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Thermal Dark Matter
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• Thermal Dark Matter (DM) originating as a relic of the hot early 
Universe is one of the most compelling paradigms. 

• Generic: only non-gravitational interaction between DM and 
Standard Model (SM) 

• Predictive: minimum annihilation rate < σv > ≈ 10−26cm3s−1

10−22eV mplank ∼ 1019GeV

> 100TeV
∼ 1GeV ∼ mZ∼ me

Thermal Contact implies a new mediator: 
Hidden sector light DM well-motivated model

Thermal freeze-out for weak scale masses. 
Major drive for DM search in the past years
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• Freeze-out scenario with Light Dark Matter (LDM) requires new light mediator to 
provide the correct relic abundance 

• Dark Matter can belong to a “hidden sector” secluded from the Standard Model (SM) 
• Mutual interaction mediated by a massive gauge boson
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• Benchmark: additional spin-one gauge boson “dark photon” , neutral under SM, 
hidden  symmetry 

• Kinetically mixing with SM  , 
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FIG. 3: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define experimental targets for discovery or
falsification (see Fig. 5).

• Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders [30].

These properties single out the hidden sector scenario highlighted in [1, 2, 24], which is the focus
of considerable experimental activity. Thus, for the remainder of this note, we will use one of
the simplest and most representative hidden sector models in the literature – a dark matter particle
charged under a U(1) gauge field (i.e. “dark QED”). Sensitivity to a variety of other new physics
models, mediator particles, and dark matter is described in a companion paper [23].

We define the LDM particle to be � and the U(1) gauge boson A0 (popularly called a “dark
photon” mediator). The general Lagrangian for this family of models contains

L � �
1

4
F 0µ⌫F 0

µ⌫ +
m2
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2
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0µ

� A0
µ(✏eJ

µ
EM + gDJµ

D), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and Jµ
EM ⌘

P
f Qf f̄�µf

is the SM electromagnetic current where f is an SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on the four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A0 pairs [31]
as depicted on the left panel of Fig. 3. This annihilation rate is independent of the SM-A0

coupling ✏. The simplest version of this scenario is robustly constrained by CMB data [32],
which rules out DM masses below O(10) GeV for simple secluded annihilation models.
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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
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HiLum	Physics	Run
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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-

12

secluded direct annihilation
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prompt decay (resonance feature)

long-lived (displaced decay)

σv ∝ α2
D σv ∝ ϵ2αD σv ∝ ϵ2αD
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     …mass 
     …energy 
     …momentum

A′ production
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Possible dark photon signatures
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Possible dark photon signatures

A′ production

A′ decay

https://projects-docdb.fnal.gov/cgi-bin/private/RetrieveFile?docid=6228&filename=GGI_LDMX_RP.pdf&version=1
https://projects-docdb.fnal.gov/cgi-bin/private/RetrieveFile?docid=6228&filename=GGI_LDMX_RP.pdf&version=1


6

Light Dark Matter at accelerators

Thermal origin of Dark Matter  interaction between LDM and SM  production 
mechanism in accelerator-based experiments

→ →
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Light Dark Matter at accelerators

Thermal origin of Dark Matter  interaction between LDM and SM  production 
mechanism in accelerator-based experiments

→ →

… and the most sensitive way is to search for this production using a primary  
beam to produce DM on fixed-target collisions

e−
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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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Hidden Sector LDM with vector portal predictions … 

PRL.123.121801 

The overall signal efficiency ϵA0 is slightly mA0, EA0

dependent and is given by the product of efficiencies
accounting for the geometrical acceptance (0.97), the track
(≃0.83), SRD (≳0.95), VETO (0.94), and HCAL (0.94)
signal reconstruction, and the DAQ dead time (0.93). The
signal acceptance loss due to pileup was ≃8% for high-
intensity runs. The VETO and HCAL efficiency was
defined as a fraction of events below the corresponding
zero-energy thresholds. The spectrum of the energy dis-
tributions in these detectors from the leak of the signal
shower energy in the ECAL was simulated for different A0

masses [48] and cross-checked with measurements at the
e− beam. The uncertainty in the VETO and HCAL
efficiency for the signal events, dominated mostly by the
pileup effect from penetrating hadrons in the high-intensity
run III, was estimated to be ≲4%. The trigger efficiency
was found to be 0.95 with a small uncertainty 2%. The A0

acceptance was evaluated by taking into account the

selection efficiency for the e-m shower shape in the
ECAL from signal events [48]. The A0 production cross
section in the primary reaction was obtained with the exact
tree-level calculations as described in Ref. [49]. An addi-
tional uncertainty in the A0 yield ≃10% was conservatively
accounted for the difference between the predicted and
measured dimuon yield [36,38], which was the dominant
source of systematic uncertainties on the expected number
of signal events. The total signal efficiency ϵA0 for high-
(low-) intensity runs varied from 0.53! 0.09 (0.69! 0.09)
to 0.48! 0.08 (0.55! 0.07), decreasing for the higher A0

masses.
Using constraints on the cross section of the DM

annihilation freeze-out [see Eq. (2)], and obtained limits
on mixing strength, one can derive constraints on the LDM
models, which are shown in the (y;mχ) and (αD;mχ) planes
in Fig. 4 for masses mχ ≲ 1 GeV. On the same plot one
can also see the favored y parameter curves for scalar,

FIG. 4. The top row shows the NA64 limits in the (y;mχ) plane obtained for αD ¼ 0.5 (left panel) and αD ¼ 0.1 (right panel) from the
full 2016–2018 data set. The bottom row shows the NA64 constraints in the (αD; mχ) plane on the pseudo-Dirac (left panel) and
Majorana (right panel) DM. The limits are shown in comparison with bounds obtained in Refs. [12,13,25–27] from the results of the
LSND [24,34], E137 [35], MiniBooNE [37], BABAR [39], and direct detection [59] experiments. The favored parameters to account for
the observed relic DM density for the scalar, pseudo-Dirac, and Majorana type of light DM are shown as the lowest solid line in top
plots; see, e.g., [16].

PHYSICAL REVIEW LETTERS 123, 121801 (2019)
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• Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders [30].

These properties single out the hidden sector scenario highlighted in [1, 2, 24], which is the focus
of considerable experimental activity. Thus, for the remainder of this note, we will use one of
the simplest and most representative hidden sector models in the literature – a dark matter particle
charged under a U(1) gauge field (i.e. “dark QED”). Sensitivity to a variety of other new physics
models, mediator particles, and dark matter is described in a companion paper [23].

We define the LDM particle to be � and the U(1) gauge boson A0 (popularly called a “dark
photon” mediator). The general Lagrangian for this family of models contains
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is the SM electromagnetic current where f is an SM fermion with charge Qf , gD ⌘
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the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on the four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A0 pairs [31]
as depicted on the left panel of Fig. 3. This annihilation rate is independent of the SM-A0

coupling ✏. The simplest version of this scenario is robustly constrained by CMB data [32],
which rules out DM masses below O(10) GeV for simple secluded annihilation models.

A′ 

αD α

χ

χ

SM

SM

9

15

(a) (b) (c)

mA�

mA� = 2m�mA� = m�

A�

f+

f�

A�

f+

f�

f+

f�

A�

�

�̄

f+

f�

A�

�

�̄

A�

A�

�

�̄
A�

�

�̄

�v / ↵2
D �v / ✏2↵D �v / ✏2↵D

FIG. 3: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define experimental targets for discovery or
falsification (see Fig. 5).

• Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders [30].

These properties single out the hidden sector scenario highlighted in [1, 2, 24], which is the focus
of considerable experimental activity. Thus, for the remainder of this note, we will use one of
the simplest and most representative hidden sector models in the literature – a dark matter particle
charged under a U(1) gauge field (i.e. “dark QED”). Sensitivity to a variety of other new physics
models, mediator particles, and dark matter is described in a companion paper [23].

We define the LDM particle to be � and the U(1) gauge boson A0 (popularly called a “dark
photon” mediator). The general Lagrangian for this family of models contains

L � �
1

4
F 0µ⌫F 0

µ⌫ +
m2

A0

2
A0

µA
0µ

� A0
µ(✏eJ

µ
EM + gDJµ

D), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and Jµ
EM ⌘

P
f Qf f̄�µf

is the SM electromagnetic current where f is an SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on the four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A0 pairs [31]
as depicted on the left panel of Fig. 3. This annihilation rate is independent of the SM-A0

coupling ✏. The simplest version of this scenario is robustly constrained by CMB data [32],
which rules out DM masses below O(10) GeV for simple secluded annihilation models.

ϵ2
X

γ

 

                    

< σv > ∼ αDϵ2
m2

χ

m4
A′ 

∼ y
1

m2
χ

y = αD ϵ2
m4

χ

m4
A′ 

Dimensionless 
variable

• Clear predictions as a 
function of  and target 
particle type 

• At accelerators: all thermal  
targets in reach

mχ

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.121801


9

… and more generally

arXiv:1807.01730

• Missing momentum/energy 
experiments sensitive to multiple 
BSM scenarios… 
• Long-lived dark sector resonances 
• Strongly interacting DM 
• Freeze-in with heavy mediators 
• Millicharged dark sector particles 
• … 

• And, in particular LDMX, could 
provide additional useful information 
for  scattering for future neutrino 
experiments

e−N

arXiv:1801.05805 

eN LOI Snowmass '21
Whitepaper will be  
released March 15

34
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2-body decays, m⇡/f⇡ = 3

FIG. 13: 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 invisible and visible channels are described in detail in Sections III E and V C, respectively. 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 [96], DM scattering at LSND [85],
E137 [16, 86], and MiniBooNE [95], as well as electron beam dumps E137 [16] and Orsay [15] are shown
in gray. The projections for an upgraded version of the SeaQuest experiment (dotted purple) [135] and the
Belle II invisible search (20 fb�1, dotted/solid blue) [1, 87] are also shown. We have fixed ↵D = 10�2,
mA0/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).

E. Strongly-Interacting Models

Until recently most light DM scenarios have focused on weak couplings in the hidden sector as
described in the previous sections. Another generic possibility is that the dark sector is described
by a confining gauge theory similar to our QCD [11, 136]. The low-energy spectrum then contains
dark mesons, the lightest of which can make up the DM. The presence of heavier composite states,
e.g. analogues of the SM vector mesons, and strong self-interactions can alter the cosmological
production of DM [135]. This leads to qualitatively different experimental targets compared to
those in the minimal models. Despite the large variety of possible scenarios featuring different
gauge interactions and matter content, both visible and invisible signals appear to be generic in
strongly interacting sectors. As a concrete example, we will focus on the model recently studied
in Ref. [135] with a SU(3) confining hidden sector with 3 light quark flavors, and a dark photon
mediator. Therefore production of dark sector states occurs through the A0 which then promptly
decays either into dark pions and/or vector mesons. The dark pions and some of the vector mesons

In this example: 
 dark-pionsA′ → πDπD

https://arxiv.org/abs/1807.01730
https://arxiv.org/abs/1807.01730
https://arxiv.org/pdf/1801.05805.pdf
https://arxiv.org/pdf/1801.05805.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF6_NF0-RF6_RF0-TF11_TF0-091.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF6_NF0-RF6_RF0-TF11_TF0-091.pdf
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Missing momentum kinematics at a Fixed Target Experiment

•  carry away most of the beam 
energy and escape undetected 
• Opposite behavior for the bremsstrahlung 

emission 

• Recoil electron  spectrum of signal 
strongly depends on  

• Important for signal identification or 
extra handle for background rejection

A′ → χχ̄

pT
mA′ 
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FIG. 10: 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 50 MeV < 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.

1. Incident low-energy particles/beam impurities

At the level of of 1016 incident electrons, a large number of electrons with low energies - consis-
tent with signal recoils - are certain to intersect the target even for the most stringent requirement
on the purity of the incoming beam. Such electrons, reconstructed correctly by the detectors
downstream of the target, cannot be distinguished from signal.

For this reason, LDMX employs a tagging tracker to measure the trajectories of incoming
electrons to ensure that each recoil corresponds to a clean 4 GeV beam electron entering the
apparatus on the expected trajectory to veto any apparent signal recoils originating from beam
impurities.
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1. Incident low-energy particles/beam impurities

At the level of of 1016 incident electrons, a large number of electrons with low energies - consis-
tent with signal recoils - are certain to intersect the target even for the most stringent requirement
on the purity of the incoming beam. Such electrons, reconstructed correctly by the detectors
downstream of the target, cannot be distinguished from signal.

For this reason, LDMX employs a tagging tracker to measure the trajectories of incoming
electrons to ensure that each recoil corresponds to a clean 4 GeV beam electron entering the
apparatus on the expected trajectory to veto any apparent signal recoils originating from beam
impurities.
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LDMX Experimental approach

• Signal signature: 
• Recoiling electron with energy much lower than beam and small but measurable 

transverse momentum  
• Absence of any other activity in the final state

• Two main ingredients: 
• Beam allowing for individual reconstruction of incident electrons 
• Detector technology with high radiation tolerance and high data rate 

Hadronic 
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Electromagnetic
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Recoil 
tracker
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target
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LDMX at SLAC: LCLS II Transfer Line

9

LDMX at SLAC: LCLS II Transfer Line (SL30XL)LCLS-II: transfer line (SL30XL) 

April 2020 Craig Group - APS April 2020 - LDMX 26

Energy: 4  GeV - Bunch frequency: 46 MHz

Unique facility, providing low-energy CW beam for a variety of purposes: neutrino 
measurements, accelerator physics, and test-beam studies in addition to dark matter searches.

   LESA

   LESA

   LESA

• LCLS-2 beam at SLAC: 
•  beam for photon science 
• Beam extraction using Linac 

to End Station A (LESA) 
• 4 GeV beam energy 

• phase-II upgrade at 8 GeV 
• Low-current 

• Measure each incoming and 
outgoing electron 

• Fast repetition rate 
• Expect 37.2 MHz bucket 

frequency 
• ~ electrons on target in 

1-2 years 
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LDMX Detector Concept
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Figure 6. (a) An overview of the LDMX detector showing the full detector apparatus with a person
for scale. The tracker and ECal are less than meter-scale, with a larger HCal needed for neutron
acceptance and containment. (b) A cutaway overview of the LDMX detector showing, from left to
right, the trackers and target inside the spectrometer dipole, the forward ECal, and the HCal.

current exchange, which has no recoil electron track and is therefore readily rejected. Events

with both a low-energy recoil track (from Møller scattering) accompanied by missing energy

(from charged-current neutrino production) occur at a negligibly low rate, with ∼ 10−3

events produced in a 4× 1014 EoT run.

Combined, the above considerations motivate a detailed investigation of photon-

induced backgrounds as the key to a low-background missing-momentum experiment.

3 Conceptual design of LDMX

A conceptual design for LDMX has been presented in [6] and is illustrated in figure 6(a).

Following the beamline, its main parts are a tagging tracker inside a dipole magnet, two

thin trigger scintillator planes, a tungsten target, a recoil tracker in the fringe field of the

magnet, an ECal, and behind it an HCal. A simulation of the design summarized below

and detailed in [6] was used to produce the results presented in this paper.

3.1 Tracking and target

The active elements of the tracking system are similar to those of the Silicon Vertex Tracker

for the Heavy Photon Search experiment (HPS) [10]. Following the beamline, its main parts

are a 60 cm tagging tracker inside the 1.5 T field of the magnet, two thin scintillator planes,

a tungsten target, and a 18 cm deep recoil tracker in the fringe field of the magnet, as shown

in figure 6(b).

The target is a 350µm thick tungsten sheet, corresponding to 0.1 X0. This thickness

has not been optimized, but is expected to provide a good balance between signal rate and

transverse momentum resolution from multiple scattering. The target is glued to a stack

– 9 –

• Fast, low mass tagger and recoil trackers 
• Fast, granular and radiation hard electro-magnetic calorimeter 

enclosed by hermetic hadronic calorimeter. 
• Trigger scintillator for counting  / bunche−

LDMX in End Station A

Available electrical power, LCW, PPS in ESA appear to be adequate

David Hitlin                 Technical Coordination Report             DMNI FY21 Annual Review – June 2, 2021                   6
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LDMX Electromagnetic Calorimeter (ECAL)

• Si-W sampling calorimeter 
• 32 Si layers,  deep for extraordinary 

shower containment 
• High-granularity 

• Transverse and longitudinal shower 
shapes 

• MIP sensitivity 
• Tracking of isolated charged hadrons 

• Missing Energy Trigger 
• In conjunction with the Trigger Scintillator

∼ 40X0

arXiv:1708.08234Gonzales, Calor18

12Detector performance studies for CMS HGCAL - Calor18 - University of Oregon - Joaquín B. González (CERN)

Signal reconstruction
The geometries of all setups were reproduced in CMSSW. Data 
were taken with a wide range of electron energies: 4ʹ32 GeV at 
FNAL and 20ʹ250 GeV at CERN; as well as 120 GeV protons, 
muons and charged pions with energies between 20ʹ350 GeV

120GeV Hadron in: CE-H 
7 modules, 1 layer AHCAL 

12 layer

Figure 6: (left) Event display of a MIP through the stack of 8 layers. (right) ADC-count distribution for the

central channel in the first layer, with the pion beam.

Figure 7: (left) Event display of a 250 GeV electron passing through the 8 layers sampling from ⇠5 X0 to

⇠27 X0 in the CERN test. (right) Longitudinal shower profile measured in data and compared to simulation

as a function of the depth in the shower.

of the accurate description of the upstream material.

As a representative result of the analysis, in Figure 8, the relative energy resolution measured is shown as

a function of the beam energy for both data and simulation, showing a good agreement between the two.

Results from the test at FNAL and those obtained at CERN are displayed on the same canvas to emphasize

the di↵erent sampling regimes of the two setups. The limit in the longitudinal sampling clearly limits the

possible electron energy resolution achievable, which is here found at the level of few percents at the highest

energies, whereas it is expected to be close to 1 % at 300 GeV for the final calorimeter, where a finer sampling

(⇠1 X0) will be provided.

5 Conclusions

The High Granularity Calorimeter for the HL-LHC is a very ambitious project, with an unprecedented

granularity level it o↵ers an high potential in the reconstruction to exploit the combined information of time,

position and pulse-height to disentangle the very complex events that we will see at the HL-LHC. With the

Technical Design Report targeted by the end of 2017, it is a critical moment for the detector design, with a

main review taking place. The beam test campaign of 2016, to validate the proposed design for the EE silicon

modules and provide a basic validation of the simulation was a fundamental step towards the consolidation

of the design and the validation of the reconstruction algorithms. The aim of the 2017 campaign is to test

5

J
H
E
P
0
4
(
2
0
2
0
)
0
0
3

0 500 1000 1500 2000 2500 3000 3500 4000
Reconstructed Energy in ECAL [MeV]

14−10

12−10

10−10

8−10

6−10

4−10

2−10

1

E
ve

n
t 

R
a

te

LDMX Simulation

 = Total Energy Going PNPNE
All Events

 < 50MeVPNE
 < 1.2GeVPN50MeV < E
 < 2.8GeVPN1.2GeV < E

 2.8GeV≥ PNE

ECal Trigger

Figure 7. Fraction of events reconstructed with a certain total energy in the ECal. For each
distribution, a selection has been applied according to how much of the energy, EPN, is transferred
to photo-nuclear reactions (see legend). In all cases, 4GeV incident electrons are used. The black
points show the inclusive sample with no EPN selection applied. The dashed lines are Gaussian fits
to the distributions. The trigger and offline ECal energy requirement select events to the left of the
gray line, i.e. those with reconstructed energy < 1.5GeV.

Similar logic underlies the offline ECal selection — based on the energy deposited in the

full depth of the ECal, which further rejects events with late-developing showers that would

pass the trigger selection. To maintain high efficiency for signal events with recoil electron

energies up to 1.2 GeV, allowing for fluctuations in the electron’s reconstructed energy, we

require the ECal energy to fall below 1.5 GeV. To model the population of background

events that pass this selection, it is crucial to understand the various contributions to the

low-energy tail of energy reconstruction.

Figure 7 shows the spectrum of the energy reconstructed in the ECal for the nearly-

inclusive 4GeV electron event sample described in section 4.2. The black points show

the spectrum for the whole sample, while colored error bars correspond to partitions of

the event sample according to EPN, defined as the sum of energies of all photons in the

event that undergo rare photo-nuclear reactions. We note that in the vast majority of

events, EPN is also approximately the energy of the hardest photon undergoing a photo-

nuclear reaction. The inclusive distribution of energy has a large non-Gaussian tail, but

each component sub-divided according to EPN is well described by a Gaussian fit, as

shown by the dashed curves in the figure. The maroon points correspond to pure and

– 16 –

https://arxiv.org/abs/1708.08234
https://arxiv.org/abs/1708.08234
https://indico.cern.ch/event/642256/contributions/2966166/attachments/1655853/2650623/Calor18_Joaquin_B_Gonzalez_v12.pdf
https://indico.cern.ch/event/642256/contributions/2966166/attachments/1655853/2650623/Calor18_Joaquin_B_Gonzalez_v12.pdf
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LDMX Hadron Calorimeter (HCAL)

• Scintillator based sampling calorimeter, similar 
technology of Mu2E cosmic ray veto (CRV) 

• Readout adapted from ECAL HGCROC 
• Alternating  orientation 

• Sensitive to EM showers escaping ECAL 
• Detect neutral hadrons with high efficiency in 

0.1-10 GeV range 
• MIP sensitivity 

• Two components, depth optimized using single 
neutrons: 
• Main HCAL: ~90 layers,  

25 mm absorber / 20mm scintillator (~15 ) 

• Side HCAL: ~32 layers, ~3

x /y

λA
λA

ICHEP 2020

• Steel/plastic sampling calorimeter
- read out with wavelength shifting fibers & SiPMs
- enclose ECal as much as possible to detect:
• wide-angle bremsstrahlung
• hadrons from PN events

Hadron calorimeter

adapted from Mu2e  
cosmic ray veto

�16
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- enclose ECal as much as possible to detect:
• wide-angle bremsstrahlung
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• Steel/plastic sampling calorimeter
- read out with wavelength shifting fibers & SiPMs
- enclose ECal as much as possible to detect:
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FIG. 2. Left: A scintillator layer of the HCal prototype composed of two sets of four bars each. Center: Pro-
totype of LDMX HCal custom readout electronics which digitizes 256 SiPM signals using the HGCROCv2;
digitized signals are aggregated on an FPGA mezzanine and transmitted optically to a central ATCA-based
DAQ system. Right: Trigger Scintillator prototype.

C. Software and computing tools150

LDMX utilizes a C++ event processing and simulation framework (ldmx-sw) that utilizes151

tools popular throughout the HEP community. The data processing pipeline is steered with an em-152

bedded python interpreter, allowing for simple configuration and dynamic loading of simulation,153

digitization, reconstruction, and general analysis workflows. This robust infrastructure enables154

detailed studies of detector prototypes, development of reconstruction techniques, the design of155

complex physics analysis strategies, and more.156

Studies of the response of the LDMX detector, particularly to rare SM processes and potential157

signals of NP, are enables by the Geant4 toolkit, including customizations to the Bertini Cascade158

model, improved matrix elements for muon conversions, and incorporation of dark-bremsstrahlung159

signal generation[7]. A complete and modular description of LDMX in GDML allows efficient160

studies of various detector configurations as well as testbeam-specific prototypes. Lastly, the161

Lightweight Distributed Computing System (LDCS)[11] allows for the efficient and large-scale162

generation of simulated Monte Carlo (MC) event samples, critical to understand the rare processes163

necessary for the analysis of 1016 EoT.164

III. SEARCHES FOR LIGHT THERMAL RELICS165

This section describes the search for light thermal DM with the missing momentum approach.166

We first review the benchmark signal model and its production mechanism, focusing on signal167

reactions where the DM is produced in the target via decay of a vector mediator. We then review168

the baseline selection criteria designed to keep backgrounds below O(10) events. While these169

criteria were necessarily built from simulation, we also describe the first steps towards a data-170

driven validation of the veto-efficiencies and certain background rates. In addition, we describe the171

potential to characterize the mass of the DM signal. Lastly, we present a pair of analyses targeting172

alternate run scenarios: first, the prospect of producing DM in the active material in the ECal is173

investigated, targeting the 1013 EoT expected in the earliest stages of the experiment; second, the174

ultimate sensitivity of LDMX is studied, taking 8 GeV electron beam data and analyzing multiple175

electrons per time sample to accumulate 1016 EoT.176
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HCAL Prototype designed and commissioned for LDMX CERN testbeam (Oct ’21) 
Currently preparing for a 2nd testbeam in April
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Spectrometer and Beamline Design

Similarly, one magnet, two fields:

18D36 Magnet with 14” vertical gap @ 1.5 T

Tagging Tracker in central field

• precision tracking for 4 GeV incoming electrons

• long/narrow to select against off-energy electrons

Recoil Tracker in fringe field 

• tracking for low-energy recoils (down to ~50 MeV)

• short/wide to increase acceptance and allow ECal 
close to target

Tracking inside beam vacuum: no upstream vacuum 
that would contaminate the beam with secondaries

Target is inserted in 15mm space between trackers

• 10% X0 tungsten sheet

• Thin PVT scintillator pad on back side provides a 
level-0 trigger to veto empty beam buckets.

3

36”
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LDMX Tagger and Recoil Trackers

• Tagger Tracker - Magnet Bore 
• 7 double-sided low mass silicon strip 

modules ( )  
•  spacing,  stereo 

∼ 0.7X0
10cm ±100mrad
σrϕ ∼ 6μm, σz ∼ 60μm

• Recoil Tracker - Fringe Field 
• 4 stereo layers + 2 single-sided vertically 

oriented axial layers 
• Compact, low mass 
• Efficient reconstruction of  

50MeV - 1.2 GeV recoil e−

• Tungsten Target 
•  : high signal rate, keep 

momentum resolution 
• Scintillator pads in the front/back

∼ 0.1X0
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LDMX Track reconstruction

• LDMX search requires high precision 
tracking 

• Tagger:  
• Off-energy beam rejection 

• Recoil: 
• Low particle momentum regime in 

a strongly non uniform  

• Interfaced to ACTS, modern toolkit 
based on well-tested reconstruction 
code from LHC experiments 

• Algorithms tuning in LDMX phase 
space for ultimate physics 
performance

⃗B

A Common Tracking Software, arXiv:2106.13593 
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Good brem tail 
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https://arxiv.org/abs/2106.13593
https://arxiv.org/abs/2106.13593
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Figure 10. Left: distributions of the ECal BDT discriminator value for signal and photo-nuclear
events passing the trigger. All distributions are normalized to unit area. Right: signal efficiencies
as a function of the background efficiency obtained by varying BDT thresholds for the ECal BDT
evaluated for signal and photo-nuclear background events passing the trigger. The pink markers
indicate the efficiencies corresponding to a discriminator threshold of 0.99 in this sample.

Figure 10 (left) shows the distributions of the BDT discriminator values for signal and

background events selected by the trigger. The signal vs. background efficiency obtained

by varying discriminator thresholds is drawn in figure 10 (right) for each mediator mass

considered. The pink markers indicate the efficiencies in each sample corresponding to a

discriminator threshold of 0.99. Requiring the BDT value to be greater than 0.99 retains

approximately 85–99% of the signal, depending on the mediator mass, while rejecting more

than 99.9% of photo-nuclear reactions occurring in the ECal.

The same BDT and discriminator cut is used for all of the background samples. For

muon conversions in the ECal and target, the BDT requirement rejects all of the remaining

events. Here, the BDT veto is particularly useful for events that contain one soft muon that

does not leave the ECal, and one hard muon that decays into an electron and neutrinos,

since such events are hard to veto by the other detector systems. The BDT also rejects

95% of target PN events surviving the preceding vetoes.

5.4 HCal veto

The energy deposited in the HCal offers a complementary veto for photo-nuclear reactions.

For the present study, we define a vetoable hit to be a single scintillator bar in which at

least five photoelectrons are produced in-time with the beam electron. The HCal veto

requires there to be no such hit in the entire HCal, otherwise the event is rejected. The

veto threshold of five PEs is chosen to minimize the signal inefficiency due to the noise.

The rejection capability is not, however, especially sensitive to this threshold.

Figure 11 illustrates the combined power of the ECal BDT and HCal veto for back-

ground rejection. The horizontal axis of the figure is the maximum number of photoelec-
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Figure 12. Left: visualization of a simulated PN event that survives both the ECal BDT and HCal
activity vetoes, but is rejected by the ECal tracking algorithm. Hits are color-coded according to
whether they are inside or outside the electron and photon containment radii, and the black line
indicates the reconstructed track. Right: number of ECal tracks detected per event in a sample of
10,000 events each for signal and PN background after ECal vetoes; normalized to unit area.

dominate the sample of ECal PN events surviving the BDT veto. The HCal geometry has

been optimized to detect these neutral hadrons with high efficiency.

Applying the HCal veto rejects 99.9924% of the ECal PN background remaining after

the BDT cut, while preserving 99% of the signal. This selection applied to PN reactions

from the target rejects all of the events passing the BDT selection.

5.5 Track features in the ECal

After all these cuts, the remaining background arises mostly from PN reactions resulting in

a single charged kaon. As discussed earlier, the kaon may decay in flight within the ECal,

transferring most of its energy to a neutrino and leaving only a short track within the ECal.

Such event signatures are not detectable in the HCal and are difficult to distinguish from

signal for the BDT. However, the high granularity of the ECal provides possibilities to

track MIPs as they pass through the ECal. Thus, as a final step of this analysis, a tracking

algorithm has been introduced to identify tracks left by charged particles originating from

photon interactions in the ECal. These selections were developed and tuned on a sample of

∼ 10× 103 ECal PN events surviving the preceding ECal and tracker vetoes, but prior to

applying the HCal veto, then applied to the ten events that were not vetoed by the HCal.

In a first stage, tracks normal to the back of the ECal are formed from combinations

of hits in cells directly in front of each other and not more than two layers apart. The

second stage uses a linear regression among certain three-hit combinations of the remaining

hits. At both stages, tracks are discarded if they are too far from the projected photon

trajectory or too close to the projected electron trajectory.

Figure 12 (left) shows a visualization of one of the background events surviving the

previous selections to which the track finding has been applied, resulting in the track shown
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Figure 1. Projected sensitivity in the y vs. mχ plane for an LDMX run with 4× 1014 electrons on
target at 4 GeV beam energy (solid blue curve), for the case of on-shell mediator production and
decay into dark matter. Benchmark thermal relic targets are shown as black lines. Experimental
constraints are shown for the assumption of a mediator particle mass (mA′) three times as large
as the dark matter mass and with a coupling constant αD = 0.5 between the mediator and the
dark matter. Grey regions are (model-dependent) constraints from beam dump experiments and
BABAR. The dashed curve shows the sensitivity in case of unexpected photon-induced backgrounds
at the 10-event level, the dotted line further assumes a 50% uncertainty in this background. At
higher DM masses, the sensitivity curves for different background assumptions converge towards the
zero-background sensitivity because a transverse momentum cut efficiently reduces the background
while maintaining high signal efficiency.

matter (typically including electrons) are both simple and especially predictive (see [1–5] for

recent reviews). The combinations of interaction strength y and dark matter particle mass

mχ that result in the appropriate thermal relic abundance for different types of particles are

shown as black solid lines in figure 1. Probing the existence of thermal-relic dark matter in

the sub-GeV mass region is well-motivated as an important part of a comprehensive search

program for dark matter. It calls for an experiment sensitive enough to explore the thermal

targets shown in figure 1, which implies interaction rates a few orders of magnitude beyond

the sensitivity of current accelerator-based experiments (gray regions in figure 1).

To achieve this important goal, the “Light Dark Matter eXperiment” (LDMX) collab-

oration has developed a detector concept [6] optimized to search for dark matter particle

production in high-rate fixed-target collisions of 4–16 GeV electrons. The LDMX detector

contains low-mass tracking detectors both up- and down-stream of a thin tungsten target,

an electromagnetic calorimeter (ECal) in the beamline downstream of the trackers, and a

hadronic calorimeter (HCal) surrounding the back and sides of the ECal.

– 2 –
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Photo-nuclear Muon conversion

Target-area ECal Target-area ECal

EoT equivalent 4× 1014 2.1× 1014 8.2× 1014 2.4× 1015

Total events simulated 8.8× 1011 4.7× 1011 6.3× 108 8× 1010

Trigger, ECal total energy < 1.5GeV 1× 108 2.6× 108 1.6× 107 1.6× 108

Single track with p < 1.2GeV 2× 107 2.3× 108 3.1× 104 1.5× 108

ECal BDT (> 0.99) 9.4× 105 1.3× 105 < 1 < 1

HCal max PE < 5 < 1 10 < 1 < 1

ECal MIP tracks = 0 < 1 < 1 < 1 < 1

Table 2. The estimated levels of photo-nuclear and muon conversion backgrounds after applying
the successive background rejection cuts outlined in this paper. Here, the total events simulated
corresponds to the total electrons fired on target in the simulation. The biasing factor passed to
the Geant4 occurrence biasing toolkit is used to scale the total events simulated to the electron
on target (EoT) equivalent.

will allow LDMX to maintain excellent sensitivity over most of the DM mass range of

interest, as shown in figure 1.

This study addresses the rejection capabilities of LDMX in Monte Carlo. The LDMX

physics program will also require a data-driven validation of both the physical rates and

kinematics of key background reactions and the detector performance. The veto possibil-

ities introduced in section 5 will allow reconstruction of rates and kinematics for limiting

background topologies and closely related reactions. For example, kaon decays in flight

with a short but visible track are far more numerous than those that leave no recon-

structed track, and can be used to measure the rate of single kaon production. The variety

of complementary veto opportunities is also valuable in characterizing the detector’s ineffi-

ciency in rejecting these reactions. There are numerous control samples available in data,

accessed, for example, by inverting or loosening one of the selections, studying events with

lower-energy PN photons, or considering only events vetoed within a smaller geometric

region of the HCal. Finally, events with low recoil electron pT define a control region

where hard bremsstrahlung is enriched relative to signal, completely independent of the

instrumental rejection capability. The veto efficiencies of section 5 are independent of pT to

within ∼ 10%, so that veto efficiencies at low pT can be reliably extrapolated to a higher-pT
signal region.

The beam energy of 4GeV considered in this analysis is a realistic scenario for an initial

run, but the full statistics of LDMX will likely be collected at a significantly higher beam

energy. Higher beam energies that will become available at SLAC (8GeV from LCLS-II

HE [37]) or potentially at CERN (up to 16GeV, [38]) will further improve the sensitivity

for several reasons. On the one hand, the signal cross sections increase, improving the

sensitivity, particularly in the high mass region (several hundred MeV). On the other hand,

the rates of certain backgrounds decrease with higher energy, e.g. that of the exclusive 2-

body PN reactions scales as E−3
γ , and the products from these reactions carry more energy

and are hence more visible in the detector. Similarly, in-flight decays within the detector,
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https://link.springer.com/article/10.1007/JHEP04(2020)003
https://link.springer.com/article/10.1007/JHEP04(2020)003
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Phase-II upgrade 

• Future runs at higher energy are 
able to explore the phase space up 
to mχ < 300MeV

 

Bertrand Echenard – TeVPA 2019 p.17

Phase II upgrade

Several strategies are available for improving 

Phase I reach: increasing the beam energy, 

changing the target density or thickness.

Phase II could probe pseudo-Dirac target up 

to O(100) MeV.

• Strategies to increase Phase-I 
reach 
• Change target density / thickness 
• Increase beam energy

Bertrand Echenard – TeVPA 2019 p.17

Phase II upgrade

Several strategies are available for improving 

Phase I reach: increasing the beam energy, 

changing the target density or thickness.

Phase II could probe pseudo-Dirac target up 

to O(100) MeV.

arXiv:1905.07657.pdf 

https://link.springer.com/article/10.1007/JHEP04(2020)003
https://link.springer.com/article/10.1007/JHEP04(2020)003
https://arxiv.org/pdf/1905.07657.pdf
https://arxiv.org/pdf/1905.07657.pdf
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Summary

• Thermal-relic models offer predictive and compelling explanation 
for Dark Matter existence 

• LDMX is an electron beam on target experiment designed to probe 
the sub-GeV mass range for thermal-relic Dark Matter 
• Focus on invisible signature 
• Signal identification using missing momentum technique 

• Sensitivity beyond invisible search: 
• General exploration of hidden sector physics, e.g. displaced vertex 

signatures  
• Electronuclear measurements in a unique forward phase space to 

support neutrino experiments 

• Exciting times ahead as the experiment is moving from concept 
design to creation



BACKUP SLIDES 
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Advantages of Missing Momentum measurements

• Missing Mass: 
• i.e. Babar, Padme 
• Relies on reconstructing the full final state, only practical in e+/e- 

collisions, lower luminosity 
• DM re-scattering: 

• i.e. BDX, MiniBoone 
• High intensity beams but Low probability of DM scattering (scales 

as the SM-DM coupling to the fourth power) 
• Missing Energy 

• i.e NA64 
• Fewer kinematic handles wrt missing momentum 
• Lack of electron/photon discrimination, bkg from neutrinos
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Kinematics sketch

Target

e−

Energy = Ebeam

A′ 

∼ ( mA′ 
E )

3/2

∼ ( mA′ 
E )

1/2

∼ ( mA′ 
E )

χ

χ̄
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ECAL BDT
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Figure 8. Distributions of quantities related to the energy deposited in the ECal for photo-nuclear
and signal processes in events passing the trigger. From top left to bottom right: total reconstructed
energy, total isolated energy, energy-weighted average layer number 〈L〉, energy-weighted transverse
RMS. The distributions are shown for events in which the total energy reconstructed in the ECal
is less than 1.5 GeV. All distributions are normalized to unit area. For more detail about the
definition of these variables, we refer the reader to the corresponding text.

grazes or misses the ECal. Distributions of further global variables used as inputs to the

BDT are collected in figures 13 and 14 in appendix A.

5.3.2 Shower containment variables

The high density and granularity of the ECal make it possible to obtain good separation

between two electromagnetic showers. In order to exploit this capability for discrimination

between signal and (PN) background, we define regions expected to contain significant

fractions of the shower energy originating from the recoil electron, as well as analogous

containment regions around the inferred path of the bremsstrahlung photon (assuming the

background hypothesis).
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Figure 15. Top: Energy reconstructed in containment regions (CRs) defined by 68% containment
radii around electron trajectory (left); energy reconstructed in region outside inner 68% electron
and photon CRs (right). Middle: Number of hits in region outside inner 68% electron and photon
CRs (left), energy-weighted standard deviation of x-positions of hits in region outside inner 68%
electron and photon CRs (right). Bottom: Energy-weighted standard deviation of y-positions of
hits in region outside inner 68% electron and photon CRs. All distributions are normalized to
unit area.
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Global ECAL Variables Shower Shape Variables

• Example distributions of some of the variables used as input for the ECAL BDT based PN veto 
• The variables are classified as “global”, which take into account averages over the whole 

ECAL detector and “shower shape”, which characterize the ECAL shower in the hypothesis of 
background event with a hard photon.
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MIP Tracking in the ECAL
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Figure 12. Left: visualization of a simulated PN event that survives both the ECal BDT and HCal
activity vetoes, but is rejected by the ECal tracking algorithm. Hits are color-coded according to
whether they are inside or outside the electron and photon containment radii, and the black line
indicates the reconstructed track. Right: number of ECal tracks detected per event in a sample of
10,000 events each for signal and PN background after ECal vetoes; normalized to unit area.

dominate the sample of ECal PN events surviving the BDT veto. The HCal geometry has

been optimized to detect these neutral hadrons with high efficiency.

Applying the HCal veto rejects 99.9924% of the ECal PN background remaining after

the BDT cut, while preserving 99% of the signal. This selection applied to PN reactions

from the target rejects all of the events passing the BDT selection.

5.5 Track features in the ECal

After all these cuts, the remaining background arises mostly from PN reactions resulting in

a single charged kaon. As discussed earlier, the kaon may decay in flight within the ECal,

transferring most of its energy to a neutrino and leaving only a short track within the ECal.

Such event signatures are not detectable in the HCal and are difficult to distinguish from

signal for the BDT. However, the high granularity of the ECal provides possibilities to

track MIPs as they pass through the ECal. Thus, as a final step of this analysis, a tracking

algorithm has been introduced to identify tracks left by charged particles originating from

photon interactions in the ECal. These selections were developed and tuned on a sample of

∼ 10× 103 ECal PN events surviving the preceding ECal and tracker vetoes, but prior to

applying the HCal veto, then applied to the ten events that were not vetoed by the HCal.

In a first stage, tracks normal to the back of the ECal are formed from combinations

of hits in cells directly in front of each other and not more than two layers apart. The

second stage uses a linear regression among certain three-hit combinations of the remaining

hits. At both stages, tracks are discarded if they are too far from the projected photon

trajectory or too close to the projected electron trajectory.

Figure 12 (left) shows a visualization of one of the background events surviving the

previous selections to which the track finding has been applied, resulting in the track shown
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Applying the HCal veto rejects 99.9924% of the ECal PN background remaining after

the BDT cut, while preserving 99% of the signal. This selection applied to PN reactions

from the target rejects all of the events passing the BDT selection.

5.5 Track features in the ECal

After all these cuts, the remaining background arises mostly from PN reactions resulting in

a single charged kaon. As discussed earlier, the kaon may decay in flight within the ECal,

transferring most of its energy to a neutrino and leaving only a short track within the ECal.

Such event signatures are not detectable in the HCal and are difficult to distinguish from

signal for the BDT. However, the high granularity of the ECal provides possibilities to

track MIPs as they pass through the ECal. Thus, as a final step of this analysis, a tracking

algorithm has been introduced to identify tracks left by charged particles originating from

photon interactions in the ECal. These selections were developed and tuned on a sample of

∼ 10× 103 ECal PN events surviving the preceding ECal and tracker vetoes, but prior to

applying the HCal veto, then applied to the ten events that were not vetoed by the HCal.

In a first stage, tracks normal to the back of the ECal are formed from combinations

of hits in cells directly in front of each other and not more than two layers apart. The

second stage uses a linear regression among certain three-hit combinations of the remaining

hits. At both stages, tracks are discarded if they are too far from the projected photon

trajectory or too close to the projected electron trajectory.

Figure 12 (left) shows a visualization of one of the background events surviving the

previous selections to which the track finding has been applied, resulting in the track shown

– 23 –

J
H
E
P
0
4
(
2
0
2
0
)
0
0
3

Number of tracks found per event
0 2 4 6

A
.U

.

0

0.2

0.4

0.6

0.8

1

Photonuclear
 = 1.0 GeVA'm
 = 0.1 GeVA'm
 = 0.01 GeVA'm
 = 0.001 GeVA'm

LDMX Simulation

Figure 12. Left: visualization of a simulated PN event that survives both the ECal BDT and HCal
activity vetoes, but is rejected by the ECal tracking algorithm. Hits are color-coded according to
whether they are inside or outside the electron and photon containment radii, and the black line
indicates the reconstructed track. Right: number of ECal tracks detected per event in a sample of
10,000 events each for signal and PN background after ECal vetoes; normalized to unit area.

dominate the sample of ECal PN events surviving the BDT veto. The HCal geometry has

been optimized to detect these neutral hadrons with high efficiency.

Applying the HCal veto rejects 99.9924% of the ECal PN background remaining after

the BDT cut, while preserving 99% of the signal. This selection applied to PN reactions

from the target rejects all of the events passing the BDT selection.

5.5 Track features in the ECal

After all these cuts, the remaining background arises mostly from PN reactions resulting in

a single charged kaon. As discussed earlier, the kaon may decay in flight within the ECal,

transferring most of its energy to a neutrino and leaving only a short track within the ECal.

Such event signatures are not detectable in the HCal and are difficult to distinguish from

signal for the BDT. However, the high granularity of the ECal provides possibilities to

track MIPs as they pass through the ECal. Thus, as a final step of this analysis, a tracking

algorithm has been introduced to identify tracks left by charged particles originating from

photon interactions in the ECal. These selections were developed and tuned on a sample of

∼ 10× 103 ECal PN events surviving the preceding ECal and tracker vetoes, but prior to

applying the HCal veto, then applied to the ten events that were not vetoed by the HCal.

In a first stage, tracks normal to the back of the ECal are formed from combinations

of hits in cells directly in front of each other and not more than two layers apart. The

second stage uses a linear regression among certain three-hit combinations of the remaining

hits. At both stages, tracks are discarded if they are too far from the projected photon

trajectory or too close to the projected electron trajectory.

Figure 12 (left) shows a visualization of one of the background events surviving the

previous selections to which the track finding has been applied, resulting in the track shown
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LDMX Concept

• High-luminosity measurement of missing momentum in multi-GeV 
fixed target electron collisions 
• Sensitive to dark matter production directly and via a mediator 
• Extend N64 sensitivity 

• Low current ~pA with high bunch repetition ~40MHz electron (~10^8 
e/second electrons on target [ 50Me-/s Phase I, 1Ge / s Phase II] ) 
beam with 4-16 GeV energy.  
• Target sub-GeV DM search with below threshold to generate 

neutrinos => irreducible bkg 
• Proposed SLAC 4-8 GeV, 11 GeV jLab, 3.5-16 GeV SpS (which 

one has been finally accepted? SLAC?)  
• With upgrade of trigger and daq LDMX can provide improved data on 

final states in eN scattering in multiGeV region, which is of interest to 
the neutrino scattering community
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FIG. 3: Feynman diagrams for LDM with secluded annihilation (left) with m
� > m

A 0 and direct anni-

hilation (right) with m
� < m

A 0 . In the secluded regime, the dark photon decays visibly to kinematically

accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-

hilation cross section is independent of the A 0 coupling to visible matter. In the direct annihilation regime,

the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A 0 to

charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes

a thermal history in the early universe. These minimum values define experimental targets for discovery or

falsification (see Fig. 5).• Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;

otherwise they would have been produced and detected at LEP or at hadron colliders [30].

These properties single out the hidden sector scenario highlighted in [1, 2, 24], which is the focus

of considerable experimental activity. Thus, for the remainder of this note, we will use one of

the simplest and most representative hidden sector models in the literature – a dark matter particle

charged under a U(1) gauge field (i.e. “dark QED”). Sensitivity to a variety of other new physics

models, mediator particles, and dark matter is described in a companion paper [23].

We define the LDM particle to be � and the U(1) gauge boson A 0 (popularly called a “dark

photon” mediator). The general Lagrangian for this family of models contains

L
� �

1
4 F 0µ⌫
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2 A 0
µA 0µ

� A 0
µ (✏eJ µ

EM + gDJ µ
D ),

(1)

where ✏ is the kinetic mixing parameter, m
A 0 is the dark photon mass, and J µ

EM ⌘
P

f Q
f f̄� µf

is the SM electromagnetic current where f is an SM fermion with charge Q
f , gD ⌘ p

4⇡↵D is

the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice

for � has a different form for JD , the relic density has the same dependence on the four model

parameters {✏, gD ,m
� ,m

A 0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A 0

and � masses.
• Secluded Annihilation: For m

A 0 < m
� , DM annihilates predominantly into A 0 pairs [31]

as depicted on the left panel of Fig. 3. This annihilation rate is independent of the SM-A 0

coupling ✏. The simplest version of this scenario is robustly constrained by CMB data [32],

which rules out DM masses below O(10) GeV for simple secluded annihilation models.
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Motivations for Accelerator searches for DM

https://arxiv.org/pdf/1807.01730.pdf
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Thermal and Asymmetric Targets for DM-e Scattering

FIG. 4: Left: Thermal targets for representative DM candidates plotted in terms of the electron-recoil direct
detection cross section �e vs. mass mDM . The appropriate thermal freeze-out curve for each scenario dif-
fers by many orders of magnitude in the �e plane due to DM velocity suppression factors, loop-level factors,
or spin suppression, any of which are significant for non-relativistic scattering. This is entirely analogous
to the variation in scattering rates predicted by canonical WIMP models, where the spread in cross-sections
is similarly due to spin, velocity, and loop-level factors. Right: By contrast, the dimensionless couplings
(captured by y) motivated by thermal freeze-out do not differ by more than a couple orders of magnitude
from one another, as shown in the y vs. m� plane. Probing couplings at this magnitude is readily achievable
using accelerator techniques, which involve DM production and/or detection, as well as mediator produc-
tion, all in a relativistic setting. Both plots above are taken from [2] and also show a target for asymmetric
fermion dark matter, a commonly discussed variation on the thermal-origin framework. This scenario and
the resulting target are discussed further in [2].

More complex secluded models remain viable for low DM masses; these are potentially
discoverable by LDMX, and are discussed in [23], but they do not provide a sharp parameter
space target.

• Direct Annihilation: For mA0 > m�, annihilation proceeds via �� ! A0⇤
! ff to SM

fermions f through a virtual mediator as depicted on the right panel of Fig. 3. This sce-
nario is quite predictive, because the SM-A0 coupling ✏ must be large enough, and the A0

mass small enough, in order to achieve the thermal relic cross-section. Unlike the secluded
regime, no robust constraint on this scenario can be extracted from CMB data. Therefore,
the observed DM abundance implies a minimum DM production rate at accelerators. The
detailed phenomenology depends on the ratio mA0/m�. If m� < mA0 < 2m�, the me-
diator decay to DM is kinematically forbidden so that visible dark photon searches and
DM searches like LDMX are both relevant. If instead m� < mA0/2, the mediator decays
primarily to DM, making searches for DM production even more sensitive and absolutely
essential. This case represents most of the parameter space for direct annihilation, and will

Direct detection: 
Strong spin/velocity dependence

At accelerator: relativistic production 
Spin/velocity dependence reduced and all  
relic targets in reach

https://arxiv.org/pdf/1807.01730.pdf
https://arxiv.org/pdf/1807.01730.pdf
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Higher energy

ICHEP 2020

Ongoing work
• Optimizing high mass reach
- higher energies
- different targets 

• Optimizing algorithms and analysis techniques  

• Detector prototyping ramping up
- Enabled by recent funding from DOE & Swedish foundation  

through Lund University  

target

�21

• Improved background 
rejection possibility 

• Invisible background with 
 still negligible with  

EOT 
• Reduced 1n Photonuclear 

background, particularly 
critical for the analysis

ν 1016
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Dark Matter as Thermal Relic

Ruth Pöttgen GGI Workshop, Florence 17 Sep 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

What is light? (in this talk)

!2

The Universe

Known Physics

Dark Matter

Chapter 3. Dark Matter

Figure 3.1: Evolution of the co-
moving number density and freeze-

out in the early universe. [45]

H0 = 100h km s�1 Mpc�1:

⌦Xh2
⇡

1.07 ⇥ 109 GeV�1

MP l

xFp
g⇤
F

1

(a + 3b/xF )
. (3.16)

The number of relativistic degrees of freedom at freeze-out is given by g⇤
F
, MP l is the Planck

mass. To estimate the relic density within this approximation one thus has to calculate the

annihilation cross section and extract the mass-dependent parameters a and b, which allows to

derive xF . In an order-of-magnitude estimation equation (3.16) can be re-written as

⌦Xh2
⇡

3 ⇥ 10�27 cm3 s�1

h�vi
, (3.17)

from which it can be readily seen that the present abundance of the species X is determined

by the annihilation cross section at the time of freeze-out. In particular, for larger annihilation

cross section, the relic density is smaller, as a larger fraction of X could annihilate. Analogously,

a small annihilation cross section results in a larger relic abundance. This is also illustrated in

figure 3.1, in this version taken from [45], which shows the evolution of the comoving number

density2 as a function of x. The number density decreases exponentially with increasing x, until

the interaction rate becomes too small and the component freezes out, i.e. the comoving number

density does not change any more. This happens the earlier, the lower the annihilation cross

section is, which is sometimes referred to as the ‘survival of the weak’.

It has to be kept in mind that the above relations were derived under certain simplifying

assumptions that are not valid generally. The relic density can be changed significantly with

respect to the result obtained in the standard calculation by the presence of a scalar field in the

early universe, as shown in [46]. There are three other cases in which the treatment outlined

above does not hold, which are detailed in [47]: There could be resonant enhancement, the relic

particle could be close to a mass threshold, allowing for additional annihilation or there could

be coannihilations, when there is another species which shares a quantum number with species

X and has a similar mass.
2Since the universe is expanding, the density has to be considered w.r.t. to the ‘expanding volume’.
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LDMX Electromagnetic Calorimeter (ECAL)

• Si-W sampling calorimeter 
• 32 Si layers,  deep for extraordinary 

shower containment 
• 30cm depth x 50 cm width 

• High-granularity 
• Transverse and longitudinal shower shapes 

for Photo-Nuclear (PN) events rejection 
• MIP sensitivity 

• Tracking of isolated charged hadrons for 
PN bkg rejection 

• Missing Energy Trigger 
• In conjunction with the Trigger Scintillator

∼ 40X0

arXiv:1708.08234Gonzales, Calor18

12Detector performance studies for CMS HGCAL - Calor18 - University of Oregon - Joaquín B. González (CERN)

Signal reconstruction
The geometries of all setups were reproduced in CMSSW. Data 
were taken with a wide range of electron energies: 4ʹ32 GeV at 
FNAL and 20ʹ250 GeV at CERN; as well as 120 GeV protons, 
muons and charged pions with energies between 20ʹ350 GeV

120GeV Hadron in: CE-H 
7 modules, 1 layer AHCAL 

12 layer

Figure 6: (left) Event display of a MIP through the stack of 8 layers. (right) ADC-count distribution for the

central channel in the first layer, with the pion beam.

Figure 7: (left) Event display of a 250 GeV electron passing through the 8 layers sampling from ⇠5 X0 to

⇠27 X0 in the CERN test. (right) Longitudinal shower profile measured in data and compared to simulation

as a function of the depth in the shower.

of the accurate description of the upstream material.

As a representative result of the analysis, in Figure 8, the relative energy resolution measured is shown as

a function of the beam energy for both data and simulation, showing a good agreement between the two.

Results from the test at FNAL and those obtained at CERN are displayed on the same canvas to emphasize

the di↵erent sampling regimes of the two setups. The limit in the longitudinal sampling clearly limits the

possible electron energy resolution achievable, which is here found at the level of few percents at the highest

energies, whereas it is expected to be close to 1 % at 300 GeV for the final calorimeter, where a finer sampling

(⇠1 X0) will be provided.

5 Conclusions

The High Granularity Calorimeter for the HL-LHC is a very ambitious project, with an unprecedented

granularity level it o↵ers an high potential in the reconstruction to exploit the combined information of time,

position and pulse-height to disentangle the very complex events that we will see at the HL-LHC. With the

Technical Design Report targeted by the end of 2017, it is a critical moment for the detector design, with a

main review taking place. The beam test campaign of 2016, to validate the proposed design for the EE silicon

modules and provide a basic validation of the simulation was a fundamental step towards the consolidation

of the design and the validation of the reconstruction algorithms. The aim of the 2017 campaign is to test
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Figure 7. Fraction of events reconstructed with a certain total energy in the ECal. For each
distribution, a selection has been applied according to how much of the energy, EPN, is transferred
to photo-nuclear reactions (see legend). In all cases, 4GeV incident electrons are used. The black
points show the inclusive sample with no EPN selection applied. The dashed lines are Gaussian fits
to the distributions. The trigger and offline ECal energy requirement select events to the left of the
gray line, i.e. those with reconstructed energy < 1.5GeV.

Similar logic underlies the offline ECal selection — based on the energy deposited in the

full depth of the ECal, which further rejects events with late-developing showers that would

pass the trigger selection. To maintain high efficiency for signal events with recoil electron

energies up to 1.2 GeV, allowing for fluctuations in the electron’s reconstructed energy, we

require the ECal energy to fall below 1.5 GeV. To model the population of background

events that pass this selection, it is crucial to understand the various contributions to the

low-energy tail of energy reconstruction.

Figure 7 shows the spectrum of the energy reconstructed in the ECal for the nearly-

inclusive 4GeV electron event sample described in section 4.2. The black points show

the spectrum for the whole sample, while colored error bars correspond to partitions of

the event sample according to EPN, defined as the sum of energies of all photons in the

event that undergo rare photo-nuclear reactions. We note that in the vast majority of

events, EPN is also approximately the energy of the hardest photon undergoing a photo-

nuclear reaction. The inclusive distribution of energy has a large non-Gaussian tail, but

each component sub-divided according to EPN is well described by a Gaussian fit, as

shown by the dashed curves in the figure. The maroon points correspond to pure and

– 16 –

https://arxiv.org/abs/1708.08234
https://arxiv.org/abs/1708.08234
https://indico.cern.ch/event/642256/contributions/2966166/attachments/1655853/2650623/Calor18_Joaquin_B_Gonzalez_v12.pdf
https://indico.cern.ch/event/642256/contributions/2966166/attachments/1655853/2650623/Calor18_Joaquin_B_Gonzalez_v12.pdf


J
H
E
P
0
4
(
2
0
2
0
)
0
0
3

Pse
ud
o!D

ira
c F
erm

ion

Ma
jor
ana

Fer
mi
on

Ela
stic

&
Ine
las
tic
Sca
lar

Pse
ud
o!D

ira
c F
erm

ion

Ma
jor
ana

Fer
mi
on

Ela
stic

&
Ine
las
tic
Sca
lar

0.5 evt bkg !expected"

10 evt bkg

10!5 evt bkg

ΑD#0.5, mA'#3 mΧ

1 10 102 103
10%14

10%13

10%12

10%11

10%10

10%9

10%8

mΧ #MeV$

y
#
Ε2
Α
D
!m
Χ
%m

A
'"
4

Figure 1. Projected sensitivity in the y vs. mχ plane for an LDMX run with 4× 1014 electrons on
target at 4 GeV beam energy (solid blue curve), for the case of on-shell mediator production and
decay into dark matter. Benchmark thermal relic targets are shown as black lines. Experimental
constraints are shown for the assumption of a mediator particle mass (mA′) three times as large
as the dark matter mass and with a coupling constant αD = 0.5 between the mediator and the
dark matter. Grey regions are (model-dependent) constraints from beam dump experiments and
BABAR. The dashed curve shows the sensitivity in case of unexpected photon-induced backgrounds
at the 10-event level, the dotted line further assumes a 50% uncertainty in this background. At
higher DM masses, the sensitivity curves for different background assumptions converge towards the
zero-background sensitivity because a transverse momentum cut efficiently reduces the background
while maintaining high signal efficiency.

matter (typically including electrons) are both simple and especially predictive (see [1–5] for

recent reviews). The combinations of interaction strength y and dark matter particle mass

mχ that result in the appropriate thermal relic abundance for different types of particles are

shown as black solid lines in figure 1. Probing the existence of thermal-relic dark matter in

the sub-GeV mass region is well-motivated as an important part of a comprehensive search

program for dark matter. It calls for an experiment sensitive enough to explore the thermal

targets shown in figure 1, which implies interaction rates a few orders of magnitude beyond

the sensitivity of current accelerator-based experiments (gray regions in figure 1).

To achieve this important goal, the “Light Dark Matter eXperiment” (LDMX) collab-

oration has developed a detector concept [6] optimized to search for dark matter particle

production in high-rate fixed-target collisions of 4–16 GeV electrons. The LDMX detector

contains low-mass tracking detectors both up- and down-stream of a thin tungsten target,

an electromagnetic calorimeter (ECal) in the beamline downstream of the trackers, and a

hadronic calorimeter (HCal) surrounding the back and sides of the ECal.

– 2 –
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Results and Sensitivity

• Rejection factor of  is 
achieved for photons with 

 

• Expected background free 
search with  
electrons on target and 

 

• Outstanding sensitivity to 
a variety of thermal targets in 
a mass range up to 

 

10−13

2.8 GeV < Eγ < 4 GeV

4 × 1014

Ebeam = 4GeV

mχ < 100MeV

J
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P
0
4
(
2
0
2
0
)
0
0
3

Photo-nuclear Muon conversion

Target-area ECal Target-area ECal

EoT equivalent 4× 1014 2.1× 1014 8.2× 1014 2.4× 1015

Total events simulated 8.8× 1011 4.7× 1011 6.3× 108 8× 1010

Trigger, ECal total energy < 1.5GeV 1× 108 2.6× 108 1.6× 107 1.6× 108

Single track with p < 1.2GeV 2× 107 2.3× 108 3.1× 104 1.5× 108

ECal BDT (> 0.99) 9.4× 105 1.3× 105 < 1 < 1

HCal max PE < 5 < 1 10 < 1 < 1

ECal MIP tracks = 0 < 1 < 1 < 1 < 1

Table 2. The estimated levels of photo-nuclear and muon conversion backgrounds after applying
the successive background rejection cuts outlined in this paper. Here, the total events simulated
corresponds to the total electrons fired on target in the simulation. The biasing factor passed to
the Geant4 occurrence biasing toolkit is used to scale the total events simulated to the electron
on target (EoT) equivalent.

will allow LDMX to maintain excellent sensitivity over most of the DM mass range of

interest, as shown in figure 1.

This study addresses the rejection capabilities of LDMX in Monte Carlo. The LDMX

physics program will also require a data-driven validation of both the physical rates and

kinematics of key background reactions and the detector performance. The veto possibil-

ities introduced in section 5 will allow reconstruction of rates and kinematics for limiting

background topologies and closely related reactions. For example, kaon decays in flight

with a short but visible track are far more numerous than those that leave no recon-

structed track, and can be used to measure the rate of single kaon production. The variety

of complementary veto opportunities is also valuable in characterizing the detector’s ineffi-

ciency in rejecting these reactions. There are numerous control samples available in data,

accessed, for example, by inverting or loosening one of the selections, studying events with

lower-energy PN photons, or considering only events vetoed within a smaller geometric

region of the HCal. Finally, events with low recoil electron pT define a control region

where hard bremsstrahlung is enriched relative to signal, completely independent of the

instrumental rejection capability. The veto efficiencies of section 5 are independent of pT to

within ∼ 10%, so that veto efficiencies at low pT can be reliably extrapolated to a higher-pT
signal region.

The beam energy of 4GeV considered in this analysis is a realistic scenario for an initial

run, but the full statistics of LDMX will likely be collected at a significantly higher beam

energy. Higher beam energies that will become available at SLAC (8GeV from LCLS-II

HE [37]) or potentially at CERN (up to 16GeV, [38]) will further improve the sensitivity

for several reasons. On the one hand, the signal cross sections increase, improving the

sensitivity, particularly in the high mass region (several hundred MeV). On the other hand,

the rates of certain backgrounds decrease with higher energy, e.g. that of the exclusive 2-

body PN reactions scales as E−3
γ , and the products from these reactions carry more energy

and are hence more visible in the detector. Similarly, in-flight decays within the detector,

– 25 –
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Search for Dark Matter

• In the last decades, extensive 
worldwide research program has been 
built to understand the particle nature 
of Dark Matter (DM) in the universe 

• Searches for WIMP DM in the most 
natural areas in mass have found no 
signal so far
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