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Cluster CollisionsGravitational Lensing

CMB Power SpectrumMatter Power Spectrum BBN Light Element Yields

Remarkable Evidence for Dark Matter  

Rotation Curves

Multiple independent, consistent observations

Holy Grail: extend our knowledge to terrestrial scales << kpc

over nearly all of spacetime: kpc-Gpc,  13.7 Gyr ago-today 



Bad news: DM-SM interactions are not obligatory
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 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV

15

What Clues Do We Have?

Need organizing principle for systematic progress

Evidence only extends down to ~kpc (dwarf galaxy) scales
Huge space of allowed microscopic theories 

Theoretical guidance is essential

(or BH)
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What kind of DM can we probe?

High intensity facilities: Ecm < few GeV
Kinematically produce sub-GeV DM

Need “large” couplings to visible matter
Accelerators sensitive to BSM couplings  

Model independent consequence

Any* DM candidate that can be made in 
accelerators was in equilibrium with SM in 
the early universe

Therefore{ n� ⇠ n� ⇠ T 3



Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {
18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

Neff  / BBN
me ⇠ MeV mp ⇠ GeV

Direct Detection
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Equilibrium Narrows Mass Range!

High Energy Colliders
Indirect Detection



Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {
18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

Neff  / BBN
me ⇠ MeV mp ⇠ GeV

This talk
"When the facts change, I change my mind.

What do you do?”

- John Maynard Keynes
 8

Equilibrium Narrows Mass Range!



 Light DM vs. WIMPs 

Light DM must be SM neutral 
Else would have been discovered (LEP, Tevatron…)
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Must annihilate away huge thermal density. Weak force too weak:

Light DM must be SM neutral 
Else would have been discovered (LEP, Tevatron…)

Light DM requires light new force carriers “mediators”

�v ⇠ G2
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2
� ⇠ 10�29 cm3 s�1

⇣ m�

GeV
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to avoid early universe overproduction



 Light DM vs. WIMPs 

Must annihilate away huge thermal density. Weak force too weak:

Light DM must be SM neutral 
Else would have been discovered (LEP, Tevatron…)

Light DM requires light new force carriers “mediators”

Light mediators are not optional!

Annihilation through renormalizable “portal” interactions
Higher dimension operators have same problem as weak force

�v ⇠ G2
Fm

2
� ⇠ 10�29 cm3 s�1

⇣ m�

GeV

⌘2

[See Adam Ritz’s talk]

to avoid early universe overproduction



Why Accelerators? Completeness

Traditional direct detection loses sensitivity

Nuclear recoils below ~ keV threshold
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Rate suppressed for velocity dependent and inelastic models



Why Accelerators? Completeness

Traditional direct detection loses sensitivity

Nuclear recoils below ~ keV threshold

Novel electron target direct detection
Promising for sub-GeV range, but hard to probe many scenarios 
Rate suppressed for velocity dependent and inelastic models

Indirect detection generically unavailable
CMB bounds exclude relic annihilation for s-wave processes < 10 GeV
Need annihilation to end before recombination —> won’t occur today

Accelerators are unaffected by these limitations



Why Accelerators? Accessible Thermal Targets beams to investigate the muon g-2 anomaly and search generically for light dark matter 83	
physics preferentially coupling to muons. 84	

	85	
Figure	1:	Thermal	relic	dark	matter	targets	for	direct	detection	(left)	and	accelerator-based	experiments	(right)	86	

Figure 2 (left) illustrates the comprehensive capability of LDMX to confront the low- 87	
mass thermal relic hypothesis. LDMX employs a low current 4 to 12 GeV high-88	
repetition-rate electron beam, from, for example, the JLab CEBAF or proposed SLAC 89	
DASEL beamlines. The dark force carrier is produced via dark bremsstrahlung in the 90	
interaction of the electron beam with a thin target. The experimental signature is a soft 91	
wide-angle scattered electron and missing momentum. The detector shown in Fig. 2 92	
(right) is composed of a tracker surrounding the target, to measure each incoming and 93	
outgoing electron individually, and a fast hermetic calorimeter system capable of 94	
sustaining an O(100) MHz rate while vetoing low-multiplicity Standard Model 95	
backgrounds. LDMX leverages mature and developing detector technologies and 96	
expertise from the HPS (Heavy Photon Search) and CMS experiments to achieve the 97	
required detector performance to discover light dark matter.  This proposal focuses on the 98	
LDMX HCal, or hadronic veto system, which plans to leverage Fermilab and CMS 99	
investments in fast electronics and scintillator production. 100	

						 	101	
Figure	2:	Left,	reach	of	the	LDMX	compared	against	current	constraints	and	thermal	relic	targets.	Right,	LDMX	102	

detector	concept	103	
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18D36 Dipole

vacuum chamber

ECal HCal

target
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trackertagging tracker

~B

e-

LDMX Experimental Concept

~1 m

non-relativistic cross sections can

be loop- or velocity- suppressed 

Cosmic Visions Report https://arxiv.org/abs/1707.04591

Calculable dark matter rate

Relativistic freeze-out kinematics

No astrophysical uncertainties

All thermal targets within reach
 15

https://arxiv.org/abs/1707.04591
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Preliminaries

Beam Dump Production

Missing Energy/Momentum 

B/K-Factories
Observable: initial & final state four vectors 
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FIG. 3: Typical simulations of �+/E signals compared to data that was scanned from the BABAR Collaboration (un-
published) [37], in both the “High-E” (left) and “Low-E” (right) search regions (where 3.2 GeV < E⇤

� < 5.5 GeV and
2.2 GeV < E⇤

� < 3.7 GeV, respectively; see Sec. IV for more details). The red histogram illustrates �� production through
an o↵-shell heavy mediator (region (a)), resulting in a rising spectrum. The histogram corresponds to m� = 1 GeV and
mA0 = 12 GeV. The orange histograms show the peaked spectra arising from on-shell production of an invisible mediator (re-
gion (b)), with mA0 = 0.5 MeV (left) or 4 GeV (right). The green histogram shows the typical broad spectrum resulting from
�� production through an o↵-shell light mediator (region (c)) (we show m� = mA0 = 1 GeV). In each case the cross-section is
scaled to lie at the 95% CL limits presented in Sec. IV.

(b): For mediators produced on shell, m� and g� are
irrelevant as long as the mediator does not have a
significant branching fraction to SM fermions. The
signal spectrum is controlled by mA0 , and the rate is
proportional to g2

e , with corrections of order g2
e/g2

�.

(c): For mA0 ⌧ m�, the signal spectrum depends on
m� but not on mA0 , and the rate is proportional to
(geg�)2, with corrections of order m2

A0/m2
��.

IV. CONSTRAINTS FROM BABAR DATA

The BABAR Collaboration performed an unpublished
analysis of mono-photon events in a search for decays of
the ⌥(3S) to � A0, where A0 is an invisible pseudoscalar
particle [37]. We reproduce their preliminary data in
Fig. 3. The search was performed on a sample of 122⇥106

⌥(3S) decays, corresponding to about 28/fb of data at
p

s ⇡ m⌥(3S) ⇡ 10.355 GeV [66]. The data was analyzed
in two overlapping photon CM energy regimes with dis-
tinct trigger requirements: 3.2 GeV < E⇤

� < 5.5 GeV
and 2.2 GeV < E⇤

� < 3.7 GeV, referred to respectively
as the High-E and Low-E regions. The former used
the full dataset, and the latter a subset corresponding
to 19/fb. The main SM backgrounds are a peak at
m2

�� = 0 from e+e�
! �/�, a continuum background

from e+e�
! �/e+/e�, e+e�

! �/�/�, where /e± and
/� represent particles that escape undetected (down the
beam pipe or in a detector crack) and, to a lesser ex-
tent, two-photon production of hadronic states decaying
to photons where only one is detected. The results of

a bump hunt in the photon spectrum were presented as
preliminary upper limits on the branching fraction (BF)
B(⌥(3S) ! �A0) ⇥ B(A0

! inv.).
We use this data below to constrain the non-resonant

production of LDM in e+e� collisions as shown in Fig. 1-
right, for the three regions shown in Fig. 2. (A simi-
lar analysis is performed in Ref. [28] to constrain LDM
couplings to b-quarks through an e↵ective dimension-6
operator.) The BABAR analysis applies both geomet-
ric and non-geometric cuts to the mono-photon data,
with total e�ciency for signal events given as 10-11%
(20%) in the High-E (Low-E) region. By simulating
e+e�

! ⌥(3S) ! �A0 events, we find that geometric
acceptance accounts for 34% and 37% of this e�ciency
in the two respective regions, with non-geometric cuts
therefore having about 30% and 55% e�ciencies. In our
analysis, we determine the geometric cut acceptances for
each search region from simulation, and apply a further
cut of 30% (55%) in the High-E (Low-E) region to ac-
count for the e�ciencies of other cuts. Photon energies
are smeared using a crystal-ball function, with tail pa-
rameters ↵ = 0.811 and n = 1.79, obtained from fitting
the E⇤

� distribution of e+e�
! �/� to the data in [37]. We

take the width, �E�/E� , to be 1.5%/(E�/ GeV)1/4 � 1%
to match the values of �m2

��
given in [37]. The signal was

simulated with Madgraph 5 [67].

A. Constraints for O↵-shell Heavy Mediators

When � +�� events are produced through a heavy o↵-
shell mediator (region (a) of Fig. 2), the mono-photon

“Traditional” mono-photon
+missing energy search

BABAR, BELLE-II, BES-III
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 (GeV)  A'm
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ε

4−10

3−10

2−10

e
(g-2) NA64

ννπ→K

σ 2±
µ

(g-2)
favored BABAR 2017

FIG. 5: Regions of the A0 parameter space (" vs mA0) ex-
cluded by this work (green area) compared to the previous
constraints [7, 18–20] as well as the region preferred by the
(g � 2)µ anomaly [5].
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VI. DECAY CALCULATION

The SM width K ! µ⌫ can be written as

�(K+ ! µ
+
⌫) =

mK�
2
µ

2⇡

 
1 �

m
2
µ

m
2
K

!2

. (A.1)

where the coupling

�µ ⌘ 2GF fK mµVus ' 8.7 ⇥ 10�8
, (A.2)

sets the typical size of the kaon decay widths consid-
ered here. Note that �µ has to be proportional to the
muon mass because a chirality flip is required to make
the amplitude non-zero. The kaon width is �K+ =
5.3 ⇥ 10�14 MeV, so BRK!µ⌫ ' 0.63. Below we present
the calculation for the squared matrix elements of

K
+(P ) ! µ

+(k)⌫µ(q)X(`) , (A.3)

where X = V or � is a muonic force carrier considered
in this paper and P, k, q and ` are four vectors. These
results are already present in the extensive literature on
muonic forces (see for example [14]) but we present them
here for completeness.

For either scenario, the partial width for this process
can be written as

�K!µ⌫µX =
1

256⇡3m3
K

Z X
|MX |2dm

2
12dm

2
23 , (A.4)

where the limits of integration are given by (m2
12)min =

m
2
X and (m2

12)max = (mK � mµ)2. For a fixed m12 the
minimum and maximum of m23 are given by

(m2
23)

min
max=(E⇤

2 +E
⇤
3 )2�

✓q
E

⇤2
2 �m

2
X±

q
E

⇤2
3 �m2

µ

◆2
, (A.5)

where we define

E
⇤
2 =

m
2
12 + m

2
X

2m12
, E

⇤
3 =

m
2
K � m

2
12 � m

2
µ

2m12
. (A.6)

In Fig. 4 we plot for completeness the normalized signal
rates for both the vector and the scalar model.

A. Vector Mediator

For the vector model introduced in Sec. II with X = V ,
our process of interest arises from the Feynman diagram
in Fig. 3 and also contains an additional diagram with V

emitted from the ⌫µ. The squared matrix element is

|MV |2 = g
2
V �

2
µ


2 +

(m2
12 + 2m

2
µ � 2m

2
K)

m
2
23 � m2
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�
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2
µ)(m2
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2
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µ)2
+ 2
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2
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2
V m

2
µ

m
2
12(m

2
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�
m

2
V (m2
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2
µ)

m
4
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+
(m2
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2
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2
K)

m
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�
, (A.7)
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FIG. 3. Two representative Feynman diagrams that con-
tribute to rare kaon decays involving a light, invisibly decay-
ing vector from Sec. II (left) and scalar from Sec. III (right).
In the vector case there is another diagram where the vector
radiates o↵ from the neutrino line. This is not shown but it
is included in our result.

FIG. 4. Total branching ratio for K ! µ⌫X where X is
a vector V (red) or a scalar � (black) as a function of the
the mass of X. In the small quadrant we give a zoom of the
relevant region for K ! µ⌫X(2µ).

where k q and l are respectively the µ, ⌫ and V momenta
and we define m12 = (` + q)2 and m23 = (` + k)2. Note
that the full matrix element vanishes for mµ ! 0 due to
chiral symmetry.

B. Scalar Mediator

For the muon-philic scalar introduced in Sec. III, the
squared matrix element is

|M|2 =
�
2
µy

2
�

2m2
µ(m2

23 � m2
µ)2


m

2
K(m2
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2
µ)2
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2
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�
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2
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2
12(m

2
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2
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�
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2
�(m2
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2
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�
, (A.8)
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FIG. 5. Left: Missing invariant mass distribution for K ! µ⌫V decays for di↵erent masses of V (in di↵erent colors) where
m

2
miss is the combined invariant mass of V and ⌫µ in Eq. (10). The missing mass distribution is very similar. In the scalar case

very similar distributions are obtained. The black line correspond to the background distribution extracted from [16]. The
data are binned in squared invariant mass bins of 4 ⇥ 10�3 GeV2. Right: Sensitivity at 2� level of the invisible search for
modification of the missing mass tail from K ! µ⌫V (V ! invisible). The red dashed line shows when the signal is equal to the
background extracted from the 2015 data after applying the missing mass cut. The blue band is the present sensitivity based on
108 kaons collected in 2015; the thickness of the band encompasses di↵erent assumptions about the magnitude of background
systematic uncertainties. The green band shows the future sensitivity based on 1013 kaons with di↵erent systematics. A
background suppression at large missing mass is assumed to account for the GTK installation. The dashed black line is based
on the likelihood analysis described in Sec. IV, here the background uncertainty is assumed to be dominated by statistics.

2. Background systematics for large m
2
miss:

These systematics are di�cult to estimate from the
2015 data in which there is disagreement between
data and Monte Carlo (MC) at large mmiss. A care-
ful experimental e↵ort is required to assess these
uncertainties. Since our goal is to show how much
the sensitivity of NA62 could potentially be im-
proved, we presents results with only statistical er-
rors; these can only be achieved once systematic un-
certainties become subdominant for the full NA62
luminosity: �sys/B < B

�1/2 ⇠ 10�4. In Figs. 1
and 2 we presented future sensitivities assuming
systematics are negligible, but note that exploring
new parameter space in this plane only requires sys-
tematic uncertainties to be below 1%.

A. Invisible analysis

In Fig. 5 left we compare the m
2
miss distribution for

K ! µ⌫X signal events for di↵erent X masses using the
background shape extracted from NA62 public data [16].
The signal here is shown for X = V but the scalar case
is qualitatively similar. Note that the signal reduction
at small m

2
miss is mX dependent, so an optimal mmiss

can be chosen for di↵erent values to maximize sensitiv-
ity. As discussed in Sec. IV A, the background at large
missing mass does not appear to scale as one might ex-
pect if it were dominated by the QED radiative tail from
K ! µ⌫(�) decays. The reason is that other backgrounds

including the halo muon background and K ! 3⇡ be-
come dominant in this regime. We believe that these
backgrounds will be further suppressed in future data
releases for which timing and momentum of the kaon
will be measured upstream with the silicon pixel detec-
tor (GTK), which has already been used for the 2017 run.
To roughly account for this improvement, we rescale the
background above m

2
miss > 0.023 GeV2 by an additional

factor of two.
In Fig. 5 right we show estimated 2� sensitivities for

the vector case computed in a cut-and-count experiment;
similar results are also found for the scalar case. This
simpler analysis is performed here and compared to the
likelihood analysis presented in the main text in order to
quantitatively show the e↵ects of systematic uncertain-
ties on the background.

The 2� sensitivity of an m
2
miss search in single muon

events is computed by evaluating S/
p

B + 2B2 = 2,
where the S is the number signal events, B the number
of background events and  = �sys/B is the systematic
uncertainty on the background. The signal yield is

S =
NK+ A
�K+

Z m2
max

m2
cut

dm
2
miss

d �K+!µ+⌫X

dm
2
miss

, (C.1)

where A ' 0.35 is the the detector acceptance. mcut is
the lower cut on the missing mass, which is optimized for
each value of mX to maximize signal sensitivity, but al-
ways satisfies m

2
cut > 0.05 GeV2; m

2
max = (mK �mµ)2 =

0.15 GeV2 is the maximum kinematically allowed miss-

Probe of muon, neutrino philic DM 
Measure incident kaon, daughter muon
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VI. DECAY CALCULATION

The SM width K ! µ⌫ can be written as

�(K+ ! µ
+
⌫) =

mK�
2
µ

2⇡

 
1 �

m
2
µ

m
2
K

!2

. (A.1)

where the coupling

�µ ⌘ 2GF fK mµVus ' 8.7 ⇥ 10�8
, (A.2)

sets the typical size of the kaon decay widths consid-
ered here. Note that �µ has to be proportional to the
muon mass because a chirality flip is required to make
the amplitude non-zero. The kaon width is �K+ =
5.3 ⇥ 10�14 MeV, so BRK!µ⌫ ' 0.63. Below we present
the calculation for the squared matrix elements of

K
+(P ) ! µ

+(k)⌫µ(q)X(`) , (A.3)

where X = V or � is a muonic force carrier considered
in this paper and P, k, q and ` are four vectors. These
results are already present in the extensive literature on
muonic forces (see for example [14]) but we present them
here for completeness.

For either scenario, the partial width for this process
can be written as

�K!µ⌫µX =
1

256⇡3m3
K

Z X
|MX |2dm

2
12dm

2
23 , (A.4)

where the limits of integration are given by (m2
12)min =

m
2
X and (m2

12)max = (mK � mµ)2. For a fixed m12 the
minimum and maximum of m23 are given by

(m2
23)
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⇤
3 )2�
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⇤2
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2
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where we define

E
⇤
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2
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2m12
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⇤
3 =

m
2
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2
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2
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In Fig. 4 we plot for completeness the normalized signal
rates for both the vector and the scalar model.

A. Vector Mediator

For the vector model introduced in Sec. II with X = V ,
our process of interest arises from the Feynman diagram
in Fig. 3 and also contains an additional diagram with V

emitted from the ⌫µ. The squared matrix element is

|MV |2 = g
2
V �

2
µ
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FIG. 3. Two representative Feynman diagrams that con-
tribute to rare kaon decays involving a light, invisibly decay-
ing vector from Sec. II (left) and scalar from Sec. III (right).
In the vector case there is another diagram where the vector
radiates o↵ from the neutrino line. This is not shown but it
is included in our result.

FIG. 4. Total branching ratio for K ! µ⌫X where X is
a vector V (red) or a scalar � (black) as a function of the
the mass of X. In the small quadrant we give a zoom of the
relevant region for K ! µ⌫X(2µ).

where k q and l are respectively the µ, ⌫ and V momenta
and we define m12 = (` + q)2 and m23 = (` + k)2. Note
that the full matrix element vanishes for mµ ! 0 due to
chiral symmetry.

B. Scalar Mediator

For the muon-philic scalar introduced in Sec. III, the
squared matrix element is

|M|2 =
�
2
µy

2
�

2m2
µ(m2
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µ)2
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2

FIG. 1. Left: Parameter space for an Lµ�L⌧ SM extension from Sec. II. The light green band is the 2� region accommodating
the (g � 2)µ anomaly, while the green vertical region increases �Ne↵ = 0.2 � 0.5, ameliorating the H0 tension [12]. We show
projections for an NA62 search for K+ ! µ

+
⌫µV followed by a prompt invisible V ! ⌫⌫̄ decay (red curve) or a prompt visible

V ! µ
+
µ
� decay (blue curve). Both sensitivities assume the full NA62 luminosity to be recorded by the single muon and

di-muon trigger respectively and systematic errors comparable to the statistical uncertainty (see Sec. IV and the supplementary
material [13] which contains Refs. [14–21] for details). We also show bounds from BABAR 4µ, [22], (g�2)µ, and CHARM-II ⌫
[23, 24]; the dashed curve is the CCFR bound [25]. The dashed Borexino bound [26–28] assumes a the mixing from SM loops.
Right: Same as left, only the V decays to dark matter �, with BR(V ! ��) ' 1; the purple bands yield the observed DM
abundance via freeze out.

could greatly improve the coverage for both scalar and
vector forces, thereby covering nearly all of the (g � 2)µ
favored region for mK � mµ > mX > 2mµ. The irre-
ducible background for this search arises from K ! 3µ⌫

decays which have never been observed before; intrigu-
ingly, we find that NA62 can also measure this process
in existing data.

II. VECTOR FORCES

A. Gauged Lµ � L⌧

A vector V gauging a spontaneously broken Lµ � L⌧

symmetry is a minimal candidate to explain the (g� 2)µ
anomaly. The Lagrangian contains

L � m
2
V

2
VµV

µ + Vµ (gV J
µ
V + ✏eJ

µ
EM) , (1)

where gV is the gauge coupling, mV is the mass, and J
µ
V

is the Lµ � L⌧ current [37]. Loops of taus and muons
induce kinetic mixing with the photon ✏ ' gV /67, which
also couples V to the EM current J

µ
EM in Eq. (1). The

widths for V ! ff̄ are

�V!ff̄ =
↵V mV

3

 
1 +

2m
2
µ

m
2
V

!s

1 �
4m2

µ

m
2
V

, (2)

where f = µ, ⌧ and ↵V ⌘ g
2
V /4⇡, and the width to neu-

trino flavor ⌫f is �V!⌫f ⌫̄f = ↵V mV /6. Decays through

the EM current are suppressed by additional factors of
✏
2
↵/↵V , so we neglect these here. In all of the parameter

space we consider here, V decays promptly within the
65 m decay region of NA62.

Although we require mV & 1 MeV to avoid tension
with cosmology [38], for mV ⇠ few MeV, V ! ⌫⌫̄ decays
after neutrino decoupling increase the e↵ective number of
neutrino species by �Ne↵ ⇠ 0.2� 0.5, which can amelio-
rate the tension in Hubble rate measurements [12]; lighter
masses are disfavored [39, 40].

As shown in Fig. 1 (left), the NA62 K ! µ⌫X reach
with X decaying invisibly could cover a large portion
of the parameter space, far beyond the reach of present
experiments. Conversely the K ! µ⌫X search with
X ! µµ is competitive with BABAR. The detailed study
and the experimental challenges of the invisible and di-
muon analyses are described in Sec. IV A and Sec. IV B
respectively.

B. Adding Lµ � L⌧ Charged Dark Matter

If DM couples to V , V ! DM decays can signifi-
cantly change the V branching fraction above the di-
muon threshold; below this boundary, V always decays
invisibly (either to neutrinos or DM). Here we add a DM
candidate � (mV > 2m�) charged under Lµ � L⌧ and
extend Eq. (1) to include a coupling to the dark current
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal. 7
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 18] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)B�L , U(1)`i�`j , U(1)3B�`i , (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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FIG. 3: 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.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents
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where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active

13

[production]⇥ [detection] / ✏4



4

lium target, and into a cooling air gap (which is inside
the neck of the aluminum horn). After leaving the horn
the protons enter the air-filled decay pipe, and finally
reach the beam dump located 50m downstream of the
target location, as illustrated in Fig. 5. Running in this
mode reduces the number of charged mesons that are
generated in the thin beryllium target.
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p
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50m 4m 487m

FIG. 5. The production of dark matter in o↵-target run-
ning [19].

The charged mesons that are produced in a thin target
will escape and produce decay-in-flight neutrinos, while
within the beam dump, the charged mesons are absorbed
or decay-at-rest within a few radiation lengths, as illus-
trated in Fig. 6. This is in comparison with neutral

Thin
Target

Beam

⇡0
�

⇡0
�

⇡±
⌫

⇡± ⌫

Decay-in-flight due to
short life time

Decay-in-flight after
leaving target

Thick
Target
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⇡0
�

⇡0
�

⇡±
⇡±

Decay-in-flight due to
short life time

Absorbed or decay-
at-rest) reduced neu-
trino flux

FIG. 6. (top) Production of dark matter and neutrino when
the beam hits a thin target. (bottom) The production of dark
matter and suppression of neutrino generation when the beam
hits a thick target.

mesons that will decay-in-flight due to their short life-
times. The neutral mesons could decay into a dark pho-
ton which would then decay into two dark matter par-
ticles, as shown schematically in Fig. 5. The horn was
turned o↵ during this run so no charged particles gen-
erated would be (de)focused. For the rest of this paper,

this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beamline.
The decay pipe and beam dump are buried in crushed

aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another 26
inches of steel in the beam direction. A detailed study of
the neutrino flux coming from the BNB in on-target mode
seen in the MiniBooNE detector using theGEANT4 [32]
simulation package BooNEG4Beam can be found in
Ref. [33]. On-target running consisted of neutrino, and
anti-neutrino modes. The simulations were updated to
study the o↵-target beam configuration and are described
below.

A. Beam O↵-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux �⌫ by less than a percent but are important for the
o↵-target beam configuration. Fig. 7 shows a schematic
of the beamline geometry around the target, pointing out
the materials that were added. An aluminum window at

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the o↵-target simula-
tion. The added materials change the neutrino-mode flux by
less than a percent.

the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two

MiniBooNE  Collaboration arXiv1807.06137  

3

10

Beam

p �!

Target Detector

�i

�

A�
�0, �

�1

�2

A�

�i �j

T T

�1�2

f�

f+A�and/or

Beam

e/p �!

Target/Dump Detector

�i

A�

Z

e/p

e/p

�1

�2

p

Z

�

A�
�0, � �1

�2

A�

�i �j

T T

and/or

�1�2

f�

f+A�

FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal. 7
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 23] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
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of its energy and that there is no additional SM activity downstream.

which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ mZ) new mediators
to generate a sufficiently large annihilation rate [29, 30]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a

renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,
Higgs, or lepton portals

Bµ⌫ , H
†
H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see

4 A fermionic mediator coupled to the lepton portal requires additional

p

Similar in both modes
Continuum production

Uses full beam energy
Important for heavy X

Neutrino Mode vs. Beam Dump Mode

Thickness irrelevant 
if greater than rad. length
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to
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50m 4m 487m

FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).

ar
X

iv
:1

70
2.

02
68

8v
1 

 [h
ep

-e
x]

  9
 F

eb
 2

01
7

1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e � EB

Tagger

e� e�
��̄

Invisible

b)

Scenario B

Tagger
Ei

e = EB

e�

ECAL/HCAL

Target

Tracker

Ef
e � EB

e�
��̄

Invisible

A
� Production in Target

A0

Z

e�

e�

�

�A0

Tagger
Ebeam

e�

ECAL/HCAL

Target

Tracker

Ef
e � Ebeam

e�
��̄

Invisible

�1
�2

�1

A0/� A0/�

n
n

n

�1
�2

�1

A0/� A0/�

n
n

n

3

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

DM Scattering in Detector

e
�

e
�

A
�

� �

np

b)

W

e �e

ee

b)

�

e e

b)

A0

Z

� �

b)

��

Hadrons
e.g. (ep � �+n)

e e

FIG. 3: 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.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents
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µ + ⌫̄µ�
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, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

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

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)µ discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: 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.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents
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where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA
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�
J
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DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents
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where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA
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DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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Can run “parasitically” at existing facilities. Experiments: E137, BDX

See Marco Battaglieri’s talk
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Electron Beam Dumps

New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

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

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)µ discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: 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.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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Positron Beam Dump

�27

MMAPS in Wilson Lab

Dark Photon Search in e+e- Annihilation 6

Sextupole

Extract positron beam from synchrotron (between CESR fills for xray 
program)

- Ebeam = 1.8 -- 5.3 GeV
- Ibeam ~ 2.3 nA at target
- quasi-CW during ~millisecond spills @ 60Hz
- pulse structure:  168ns

Fixed target, calorimeter 10m downstream.

Experimental concept in one slide
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Process of interest:

Hardware:

Data Analysis:

Slide: Jim Alexander
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Overview

Preliminaries

B-Factories (e+e- colliders)

Beam Dump Production

Missing Energy/Momentum 
Observable: beam energy loss + no other SM activity 



1) Measure each e- energy in target
2) Trigger on 50% missing energy
3) Veto additional  SM activity

Only measure electron beam — don’t require DM to scatter
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FIG. 3: 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.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents
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where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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Electron/Muon Missing Energy
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(see Tim Nelson’s talk)
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Gninenko, Krasnikov, Mateev 2003.07257
NA64 Collaboration 1906.00176
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FIG. 3. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal. 7
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FIG. 4. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 15] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [16]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

II. SUB-GEV THERMAL COANNIHILATION

In this section, we describe a class of models of coannihi-
lating DM: DM that couples inelastically to the SM through
a kinetically-mixed dark photon. We detail the early universe
cosmology and freeze out of the model, as well as introduce
a useful parametrization of the parameters of the model in
which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ mZ) new mediators
to generate a sufficiently large annihilation rate [21, 22]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a
renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,

Deliver electron beam to thick (>> X0) ECAL target
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to statistical fluctuations of the signal or muon decays,
(ii) decays in flight of mistakenly SRD tagged ⇡, K
(iii) the energy loss from the e� hadronic interactions
in the beam line due to the insu�cient downstream de-
tector coverage, and (iv) punch-through of leading neu-
tral hadrons (n,K0

L) produced in the e� interactions
in the target. The backgrounds (i) and (ii) were sim-
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FIG. 3: The NA64 90% C.L. exclusion region in the (mA0 , ✏)
plane. Constraints from the E787 and E949 [32, 33], BABAR
[39] and recent NA62 [40] experiments, as well as the muon
↵µ favored area are also shown. For more limits from indirect
searches and planned measurements; see, e.g., Refs. [12–14].

ulated with the full statistics of the data. The back-
ground estimate in the case (iii) was mainly obtained
from data by the extrapolation of events from the side-
band C (EECAL > 50 GeV ;EHCAL < 1 GeV ) shown
in the right panel of Fig. 2 into the signal region and
assessing the systematic errors by varying the fit func-
tions selected as described in Ref. [38]. The shape of the
extrapolation functions was taken from the analysis of a
much larger data sample of events from case (iv), and
cross-checked with simulations of the e� hadronic inter-
actions in the dump. For case (iv), events from the region
A (EECAL < 50 GeV ;EHCAL > 1 GeV ) of Fig. 2, which
are pure neutral hadronic secondaries produced in the
ECAL, were used. The background (iv) was extracted
from the data themselves by using the longitudinal seg-
mentation of HCAL for the conservative punch-through
probability estimate. After determining all the selection
criteria and background levels, we unblind the data. No
event in the signal box was found, as shown in Fig. 2,
allowing us to obtain the mA0 -dependent upper limits on
the mixing strength.

In the final combined statistical analysis, runs I-III
were analysed simultaneously using the multibin limit
setting technique [38] based on the RooStats package [52].
First, the background estimate, e�ciencies, and their cor-
rections and uncertainties were used to optimize the main
cut defining the signal box, by comparing sensitivities,
defined as an average expected limit calculated using the

profile likelihood method. The calculations were done
with uncertainties used as nuisance parameters, assum-
ing their log-normal distributions [53]. For this optimiza-
tion, the most important inputs were the expected values
from the background extrapolation into the signal region
from the data samples of runs I-III with their errors esti-
mated from the variation of the extrapolation functions.
The optimal cut was found to be weakly dependent on
the A0 mass choice and can be safely set to EECAL . 50
GeV for the whole mass range.
The combined 90% confidence level (C.L.) upper limits

for ✏ were determined by using the modified frequentist
approach for confidence levels, taking the profile likeli-
hood as a test statistic in the asymptotic approximation
[54–56]. The total number of expected signal events in
the signal box was the sum of expected events from the
three runs:

NA0 =
3X

i=1

N i
A0 =

3X

i=1

ni
EOT ✏

i
A0ni

A0(✏,mA0 ,�Ee) (3)

where ✏iA0 is the signal e�ciency in run i, and
ni
A0(✏,mA0 ,�EA0) is the signal yield per EOT generated

in the energy range �Ee. Each ith entry in this sum
was calculated with simulations of signal events and pro-
cessing them through the reconstruction program with
the same selection criteria and e�ciency corrections as
for the data sample from run i. The combined 90% C.L.
exclusion limits on the mixing strength as a function of
the A0 mass, calculated by taken into account the ex-
pected backgrounds and estimated systematic errors, can
be seen in Fig. 3. The derived bounds are currently the
best for the mass range 0.001 . mA0 . 0.2 GeV obtained
from direct searches of A0 ! invisible decays [17].
The overall signal e�ciency ✏A0 is slightly mA0 , EA0

dependent and is given by the product of e�ciencies ac-
counting for the geometrical acceptance (0.97), the track
(' 0.83), SRD (& 0.95), VETO ( 0.94) and HCAL (0.94)
signal reconstruction, and the DAQ dead time (0.93).
The signal acceptance loss due to pileup was ' 8% for
high-intensity runs. The VETO and HCAL e�ciency
was defined as a fraction of events below the correspond-
ing zero-energy thresholds. The spectrum of the energy
distributions in these detectors from the leak of the sig-
nal shower energy in the ECAL was simulated for dif-
ferent A0 masses [48] and cross-checked with measure-
ments at the e� beam. The uncertainty in the VETO
and HCAL e�ciency for the signal events, dominated
mostly by the pileup e↵ect from penetrating hadrons in
the high-intensity run III, was estimated to be . 4%.
The trigger e�ciency was found to be 0.95 with a small
uncertainty 2%. The A0 acceptance was evaluated by
taking into account the selection e�ciency for the e�m
shower shape in the ECAL from signal events [48]. The
A0 production cross section in the primary reaction was
obtained with the exact tree-level calculations as de-
scribed in Ref.[49]. An additional uncertainty in the A0

yield ' 10% was conservatively accounted for the di↵er-
ence between the predicted and measured dimuon yield
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Figure 4: The NA64 90% C.L. current (solid) [19] and expected (dotted light blue) exclu-

sion bounds for 5 ⇥ 1012 EOT in the (m�, y) and (m�,↵D) planes. The combined limits

from NA64e and NA64µ are also shown for 1013 EOT plus 2⇥ 1013 MOT (dashed blue).

The black solid curves show the favoured parameters to account for the observed DM

relic density for the scalar, pseudo-Dirac and Majorana type of light thermal DM, see e.g.

Ref. [12]. The limits are calculated for ↵D = 0.1 and 0.5, and mA0 = 3m�. The results are

also shown in comparison with bounds obtained from the results of the LSND [43, 44, 45],

E137 [46], BaBar [47] and MiniBooNE [48] experiments.

6 Conclusions

In this paper we considered the NA64 discovery perspectives of sub-GeV thermal dark

matter by running the experiment in electron and muon modes at the CERN SPS. Re-
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FIG. 3: 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.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A
0
�
J
�

SM
! gV A

0
µ

�
ē�

�
e + ⌫̄e�

�
⌫e � µ̄�

�
µ + ⌫̄µ�

�
⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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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 A� emission

(both on-shell or o�-shell).

� detection
• Detector placed behind the dump, O(10m)
• Neutral-current � scattering trough A� 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 � �D�
4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
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FIG. 10: (Tim: The Keynote file is in the figures directory if more changes are desired.) Flow of
important background processes and their raw rates relative to the number of beam electrons incident on the
target.

FIG. 11: 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 in the
beam.

the recoil tracker, which is unlikely for a falsely reconstructed track. Again, backgrounds from
fakes are expected to be zero.

2. Electrons that do not interact in the target (Mans)

These electrons experience some straggling in the trackers and target, but do not lose appre-
ciable energy. These events feature a hard track through both trackers and typically include a
high-energy (⇡ 4 GeV) shower in the ECAL. Occasionally, such events may have lower energy
in the ECAL due to electronuclear or photonuclear interactions occurring during the shower de-
velopment in ECAL. (Philip: Ok, but won’t the recoil tracker also measure 4 GeV? So the
probability of both the recoil tracker and ECAL getting this wrong should be negligible,
even for 1E16 EOT, right?)
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for the mediator since the DM is always � –gk)

planned suite of electron scattering experiments in the next decade [], this model is an example
of a scenario to which direct-detection experiments are blind but which can be decisively tested
with fixed-target experiments.

We emphasize that Phase 1 is “shovel-ready” and can be completed with minimal modifications
to the Fermilab muon source and with only a few weeks of data taking. A null result would decisively
exclude any new physics explanation of the (g �2)µ anomaly from particles lighter than 1 GeV. Phase
2 is comparable to the CERN SPS proposal, and in this paper we focus specifically on the advantages
of pairing such an experiment with the lower-energy Fermilab muon beam, and the relevance of this
search to the thermal DM parameter space.

This paper is organized as follows. In section 2 we introduce our benchmark model; in section
3 we discuss the characteristics of signal production; in section 4 we describe the basic experimental
setup and relevant background processes; in section 5 we describe the necessary detector and beam
properties; in section 6 we describe our key findings; finally, in section 7 we o↵er some concluding
remarks.

2 Physics Motivation

In this section we present the physics motivation for a muon-specific mediator X. We begin by review-
ing the contributions of vector and scalar particles to (g �2)µ, and then present a concrete benchmark
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Figure 10. Parameter space for predictive thermal DM charged under U(1)Lµ�L⌧ , for DM charges near the

perturbativity limit (left) or smaller such that the (g�2)µ region overlaps with the thermal relic curves (right).

Here the relic abundance arises through direct annihilation to SM particles via s-channel Z0 exchange.The

vertical axis is the product of couplings that sets the relic abundance for a given choice of DM mass and spin

(see Appendix A). Also plotted are constraints from the neutrino trident process from the CCFR experiment

[6, 68] and projected limits from NA64 [11]. Note that there are also bounds onm� = O(MeV) from�Ne↵. that

arise from ��̄ ! ⌫⌫ annihilation during BBN; these bounds di↵er depending on the choice of DM candidate

spin [69, 70] and are not shown here. For the pure Dirac scenario, the annihilation process ��̄ ! µ+µ� is

s-wave, so this process is ruled out by CMB energy injection bounds for m� > mµ [52].

6.2 Phase 2: U(1)Lµ�L⌧ thermal DM sensitivity

Fig. 10 shows the target parameter space for thermal relic DM with a Lµ � L⌧ mediator. The vertical
axis plots the dimensionless variable y = g2

�g2
µ�⌧ (m�/mZ0)4 which controls the DM annihilation rate,

and the black curves represent the unique value of y for each m� which results in the correct DM relic
abundance (see appendix A), for DM a complex scalar, Majorana fermion, or (pseudo)-Dirac fermion
(see Sec. 2.3). The left panel shows the scenario g� = 1 near the perturbativity limit, which corresponds
to the weakest possible bounds on this model, while the right panel shows the case g� = 5 ⇥ 10�2. In
the latter case, there is a region of parameter space compatible with both thermal dark matter and
(g � 2)µ, which can be probed by Phase 1, with the entire viable parameter space for thermal DM
probed by Phase 2.4 Even for the pessimistic case g� = 1, a large portion of the parameter space is
accessible to Phase 2. We emphasize that muon beam experiments like M3 are the only terrestrial
experiments which can probe such a muon-philic model of DM; direct detection signals are absent,
and high-energy collider production cross sections are too small.

Intriguingly, we also find that both Phase 1 and Phase 2 have sensitivity to a class of DM expla-
nations for the ⇠ 3.8� anomaly reported by the EDGES collaboration [72]. It has been shown that
a ⇠ 1% subcomponent of DM with a QED millicharge of order ⇠ 10�3e can cool the SM gas tem-
perature at redshift z ⇠ 20 and thereby account for the magnitude of the observed absorption feature
[73]. However, Ref. [74] pointed out that such a scenario generically requires dark forces to deplete
the millicharge abundance in the early universe to account for the ⇠ 1% fraction needed to resolve

4
See also [71] for other models relating thermal DM to (g � 2)µ.
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a ⇠ 1% subcomponent of DM with a QED millicharge of order ⇠ 10�3e can cool the SM gas tem-
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Figure 2. Z 0 induced scattering and decay processes that can delay ⌫µ and ⌫⌧ decoupling.

where x = mZ0/T , H ⌘ ȧ/a is the Hubble expansion rate, a is the scale factor in an FLRW metric,
�Z0 is the rest frame width, K1,2 are Bessel functions of the first and second kind, and an (eq) label
denotes an equilibrium quantity – for a derivation and discussion, see Appendix A. Although there
are many other processes that can a↵ect nZ0 in the early universe, but since we are interested in the
weakly (or even feebly) coupled regime gµ�⌧ ⌧ 1, it su�ces to consider only decays and inverse decays
in the collision term.

We are interested in the e↵ect of Z 0 decays on the total radiation density at the surface of last
scattering, which can be written in terms of Ne↵ , the e↵ective number of neutrino species

⇢R = ⇢� + ⇢⌫ =

"

1 +
7

8

✓
4

11

◆4/3

Ne↵

#

⇢� , (3.2)

where ⇢� is the photon energy density, the factor of 7/8 accounts for the fact that neutrinos are
fermions, and the (4/11)1/3 = T⌫/T� in the SM. Note that the SM prediction for N

SM
e↵ = 3.046 is

slightly larger than 3 because of the small amount of entropy transferred to the neutrinos during e
+
e
�

annihilation [12, 13]. We categorize our study into four qualitatively distinct regimes whose impact
on �Ne↵ has distinct parametric dependence on model parameters.

3.1 Equilibrium Regime (Negligible Kinetic Mixing)

If gµ�⌧ is su�ciently large, the inverse decay process satisfies h�Z0i � H before neutrino-photon
decoupling and the Z

0 population is in equilibrium with SM particles at early times. In this scenario,
the Z

0 population always satisfies nZ0 = n
(eq)
Z0 where

n
(eq)
Z0 =

Z 1

0

d
3
~p

(2⇡)3
gZ0

eE/T � 1
, (3.3)

is the equilibrium number density and gZ0 = 3 is the number of spin states. Since the coupling is
su�ciently large, the (inverse)decays occur rapidly in equilibrium and their entropy is transferred to
other species once the population becomes nonrelativistic and inverse decays become kinematically
forbidden. We can write the e↵ective neutrino species as

Ne↵ =
8

7

✓
11

4

◆4/3
⇢⌫

⇢�

�����
T=Tcmb

, (3.4)
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Also see 2019: DOE Basic Research Needs Report 
https://science.energy.gov/~/media/hep/pdf/Reports/201809_HEP-PI-BRN-Dark-Matter_New_Initiatives.pdf
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• Test nearly all predictive DM models (density set by SM coupling)

• Calculable, controllable  no astro uncertainties
• Replicates kinematics of hot early universe
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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

1 10 100 1000 10000
m�[GeV]

10�27

10�26

10�25

10�24

10�23

f e
�

��
v
�[

cm
3
s�

1
]

Thermal relic

Planck TT,TE,EE+lowP
WMAP9
CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
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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entropy, which must be reduced or transferred to visible particles to avoid overproducing dark matter. Blue
checkmarks highlight branches for which we include representative models in this paper, as these often
involve invisible or visible decays of light mediators. The abbreviations DM, DS, and SM are shorthand for
dark matter, dark sector, and Standard Model particles, respectively. The red arrows indicate time flow for
DM/DS processes in the early universe.

where MPl ⇠ 10
18 GeV is the Planck mass. Once equilibrated, DM number and entropy densities

at early times are determined by the photon plasma temperature, nDM / sDM / T 3. Thus, unless
the forces mediating dark-visible interactions are extremely feeble – much weaker than the SM
electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
natural outcome of demanding that these scenarios are testable in the laboratory. This fact has
several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
epochs (e.g. inflation, baryogenesis).

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late
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