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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

xF
p

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’.

23

thermal relic



Ruth Pöttgen

LDMX - A Light Dark Matter eXperiment

Preparing for Dark Matter Particle Discovery

2

Göteborg, 12 June 2018



Ruth Pöttgen June 12, 2018LDMX

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.
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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 A0 couples to a DM fermion with both Dirac and Majorana masses, the leading
interaction is generically o↵-diagonal and

A0

µJ
µ
DM ! A0

µ�̄1

�µ�
2

, (6)

where the usual Dirac fermion � decomposes into two Majorana (“pseudo-Dirac”)
states �

1,2 with masses m
1,2 split by an amount �. This kind of scenario is well moti-
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Light Thermal Relic
‣ thermal relic —> mass constraint & minimum annihilation cross section

‣ WIMP too light —> annihilation inefficient —> overproduction of DM
‣ Lee-Weinberg bound: mχ > some GeV

‣ new, light mediator —> additional annihilation channel

secluded direct annihilation

invisiblevisible
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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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not allowed 
down here!
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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

4

Thermal Targets
‣ representative model:  Dark Photon, A' (vector mediator)

‣ kinetic mixing with photon (ε)
‣ annihilation cross section ~ y mχ-2

Pöttgen, EXMASS Part B2 !  of !3 15

solution to the cusp-core-problem. Moreover, models of asymmetric Dark Matter [19] typically also require 
new light mediators. The extension of the search for Dark Matter particles to the MeV range is therefore well 
motivated and overdue. 
The Dark Photon model mentioned above is a generic, minimal model, capturing all the essential features of 
a broad range of models with a new vector mediator. All of these models make similar predictions when it 
comes to detection of Dark Matter, and it is thus sufficient to consider the kinematically mixed Dark Photon 
as one example. This allows sensitivity comparisons between different experiments and the model 
accordingly is in wide use. It in principle contains four parameters: the masses of the Dark Photon and the 
Dark Matter particle, mA’  and m!, the mixing parameter, ε, and the coupling of the Dark Photon to the Dark 
Matter particle, αD. The annihilation rate can, however, be expressed just in terms of the Dark Matter mass 
and the dimensionless rate parameter, y = ε2αD(m!/mA’)4. The observed relic density for a given type of Dark 
Matter (e.g. scalar or pseudo-dirac fermion) then corresponds to a line in the (y,m!)-plane, cf. Fig. 1. Any 
combination of y and m! below this line would result in overproduction of Dark Matter in the early Universe 
and is thus excluded. These lines therefore define clear experimental targets for different types of thermal 
relic Dark Matter, also referred to as thermal targets. 

2.3 Experimental Signature 
In a fixed-target experiment, the Dark Photon would be produced via 
bremsstrahlung off the electron in the field of a target nucleus, 
analogously to the radiation of a Standard Model photon. The process 
is referred to as dark bremsstrahlung and illustrated in Fig. 2. The 
kinematics will, however, be distinctly different from Standard 
Model bremsstrahlung due to the non-zero mass of the Dark Photon. 
In particular, the Dark Photon as the heavier particle will carry most 
of the energy, i.e. the outgoing electron will have lost a large fraction 
of its energy. Moreover, the Dark Photon will be emitted under a 
small angle with respect to the incoming electron direction, and the 
outgoing electron will accordingly emerge under a wide angle, i.e. 
receive a large transverse momentum, such that the total momentum 
is conserved. The signature to look for is thus a single low-energy, 
significantly deflected electron with no other activity in the detector. 
In other words: large missing energy and large missing momentum.  
Measuring both of these quantities provides an effective means of rejecting the main background processes. 
Fig. 3 illustrates the conceptual setup of for such a measurement: The main components are a tracking 
system in a magnetic field both before and after the target to identify charged particles and measure their 
momenta, and a calorimeter system to measure the deposited energies.  
Apart from the trivial background of the 
electron not interacting at all in the target, the 
largest background is the radiation of a high-
energy Standard Model photon. Such events 
can easily be discarded for the most part by 
identifying two energy depositions in the 
calorimeter. The background rejection becomes 
more difficult if the radiated photon does not 
produce an electromagnetic shower in the 
calorimeter but instead converts into hadrons or 
a pair of muons, or induces photo-nuclear 
reactions resulting in a number of hadrons. 
These processes are increasingly rare, going 
down to below 1 in 109 electrons on target 
(EoT), but still need to be vetoed over four to 
five orders of magnitude to ensure optimal 
sensitivity to the signal process. 

2.3.1 Why Fixed Target? 
As hinted above, fixed-target experiments turn out to be the most promising way to search for light Dark 
Matter via the radiation of a Dark Photon. The production cross section is generally much larger than at a 
collider, and the detection efficiency is considerably higher than at beam dump experiments. 
At colliders with centre-of-mass energies (Ecm) typically much higher than the mediator mass, the production 
cross section is essentially independent of the mediator mass mA’, but inversely proportional to E2cm. 
Conversely, at a fixed target experiment, the cross section is approximately independent of the beam energy 

Figure 3 | Experimental concept of a fixed-target missing-
momentum experiment [14]. 
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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-! 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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current neutrino reaction backgrounds, the calorimeter is spa-
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the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
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data-driven control regions. For both scenarios, the produc-
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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′/m"

• are equipped for e-! 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.

Figure 2 | Illustration of the “Dark 
Bremsstrahlung” in the field of a 
nucleus in the target
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Searching for Light Dark Matter at Accelerators

Beam Dump Experiment:

Produce a beam of DM and detect 
the DM particles downstream.

• convincing discovery signature

• can use very high beam intensities

• … rates are still low: 

Proposed: BDX experiment at JLab

Protons work too! MiniBoone at FNAL

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
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BDχ: Beam - Related Background 

Mariangela Bondì 
ADMPP16 23 - 27 October 2016 Messina, Italy 

To evaluate these backgrounds, the interaction of the 11 GeV electron beam in the dump was simulated and the flux 
of secondaries was studied as a function of the distance from the dump….. 

neutrinos 
muons 

neutrons
detector 
position

Energy > 300 MeV

  Beam-related Background can be reduced to zero (except ν) with sizable shielding (660cm of iron and 150cm of 
concrete)

Neutrino irreducible bg represents the ultimate limitation for BDX  

BDX at JLab

‣ clear experimental 
‘thermal targets’

Oct. 11, 2017David Hitlin                              Brookhaven Forum Oct. 11, 2017 4

Current constraints

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

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

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

‣ αD = 0.5, mχ/mA’ = 1/3 
(conservative)

Toro & Krnjaic
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Why fixed-target?
‣ maximise DM yield (production & detection efficiency)

‣ collider                   
(mA’ << Ecm)

‣ fixed target ‣ beam-dump

7 August 2017 TeV Particle Astrophysics 2017 5

LDM Accelerator Searches

To maximize LDM yield, mediator 
production must be maximized!

Can also be 
off-shell

Largest cross section for 
production realized via dark 
bremsstrahlung
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LDM Accelerator Searches

To maximize LDM yield, mediator 
production must be maximized!

Can also be 
off-shell

Largest cross section for 
production realized via dark 
bremsstrahlung

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
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Searching for Light Dark Matter at Accelerators

Beam Dump Experiment:

Produce a beam of DM and detect 
the DM particles downstream.

• convincing discovery signature

• can use very high beam intensities

• … rates are still low: 

Proposed: BDX experiment at JLab

Protons work too! MiniBoone at FNAL

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
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BDχ: Beam - Related Background 

Mariangela Bondì 
ADMPP16 23 - 27 October 2016 Messina, Italy 

To evaluate these backgrounds, the interaction of the 11 GeV electron beam in the dump was simulated and the flux 
of secondaries was studied as a function of the distance from the dump….. 

neutrinos 
muons 

neutrons
detector 
position

Energy > 300 MeV

  Beam-related Background can be reduced to zero (except ν) with sizable shielding (660cm of iron and 150cm of 
concrete)

Neutrino irreducible bg represents the ultimate limitation for BDX  

BDX at JLab

>> 1

>> <<

dark 
bremsstrahlung
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

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

Details depend upon accelerator schedules.

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

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

LDMX	Build

FY22 FY23FY17 FY18 FY19 FY20
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Kinematics & Experimental Layout
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FIG. 5: Top: Electron energy (left) and pT (right) spectra for DM pair radiation process, at various dark
matter masses. Bottom Left: Selection efficiency for energy cut Ee < Ecut, as a function of Ecut, on
inclusive signal events, The nominal cut is Ecut = 0.3Ebeam.Bottom Right: Selection efficiency for pT cut
pT,e > pT,cut, as a function of pT,cut, on events with 50MeV < Ee < Ecut. In all panels, the numbers next
to each curve indicate A

0 mass. Also included in each plot is the corresponding inclusive single electron
background distribution.
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Dark Bremsstrahlung

DM

Wide angle 
recoil

Single, low 
energy deposition

Missing p and E 
carried away by DM

No other activity in 
calorimeters

Kinematics

With massive mediator kinematics 
quite different from SM bremsstrahlung

Signal

Recoil Energy Distribution Recoil p
T
 Distribution‣ due to mass of mediator, kinematics distinctly different from SM bremsstrahlung

‣ mediator carries most of the energy                                    
—> soft recoil electron, large missing energy

‣ recoil electron gets transverse ‘kick’               
—> large missing transverse momentum

LDMX

6

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

�

�̄

DM

DM
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Conceptual Layout

‣ reconstruct each electron 
‣ beam requirements: 
‣ multi-GeV 
‣ low current 
‣ high repetition rate 
‣ large beam spot 

‣ candidates: 
‣ DASEL@SLAC (4/8 GeV) 
‣ CEBAF@JLab (≤12 GeV) 
‣ eSPS@CERN (3.5 - 16 GeV)

7 August 2017 TeV Particle Astrophysics 2017 5

LDM Accelerator Searches

To maximize LDM yield, mediator 
production must be maximized!

Can also be 
off-shell

Largest cross section for 
production realized via dark 
bremsstrahlung

Electron

Target

Tagging 
Tracker

Recoil 
Tracker

Calorimeter

Dark 
Matter

‣ detector requirements: 
‣ high-rate capabilities 
‣ radiation hard 

‣ fast, low-mass tracking 
‣ fast, radiation hard, granular em calorimeter 
‣ efficient hadronic calorimeter

‣ plan in two phases 
‣ phase 1: 
‣ 4GeV, 46 Mhz, <ne>=1        

—> 4x1014 EOT 
‣ phase 2: 
‣ 8GeV, ≤186 MHz, <ne>=5 

—> 1016 EOT
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LDMX Detector 

7 August 2017 TeV Particle Astrophysics 2017 9

The Detector

Dipole 
Magnet

ECal
HCal

Tagging Tracker
Target

Recoil Tracker

~30cm

<1m
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Background ChallengesIntroduction 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
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Tracking System
‣ tracking system consists of two parts, separated by target

27

the first four layers of the recoil tracker are identical to the layers of the tagging tracker and
share the same support and cooling structure, as shown in Figure 16. The key element of this

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

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

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

~1m

tagger

recoil 

tracker

target

‣ simplified copy of Silicon Vertex 
Tracker (SVT) of HPS experiment

‣ fast (2ns hit time resolution) 
‣ radiation hard 
‣ technology well understood

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

‣ momentum filter
‣ impact point on target

‣ recoil tracker 
‣ in fringe field 
‣ measure recoil electron 
‣ momentum 
‣ position

‣ target 
‣ ~0.1 - 0.3 X0 tungsten 
‣ balance signal rate and 

momentum smearing
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Tagging Tracker

‣ excellent momentum resolution

p.22

Tracking system

Tagging tracker efficiently rejects beam-induced background‣ highly efficient in rejecting beam-induced backgrounds

54

includes the effect of intrinsic resolutions and multiple scattering in the tracker planes. Second,
full simulation is used to confirm these resolutions and understand reconstruction efficiencies and
susceptibility to background from both physics processes and mis-reconstruction effects.

For incoming 4 GeV electrons, the analytic model finds a longitudinal momentum resolution
of approximately 1%. The corresponding full simulation results show good general agreement, as
shown in Fig. 37. The transverse momentum resolutions are found to be 1.0 MeV and 1.4 MeV
in the horizontal and vertical directions, respectively, which are small compared to the 4 MeV
smearing in transverse momentum from multiple scattering in the 10%X

0

target. Meanwhile, the
impact parameter resolution for 4 GeV electrons is expected to be approximately 7 µm (48 µm)
in the horizontal(vertical) direction. Again, the full simulation shows good general agreement, as
shown in Fig. 38. These results indicate that tight requirements can be made in both the energy
and trajectory at the target, which serve to reject off-momentum particles that could be present in
the incoming beam, as described above.

) (GeV)-p(e
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

210

310

410

510

 0.00005± = 3.994 µ
 0.00008± = 0.048 σ

FIG. 37: The longitudinal momentum reconstructed by the tagging tracker for a sample of 4 GeV beam
electrons. Excellent momentum resolution allows tight selection against any off-energy component of the
beam.

In summary, the design of the tagging tracker appears robust enough to provide unambiguous
tagging of incoming electrons with the nominal beam energy for Phase I of LDMX. Further study
will be required to find the beam intensity limits for any future upgrade.

2. Recoil Tracker Performance

The recoil tracker must have a large acceptance for recoiling electrons characteristic of signal
events with good resolution for transverse momentum and impact position at the target, both of
which are critical for unambiguously associating those recoils with incoming electrons identified
by the tagging tracker. While good reconstruction efficiency for signal recoils is important, it is
even more important to have good efficiency for charged tracks over the largest possible acceptance

LDMX Preliminary LDMX Preliminary
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Recoil Tracker

‣ resolution limited by 4 MeV from 
multiple scattering in (full) target

57

FIG. 41: Resolutions on the components of the momentum transverse to the target for signal recoils.
Simulated recoils are assumed to originate at a random depth in the target so that the average resolution
is less than the 4 MeV smearing from multiple scattering in the full target thickness. Only the vertical
component of the recoil momentum shows significant degradation due to detector resolution at the highest
recoil momenta considered.

FIG. 42: Recoil tracker impact parameter resolutions. Requiring a common impact position at the target
with both the tagging and recoil tracker strongly selects against associating mis-reconstructed recoils with
a tagged incoming electron.
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FIG. 41: Resolutions on the components of the momentum transverse to the target for signal recoils.
Simulated recoils are assumed to originate at a random depth in the target so that the average resolution
is less than the 4 MeV smearing from multiple scattering in the full target thickness. Only the vertical
component of the recoil momentum shows significant degradation due to detector resolution at the highest
recoil momenta considered.

FIG. 42: Recoil tracker impact parameter resolutions. Requiring a common impact position at the target
with both the tagging and recoil tracker strongly selects against associating mis-reconstructed recoils with
a tagged incoming electron.
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FIG. 39: The recoil tracker acceptance to signal
recoils as a function of A0 mass. The acceptance
drops with A0 mass as the polar angle of the recoils
increases.

FIG. 40: The tracking efficiency for signal recoils
as a function of the momentum for electrons that
pass the acceptance criteria described in the text.
Since data from all A0 mass points are used, these
efficiencies are averaged with respect to different
recoil polar angle distributions for each sample.

X
0

target results in a 4 MeV smearing in transverse momentum. Using the analytic model of the
recoil tracker, the material budget and single-hit resolutions were designed so that the transverse
momentum resolution is limited by multiple scattering in the target over the momentum range
for signal recoils. This has been verified in full simulation, as shown in Fig. 41. Meanwhile,
the impact parameter resolution, shown in Fig. 42, strongly constrains the phase space for mis-
reconstructed tracks to point to the same location in the target as the incoming track reconstructed
in the tagging tracker.

Although the ECal does an excellent job distinguishing scattered full-energy electrons from
potential signal recoils, the recoil tracker adds significant leverage for this critical task. A sample
of incident 4 GeV electrons was used to estimate the rejection of mis-reconstructed full energy
electrons in the momentum range for signal recoils, p < 1.2 GeV. Fig. 43 shows that there is a
low-momentum tail in the reconstructed tracks but that these tracks are, as expected, accompanied
by bremsstrahlung photons in the final state that can be vetoed by the calorimeters.

Finally, events in which a hard bremsstrahlung occurs after the tagging tracker and undergoes
a photonuclear reaction in the target or recoil tracker will sometimes be observable in the recoil
tracker. In the case of a photonuclear reaction in the target or the recoil tracker, a large multi-
plicity of hits in the next layers of the recoil tracker can result, as shown in Fig. 44. In addition,
the trigger scintillator on the back side of the target generally measures a larger signal in these
events, as shown in Fig. 45. Use of this information will significantly reduce backgrounds due to
photonuclear events that occur upstream of the calorimeters.

‣ good acceptance over 
wide mass range

LDMX Preliminary LDMX Preliminary LDMX Preliminary



Ruth Pöttgen June 12, 2018LDMX

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

13

Electromagnetic Calorimeter (ECal)
very similar to forward SiW sampling 
calorimeter for CMS@HL-LHC

design based 
on this

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

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

shower shapes to reject background events
• Can provide fast trigger 

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

High granularity enables 
muon/electron discrimination, 
which is important to reject 
γ→ µµ background
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‣ fast
‣ radiation hard
‣ dense

‣ ECal shopping list:

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

shower shapes to reject background events
• Can provide fast trigger 

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

High granularity enables 
muon/electron discrimination, 
which is important to reject 
γ→ µµ background

‣ in LDMX:

‣ 30 layers, 7 modules each
‣ central modules with higher 

granularity (up to 1000 channels)

‣ 40 radiation lengths deep

‣ high granularity allows MIP 
'tracking' —> important tool in 
background suppression
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Electromagnetic Calorimeter (ECal)

‣ preliminary simulation studies show very promising results 
in terms of background suppression

64

2. Transverse shower distributions: In photonuclear interactions, the photon is found to also
have a much wider transverse profile than the recoil electron. The separation of the photon
and recoil electron from the magnetic field also contributes to the wider transverse profile
of photonuclear events. The variables listed below characterize the broad transverse profile
of photonuclear events.

• Transverse RMS: a two dimensional, energy weighted RMS centered on the shower
centroid. The shower centroid is defined as the energy weighted average x,y position
of all hits in an event.

• X and Y standard deviations: the energy weighted standard deviations for the x and
y positions of all hits in an event. As before, the x and y positions of each hit are
individually weighted by the energy of the hit.

The BDT is trained against photonuclear events; the signal sample used for training corresponds
to a mixture of events simulated with four different mediator masses (0.001 GeV, 0.01 GeV, 0.1
GeV, and 1 GeV). Figure 51 shows the distribution of the BDT discriminator value for signal
and background events after requiring that they pass the trigger and have a recoil electron that is
within the ECal. The ROC curves showing the signal efficiencies for different mediator masses
as a function of the background efficiency corresponding to different BDT thresholds are plotted
in Fig. 52. A BDT threshold of 0.94 corresponds to a rejection of 96% of photonuclear events in
the fiducial sample, for signal efficiencies ranging between 65 and ⇠ 80%. By applying a more
stringent BDT cut, we can achieve background efficiencies at the percent level, while still retaining
reasonably high signal efficiencies.

BDT discriminator value
0.0 0.2 0.4 0.6 0.8 1.0

A
.U

.

3−10

2−10

1−10

photonuclear
 = 0.001 GeVAm
 = 0.01 GeVAm
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 = 1 GeVAm

FIG. 51: Distributions of the ECal BDT discriminator value for signal and photonuclear events passing the
trigger in which the recoil electron is within the ECal fiducial region. All distributions are normalized to
unit area. (This plot needs to be fixed.)

p.24

EM calorimeter

Preliminary studies show that even without using shower shape, the ECAL can reject EM 
background (4 GeV e- + γ) from signal (Ee < 1.2 GeV) at the level required for Phase I.

On-going work to include shape information and substantially improve the ECAL performance

LDMX Preliminary

LDMX Preliminary
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Hadronic Calorimeter (HCal)
‣ essential veto instrument
‣ goal: catch ~everything that makes it out of the ECal
‣ in particular: photo-nuclear reactions that produce only neutral particles
‣ e.g. 

Oct. 11, 2017David Hitlin                              Brookhaven Forum Oct. 11, 2017 19

Hadronic veto calorimeter
High Z/plastic scintillator sampling calorimeter
• The HCAL veto surrounds the ECAL, in order 

to intercept wide angle bremsstrahlung and 
other EM energy that escapes the ECAL

• Must be efficient for hadrons from 
photonuclear events, in particular events 
having several hard neutrons (e.g γ n→ nn̅n) 
or many soft neutrons

• Studies are on-going to optimize the absorber 
material (steel, uranium), scintillator 
thickness and general layout 

• Scintillator read out: WLS fibers and SiPMs
• Detailed studies will also determine the HCAL 

transverse and longitudinal dimensions
• We currently simulate a very large 

volume that will be reduced to a 
practical size when the ECAL veto 
has been optimized 

Preliminary studies show 
that lateral extension is 
required to veto all 
backgrounds at 6x1011 EOT 

‣ surround ECal as much as possible
‣ be as efficient as possible for both low- and high-energy neutrons

‣ plastic scintillator + absorber (steel)
34

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

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

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

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

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

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

The clear fibers transport the signal from the scintillating fibers to a readout module (RM). An
RM consists of an optical decoder unit (ODU) which organizes the clear fibers for ganging and is
installed directly onto the SiPM mounting unit. There are 64 SiPMs in a single RM. The SiPM
signals are then sent to the QIE board which includes a QIE11 digitizer ASIC that digitizes the
SiPM signal, which is then sent to the backend electronics via the CERN VTTX transceiver. Four
RMs are contained in one RBX. A schematic of the front-end electronics readout chain is given in
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Hadronic Calorimeter (HCal)
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FIG. 51: Top: Single neutron veto inefficiency as a function of the sampling fraction for (left) 500 MeV
and (right) 2 GeV incident neutrons. Bottom: Single neutron veto inefficiency as a function of the incident
neutron energy for (left) 10 mm and (right) 50 mm absorber thickness.
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FIG. 54: The energy resolution as a function of the incident particle energy for (top left) electrons, (top
right) pions and (bottom) neutrons. The data are fit with a function of the form a � b/

p
E.

LDMX Preliminary LDMX Preliminary

‣ preliminary simulation studies show potential to get close to 0 
background in phase 1, while retaining decent energy resolution
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Triggering
‣ use missing energy signature
‣ reject ~beam-energy signals (non interacting e-, bremsstrahlung,…)
‣ use energy deposition in first 20 ECal layers

‣ to avoid triggering on empty bunches: (segmented) scintillator behind target
‣ also helps getting an estimate of actual number of electrons

‣ crucial for phase 2
70

TABLE VI: Draft trigger menu for LDMX, showing the primary contributions to the trigger budget for a
µe = 1.0 46 MHz beam rate, with no corrections for any overlaps.

Trigger Prescale factor Rate (Hz)
Physics Trigger 1 4000
Background-Measurement Triggers 500

ECAL Missing-Energy > 1 GeV 5000 100
HCAL hit > 2 MIP 1000 100
HCAL hit > 20 MIP 1 100
HCAL MIP track 200

Detector-Monitoring Triggers 500
Zero-bias (trigger scintillator ignored) 4.6 ⇥ 105 100
Beam-arrival (trigger scintillator) 1.5 ⇥ 105 300
Empty-detector (trigger scintillator veto) 100

Total Trigger Budget 5000

H. Trigger System Performance (Mans) (Bertrand, Nhan)

As described above, the primary physics trigger is based on the total energy observed in the
calorimeter, combined with a requirement to identify the number of incoming electrons in the trig-
ger scintillators. The performance of this trigger for signal is discussed in detail in Section VII A.

Besides the primary physics trigger, the LDMX trigger system will also allow the selection of
events for calibration, alignment, and background studies. Each event will be marked with the
set of triggers that fired. The trigger will include input from the scintillator calorimeter to allow
selection of events with hadrons or muons. Pre-scaled samples of events will also be acquired with
a zero-bias requirement, using only a requirement on energy deposition in the trigger scintillators,
and with a veto on energy in the trigger scintillator.

An initial draft trigger menu is shown in Table VI. The table is built using a target trigger rate
of 5 kHz, which provides a safety factor of ten compared with the limits expected from the tracker
DAQ, which provides the strongest limit on trigger rate. As result, the trigger and DAQ systems
have sufficient capacity to add additional monitoring triggers, to increase the bandwidth assigned
to these triggers, or to define new physics triggers, e.g. triggers appropriate for nuclear physics
studies. The signal trigger bandwidth can also be increased if required, for example for a larger
average number of incoming beam electrons per bucket.

40

monitoring. The overall trigger management is provided by a trigger manager board, which re-
ceives inputs from the various triggering subsystems including the silicon calorimeter and the
scintillator calorimeter. The latency requirements of the trigger calculation are set by the tracker
readout ASIC to 2 µs.

The primary physics trigger is based on the silicon calorimeter and is designed to select events
with energy deposition significantly lower than the full beam energy. The silicon calorimeter
HGROC calculates the total energy in 2 ⇥ 2 fundamental cells for every 46 MHz bucket. The
energy information is transferred by digital data link to the periphery of the calorimeter, where
sums are made over larger regions and transferred by optical link to the trigger electronics. The
total energy is then used to select the events. The details of the electronics for the ECAL trigger
are discussed along with the DAQ for the ECAL below.

The use of a missing-energy calorimeter trigger requires information on the expected energy
based on the number of incoming beam electrons in each accelerator bucket. The trigger scintil-
lator system is designed to provide this information to the trigger calculation. It is important that
this system make an accurate count of the number of electrons. If the actual number of incoming
electrons is higher than the number reported by the trigger scintillators, the missing energy will
appear to be small (or likely negative), resulting in all events being vetoed. Conversely, if the
actual number of incoming electrons is lower than the number reported by the trigger scintillators,
the missing energy will appear to be large, resulting in most events being triggered.

The trigger scintillator system is constructed as two planes of thirty 4 cm⇥3 mm⇥2 mm strips
of scintillator each wrapped with 3M ESR film, which provides a very high reflectivity. Each strip
is observed at the end by an SiPM photodetectors. The structure is shown in Fig. 28. The strips
are used to count the number of incoming electrons. The natural fluctuations in light production
and collection in the scintillator imply that it is difficult to identify the number of electrons passing
through a given strip. Instead, the logic is simply based on the number of strips above threshold.
The strips in a given row have a gap between them set by the ESR film and construction tolerances
to ⇡ 200 µm. The second layer of strips is offset from the first by 1.5 mm so that the gaps in the
two layers do not align.

The count of incoming electrons can be lower than the actual number either due to multiple
electrons hitting a single strip or by an electron slipping through a dead area. The probability of
such an issue occurring in a single layer increases with the number of incoming electrons, such that
it increases from a 6.3% inefficiency for one initial electron to 39.8% inefficiency for four initial
electrons. The trigger counts the number of incoming electrons using algorithms which combine

FIG. 28: Drawing of the concept for the target and trigger scintillator system, showing the relationship of
the SiPMs to the scintillator strips. Each scintillator strip is wrapped in ESR foil.
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Photonuclear Background
‣ important background to reject efficiently

p.27

Photonuclear background

A photon can induce PN reactions in the target, recoil 
tracker or ECAL. These must be efficiently vetoed.

An initial veto that using information from each sub-
detector eliminates all but a few events with extremely 
large momentum transfer to the nucleus at ∼1013 EOT.

Geant4 produces a large number of this type of events:

• Not tuned to data in this regime (sparse data 
available)

• Energy/angle spectra from data suggests that 
these rates might be overestimated by orders of 
magnitude.

Working on improving our understanding of these type 
of events and validating the simulation
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FIG. 30: Left: (Owen’s figure from Tim’s talk – replace?) Distribution of proton momenta at ✓p > 100�

in 5 GeV electron scattering off 208
Pb. The black histogram shows the measured yield in a skim of CLAS

eg2 data [? ], for events with the electron in the CLAS acceptance. The blue histogram shows the results of
a Geant4 simulation before final-state down-weighting. Right: Distribution of final-state proton momenta at
angles from 30� to 160� for three different reactions (from [? ? ? ], illustrating the approximate universality
of these distributions’ shapes, and (TODO) from Geant4 simulations of photonuclear reactions for LDMX
illustrating the unphysical high-energy tail.
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Lead targets and final-state hadron kinetic energies below 0.3 GeV [? ]. However, there is sub-
stantial evidence that the kinematics of cumulative hadrons is only weakly sensitive to the incident
projectile and the nucleus [? ]. Data on cumulative hadron production in scattering of 400 GeV
protons [? ] (up to p = 1.52GeV [T = 0.85GeV] for the emitted hadron), in 14.5 GeV incident
electronuclear reactions[? ] (up to T ⇡ 0.6GeV), and in 5 GeV incident electronuclear interac-
tions [? ] (up to p = 2GeV [T = 1.25GeV]) all show an exponentially falling hadron energy
distribution at angles above 60

�, with a steeper fall-off at more backwards angles throughout the
measured kinematic range. By contrast, Geant4 simulations of photonuclear and electronuclear
reactions (with the physics list described above) show clear excesses over this exponential behav-
ior for p & 1 � 1.3GeV. This pattern of over-populating the wide-angle/backwards high energy
tails is illustrated in Figure 30. The left panel compares the distribution of back-scattered protons
(> 100

� polar angles) in electronuclear scattering from the CLAS eg2 experiment at Jefferson Lab
[? ] to a Geant4 simulation with the same incident electron energy and target material (but not
the same event selection). The right panel shows the back-scattered and wide-angle proton yields
in exclusive angle bins, for three different datasets from very different reactions, illustrating in
addition both the the angle-dependence of the physical distribution and the universality of these
distributions for different reactions. This universality is further discussed in [? ? ].

Although the artifact seen in Geant4 affects only a small fraction of photonuclear events (around
10

�4 of events (CHECK NUMBER! -nt)), events with no high-energy forward-going hadrons
are typically on this tail. Thus, modeling these events more accurately informs the balance in
designing the hadron veto between vetoing multi-GeV hadrons and those with much lower ener-
gies (cross-reference?). We plan to investigate the origin of this tail in the Geant4 photonuclear
model in the future, but for the purpose of this whitepaper we have adopted a simple approach of
weighting the “tail” events so that the energy-angle distribution in the backward region matches
the physical expectation. Our approach is based on the phenomenological model used in [? ] that

‣ Geant4 seems to overproduce such events in the tails (not tuned to data)

‣ recently improved understanding of the origin of these events
‣ gives confidence that close to 0 background in phase 1 achievable
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Sensitivity

‣ unprecedented 
sensitivity and 
ability to test all 
thermal targets 
over most of the 
MeV - GeV range

‣ αD =  0.5,                      
mA’/mχ =3 
(conservative, 
weakest bounds)

11

FIG. 5: The parameter space for LDM and future experimental projections in the y vs. m� plane plotted
against the thermal relic targets for representative DM candidates coupled to a dark photon A

0 – see text
for a discussion. The red dashed curve represents the ultimate reach of an LDMX-style missing momentum
experiment.

which suppresses the direct detection signal even for small mass differences between �
1,2,

so this model can only be probed at accelerators. The thermal target and parameter space
for this model are presented in the top right panel of Fig. 5.

• Majorana Elastic Dark Matter: In this scenario, � is a Majorana fermion particle with an
axial-vector current

Jµ
D = ��µ�5�, (5)

which introduces velocity dependence in nonrelativistic scattering prcesses �
scat

/ v2 and
suppresses signals which involve DM interactions at low velocities. The thermal target and
parameter space for this model are presented in the bottom right panel of Fig. 5.

• Pseudo-Dirac Dirac Dark Matter: If � is a four component fermion with both Dirac and
Majorana masses, in the mass eigenbasis this fermion is split into two particles which couple
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Further Potential

‣ DM with quasi-thermal origin (asymmetric DM, SIMP/ELDER scenarios)

‣ also sensitive to 

‣ new invisibly decaying mediators in general, improve sensitivity for Dark Photon

‣ displaced vertex signatures from DM co-annihilation or SIMP model

‣ milli-charged particles

‣ plus measurement of photo- and electro-nuclear processes 
(for future neutrino experiments)
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Conclusion & Outlook

‣ light, thermal relic Dark Matter well motivated

‣ fixed-target, missing-momentum approach provides unprecedented sensitivity

‣ LDMX the only such experiment on the horizon

‣ potential to probe thermal targets in MeV - GeV range 

‣ start of data-taking in early 2020s

‣ more generally, sensitive to broad range if sub-GeV physics

‣ complements direct detection
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Collaboration

Light Dark Matter eXperiment (LDMX)

Torsten Åkesson,1 Owen Colegrove,2 Giulia Collura,2 Valentina Dutta,2 Bertrand Echenard,3

Joshua Hiltbrand,4 David G. Hitlin,3 Joseph Incandela,2 John Jaros,5 Robert Johnson,6

Gordan Krnjaic,7 Jeremiah Mans,4 Takashi Maruyama,5 Jeremy McCormick,5

Omar Moreno,5 Timothy Nelson,5 Gavin Niendorf,2 Reese Petersen,4 Ruth Pöttgen,1

Philip Schuster,5, 8 Natalia Toro,5, 8 Nhan Tran,7 and Andrew Whitbeck7

1Lund University, Department of Physics, Box 118, 221 00 Lund, Sweden
2University of California at Santa Barbara, Santa Barbara, CA 93106, USA

3California Institute of Technology, Pasadena, CA 91125, USA
4University of Minnesota, Minneapolis, MN 55455, USA

5SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA
6Santa Cruz Institute for Particle Physics,

University of California at Santa Cruz, Santa Cruz, CA 95064, USA
7Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

8Perimeter Institute for Theoretical Physics, Waterloo ON N2L 2Y5, Canada

We present an initial design study for a small-scale accelerator experiment to measure
missing momentum in low-current, high repetition rate electron-nuclear fixed-target colli-
sions. The experiment, referred to as the Light Dark Matter Experiment (LDMX), is pri-
marily designed to discover or rule out sub-GeV “WIMP-like” dark matter, but would also
provide sensitivity to a range of visibly and invisibly decaying dark sector particles, cov-
ering many if not most of the science drivers highlighted in the 2017 US Cosmic Visions
New Ideas in Dark Matter Community Report. The LDMX design makes use of a low-mass
tracking system and spectrometer magnet to measure the momentum of incoming electrons
with high purity, and to cleanly reconstruct electron recoils, thereby providing a measure
of missing momentum. A high-speed, high-granularity, Si-W calorimeter with MIP sensi-
tivity is used to reject potential high rate bremsstrahlung background at trigger level, and
to work in tandem with a scintillator-based hadron calorimeter to veto rare photo-nuclear
reactions. The LDMX design leverages new and existing calorimeter technology under de-
velopment for the HL-LHC, as well as existing tracking technology and experience from
the HPS experiment. In this paper, we present our initial design concept, detailed GEANT-
based studies of detector peformance, signal and background processes, and a preliminary
analysis approach. LDMX sensitivity to several important light dark matter scenarios is
presented and compared against existing limits and future experimental proposals.
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Additional Material
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DASEL
‣ Dark Sector Experiments at LCLS-II

Figure 1: Top view layout of LCLS beamlines, where HXR is dash blue, SXR is solid red, and DASEL is dash pink.

Figure 2: LCLS-II beam structure and kicker pulse. Large
bars are FEL bunches, small bars are dark current buckets,
blue is FEL kicker pulse, and red is DASEL kicker pulse.

Figure 3: Schematic of the FEL and DASEL kicker system.

Figure 4: Top view of the spreader area, where the DASEL
beamline and components are colored in red. Note that
different lines may be at different elevation.

DASEL SYSTEMS

Gun Laser

The LCLS-II photo-injector is based on the APEX RF
gun [7]. Measurements on APEX show less than 1 nA of
dark current. Due to a large emittance, it is very likely that
most of the dark current will be collimated away at low
energy, well before it reaches the kickers. To achieve higher
currents for DASEL (especially for SuperHPS) and ensure a
controlled performance, a separate gun laser is used, which
can intentionally fill the dark current buckets between the
primary FEL bunches.

The LCLS-II laser system operates with a 46-MHz mas-
ter oscillator from which pulses are selected at the nominal
maximum repetition rate of 929 kHz. The highest beam rep-
etition rate for DASEL is set by the 186-MHz gun frequency.

Table 1: DASEL Parameters

Experiment LDMX SuperHPS

Energy 4 GeV 4 GeV
Bunch spacing 21.5 ns 5.4 ns

Bunch charge 0.02-20 e− 7·105 e−

Beam current 0.1-150 pA 2 µA
RMS norm. emittance ∼100 µm-rad ∼1 µm-rad
Energy spread <1% <1%
Spot size ∼4 cm <250 µm
Max. beam power 0.5 W 5 kW

A-line Spoiler

Charge reduction 0-99.99% N/A
Emittance growth ×1-1000 N/A

Accelerator

Beam current 0-25 nA 2 µA
RMS norm. emittance <25 µm-rad <25 µm-rad
Admittance <50 nm-rad <50 nm-rad
Energy spread (FWHM) <2% <2%
RMS bunch length <1 cm <1 cm
Max. beam power 55 W 5 kW

However, the cost of such system is relatively high due to
the need for an independent laser oscillator and amplifier
system, a timing and synchronization system at 186 MHz,
and other elements of the control and diagnostic systems. An
economical solution for DASEL is to operate at the 46-MHz
repetition rate of the LCLS-II laser by splitting the oscillator
before the LCLS-II amplifier and adding a separate ampli-
fier and harmonic generation stages for DASEL. This is a
relatively simple laser system for DASEL since it operates
at much lower average power than the LCLS-II system.

Kicker and Septum

The DASEL fast kicker and two-hole Lambertson septum
are used to deflect dark current bunches into the DASEL
beamline. The septum magnet is identical to the LCLS-II
HXR and SXR septum magnets. The kicker provides a 15-
mm vertical deflection at the septum, sending the DASEL
beam into a septum hole with strong horizontally bending
field. To obtain the kicker field of 87 Gm at 4 GeV while
limiting average power, the kicker system includes six 1-m
kicker magnets. The kicker operates at the same rate as
the FEL kickers but with a longer pulse, lower amplitude,
and looser tolerance. Allowing for the kicker rise/fall time,
roughly 600 ns of dark current can be extracted between the
primary FEL bunches. The kicker field can be doubled for 8

Proceedings of IPAC2017, Copenhagen, Denmark TUPIK121

02 Photon Sources and Electron Accelerators

T12 Beam Injection/Extraction and Transport
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‣ parasitic operation, no competition for beam time (≠ JLab)

‣ 4 or 8 GeV

‣ 46 MHz (phase 1, 4x1014 EOT), 186 MHz (phase 2, 1016 EOT)

T. Raubenheimer
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A primary electron beam facility at CERN

T. Åkesson 1, Y. Dutheil 2, L. Evans 2, A. Grudiev 2, S. Stapnes 2

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

1CERN, Geneva, Switzerland
2Lund University, Lund, Sweden

Tuesday 29th May, 2018

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

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

Electron acceleration and extraction

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

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

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

⇤
PBC-acc-e-beams@cern.ch

1

25

Beam Alternatives
‣ Continuous Electron Beam Accelerator Facility (CEBAF, Jefferson Lab) 
‣ 11-12 GeV, 50 - 450 nA, 500 MHz spacing 
‣ (high) competition for beam time

‣ CERN (new Linac into SPS, active field of study!) [arxiv:1805.12379] 
‣ flexible: 3.5 - 16 GeV, ne = 1 - 40, multiples of 5 ns spacing 
‣ adjustable beam size 
‣ some sharing of beam time
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Current constraints

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

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

For smaller values of αD or larger mass ratio, the constraints are weaker, while the 
targets are invariant.26

Direct Detection and Accelerators

‣ at accelerators: relativistic production                                 
—> velocity/spin dependency reduced

‣ thermal targets are all in reach!

Asymmetric Fermion
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Thermal and Asymmetric Targets for DM-e Scattering

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

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

C. Experimental approaches and future opportunities

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

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0 !
��̄) or e�p ! e�p(A0 ! ��̄), and identified as a narrow resonance over a smooth
background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.

70

[MeV]

[c
m

-2
]

‣ direct detection: scattering cross 
section spin/velocity dependent
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Timeline

‣ from T. Nelson at US Cosmics Vision Workshop

LDMX
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https://indico.fnal.gov/event/13702/
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Further Potential
‣ improve sensitivity for invisibly decaying Dark Photon

10
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VEPP-3
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Invisibly Decaying Dark Photon (Laboratory Bounds Only)

FIG. 4: The parameter space for an invisibly decaying dark photon A

0 in the ✏

2 vs mA0 plane. Also shown
are various experimental constraints from [? ].

projections for future experiments; this figure makes no assumptions about dark matter as long as
the A0 decays invisibly with unit branching fraction.

To comprehensively study direct annihilation models, we follow conventions in the literature
(see [1]), and introduce the dimensionless interaction strength y as

�v(�� ! A0⇤ ! ff) / ✏2↵D

m2

�

m4

A0
=

y

m2

�

, y ⌘ ✏2↵D

✓
m�

mA0

◆
4

(2)

This is a convenient variable for quantifying sensitivity because for each choice of m� there is a
unique value of y compatible with thermal freeze-out independently of the individual values of
↵D, ✏ and m�/mA0 . Reaching experimental sensitivity to this benchmark for masses between 10
keV – GeV would provide decisive coverage of this class of models.

The viable choices for � whose relic density arises from direct annihilation can be simply
enumerated

• Scalar Elastic: In this scenario, � is a complex scalar particle with current

Jµ
D ⌘ i(�⇤@µ� � �@µ�⇤

). (3)

Since the annihilation cross section for this model is p-wave, is velocity suppressed, so
�v(��⇤ ! f ¯f) / v2 and therefore requires a slightly larger coupling to achieve freeze
out relative to other scenarios. This model also yields elastic signatures at direct detection
experiments, so it can be probed with multiple complementary techniques. The thermal
target and parameter space for this model are presented in the top left panel of Fig. 5.

• Scalar Inelastic Dark Matter: In this scenario, � couples to A0 inelastically and must
transition to a slightly heavier state in order to scatter through the current

Jµ
D = i(�⇤

1

@µ�
2

� �⇤
2

@µ�
1

) , (4)
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Further Potential

‣ explore DM with quasi-thermal origin 
(asymmetric DM, SIMP/ELDER scenarios)

Oct. 11, 2017David Hitlin                              Brookhaven Forum Oct. 11, 2017 24

Sensitivity estimates

LDMX can also explore DM with quasi-thermal origins, e.g. asymmetric DM or  SIMP/ELDER 
scenarios, and improve the sensitivity on invisible A’ decays.

arxiv:1707.04591
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

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

Details depend upon accelerator schedules.

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

Funding in FY18 is critical to support engineering and technical design.
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Comparison with experiments
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All Experiments (Kinetic Mixing + Elastically Coupled DM)

FIG. 2: The parameter space for LDM and future experimental projections in the y vs. m� plane plotted
against the thermal relic targets for scalar and fermion DM – see text for a discussion. The top compares
only constraints and projections based on missing mass/momentum techniques, which do not depend on
any assumption about the nature of dark matter provided that the mediator decays invisibly on characteristic
experimental length scales. The bottom panel shows the same parameter space on the assumption that the
mediator couples to either scalar or fermion dark matter which scatters elastically off SM particles.
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