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What is this stuff ?

Zeroth Order Outstanding Problems
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Expansion
Cosmic
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Also Quantum Gravity

Inflation
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What is this stuff ?



Each step required revolutionary theoretical/experimental leaps 

GF ⇠ 1

(100 GeV)2
Fermi Scale identified

W/Z bosons discovered 

(1930s)

Discovery of  radioactivity (1890s)

Higgs discovered 

Non-Abelian Gauge Theory (1950s)

(1970s)

(2010s)

Higgs Mechanism Introduced (1960s)

t ⇠ 100 years

Historical Analogy
Understanding the  Weak Force



No clear target of opportunity
Non-gravitational interactions not guaranteed 

Discovery time frame? 

Discovery of  missing mass (1930s)

Relevant scale? > 2016

 CMB power spectrum (1990s)

Rotation curves (1970s)

How long will we wait for DM?

t > 80 yrs



Bad news: DM-SM interactions are not required
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

⇠ 10�20 eV < mDM < 1019 GeV+

Why is this good news?

DM Prognosis?



Equilibrium, achieved easily with a tiny DM/SM coupling

Potential target for discovery/falsification 

Requires much larger annihilation cross section to deplete

�v � �vrelic ⇠ 3⇥ 10�26cm3s�1

Generically overproduces DM 

Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

nDM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3



spoils structure formation

Testing Thermal DM
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(an overly simplified view)

10 TeV1 MeV 1 GeV MZ

“Direct Detection”

Laboratory probes that reach “milestone sensitivity”:
(will discuss colliders momentarily)

“WIMPs”

“Dark Sector” or “Hidden Sector” Thermal DM
(i.e. DM that is not directly charged under SM forces)

We are failing to test the thermal origin idea!
5Wednesday, 10 June, 15

< 10 keV DM too hot > 100 TeV DM
overproduced

Thermal Equilibrium
Advantage #2: Narrow(er) Mass Range

⇠ mp,mn⇠ me

Heavier mass range is conceptually different



Direct Detection, Indirect Detection, Colliders
Testing Thermal DM
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(an overly simplified view)

Nod bad if we only care about testing WIMPs...

10 TeV1 MeV 1 GeV MZ

“Direct Detection”

Laboratory probes that reach “milestone sensitivity”:
(will discuss colliders momentarily)

“WIMPs”
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Belle II

Testing Thermal DM
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10 TeV1 MeV 1 GeV MZ

“Direct Detection”

Broad physics program required!

“WIMPs”

“Dark Sector” or “Hidden Sector” Thermal DM
(i.e. DM that is not directly charged under SM forces)

Low 
threshold

F.T. Missing Momentum

e- beam-dump

Invisible Z/h

+ direct mediator searches

+ new LHC searches
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(in)direct detection + colliders 

, e, e

How are we testing this range?

LDM?



What should we expect 
from thermal LDM?



Heavy vs. Light # 1

Heavy DM can yield right abundance w/ SM gauge bosons

For  LDM, annihilation via SM forces is too weak
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LDM overproduced unless there are light, new “mediators”

Light needs new forces
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Planck 
 arXiv:1303.5076fe↵.

h�viCMB

m�
< 3⇥ 10�28 cm3 s�1 GeV�1

Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Possible interpretations for:
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Fermi GC

Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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Heavy vs. Light # 2
CMB is a big deal for LDM 



Heavy vs. Light # 2
CMB is a big deal for LDM 

DM annihilation @ T ~ eV affects CMB power spectrum 

Rules out thermal LDM  < 10 GeV unless: 

fe↵.
h�viCMB

m�
< 3⇥ 10�28 cm3 s�1 GeV�1

 Cross section is smaller @ CMB

 DM population is different @ CMB (less annihilation)
OR



How to be safe from 
CMB?



Option 1: Smaller CMB Cross Section

h�vi
��
T=m�

= 3⇥ 10�26 cm3/s =) ⌦� = ⌦DM

h�vi
��
T=eV

⌧ 3⇥ 10�26 cm3/s =) CMB safe

              Velocity redshifted at late times 

Rate large at freeze-out  w/  v ~  0.1 c 

Choose DM + mediator combination to get v-dependence

Velocity/Temperature Dependence

�v / v2



Option 2: Different Population

Counterintuitive:  larger cross section is safer!

 Annihilation @ T ~ m reduces antiparticle fraction

Example (a): Asymmetric DM

n� 6= n�̄ / exp(�h�vi)

fe↵.h�vie�h�vi

m�
⌧ 2⇥ 10�28 cm3 s�1 GeV�1

Easily satisfies CMB bound with 
as required for asymmetric DM 

h�vi > 3⇥ 10�26cm3 s�1



Option 2: Different Population
Example (b):  Inelastic DM (iDM)

Two-level co-annihilating system 

5

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

u, c, t, d, s, b

e, µ, ⌧, ⌫e, ⌫µ, ⌫⌧

�,W, Z,G,H

� SM

 ̄ SM

FIG. 5: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

�1

�2

� ⌘ m2 �m1

As universe cools, heavier state is Boltzmann suppressed 

n�2 / e��/T

 Generated if dark Higgs induces Majorana mass

L � mD�̄�+HD�c� ! mD�̄�+ hHDi�c�



How to realize these strategies?
3 Easy Steps 



Higgs Portal 

couplings scale with mass

(H†H)|�†�|Scalar mediator 
(mixes w/ Higgs)

✏Fµ⌫F
0
µ⌫

      couplings scale with charge

How to realize these strategies?

 Must be SM singlet, options limited by SM gauge invariance 

Step 1: choose light mediator

Vector Portal
spin-1 mediator 
(mixes w/ photon)



How to realize these strategies?
Step 1: choose light mediator

 Must be SM singlet, options limited by SM gauge invariance 

Higgs Portal 

far more constrained 
(H†H)|�†�|Scalar mediator 

(mixes w/ Higgs)

Vector Portal
✏Fµ⌫F

0
µ⌫spin-1 mediator 

(mixes w/ photon)

�
(see backup  slides)O

A’ couples to DM with 

A’ couples to SM with  ✏e
↵D ⌘ g2D

4⇡



U(1)B�L

U(1)µ�⌧

Similar to dark photon 

U(1)e�µ

U(1)e�⌧ Harder to test 

There are also viable mediators that don’t “mix” with SM

but equal coupling to neutrinos 

How to realize these strategies?
Step 1: choose light mediator

but gauge a combination of global quantum numbers

Wont mention these again, easy to translate into A’ param space

no electron coupling



How to realize these strategies?
Step 2: choose LDM candidate

Fermion vs. Scalar

Symmetric vs. Asymmetric

Elastic vs. Inelastic (iDM) 

        Spin

Abundance

A’ Coupling



How to realize these strategies?
Step 2: choose LDM candidate

 Scalar

Symmetric vs. Asymmetric

Elastic vs. Inelastic (iDM) 

        Spin

Abundance

A’ Coupling

Scalar DM : every permutation is CMB safe
(�v / v2)



How to realize these strategies?
Step 2: choose LDM candidate

Fermion 

Symmetric vs. Asymmetric

Elastic vs. Inelastic (iDM) 

        Spin

Abundance

A’ Coupling

[ Asymmetric + Elastic ]  = Safe

[ Symmetric + Elastic   ]  = Dead (CMB)
[ Symmetric + iDM       ]  = Safe

[ Asymmetric + iDM    ]  =  Inconsistent for simple models 

Fermions are more complicated
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How to realize these strategies?
Step 3: choose mass hierarchy

9

15
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D �v / ✏2↵D �v / ✏2↵D

FIG. 2: Schematic representation of the different DM annihilation modes (top row) and A

0 decay modes for
m�/mA0 ratios. a) Secluded annihilation scenario with a visibly decaying mediator. Since the annihilation
rate is independent of the A

0 SM coupling, this scenario has no thermal target and cannot be presented
on the y vs. m� plane. However, there is an active and growing program to probe dark photons in this
regime by observing their visible decay products (see [1, 11] for more details). b) Compressed region with
direct annihilation, but a visibly decaying mediator. Since the annihilation rate in this regime depends on ✏,
there is a testable thermal target; probing sufficiently small values of ✏ can decisively test this scenario. c)
Direct annihilation and invisibly decaying mediator particle. This regime will be the primary focus of this
document.

where f is a SM fermion and Qf is its electromagnetic charge.
We distinguish between two distinct annihilation regimes depicted schematically in Fig. 2

• Secluded Annihilation: For mA0 < m�, DM annihilation will predominantly proceed
through �� ! A0A0, followed by A0 ! ff decays to SM fermions. However, the an-
nihilation rate in this regime is independent of the SM-A0 coupling ✏ and therefore difficult
to test since thermal freeze out can proceed even for tiny values of ✏. This regime is depicted
on the leftmost column of Fig. 2

• Direct Annihilation: For mA0 > m�, the mediator decays predominantly to DM and anni-
hilation proceeds via �� ! A0⇤ ! ff to SM fermions f through a virtual mediator. This
regime is depicted in the middle and rightmost column of Fig. 2; ; note the compressed
region in the middle column for which m� < mA0 < 2m� for which the annihilation rate
depends on ✏ but the mediator decay to DM is kinematically forbidden.

Since the cross section for direct annihilation is proportional to all the parameters in the DM
lagrangian, it is convenient to define the dimensionless interaction strength y as

�v(�� ! A0⇤ ! ff) / ✏2↵D

m2

�

m4

A0
=

y

m2

�

, y ⌘ ✏2↵D

✓
m�

mA0

◆
4

(4)
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where f is a SM fermion and Qf is its electromagnetic charge.
We distinguish between two distinct annihilation regimes depicted schematically in Fig. 2

• Secluded Annihilation: For mA0 < m�, DM annihilation will predominantly proceed
through �� ! A0A0, followed by A0 ! ff decays to SM fermions. However, the an-
nihilation rate in this regime is independent of the SM-A0 coupling ✏ and therefore difficult
to test since thermal freeze out can proceed even for tiny values of ✏. This regime is depicted
on the leftmost column of Fig. 2

• Direct Annihilation: For mA0 > m�, the mediator decays predominantly to DM and anni-
hilation proceeds via �� ! A0⇤ ! ff to SM fermions f through a virtual mediator. This
regime is depicted in the middle and rightmost column of Fig. 2; ; note the compressed
region in the middle column for which m� < mA0 < 2m� for which the annihilation rate
depends on ✏ but the mediator decay to DM is kinematically forbidden.

Since the cross section for direct annihilation is proportional to all the parameters in the DM
lagrangian, it is convenient to define the dimensionless interaction strength y as

�v(�� ! A0⇤ ! ff) / ✏2↵D

m2

�

m4

A0
=

y

m2

�

, y ⌘ ✏2↵D

✓
m�

mA0

◆
4

(4)

Annihilation independent of SM coupling
No Thermal Target
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where f is a SM fermion and Qf is its electromagnetic charge.
We distinguish between two distinct annihilation regimes depicted schematically in Fig. 2

• Secluded Annihilation: For mA0 < m�, DM annihilation will predominantly proceed
through �� ! A0A0, followed by A0 ! ff decays to SM fermions. However, the an-
nihilation rate in this regime is independent of the SM-A0 coupling ✏ and therefore difficult
to test since thermal freeze out can proceed even for tiny values of ✏. This regime is depicted
on the leftmost column of Fig. 2

• Direct Annihilation: For mA0 > m�, the mediator decays predominantly to DM and anni-
hilation proceeds via �� ! A0⇤ ! ff to SM fermions f through a virtual mediator. This
regime is depicted in the middle and rightmost column of Fig. 2; ; note the compressed
region in the middle column for which m� < mA0 < 2m� for which the annihilation rate
depends on ✏ but the mediator decay to DM is kinematically forbidden.

Since the cross section for direct annihilation is proportional to all the parameters in the DM
lagrangian, it is convenient to define the dimensionless interaction strength y as

�v(�� ! A0⇤ ! ff) / ✏2↵D

m2

�

m4

A0
=

y

m2

�

, y ⌘ ✏2↵D

✓
m�

mA0

◆
4

(4)

 Compressed regime : annihilation dep on DM x SM coupling
Thermal Target: motivates dark photon searches (HPS, Belle II, LHCb...)
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• Direct Annihilation: For mA0 > m�, the mediator decays predominantly to DM and anni-
hilation proceeds via �� ! A0⇤ ! ff to SM fermions f through a virtual mediator. This
regime is depicted in the middle and rightmost column of Fig. 2; ; note the compressed
region in the middle column for which m� < mA0 < 2m� for which the annihilation rate
depends on ✏ but the mediator decay to DM is kinematically forbidden.

Since the cross section for direct annihilation is proportional to all the parameters in the DM
lagrangian, it is convenient to define the dimensionless interaction strength y as

�v(�� ! A0⇤ ! ff) / ✏2↵D
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�
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hidden-sector phenomenology [21, 60, 65, 71–92].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains

L
D

� ✏
Y

2
F 0
µ⌫

B
µ⌫

+
m2

A

0

2
A0

µ

A0µ + �̄(i 6D �m
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where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m

�,A

0 are the appropriate dark
sector masses. The covariant derivative D

µ

⌘ @
µ

+
ig

D

A0
µ

contains the coupling constant g
D

, and we define
↵
D

⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
µ

� sin ✓
W

Z
µ

in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫

F
µ⌫

, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

millicharges proportional to ✏e; any photon in a QED
Feynman diagram can be replaced with an A0, with its
coupling to SM states rescaled by ✏. This renormalizable
simplified model serves as a useful avatar for a generic
dark sector because its parameter space can easily be
reinterpreted to constrain many other, more elaborate
scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ ! e+e� annihilation, which yields
the observed abundance for
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where we have dropped terms of order in m
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/m
A

0 and
m

e
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The mass hierarchy m
A

0 > m
�

and resulting
dominant ��̄ ! e+e� annihilation channel allow this sce-
nario to remain compatible with CMB constraints (see
below) 1. Larger values of ✏ yield ⌦

�

< ⌦
DM

, so �
can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
the thermally generated matter-symmetric ��̄ popula-
tion. The lowest black curve in Fig. 5 is the region
for which which a thermal relic � comprises all the dark
matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or
a greater m

A

0/m
�

ratio, the relic density curve moves
upward on the plot, so experimentally probing down to
this diagonal su�ces to cover the entire parameter space
for which the DM-SM coupling is appreciable enough to
keep the � relic density below ⌦

DM

. The condition for �
to thermalize with the radiation in the early universe is,

✏2 ⇠ T 2H(T )
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assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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Physics Motivation for a Pilot Dark Matter Search at Je↵erson Laboratory
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Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada N2L 2Y5

( December 10, 2014)

It has recently been demonstrated that a program of parasitic electron-beam fixed-target ex-
periments would have powerful discovery potential for dark matter and other new weakly-coupled
particles in the MeV–GeV mass range. The first stage of this program can be realized at Je↵erson
Laboratory using an existing plastic-scintillator detector downstream of the Hall D electron beam
dump. This paper studies the physics potential of such an experiment and highlights its unique
sensitivity to inelastic “exciting” dark matter and leptophilic dark matter scenarios. The first of
these is kinematically inaccessible at traditional direct detection experiments and features potential
“smoking gun” low-background signatures.

I. INTRODUCTION

Although overwhelming astrophysical and cosmologi-
cal evidence supports the existence of dark matter (DM)
[1], its identity, interactions, and origin remain elusive.
There is currently an active program to probe particle
DM scattering with direct detection experiments, annihi-
lation with indirect detection telescopes, and production
with particle accelerators [2]. However, most of these ef-
forts are designed to find heavy (10�1000 GeV) DM can-
didates and sharply lose sensitivity to lighter (sub-GeV)
states whose signals are either too feeble or lie in high-
background regions. Even direct-detection experiments
[3–5] and proposals [6–8] that are expanding sensitivity
to GeV-scale DM rely on an elastic scattering channel
that is absent or highly suppressed in many DM scenar-
ios [9–16].

Recently it was shown that electron-beam fixed target
experiments o↵er powerful sensitivity to a broad class of
dark sector scenarios that feature particles in the elusive
MeV-GeV mass range [17, 18]. If DM couples to lep-
tonic currents via mediators of comparable mass, it can
be produced copiously in relativistic electron-nucleus col-
lisions and scatter in a downstream detector (see Fig. 1).
Electron beam-dump experiments are complementary to
dedicated e↵orts at proton beam facilities [19–23], and
have comparable DM scattering yield. Electron-beam
experiments can run parasitically on a smaller scale and
benefit from negligible beam-related backgrounds.

Je↵erson Laboratory (JLab) is currently upgrading its
6 GeV electron beam to operate at 12 GeV energies. The
new CEBAF (continuous electron beam accelerator facil-
ity) is scheduled to begin delivering ⇠ 100µA currents in
mid-2014 and presents new opportunities to search for
new light weakly coupled particles. A possible first step
would be a parasitic pilot experiment using an existing
plastic-scintillator detector behind the Hall D electron
beam dump, which will receive a ⇠ 200 nA current [24].
Such an experiment could pave the way for a larger-scale
experiment behind a higher-current beam dump [17]. Re-
markably, even a small-scale pilot experiment has poten-
tial discovery sensitivity to several DM scenarios, which
we explore in this paper. A particularly dramatic signal
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one (or larger) mass splittings, the metastable state promptly
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e+e�. This process
yields a target (nucleus, nucleon, or electron) recoil E
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and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.

FIG. 1: a) Fermionic DM pair production from A0-
sstrahluung in electron-nucleus collisions. In the generic
scenario with Dirac and Majorana masses for dark sector
fermions, the A0 mediator couples o↵ diagonally to the mass
eigenstates � and  (see Sec. II B 2). b) Detector scatter-
ing via A0 exchange inside the detector. If the mass splitting
between dark sector states is negligible, both the incoming
and outgoing DM states in the scattering process are invisi-
ble and can be treated as the same particle. For order one (or
larger) mass splittings, � can upscatter into the excited state
 , which promptly decays inside the detector via  ! � e+e�.
This process yields a target (nucleus, nucleon, or electron) re-
coil E

R

and two charged tracks, which is a distinctive, low
background signature, so nuclear recoil cuts need not be lim-
iting. Processes analogous to both a) and b) can also exist if
DM is a scalar – see Sec. II B 1

could be seen if DM states are split by & MeV, so that
DM scattering produces energetic e+e� pairs (considered
in other contexts in [9, 11, 14, 16, 25–29]).

The basic production and detection processes we con-
sider here parallel those discussed in [17, 19, 20]. Elec-
trons impinging on atomic nuclei in a beam dump can
emit light mediator particles that promptly decay to pairs
of DM particles or the DM can be radiated via o↵ shell
mediator exchange (Figure 1(a)). The pair of DM parti-
cles emerge from the beam dump in a highly collimated
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nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

hidden-sector phenomenology [21, 60, 65, 71–92].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains
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where A0 is the U(1)
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gauge boson, F 0
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strength tensors, and m
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After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
µ

� sin ✓
W

Z
µ

in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏
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, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

millicharges proportional to ✏e; any photon in a QED
Feynman diagram can be replaced with an A0, with its
coupling to SM states rescaled by ✏. This renormalizable
simplified model serves as a useful avatar for a generic
dark sector because its parameter space can easily be
reinterpreted to constrain many other, more elaborate
scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ ! e+e� annihilation, which yields
the observed abundance for
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The mass hierarchy m
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0 > m
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and resulting
dominant ��̄ ! e+e� annihilation channel allow this sce-
nario to remain compatible with CMB constraints (see
below) 1. Larger values of ✏ yield ⌦

�

< ⌦
DM

, so �
can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
the thermally generated matter-symmetric ��̄ popula-
tion. The lowest black curve in Fig. 5 is the region
for which which a thermal relic � comprises all the dark
matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or
a greater m

A

0/m
�

ratio, the relic density curve moves
upward on the plot, so experimentally probing down to
this diagonal su�ces to cover the entire parameter space
for which the DM-SM coupling is appreciable enough to
keep the � relic density below ⌦

DM

. The condition for �
to thermalize with the radiation in the early universe is,
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assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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Is this actually conservative?

Caveat : avoid DM resonant annihilation
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How to decisively test thermal target?

Light Dark Matter eXperiment (LDMX):
Letter of Intent
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The LDMX experiment proposes a high-statistics search for low-mass dark matter at the
DASEL beamline using the missing momentum technique, scattering incoming electrons
in a thin target to produce dark matter via “dark bremsstrahlung”. This clear signature is
established by individually tagging incoming beam-energy electrons and unambiguously
associating them with low energy, moderate transverse-momentum recoils of the incoming
electron while establishing the absence of any additional forward-recoiling charged and neu-
tral particles. Ultimately, LDMX aims to probe thermal dark matter over most of the viable
sub-GeV mass range to a decisive level of sensitivity, with orders of magnitude more sensi-
tivity than any previous or currently envisioned experiment. To integrate adequate statistics,
LDMX requires a 100 MHz-scale repetition rate multi-GeV electron beam, such as that
being proposed at SLAC with the DASEL beamline. To mitigate backgrounds, LDMX
will employ a high-speed, granular calorimeter with MIP sensitivity to identify rare photo
nuclear reactions, in addition to low mass tracking that provides high-purity tagging for in-
coming electrons and clean, efficient reconstruction of recoils. For the calorimeter, LDMX
will leverage new technology under development for the HL-LHC, as well as existing tech-
nology and experience from the HPS experiment for the tracking systems. This Letter of
Intent summarizes the current status of the LDMX preliminary conceptual design, design
and performance studies, first estimates of project cost with an emphasis on anticipated
FY18 expenditures, and schedule.
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FIG. 4: Feynman diagram for radiation of an LDM particle-antiparticle pair off a beam electron as it scatters
off a target nucleus. The DM production is mediated by a kinetically mixed dark photon (see (2)). Searching
for this process is the primary science goal of LDMX.

• Proton Fixed Targets: The MiniBooNE experimental setup in beam dump mode can
be sensitive to LDM. The main DM production modes are ⇡0/⌘⌘0 ! �(A0 ! ��̄) and
qq̄ ! A0 ! ��̄ and detection proceeds via �e ! �e, or �N ! �N elastic scattering, or
via inelastic such as �N ! �(� ! N⇡0). MiniBooNE has completed running in off-target
mode with 1.86 ⇥ 1020 POT and the analysis is currently in progress. See Ref. [23, 31, 38–
45] for more details.

• Electron Direct Detection: A promising technique for observing halo DM involves directly
observing electron recoils induced by incident DM particles from the halo. This technique
has already been used to constrain the DM-electron cross section using XENON10 calibra-
tion data (see Fig 3), but this technique remains dominated by systematic uncertainties and
is likely to improve only modestly with upcoming results from XENON100 and other direct
detection experiments [27, 46, 47]

B. Searching for Light Dark Matter Production

Within the landscape of dark matter models that we have just surveyed, thermal LDM is simul-
taneously well motivated, poorly explored, and sharply defined. In particular, the freeze-out of a
light thermal relic via vector portal interactions (2) implies a sharp target (4) in the dimensionless
interaction strength y.

The primary science goal for LDMX is to search for the process shown in Figure 4, wherein a
DM particle-antiparticle pair is radiated off a beam electron as it scatters off a target nucleus. The
DM production is mediated by a kinetically mixed dark photon (see (2)).

Depending on the dark photon and DM masses, the leading contribution to this process may
be decay of a dark photon into a DM particle-antiparticle pair (mA0 > 2m�) or pair-production
through a virtual dark photon. In either case, a constraint on the DM particle production rate can be
used to infer a robust bound on the interaction strength y, which can in turn be directly compared
to the targets from thermal freeze-out shown in Figure 3. This LOI will focus, for concreteness,
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FIG. 13: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o↵ diago-
nally to 'h,` pairs. b) Inelastic up scattering of the lighter
'` into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via 'h ! '`e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.
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Real Missing Energy Magnitude (1016 EOTeff)

Brem+CCQE < 1 (T . 0.1)

CCQE+⇡0 < 1 (T . 0.1)

Moller+CCQE ⌧ 1 (T . 0.1)

eN ! eN⌫⌫̄ ⇠ 10�2

Reducible Backgrounds Fake Rate/1014 EOTeff

� non-interaction ⇠ 3 ⇥ 108e� 7
9 (T/X0=45) ⌧ 1

�p ! ⇡+n ⇠ 102 ⇥ ✏⇡✏n

�⇤p ! ⇡+n (backscatter ⇡+) ⇠ 3 ⇥ 101 ⇥ ✏n (see text)
�N ! (⇢, !, �)N ! ⇡+⇡�N ⇠ 2 ⇥ 104✏2⇡
�⇤n ! nn̄n ⇠ 3 ⇥ 103 ⇥ ✏3n
eN ! eN(µ+µ�, ⇡+⇡�) ⇠ 104 ⇥ ✏2µ/⇡

�N ! Nµ+µ� ⇠ 6 ⇥ 103 ⇥ ✏2µ

TABLE II: Summary of “real” missing energy backgrounds
and reducible “fake” missing energy backgrounds for the near-
target tracking and calorimetry concept illustrated in Figure I
(B), and described in more detail in the text. In practice,
T ⇡ 0.1 (with a pT > 20 MeV selection) is su�cient to con-
trol CCQE backgrounds for 1016 EOTe↵ . For a thin T ⇠ 0.01
target with pT > 50 MeV selection, real photon backgrounds
can be kinematically reduced by 104, in which case readily
attainable ✏n ⇠ 10�2 and ✏µ/⇡ ⇠ 10�3 are su�cient to con-
trol fake “missing” photon backgrounds for 1016⇥0.01 = 1014

EOTe↵ . Going to a thicker target T = 0.1 reduces the e↵ec-
tiveness of the pT selection down to ⇠ 200 rejection of real
photon backgrounds, and requires a corresponding improve-
ment for the veto ine�ciencies.

(e.g. tracking and calorimetry). Inverting these cuts one
at a time can also be used to determine the total rejection
for a specific exclusive process often with better statisti-
cal uncertainty than the kinematic control regions alone.
But the virtue of the kinematic control regions is their
inclusiveness – their e↵ectiveness relies only on the dom-
inance of electromagnetic interactions for electrons, the
non-zero mass of the A0 (for separation of signal from
real-photon backgrounds), and the di↵erence in masses
between electrons and muon/hadrons (for separation of
virtual-photon backgrounds)! Therefore, kinematic sep-
aration allows reliable estimates or bounds on the back-
ground even from final states whose importance has not

been anticipated.
Put another way, if a reasonably large excess of O(10)

events or more is observed, these kinematic handles can
be used to credibly identify it as a new-physics signal or
as probable background. This is an important handle for
an experiment to have real discovery potential.

E. Performance and Sensitivity Summary

The near-target tracking layout o↵ers several advan-
tages over a target-calorimeter based approach, which to-

gether improve its overall sensitivity reach as a function
of veto performance, as well as enhancing the potential
for a credible discovery.

Figure 1 summarizes the sensitivity reach for several
benchmark cases. The red curves in Fig. 1 depict ex-
pected 90% exclusion regions for various realizations of
the near target tracking scenario (Scenario B). The solid
curve labeled I assumes 1013 EOTe↵ and target thick-
ness of T = 0.01X0, while the dashed red curve labeled
II assumes 1015 EOTe↵ and T = 0.1X0. Both solid
and dashed lines compute signal yield requiring either
(P

T

(e) > 20 MeV and 50 MeV < E
e

< 0.1E
beam

) with
2.3 event sensitivity for a 90% exclusion or requiring
just (50 MeV < E

e

< 0.1E
beam

) with 35 event sensi-
tivity for a 90% exclusion; whichever yields a smaller ✏
for a given value of m0

A

. This corresponds to a scenario
with a total of ⇠ 300 background events, dominated by
real-photon conversions. For high A0 masses an e↵ective
search strategy is to cut away from these events using
recoil electron p

T

; for lower A0 masses, it is more ef-
ficient to measure the backgrounds in a control region
and statistically subtract them. The dotted red line la-
beled III represents the ultimate limit of this experimen-
tal program and assumes 3⇥ 1015 EOT

eff

incident on a
T = 0.1X0 target, assuming zero backgroun in the range
(50 MeV < E

e

< 0.1E
beam

) for a 90% sensitivity limit
of 2.3 signal events. We also show our estimated 90%
exclusion sensitivity for an SPS configuration (30 GeV
beam energy on Tungsten) with 109 and 1012 EOTe↵

4.

To see how background yields are reduced by the fac-
tors discussed above, we consider a benchmark neutron
veto ine�ciency of ✏

n

⇠ 10�3 and muon/pion ine�ciency
of ✏

µ/⇡

. 10�3. In this case, referring to Table I, the
target-calorimetry approach would be background lim-
ited at the level of N

e

⇥ T = 1012 EOTe↵ , while the
near-target tracking could reach 1014 EOTe↵ . Signal pro-
duction is reduced by the thinner T and p

T

selection,
but that is partially compensated for by the complete
reduction of straggling losses yielding an overall ⇠ 70
reduction in signal yields when compared to T = 1 (at
m

A

0 ⇠> 50 MeV for example), so that signal over back-
ground can be improved by ⇠> 100 in this case. This
leads to a ⇠ 100 improvement in background limited ✏2

4 Our signal yield estimate for the SPS set-up at 90% C.L. exclu-
sion is ⇡ 20 � 30 times lower than what is inferred from Fig. 19
of Ref. [20]. The di↵erence is due to including full Monte Carlo
simulation of the form factor suppression as a function of A0

mass, including O(50� 70%) e�ciency for a signal event to have
electron recoil energy below 0.1Ebeam (even smaller than 50% for
mA0 . 10 MeV), and a 30% e�ciency that we apply to the sig-
nal to account for straggling e↵ects — there’s a large probability
that multiple (forward) Bremsstrahlung will reduce the incident
electron energy to < 0.9Ebeam before the hard scatter that pro-
duces DM. In that case, one would see a shower above 0.1Ebeam

even if the e� recoil energy is low, and veto the event. These
factors combined account for the factor of 20�30 discrepancy in
yields and corresponding sensitivity to ✏.

EOTeff = EOT⇥ (T/X0)
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through an o↵-shell A0 with an extra surpression of ↵D/⇡.

ter direct and indirect detection [60–64], resolve puz-
zles in simulations of structure formation [65, 66], mod-
ify the number of relativistic species in the early uni-
verse [67, 68], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[69–73], and explore novel hidden-sector phenomenology
[24, 62, 67, 74–95].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains

L
D

� ✏
Y

2
F 0
µ⌫

B
µ⌫

+
m2

A

0

2
A0

µ

A0µ + �̄(i 6D �m
�

)�, (2)

where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m

�,A

0 are the appropriate dark
sector masses. The covariant derivative D

µ

⌘ @
µ

+
ig

D

A0
µ

contains the coupling constant g
D

, and we define
↵
D

⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
µ

� sin ✓
W

Z
µ

in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫

F
µ⌫

, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,

renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for

✏2 ' 1.3 ⇥ 10�8
⇣ m

A

0

10 MeV

⌘4
✓

MeV

m
�

◆2 ✓10�2

↵
D

◆
. (3)

The mass hierarchy m
A

0 > m
�

and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦

�

< ⌦
DM

, so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or a greater m
A

0/m
�

ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦

DM

. The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠ T 2H(T )

↵↵
D

n
e

(T )

����
T=2m�

⇠> 2.1 ⇥ 10�17
⇣ m

�

10 MeV

⌘✓ 0.1

↵
D

◆
, (4)

assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [32, 96], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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Real Missing Energy Magnitude (1016 EOTeff)

Brem+CCQE < 1 (T . 0.1)

CCQE+⇡0 < 1 (T . 0.1)

Moller+CCQE ⌧ 1 (T . 0.1)

eN ! eN⌫⌫̄ ⇠ 10�2

Reducible Backgrounds Fake Rate/1014 EOTeff

� non-interaction ⇠ 3 ⇥ 108e� 7
9 (T/X0=45) ⌧ 1

�p ! ⇡+n ⇠ 102 ⇥ ✏⇡✏n

�⇤p ! ⇡+n (backscatter ⇡+) ⇠ 3 ⇥ 101 ⇥ ✏n (see text)
�N ! (⇢, !, �)N ! ⇡+⇡�N ⇠ 2 ⇥ 104✏2⇡
�⇤n ! nn̄n ⇠ 3 ⇥ 103 ⇥ ✏3n
eN ! eN(µ+µ�, ⇡+⇡�) ⇠ 104 ⇥ ✏2µ/⇡

�N ! Nµ+µ� ⇠ 6 ⇥ 103 ⇥ ✏2µ

TABLE II: Summary of “real” missing energy backgrounds
and reducible “fake” missing energy backgrounds for the near-
target tracking and calorimetry concept illustrated in Figure I
(B), and described in more detail in the text. In practice,
T ⇡ 0.1 (with a pT > 20 MeV selection) is su�cient to con-
trol CCQE backgrounds for 1016 EOTe↵ . For a thin T ⇠ 0.01
target with pT > 50 MeV selection, real photon backgrounds
can be kinematically reduced by 104, in which case readily
attainable ✏n ⇠ 10�2 and ✏µ/⇡ ⇠ 10�3 are su�cient to con-
trol fake “missing” photon backgrounds for 1016⇥0.01 = 1014

EOTe↵ . Going to a thicker target T = 0.1 reduces the e↵ec-
tiveness of the pT selection down to ⇠ 200 rejection of real
photon backgrounds, and requires a corresponding improve-
ment for the veto ine�ciencies.

(e.g. tracking and calorimetry). Inverting these cuts one
at a time can also be used to determine the total rejection
for a specific exclusive process often with better statisti-
cal uncertainty than the kinematic control regions alone.
But the virtue of the kinematic control regions is their
inclusiveness – their e↵ectiveness relies only on the dom-
inance of electromagnetic interactions for electrons, the
non-zero mass of the A0 (for separation of signal from
real-photon backgrounds), and the di↵erence in masses
between electrons and muon/hadrons (for separation of
virtual-photon backgrounds)! Therefore, kinematic sep-
aration allows reliable estimates or bounds on the back-
ground even from final states whose importance has not

been anticipated.
Put another way, if a reasonably large excess of O(10)

events or more is observed, these kinematic handles can
be used to credibly identify it as a new-physics signal or
as probable background. This is an important handle for
an experiment to have real discovery potential.

E. Performance and Sensitivity Summary

The near-target tracking layout o↵ers several advan-
tages over a target-calorimeter based approach, which to-

gether improve its overall sensitivity reach as a function
of veto performance, as well as enhancing the potential
for a credible discovery.

Figure 1 summarizes the sensitivity reach for several
benchmark cases. The red curves in Fig. 1 depict ex-
pected 90% exclusion regions for various realizations of
the near target tracking scenario (Scenario B). The solid
curve labeled I assumes 1013 EOTe↵ and target thick-
ness of T = 0.01X0, while the dashed red curve labeled
II assumes 1015 EOTe↵ and T = 0.1X0. Both solid
and dashed lines compute signal yield requiring either
(P

T

(e) > 20 MeV and 50 MeV < E
e

< 0.1E
beam

) with
2.3 event sensitivity for a 90% exclusion or requiring
just (50 MeV < E

e

< 0.1E
beam

) with 35 event sensi-
tivity for a 90% exclusion; whichever yields a smaller ✏
for a given value of m0

A

. This corresponds to a scenario
with a total of ⇠ 300 background events, dominated by
real-photon conversions. For high A0 masses an e↵ective
search strategy is to cut away from these events using
recoil electron p

T

; for lower A0 masses, it is more ef-
ficient to measure the backgrounds in a control region
and statistically subtract them. The dotted red line la-
beled III represents the ultimate limit of this experimen-
tal program and assumes 3⇥ 1015 EOT

eff

incident on a
T = 0.1X0 target, assuming zero backgroun in the range
(50 MeV < E

e

< 0.1E
beam

) for a 90% sensitivity limit
of 2.3 signal events. We also show our estimated 90%
exclusion sensitivity for an SPS configuration (30 GeV
beam energy on Tungsten) with 109 and 1012 EOTe↵

4.

To see how background yields are reduced by the fac-
tors discussed above, we consider a benchmark neutron
veto ine�ciency of ✏

n

⇠ 10�3 and muon/pion ine�ciency
of ✏

µ/⇡

. 10�3. In this case, referring to Table I, the
target-calorimetry approach would be background lim-
ited at the level of N

e

⇥ T = 1012 EOTe↵ , while the
near-target tracking could reach 1014 EOTe↵ . Signal pro-
duction is reduced by the thinner T and p

T

selection,
but that is partially compensated for by the complete
reduction of straggling losses yielding an overall ⇠ 70
reduction in signal yields when compared to T = 1 (at
m

A

0 ⇠> 50 MeV for example), so that signal over back-
ground can be improved by ⇠> 100 in this case. This
leads to a ⇠ 100 improvement in background limited ✏2

4 Our signal yield estimate for the SPS set-up at 90% C.L. exclu-
sion is ⇡ 20 � 30 times lower than what is inferred from Fig. 19
of Ref. [20]. The di↵erence is due to including full Monte Carlo
simulation of the form factor suppression as a function of A0

mass, including O(50� 70%) e�ciency for a signal event to have
electron recoil energy below 0.1Ebeam (even smaller than 50% for
mA0 . 10 MeV), and a 30% e�ciency that we apply to the sig-
nal to account for straggling e↵ects — there’s a large probability
that multiple (forward) Bremsstrahlung will reduce the incident
electron energy to < 0.9Ebeam before the hard scatter that pro-
duces DM. In that case, one would see a shower above 0.1Ebeam

even if the e� recoil energy is low, and veto the event. These
factors combined account for the factor of 20�30 discrepancy in
yields and corresponding sensitivity to ✏.

Reducible with sufficiently hermitic setup
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Physics Motivation for a Pilot Dark Matter Search at Je↵erson Laboratory

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada N2L 2Y5

( December 10, 2014)

It has recently been demonstrated that a program of parasitic electron-beam fixed-target ex-
periments would have powerful discovery potential for dark matter and other new weakly-coupled
particles in the MeV–GeV mass range. The first stage of this program can be realized at Je↵erson
Laboratory using an existing plastic-scintillator detector downstream of the Hall D electron beam
dump. This paper studies the physics potential of such an experiment and highlights its unique
sensitivity to inelastic “exciting” dark matter and leptophilic dark matter scenarios. The first of
these is kinematically inaccessible at traditional direct detection experiments and features potential
“smoking gun” low-background signatures.

I. INTRODUCTION

Although overwhelming astrophysical and cosmologi-
cal evidence supports the existence of dark matter (DM)
[1], its identity, interactions, and origin remain elusive.
There is currently an active program to probe particle
DM scattering with direct detection experiments, annihi-
lation with indirect detection telescopes, and production
with particle accelerators [2]. However, most of these ef-
forts are designed to find heavy (10�1000 GeV) DM can-
didates and sharply lose sensitivity to lighter (sub-GeV)
states whose signals are either too feeble or lie in high-
background regions. Even direct-detection experiments
[3–5] and proposals [6–8] that are expanding sensitivity
to GeV-scale DM rely on an elastic scattering channel
that is absent or highly suppressed in many DM scenar-
ios [9–16].

Recently it was shown that electron-beam fixed target
experiments o↵er powerful sensitivity to a broad class of
dark sector scenarios that feature particles in the elusive
MeV-GeV mass range [17, 18]. If DM couples to lep-
tonic currents via mediators of comparable mass, it can
be produced copiously in relativistic electron-nucleus col-
lisions and scatter in a downstream detector (see Fig. 1).
Electron beam-dump experiments are complementary to
dedicated e↵orts at proton beam facilities [19–23], and
have comparable DM scattering yield. Electron-beam
experiments can run parasitically on a smaller scale and
benefit from negligible beam-related backgrounds.

Je↵erson Laboratory (JLab) is currently upgrading its
6 GeV electron beam to operate at 12 GeV energies. The
new CEBAF (continuous electron beam accelerator facil-
ity) is scheduled to begin delivering ⇠ 100µA currents in
mid-2014 and presents new opportunities to search for
new light weakly coupled particles. A possible first step
would be a parasitic pilot experiment using an existing
plastic-scintillator detector behind the Hall D electron
beam dump, which will receive a ⇠ 200 nA current [24].
Such an experiment could pave the way for a larger-scale
experiment behind a higher-current beam dump [17]. Re-
markably, even a small-scale pilot experiment has poten-
tial discovery sensitivity to several DM scenarios, which
we explore in this paper. A particularly dramatic signal
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FIG. 1: a) Fermionic DM pair production from A0-
sstrahluung in electron-nucleus collisions. In the generic
scenario with Dirac and Majorana masses for dark sector
fermions, the A0 mediator couples o↵ diagonally to the mass
eigenstates � and  (see Sec. II B 2). b) Detector scatter-
ing via A0 exchange inside the detector. If the mass splitting
between dark sector states is negligible, both the incoming
and outgoing DM states in the scattering process are invisi-
ble and can be treated as the same particle. For order one (or
larger) mass splittings, � can upscatter into the excited state
 , which promptly decays inside the detector via  ! � e+e�.
This process yields a target (nucleus, nucleon, or electron) re-
coil E

R

and two charged tracks, which is a distinctive, low
background signature, so nuclear recoil cuts need not be lim-
iting. Processes analogous to both a) and b) can also exist if
DM is a scalar – see Sec. II B 1

could be seen if DM states are split by & MeV, so that
DM scattering produces energetic e+e� pairs (considered
in other contexts in [9, 11, 14, 16, 25–29]).

The basic production and detection processes we con-
sider here parallel those discussed in [17, 19, 20]. Elec-
trons impinging on atomic nuclei in a beam dump can
emit light mediator particles that promptly decay to pairs
of DM particles or the DM can be radiated via o↵ shell
mediator exchange (Figure 1(a)). The pair of DM parti-
cles emerge from the beam dump in a highly collimated
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Although overwhelming astrophysical and cosmologi-
cal evidence supports the existence of dark matter (DM)
[1], its identity, interactions, and origin remain elusive.
There is currently an active program to probe particle
DM scattering with direct detection experiments, annihi-
lation with indirect detection telescopes, and production
with particle accelerators [2]. However, most of these ef-
forts are designed to find heavy (10�1000 GeV) DM can-
didates and sharply lose sensitivity to lighter (sub-GeV)
states whose signals are either too feeble or lie in high-
background regions. Even direct-detection experiments
[3–5] and proposals [6–8] that are expanding sensitivity
to GeV-scale DM rely on an elastic scattering channel
that is absent or highly suppressed in many DM scenar-
ios [9–16].

Recently it was shown that electron-beam fixed target
experiments o↵er powerful sensitivity to a broad class of
dark sector scenarios that feature particles in the elusive
MeV-GeV mass range [17, 18]. If DM couples to lep-
tonic currents via mediators of comparable mass, it can
be produced copiously in relativistic electron-nucleus col-
lisions and scatter in a downstream detector (see Fig. 1).
Electron beam-dump experiments are complementary to
dedicated e↵orts at proton beam facilities [19–23], and
have comparable DM scattering yield. Electron-beam
experiments can run parasitically on a smaller scale and
benefit from negligible beam-related backgrounds.

Je↵erson Laboratory (JLab) is currently upgrading its
6 GeV electron beam to operate at 12 GeV energies. The
new CEBAF (continuous electron beam accelerator facil-
ity) is scheduled to begin delivering ⇠ 100µA currents in
mid-2014 and presents new opportunities to search for
new light weakly coupled particles. A possible first step
would be a parasitic pilot experiment using an existing
plastic-scintillator detector behind the Hall D electron
beam dump, which will receive a ⇠ 200 nA current [24].
Such an experiment could pave the way for a larger-scale
experiment behind a higher-current beam dump [17]. Re-
markably, even a small-scale pilot experiment has poten-
tial discovery sensitivity to several DM scenarios, which
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ing via A0 exchange inside the detector. If the mass splitting
between dark sector states is negligible, both the incoming
and outgoing DM states in the scattering process are invisi-
ble and can be treated as the same particle. For order one (or
larger) mass splittings, � can upscatter into the excited state
 , which promptly decays inside the detector via  ! � e+e�.
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and two charged tracks, which is a distinctive, low
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iting. Processes analogous to both a) and b) can also exist if
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could be seen if DM states are split by & MeV, so that
DM scattering produces energetic e+e� pairs (considered
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The basic production and detection processes we con-
sider here parallel those discussed in [17, 19, 20]. Elec-
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hidden-sector phenomenology [21, 60, 65, 71–92].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains

L
D

� ✏
Y

2
F 0
µ⌫

B
µ⌫

+
m2

A

0

2
A0

µ

A0µ + �̄(i 6D �m
�

)�, (2)

where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
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is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

millicharges proportional to ✏e; any photon in a QED
Feynman diagram can be replaced with an A0, with its
coupling to SM states rescaled by ✏. This renormalizable
simplified model serves as a useful avatar for a generic
dark sector because its parameter space can easily be
reinterpreted to constrain many other, more elaborate
scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ ! e+e� annihilation, which yields
the observed abundance for
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The mass hierarchy m
A

0 > m
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and resulting
dominant ��̄ ! e+e� annihilation channel allow this sce-
nario to remain compatible with CMB constraints (see
below) 1. Larger values of ✏ yield ⌦

�

< ⌦
DM

, so �
can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
the thermally generated matter-symmetric ��̄ popula-
tion. The lowest black curve in Fig. 5 is the region
for which which a thermal relic � comprises all the dark
matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or
a greater m

A

0/m
�

ratio, the relic density curve moves
upward on the plot, so experimentally probing down to
this diagonal su�ces to cover the entire parameter space
for which the DM-SM coupling is appreciable enough to
keep the � relic density below ⌦

DM

. The condition for �
to thermalize with the radiation in the early universe is,
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assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.
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will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
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Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.
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Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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Concrete Realization in Progress @ SLAC
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HGC	Module	Components		
and	completed	module	

1.	W-Cu	Baseplate	

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

FIG. 13: Prototype CMS HGC 6 inch, 128 channel module with (1) a W/Cu (75%/25%) baseplate, to which
(2) a thin Gold-on-Kapton sheet is glued for insulation and to enable biasing of (3) a Si sensor glued directly
on top of it, and finally (4) a PCB is glued on the sensor. Connections to the each set of 3 adjacent pads on
the sensor are made by wirebonds through 4 mm diameter holes.

operated up to a fluence of 1.5⇥1016 n/cm2. At this level, the noise is much higher than for non-
irradiated sensors, reducing the signal-to-noise ratio to about 2 for 120 µm depletion depth. We
expect LDMX to experience peak fluences no higher than ⇠ 1015 n/cm2, for which the signal-to-
noise ratio would be above 5 in silicon with 300 µm depletion depth. This is adequate to identify
MIPs. Moreover, as noted earlier, smaller pads could be used for the LDMX central stack, and we
are considering 500 µm thick silicon for better energy resolution. Each of these changes would
increase the signal-to-noise ratio by more than 50%, providing excellent MIP detection capability
for the life of the experiment.

Module components and the first completed CMS prototype HGC, a nominal 6-inch, 128 chan-
nel module, are shown in Fig. 13. We are targeting a design with roughly 30 Silicon layers, each
comprised of a central module surrounded by a ring of 6 modules. As for CMS the hexagonal
sensors will likely be produced on ‘8-inch’ wafers with a distance of 170 mm between parallel
sides.

The basic readout unit is a hexagonal module containing a single hexagonal silicon sensor.
The module is built on a metal baseplate that serves as electromagnetic absorber, and so has been
chosen to be predominantly tungsten. It must also transport heat from the module electronics
and sensor to a coolingsupport plane. In order to enhance thermal transport without introducing
an unacceptably large mis-match in thermal expansion coefficients between the silicon and the
baseplate, CMS has chosen an alloy of 25% Copper and 75% Tungsten. In LDMX we have
so far considered a pure W baseplate for the module, which however could be affixed to a Cu
cooling/support plane similar to the CMS design.

Note that in the module shown in Fig. 13, the corners of the sensor and PCB have been re-

20

FIG. 8: A cutaway overview of the LDMX detector.

a 6” conflat flange for connection to the DASEL beampipe. The downstream end of the vacuum
chamber is closed by a thin vacuum window in front of the ECal face which sits 20 cm downstream
of the target at roughly the same z position as the outer face of the magnet coils. The magnet is
rotated by approximately 100 mrad about the vertical axis with respect to the upstream beamline
so that the incoming 4 GeV beam follows the desired trajectory to the target, with the incoming
beam arriving at normal incidence to, and centered on, the target which is laterally centered in the
vacuum chamber at z=40 cm relative to the center of the magnet. Although the specific dimen-
sions differ, this arrangement (aside from the vacuum window) is very similar to the magnet and
vacuum chamber employed by the HPS experiment at JLab.

A number of 18D36 magnets, not currently in use, are in hand at SLAC along with the steel
required to adjust the magnet gap, if required to suit our purposes. These include a magnet that is
already assembled with a 14-inch gap as planned for LDMX. This magnet was tested to 1.0 T in
1978 at which the power dissipated was 199 kW. Based on the current capacity of the other similar
magnets with smaller gaps, it is expected that this magnet can be operated at 1.5 T, resulting in a
power dissipation of approximately 450 kW and requiring approximately 55 gpm flow of cooling
water. If this magnet proves to be suitable for LDMX, it will simply have to be split, cleaned up,
reassembled before testing and carefully mapping the field in the tracking volumes.

Since End Station A (ESA) is relatively distant from the critical areas in the Beam Switch-
yard, the vacuum requirements in ESA are quite modest: roughly 10�4 Torr or better. Therefore,
standard vacuum fabrication techniques for the vacuum chamber and vacuum window will clearly
suffice here. Furthermore, since HPS has achieved better than 10�5 Torr at JLab, it is clear that the
construction techniques developed there will work here as well. However, as with HPS, a system
of monitoring and interlocks capable of closing automatically controlled vacuum valves will be
required to ensure that the liquid cooling system of the trackers cannot spoil the beam vacuum.

Although the final location of LDMX has not been determined, the upstream end of the ESA
beamline has the most room and best access for locating the relatively large apparatus. In particu-
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Light thermal DM is viable w/ rich dynamics

-Existing search program wont cover it

-Broad class of  testable, predictive models

-Sharply defined question, not a fishing expedition

Concluding Remarks

-Testing these suffices to cover more elaborate cases



New missing momentum strategy 

Concluding Remarks

 Observe DM production in real time

 Irreducible BG is negligible 
 BG from “fakes” is measurable & reducibleTesting Thermal DM
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