

36”

vacuum chamber
ECal HCal

target

recoil

trackertagging tracker

~B

18D36 Dipole

4 GeV e�

LDMX Phase I Detector Concept

Silicon trackers similar to HPS SVT

Single dipole magnet - two field regions

Tagging Tracker in central 1.5T field for pe = 4 GeV

• long/narrow to select against off-energy e-

Recoil Tracker in fringe field for pe = 50~1200 MeV

• short/wide to maximizes acceptance for both 
recoil tracker and ECal 

Tungsten target (0.1-0.3 X0) between trackers

• thickness balances signal rate against pT from MS

12
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36”

vacuum chamber
ECal HCal

target

recoil

trackertagging tracker

~B

18D36 Dipole

4 GeV e�

Si-W ECal developed for CMS upgrade
• fast, dense, granular for high occupancies 

and tracking of muons / charged hadrons
• deep (40 X0) for EM containment

For LDMX:
• meets rate/radiation requirements
• can provide fast trigger for trackers (3 𝜇s)

HGC	Module	Components		
and	completed	module	

1.	W-Cu	Baseplate	

2.	Gold/Kapton	 3.	Nominal	128	pad	sensor	 4.	PCB	

LDMX Phase I Detector Concept

12
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36”

vacuum chamber
ECal HCal

target

recoil

trackertagging tracker

~B

18D36 Dipole

4 GeV e�

Si-W ECal developed for CMS upgrade
• fast, dense, granular for high occupancies 

and tracking of muons / charged hadrons
• deep (40 X0) for EM containment

For LDMX:
• meets rate/radiation requirements
• can provide fast trigger for trackers (3 𝜇s)

HGC	Module	Components		
and	completed	module	

1.	W-Cu	Baseplate	

2.	Gold/Kapton	 3.	Nominal	128	pad	sensor	 4.	PCB	

CMS upgrade hardware for HCal surrounds ECal 
as much as possible

• Many PN events have a high multiplicity  
of soft neutral hadrons

• Also catches wide-angle brems (≳ 25 deg.)

LDMX Phase I Detector Concept

12
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Status of Phase I Background Studies
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+hard �

photonuclear events and
muon conversions are 
the difficult part!

𝜈 backgrounds (irreducible) << 10-16
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Simulating Rare Photonuclear Events in Geant4

Geant4 produces surprising number of events with 
enormous momentum transfer to recoiling nucleus.

• With high energy secondaries emitted at large 
angles, these are very difficult events to veto.

• Geant4 is not tuned to data in this regime, 
which is sparse in the literature.

• Energy/angle spectra from data provide 
evidence for a universal exponential fall-off, 
suggesting that Geant4 rates in this regime are 
overestimated by orders of magnitude.

The validity of all simulations is questionable, so we 
are working to identify data we can use as a 
reference point to tune the MC and validate our 
photonuclear rejection performance. 

CLAS/eg2, 5 GeV e- beam, 208Pb(e,e′p)X

θp> 100o

Proton momentum (GeV)

1

10

10 2

10 3

10 4

10 5

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

?

5 GeV e- on Pb

Geant4

Jlab
CLAS
data

ra
te

 (
A

.U
.)

p+ momentum (MeV)

𝛳p > 100°
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Photonuclear Backgrounds in Geant4

Can occur in target, recoil tracker, or ECal

Multiple handles available for veto

• recoil tracker (for PN in target and recoil tracker)

• ECal

• HCal

An initial veto that using some of the information 
from each subsystem eliminates all but a few 
events with extremely large momentum transfer 
at ~1013 EOT.

We expect to eliminate photonuclear 
backgrounds without using pT.
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Muon Conversion Backgrounds in Geant4

Q [MeV]
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Can occur in target, recoil tracker or ECal.

Multiple handles available for veto:

• recoil tracker (for 𝛾→𝜇+𝜇- in target & recoil tracker)

• ECal

• HCal

An initial veto using only tracker and HCal 
eliminates all but a few events where both 
muons are emitted at ≳90° for ~1014 EOT.

Geant4 also grossly overestimates rate of 
𝛾→𝜇+𝜇- events with extremely high q2.

We expect to eliminate muon conversion 
backgrounds without using pT.
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LDMX Phase I Reach

Pseu
do-D

irac F
ermi

on R
elic T

arget

Majo
rana

Relic
Targ

et

Elas
tic &

Inela
stic S

calar
Relic

Targ
ets

BaBar

LHC

LEP

NA64

Belle IIE137

MiniBooNE

LSND

Pseu
do-D

irac F
ermi

on R
elic T

arget

Majo
rana

Relic
Targ

et

Elas
tic &

Inela
stic S

calar
Relic

Targ
ets

1 10 102 103
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

mc @MeVD

y
=
e2
a
D
Hm c
êm A

'L4
Thermal Relic Targets & Current Constraints

LDMX Phase I @ 4 GeV 
0.1-0.3 X0 target

LDMX Phase I @ 4 GeV 
ECal target
Phase I “missing energy” analysis 
probes backgrounds for Phase II

(no pT cut)



LDMX

18

LDMX Phase II

Higher beam energy  
(e.g. 8 GeV DASEL) would 
mitigate the most difficult 
backgrounds.
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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.

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
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Summary and Outlook

Accelerator-based DM 
searches have unique sensitivity 
in the MeV-GeV range.

Missing Energy/Momentum 
experiments provide best 
sensitivity per luminosity.

LDMX can broadly and 
robustly test WIMP-like 
thermal DM over most  
of the MeV-GeV range.

LDMX can complete this 
program within the next 
decade at reasonable cost.
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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↵⇥
m2

�

m4
A0

⇥m2
� ⇥ 1

m2
�

×

y ≡ dimensionless parameter
controlling cross-section
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Tracking Spectrometers 

18D36 Magnet 
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Silicon trackers similar to HPS SVT
• fast (2 ns hit timing)

• meets requirement for radiation tolerance

Single dipole magnet - two field regions

Tagging Tracker in central 1.5T field for pe = 4 GeV

• 7 layers, long/narrow to select against off-energy e-

Recoil Tracker in fringe field for pe = 50~1200 MeV

• 6 layers, short/wide to maximize acceptance for 
both recoil tracker and ECal 

Tungsten target (0.1-0.3 X0) between trackers

• thickness balances signal rate against pT from MS

• scintillator vetoes ECal trigger on empty buckets
taggin

g trac
ker

recoil

tracker

target

Silicon Sensors

~1 m

HPS SVT
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Tagging Rejection of Off-energy Beam

tagger tracker powerfully selects against any off-energy component in beam.

worst-case beam background

recoil |pe| (GeV)
) (GeV)-p(e
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 0.00005± = 3.994 µ
 0.00008± = 0.048 σ

reconstructed 4 GeV beam e-

recoil |pe| (GeV)

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

beampipe)

tagger
signal
region

signal
recoil
range

tagger
signal
region
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Recoil Tracker Acceptance

acceptance for recoils,
and those with best vertex and pT resolution

Good acceptance over a wide range of  A′ masses
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Soft energy spectrum…

…and large recoil angle
are a challenge at high
mediator masses.
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Tracker pT Resolutions

Tagger (px, py) resolutions at target are (1.0,1.4) MeV.

Recoil (px, py) resolutions are limited by 4 MeV scattering in 10% X0 target (included here)
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Electromagnetic Calorimeter 

Si-W calorimeter developed for CMS upgrade
• fast, dense, granular for high occupancies
• deep (40 X0) for extraordinary EM containment

For LDMX:
• easily exceeds radiation tolerance required
• meets rate requirement
• can provide fast trigger for trackers (3 𝜇s)ECAL Requirements

10/25/16 LDMX Experiment :: Mans 11

• LDMX ECAL is effectively the beam 
stop for the DASEL beamline
• High rate requirement (46 MHz 

particle rep rate)
• Significant radiation load for an 

active detector
• Proposed solution: adopt the 

technology chosen for an even more-
extreme case (HL-LHC endcaps)

• Fast, granular detector with 
precise cluster-timing 
capabilities is ideal for high-
luminosity fixed-target 
operation

HGC	Module	Components		
and	completed	module	

1.	W-Cu	Baseplate	

2.	Gold/Kapton	 3.	Nominal	128	pad	sensor	 4.	PCB	

~50 cm

Max = 4 × 1013 1 MeV neq/cm2
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Trigger 

To reject beam-energy backgrounds

• cut on 𝛴E in first 20 ECal layers

• veto on empty target scintillator

Highly efficient at 3×10-4 rejection,  
needed for Phase I DAQ @ 5 kHz

Target w/ Scintillator Pads

background 
efficiency

si
gn

al
 / 

ba
ck

gr
ou

nd
 e

ffi
ci

en
cy

cut on maximum energy (MeV)
1.

2 
G

eV
 e

-

tr
ig

ge
r 

th
re

sh
ol

d

signal efficiency (inclusive)



LDMX

 in Si [MeV]
dep

Re-weighted E
0 20 40 60 80 100

Ef
fic

ie
nc

y

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10
1

Gaussian Fit Stats
Entries  867988

 / ndf 2χ  496.1 / 12

      µ  0.02± 61.38 

   σ  0.010± 5.634 

 = 1 MeVAM

 = 5 MeVAM

 = 10 MeVAM

 = 100 MeVAM

 = 1 GeVAM

4 GeV e- [E&M]

Geant4 Simulation

30

ECal Performance

CERN Test Beam Data

ECal can track minimum ionizing 
particles (MIPs), important for 
rejection of 𝛾→𝜇+𝜇- and 
𝛾→photonuclear events.

Even without using shape, ECal can distinguish  
EM-showering backgrounds (4 GeV e-+𝛾)  
from signal (<1.2 GeV e-) for Phase I
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Hadronic Calorimeter 

CMS upgrade hardware

• Steel absorber/plastic scintillator 

• SiPM readout via WLS fibers

Surround ECal as much as possible

• Many PN events have a high multiplicity  
of soft neutral hadrons

• Also catches wide-angle brems (≳ 25 deg.)

Initial studies indicate that HCal will need  
to be larger than (1m)3. 

Testing rejection for a larger HCal in MC, which 
will be sculpted down by dropping hits once the 
photonuclear veto has been optimized.
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DM Targets and Sensitivities
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Asymmetric DM Sensitivity
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Mediator Sensitivity
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Effect of pT Cut with 100 Background Events
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Tagging Tracker

Designed around trajectory of 4 GeV e-

• 7 layers, every 10 cm from 7.5 mm to 
607.5 mm upstream of target 

• Silicon modules are similar to those 
built for HPS SVT

• 0.7% X0 / 3d measurement

• 2 ns hit time resolution

• Digitization, zero-suppression on Front 
End Boards (FEBs), same as HPS SVT

4 GeV

1.2 GeV

500 MeV

target

HPS L1-3 modules
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Recoil Tracker

Designed for large angular and momentum 
acceptance in limited longitudinal space

• 4 layers every 15mm from 7.5mm to 
52.5mm downstream of target. 

• Same modules as tagging tracker

• Mounted on the same support/cooling

• 2 larger-area axial layers (vertical strips) at 
90mm and 180mm downstream of target 
(ECal face @ ~200mm)

• 0.35% X0 / layer

• critical for momentum measurement

HPS L4-6 modules

stereo layers

axial layers

target
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Recoil Tracker Momentum Resolution

reconstructed recoil momentum
energy of hardest brem.

vs. recoil momentum 

Despite compact size, recoil tracker has sufficient resolution to distinguish 
even non-interacting 4 GeV electrons from low-momentum signal recoils.

inclusive e- background

signal

inclusive e- background
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Impact Parameter Resolutions
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Enables tight tag/recoil matching criteria relative to 10cm2 beam spot: 
• at ER = 50 MeV: 3𝜎 region for tagger/recoil consistency = 0.67 mm2 ⟹ <10-4 rejection
• at ER = 1.2 GeV: 3𝜎 region for tagger/recoil consistency = 0.026 mm2 ⟹ <10-5 rejection
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Understanding Rare Photonuclear Events

Bertini cascade model in Geant4 
(colored lines at right) not tuned to data

Los Alamos code (LAQGSM) (black lines 
at right) is dedicated photonuclear 
simulation, tuned to data.

Data for high-energy photonuclear 
secondaries is sparse to nonexistent, 
especially at large angles.

The validity of all simulations is 
questionable: talking to JLab colleagues 
to identify possibly useful datasets.
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Figure 3. Proton spectra at 60, 90, and 150 degrees from interaction of bremsstrahlung γ quanta of maximum
energy Emax = 2.0, 3.0, and 4.5 GeV with 12C, 27Al, 63Cu, and 208Pb (left and right top panels and left bottom
panel of four plots). Spectra of π+ and π− produced by Emax = 4.5 GeV bremsstrahlung on 12C and spectra
of charged pions (both π+ and π−) from interaction of the same bremsstrahlung γ quanta with 12C, 63Cu,
and 208Pb (right bottom panel of four plots). Experimental values shown by symbols are from [26]-[29] while
histograms show results by LAQGSM03.01. To the best of our knowledge, we are able to describe these data
with LAQGSM03.01 for the first time (see text).

6

▪ Total Statistics
▪ 75 files w/ 75M EOT x 1000 bias
▪ ~5.6 e12 EOT
▪ 50 MeV photon cut

▪ Comparing with data
▪ Seemingly worse agreement to 

datapoints than the Los Alamos
▪ Major differences in bulk of the tails

Proton production
Inclusive PN p+ spectra 



41

Rejecting Photonuclear Reactions 
in Target and Recoil Tracker

Trigger scintillator and recoil tracker can be used to 
reject events where a hard bremsstrahlung photon 
undergoes a photonuclear reaction in the target.

An active target gives nearly orthogonal information 
and would also be effective against events that 
produce only neutrals.

Recoil tracker occupancy from PN products  
(recoil hits excluded)

efficiency vs. rejection for  
cut on trigger pad energy

efficiency vs. rejection for  
cut on target energy
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4 GeV Electron on Target



LDMX

43

  

Signal, m
A'
= 100 MeV
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Interesting Background 1
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Interesting Background 2
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Interesting Background 3


