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Predictive Thermal Dark Matter (<GeV)



Overview

2) What’s different about light thermal DM (< GeV)?

3) How can we test all predictive models?

1) What’s great about thermal DM?
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Feeble coupling to SM
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Freeze In

Initial conditions
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Primordial Black Holes

Axion/ALP

How was it populated?

Rarely predictive Very hard to test

SuperWIMP……

[few known examples]

Was DM ever in equilibrium with SM?
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Where did its density go?

Was DM ever in equilibrium with SM?
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Was DM ever in equilibrium with SM?
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Was DM ever in equilibrium with SM?

SM Particles
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Was DM ever in thermal equilibrium with the SM?
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FIG. 2: The landscape of dark matter models, organized according to underlying principles and elementary
questions. Early universe thermodynamics offers an especially simple way of understanding the important
ways in which models are different, and how they relate to high-level questions about the origin of dark
matter. If dark and visible matter are equilibrated in the early universe, dark matter has a large (⇠ T 3)
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 ⇠ 1018 GeV is the Planck mass. Once equilibrated, DM number and entropy densities
at early times are determined by the photon plasma temperature, nDM / s

DM

/ 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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Visibly decaying dark state (DS)
Hard to test mechanism

WIMPs & Light DM
Predictive Testable Origin
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Nearly all testable models feature equilibrium at early times

Q: What’s so great about equilibrium?
A: Generic and easy to achieve



Griest et. al. 1992

freeze out

Q: What’s so great about equilibrium?
A: Minimum annihilation rate

Observed density requires
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in all equilibrium scenarios

�v > 2⇥ 10�26cm3/s

However, minimum target 

… asymmetric DM
… coannihilating DM



Thermal Equilibrium
Advantage #2:  Insensitive to high scales 

Only other UV insensitive mechanism is “freeze-in”

- DM produced through tiny couplings, very hard to test 

Q: What’s so great about equilibrium?
A: Insensitive to unknown high energy physics

- Ad hoc initial condition n�(0) = 0

Initial condition known

Mass & couplings set abundance

Calculable and independent of inflation, reheating, baryogengesis etc.

A discovery would directly probe early universe cosmology



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

This talk
"When the facts change, I change my mind.
What do you do?”

- John Maynard Keynes

Q: What’s so great about equilibrium?
A: Narrows Viable Mass Range (!)



Overview

2) What’s different about light thermal DM (< GeV)?

3) How can we test all predictive models?

1) What’s great about thermal DM?



 Light DM vs. WIMPs 
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Overproduced without comparably light, neutral “mediators”

LDM must be SM neutral 
Otherwise would have been discovered at LEP

LDM requires light new forces

�v ⇠
↵2m2

�

m4
Z

⇠ 10�29cm3s�1
⇣ m�

GeV

⌘2

Lee/Weinberg ‘79

Light mediators are not optional; they’re essential 

Annihilation through renormalizable interactions
Higher dimension operators have same problem as electroweak mediators



Secluded Annihilation Direct Annihilation
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Who’s Heavier: DM or Mediator?
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What Kind of Mediator?

F 0
µ⌫F

µ⌫

VµJ
µ
SM

 Dark photon A’  mixes with SM photon

Couples to EM current

Vector V directly couples to DM & SM

�H†H Scalar       mixes with Higgs after EWSB�
Couples to SM masses

Vector models all similar, but also couple to neutrinos

Couples to different current

B � L , Li � Lj , B � 3Li

✏

✏
Jµ

SM

✏

✏A0
µJ

µ
EM

✏�
mf

v
f̄f

Neutrality and Renormalizability require “portal” interactions

Anomaly free options



3

E787/E949
K+→ π+ϕ

BaBar B+→ K+ϕ

B+→ K+χχ

sin θ = 1

LHC Γ(h→ χχ)

Reli
c De

nsity

sin θ = 1

CRESST II
LUX &
Super-
CDMS

NEWS

Super-CDMS
SNOLABNA62

K+→ π+ϕ

N
ef
fm
od
el
de
p.

K+→ π+χχ

LZ

10-3 10-2 10-1 1 10
10-24
10-23
10-22
10-21
10-20
10-19
10-18
10-17
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9

mχ [GeV]

κ e
=
(g

χg
e)
2 (
m

χ
/m

ϕ
)4

Invisibly Decaying Scalar Mediator, Dirac DM, gχ = 1, mϕ = 3 mχ

Invisibly Decaying Scalar Mediator, Dirac DM, gχ = 0.1, mϕ = 3 mχ

FIG. 2. Experimental constraints on Dirac fermion DM that annihilates through a light, Higgs-mixed mediator. We normalize the vertical axis
using the e-� coupling, ge introduced in the text because this coupling always contributes to the annihiation over the mass range considered
here– see discussion in Section II. Top Left: Parameter space for m� < m� compared against the relic density contour computed assuming
m� = 3m� (solid black curve). The curve bifurcates near m� ⇠ m⇡ where there is disagreement in the literature about light Higgs couplings
to hadronic states (see text). Like the relic density contour, the direct detection constraints are also invariant under different assumptions about
the mass ratio and DM-mediator coupling since the SM-DM scattering cross section is proportional to the e variable plotted on the vertical
axis. However, for meson decay and collider constraints, which only constrain the mediator-Higgs mixing, we adopt the conservative values
g� = 1 and m�/m� = 1/3 for building (g�ge)

2(m�/m�)
4 for comparison with the solid black relic curve; choosing smaller values of

either quantity makes these constraints stronger – except in the resonant annihilation region. Top Right: Same as left, but in the resonant
annihilation region m� ⇡ 2m�, which is the only regime in which the relic density curve moves appreciably. This plot also adopts the extreme
value g� = 2⇡ near the perturbativity limit, and reveals the maximum amount of viable parameter space for this scenario. As on the top-left
plot, direct detection constraints and projections remain invariant, but the meson and collider bounds shift slightly as they are now computed
for m�/m� = 1/2.2 instead. Bottom Right: Same as top-left, but with m� = 10m�. Bottom Left: Same as top-left, but with the reduced
coupling g� = 0.1.

which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠> ⇤QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡+⇡�). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-

Higgs Portal Direct-Annihilation Ruled Out! 
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Conclusion independent of DM candidate 
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FIG. 3. Leading short distance contribution to B+ ! K+�� and
K+ ! ⇡+�̄� decay due to scalar mediated interactions. For m� <
mB � mK , this decay can also proceed via B+ ! K+� Similar
diagrams yield for � mediated contributions to fully SM final states
(e.g. B+ ! K+µ+µ�).

mechanism pp ! jets + (h ! ��). A recent ATLAS mea-
surement has extracted a limit of Br(h ! invisible) < 0.3
[38]. which for our scenario implies

g2
� sin

2✓ ⇠< 4⇥ 10

�5 , (11)

or in terms of the variable plotted in top left panel of Fig. 2,
e ⇠< 7⇥ 10

�18, where the mass ratio is conservatively taken
to be m�/m� = 1/3; heavier mediators make this constraint
more severe, so this choice reveals the available gaps subject
to the condition that the mediator decays invisibly and that
�� ! ff annihilation is off resonance.

In addition to the mixing, the mixed � � h quartic interac-
tion may also contribute to exotic Higgs decays via h ! ��
[39]. If � decays invisibly to DM, this process contributes
to the Higgs invisible width, and if � decays visibly the pro-
cess can induce an array of SM final states, which reconstruct
the Higgs invariant mass and yield nested internal resonances.
However, the bounds and prospects for both scenarios depend
exclusively on the size of the quartic which does not affect the
DM thermal history or the bounds presented in this paper, so a
proper treatment of this possibility is beyond the scope of the
present work.

We also note that there are additional constraints on the
mixing angle sin ✓ from rare h ! �� decays. However, the
branching ratio for this process depends on a different dia-
grams which are sensitive to the mixing angle, mixed h2�2

quartic coupling, and the �3 cubic coupling, so the precise
bound arising from this process is model dependent and can-
not be presented in Fig. 2 without additional assumptions
about these other parameters.

IV. INVISIBLY DECAYING MEDIATOR (m� > 2m�)

Rare Meson Decays If � decays invisibly, this scenario in-
duces rare meson decays B+ ! K+� and is constrained by
limits on the B+ ! K+⌫⌫̄ branching fraction. The loop

level process arises from the effective Higgs mixing interac-
tion [20, 22]

LFCNC � (Csbs̄LbR + Csds̄LdR)� , (12)

where Csb,sd are effective coefficients that induce flavor
changing processes.

B-Meson Decays For B-mesons, The effective coefficient of
interest is

Csb =
3g2

Wmbm
2
tV

⇤
tsVtb sin ✓

64⇡2m2
W v

= 6.4⇥ 10

�6
sin ✓ , (13)

and this interaction has the partial width [40]

�B!K�=
|Csb|2f0(m�)

2

16⇡m3
B+

✓
m2

B+ �m2
K

mb �ms

◆2

⇠(mB ,mK ,m�), (14)

⇠(a, b, c) =
p
(a2 � b2 � c2

)

2 � 4b2c2 , (15)

where the scalar form factor can be parametrized f0(q) =

0.33(1 � q2/38GeV2
)

�1 [41]. The total B-meson width is
�B+

= 4.1⇥ 10

�13 GeV [42], so the branching ratio has the
approximate scaling

Br(B+ !K+�) ⇠ |Csb|2f0(m�)
2

16⇡

m3
B+

m2
b�B+

⇡ 1.5 sin

2✓, (16)

which, for our conservative benchmark inputs g� = 1 and
m� = 3m�, the BaBar limit Br(B+ !K+⌫⌫̄) < 1.6⇥10

�5

[43] requires

e = (g�ge)
2

✓
m�

m�

◆4

⇠< 5.6⇥ 10

�19 . (17)

The exact bound for this DM/mediator mass ratio shown in
Fig. 2 (left) is computed from Eq. (14) using the efficien-
cies used in [43] is slightly stronger because the two-body
B+ ! K+� process has greater kinematic acceptance rela-
tive to B+ ! K+⌫⌫̄.

Kaon Decays An invisibly decaying light scalar can also
yield K ! ⇡� decays for which the partial width is

�K+!⇡+� =

|Cds|2
16⇡m3

K

✓
m2

K+�m2
⇡+

ms�md

◆2

⇠(mK ,m⇡,m�), (18)

Unlike in Eq. (14), the analogous scalar form factor is close to
unity [44] and can be neglected. The effective FCNC coeffi-
cient from Eq. (12) is

Csd =

3g2
Wmsm

2
tV

⇤
tsVtd sin ✓

64⇡2m2
W v

= 1.2⇥ 10

�9
sin ✓ , (19)

The total Kaon width is �K+
= 5.3 ⇥ 10

�17 GeV, so the
branching ratio is approximately

Br(K+ ! ⇡+�) ⇠ |Csd|2
16⇡

m3
K+

m2
s�K+

⇡ 6.7⇥ 10

�3
sin

2✓ , (20)

This final state contributes to the E797 and E949 measure-
ments of Br(K+ ! ⇡+⌫⌫̄) = (1.73+1.15

�1.05)⇥ 10

�10 [45]). To

✏

✏

✏

Similar situation for pseudo-scalar mediator etc.
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Planck Collaboration: Cosmological parameters
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WMAP9

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
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f e
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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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Classify DM by Annihilation During  CMB Era
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Asymmetric variants, …

How was it produced?

initial  
conditions

QCD axion,  
ALP,  

WIMPZILLA,  
late decays, 

primordial BH, …

ultra-weak  
contact with   

a thermal bath

freeze-in, 
sterile-neutrino, 
superWIMP, …

*UV insensitive

*economical 
*predictive

indirectly

✓

✓

DM
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SM

SM

➤

➤

➤

➤

or variants  
(co-annihilation,  

semi-annihilation, …)

yes
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Secluded, SIMP, ELDER,  
Asymmetric variants, …

✓
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➤

➤

➤ + ➤

➤

➤

DM

DS

DS

DS

SM

SM

or variants  
(3 → 2, …)

✓ = missing momentum/visible decay

FIG. 2: The landscape of dark matter models, organized according to underlying principles and elementary
questions. Early universe thermodynamics offers an especially simple way of understanding the important
ways in which models are different, and how they relate to high-level questions about the origin of dark
matter. If dark and visible matter are equilibrated in the early universe, dark matter has a large (⇠ T 3)
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 ⇠ 1018 GeV is the Planck mass. Once equilibrated, DM number and entropy densities
at early times are determined by the photon plasma temperature, nDM / s

DM

/ 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

Rare out-of-equilibrium annihilation ionizes H (z=1100)
CMB photons pass through more ions (modifies peaks)

Rules out s-wave relic cross section for  DM < 10 GeV

Planck Collaboration 1502.01589



P-wave annihilation Different DM population @ CMB
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Overview

2) What’s different about light thermal DM (< GeV)?

3) How can we test all predictive models?

- Beam Dumps [DM production + detection]

-Missing Energy/Momentum [DM production only]

1) What’s great about thermal DM?

Accelerator Searches
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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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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.
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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 A0 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 A0 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

A0

�J�
SM ! gV A0

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 A0 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 gDA0

�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.A. Aguilar-Arevalo,1 M. Backfish,2 A. Bashyal,3 B. Batell,4 B.C. Brown,2 R. Carr,5 A. Chatterjee,3

R.L. Cooper,6, 7 P. deNiverville,8 R. Dharmapalan,9 Z. Djurcic,9 R. Ford,2 F.G. Garcia,2 G.T. Garvey,10

J. Grange,9, 11 J.A. Green,10 W. Huelsnitz,10 I.L. de Icaza Astiz,1 G. Karagiorgi,5 T. Katori,12 W. Ketchum,10

T. Kobilarcik,2 Q. Liu,10 W.C. Louis,10 W. Marsh,2 C.D. Moore,2 G.B. Mills,10 J. Mirabal,10 P. Nienaber,13

Z. Pavlovic,10 D. Perevalov,2 H. Ray,11 B.P. Roe,14 M.H. Shaevitz,5 S. Shahsavarani,3 I. Stancu,15

R. Tayloe,6 C. Taylor,10 R.T. Thornton,6 R. Van de Water,10 W. Wester,2 D.H. White,10 and J. Yu3

1Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Mexico City 04510, Mexico
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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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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 A0 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 A0 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

A0

�J�
SM ! gV A0

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 A0 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 gDA0

�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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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
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Air

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. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o� diagonally to
�h,� pairs. b) Inelastic up scattering of the lighter �� into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via �h � ��e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-
lisions. An on-shell A0 is radiated and decays o� diagonally 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 limiting.

Figure 5: Top: Same as Fig. 2, but for an inelastic Majorana DM scenario in which
the A0 decays to a pair of di↵erent mass eigenstates. The unstable �

2

decays in flight,
so the flux at the detector is dominated by �

1

states which upscatter o↵ electron,
nucleon, and nuclear targets (bottom) to regenerate the �

2

state. Subsequently, the
�
2

promptly de-excites in a 3-body �
2

! �
1

e+e� process, depositing significant ⇠
GeV scale electromagnetic signal inside the BDX detector.

discrepant value of (g � 2) of the muon, in particular the mA0 � m� and ↵D � ✏
regime.

In the following we describe the various searches and comment on their sensitivity.
The paradigm of DM interactions with the SM o↵ers three broad possibilities to search
for it: accelerators, direct, and indirect detection. The first relies on production of
DM, either directly, or through the production and decay of a mediator such as the
A0. The second approach seeks to directly detect the interaction of DM particles from
the halo, as they pass through the earth. In the third, DM annihilation in the early
Universe could a↵ect cosmological observations; or alternatively, in the present day,
DM could annihilate in dense regions such as the center of our galaxy — giving rise
to final state SM particles that one can look for. We briefly discuss previous, current,
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Proton Fixed Target: SeaQuest @ Fermilab
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Figure 1. Layout of the SeaQuest spectrometer in its current form (adapted from Ref. [16]).

II. THE SEAQUEST EXPERIMENT

The SeaQuest spectrometer is currently operating at
Fermilab with access to the 120 GeV main injector proton
beam [17]. It is designed to study the sea quark content
of the proton by measuring Drell-Yan dimuon production
from the collision of protons with various nuclear and
polarized targets. Recently, the experiment has seen the
installation of a displaced vertex trigger [18–20], allowing
the detection of muons originating from the decays of
exotic long-lived and low-mass particles.

A schematic layout of the SeaQuest detector is shown
in Fig. 1. The detector extends up to ⇠ 25 m in length
and is comprised of a series of tracking/triggering and
muon-identification stations. A 5 m long magnetized iron
block (“FMAG”) is placed . 1 m downstream from a
thin nuclear target.1 This serves as a focusing magnet
and a beam dump for the relatively unattenuated pro-
ton beam. Its magnetic field imparts a kick of �p

T

'
2.9 GeV and e↵ectively sweeps away soft SM radiation,
aside from, e.g., high-energy neutrinos, muons, and neu-
tral mesons. An additional 3 m long open-aperture mag-
net (“KMAG”) is placed between the first two track-
ing stations and imparts a transverse momentum kick
of �p

T

' 0.4 GeV in order to facilitate accurate mo-
mentum reconstruction.

SeaQuest o↵ers a unique combination of advantages
compared to previous and existing high-intensity experi-
ments. For instance, compared to electron beam dumps,
SeaQuest benefits from large particle production rates.
Compared to previous proton beam dumps, SeaQuest
operates at a higher energy than LSND [21] (⇠ 120 GeV
vs. ⇠ 0.8 GeV) and is sensitive to shorter decay lengths
than CHARM [22] (⇠ 1 m vs. ⇠ 100 m). Other high-
intensity proton beam experiments are expected to ac-
quire data in the near and more distant future. For in-
stance, NA62 [15] and the proposed SHiP experiment at

1

A 25 cm hole along the beam line is drilled into the front of

FMAG, in order to spatially separate events originating from

the nuclear target and the dump, without increasing single muon

rates from the decay of charged pions in flight.

CERN [13] will have access to the 400 GeV SPS beam.
However, these instruments will have a longer decay vol-
ume, thicker shielding, and a complementary sensitivity
to longer lifetimes (see Table I below). As we explore in
this work, SeaQuest can potentially probe large regions of
motivated and currently unexplored model space in the
near future with minor upgrades to the existing spec-
trometer.

A parasitic run at SeaQuest using the displaced vertex
trigger recently acquired ⇠ 3 ⇥ 1016 protons on target
(POT) of data in the search for long-lived particles [23].
The signal is a muon pair that is significantly displaced
from the front of FMAG. An additional run utilizing the
displaced muon trigger is expected to begin at the end
of 2018 and will acquire ⇠ 1.44⇥ 1018 POT in two years
of parasitic data taking, equivalent to ⇠ 35 ab�1 of in-
tegrated luminosity [24]. We will denote this luminosity
phase as “Phase I.” As another benchmark luminosity, we
also outline the SeaQuest reach with 1020 POT (“Phase
II”), a dataset similar to that of MiniBooNE [25] and
the proposed SHiP experiment, which could be collected
in the coming years as a result of the Fermilab Proton
Improvement Plan [26].

At SeaQuest, there are plans to install a refurbished
electromagnetic calorimeter (ECAL) from the PHENIX
detector at Brookhaven National Laboratory within the
next year [18, 19, 23]. This upgrade would allow
SeaQuest to measure energetic electrons, enlarging the
discovery potential for long-lived particles below the
dimuon threshold. In this study, we discuss the physics
goals that could be achieved after the proposed ECAL
upgrade. The optimal location for the calorimeter within
the spectrometer is uncertain, as is the specific form of
the displaced electron trigger. For concreteness, we as-
sume that the ECAL is installed between tracking sta-
tions 3 and 4, i.e., in place of the hadron absorber wall,
as shown in Fig. 1. In this case, tracking in station 4 can
be utilized for additional particle identification by func-
tioning as a muon veto. As noted in Ref. [16], it might
be necessary to add an additional small magnet after
FMAG in order to properly separate electron pairs. In
the remainder of this work, we assume that the electrons
are adequately separated and that SeaQuest’s vertexing
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are shown as vertical gray dotted lines. For Nf = odd flavors of light HS quarks, light dot-dashed gray contours denote regions
excluded by measurements of the CMB.
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(0.5). Along the black contour, the abundance of �
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matches the observed dark matter energy density. The shaded regions
are excluded by LEP [61, 62], BaBar [63, 64], dark matter scattering at LSND [37, 65], E137 [66, 67], and MiniBooNE [25],
and visible signals of decays at E137 [67] and LSND [21]. For visible decay signals at E137, the dotted (dashed) gray contours
correspond to an energy deposition threshold of 1 GeV (2 GeV). The colored lines correspond to the projected reach of Belle-II
(orange) [1, 2, 68], LDMX (green) [69], and SeaQuest (purple), as described in the text. The projected reach of SeaQuest is
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5 m� 12 m, respectively. We also show the Phase II reach for the 5 m� 6 m decay region, assuming that the electrons do not
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Beam-dumps (scattering): As discussed in Sec. IV,
dark photons can be directly produced at proton beam
dump experiments. Similar processes can lead to a siz-
able flux of dark photons at electron beam experiments
as well. If the A0 decays to long-lived DM states, a colli-
mated DM beam can be produced at existing low-energy
beam dumps. This energetic beam of DM particles can
then be observed if it relativistically scatters (through A0

exchange) with electrons or nucleons in a detector placed
downstream of the target. Strong constraints on light
DM have been obtained from measurements performed
at LSND [37, 65], E137 [66, 67], and MiniBooNE [25].
In recasting these searches, we have simply rescaled the
published bounds by the appropriate choice of ↵

D

.
Beam-dumps (decay): Beam dumps are also sensi-

tive to the visible decays of the excited state. If �2 is suf-
ficiently long-lived (see Fig. 7), dark photon production
followed by A0 ! �1�2 ! �1�1`

+`� leads to displaced
leptons that can deposit observable energy into detectors
at existing experiments.

The 800 MeV proton beam at the Liquid Scintillator
Neutrino Detector (LSND) at Los Alamos produced ⇠
O(1022) neutral pions after running from 1993-1998 [21].
From this large collection of pions, a huge number of
dark photons may have been produced via ⇡0 ! �A0 for
m

A

0 . 100 MeV. An o↵-axis scintillator detector was
placed ⇠ 30 m downstream of the water-copper target,

with sensitivity to energy depositions below ⇠ 100 MeV,
which could arise from the visible products of �2 decays.
In estimating the rate of these events and extracting a
constraint, we closely follow the analysis in Refs. [71] and
[53], utilizing the GEANT pion simulation from Ref. [72]
and manually decaying these pions to on-shell A0 final
states as described in Sec. IV. In recasting these limits,
we find good agreement with the results of Ref. [53].
The E137 experiment at SLAC [67] was designed to

look for displaced visible decays of light axions, produced
from a 20 GeV electron beam impinging on a water-
aluminum target. The experiment acquired an impres-
sive amount of data, corresponding to roughly 30 C of
current, equivalent to ⇠ 1020 electrons on target (EOT)
and an e↵ective integrated luminosity of ⇠ 100 ab�1. A
⇠ 1 m3 ECAL was placed ⇠ 400 m downstream of the
aluminum target with 179 m and 204 m composed of nat-
ural shielding (in the form of a dirt hill) and an open-air
decay region, respectively. Timing and geometric cuts ef-
fectively suppressed contributions from cosmic rays and
sky shine, resulting in a background-free search.
At this experiment, dark photons may have been pro-

duced through electron Bremsstrahlung. If the �2 from
the dark photon decay is su�ciently long-lived, it can tra-
verse the dirt hill before decaying to electrons in the open
decay region. We have simulated this process through
a modified version of MadGraph5 [42] after implement-
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FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o� diagonally to
�h,� pairs. b) Inelastic up scattering of the lighter �� into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via �h � ��e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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lisions. An on-shell A0 is radiated and decays o� diagonally to
�h,� pairs. b) Inelastic up scattering of the lighter �� into the
heavier state via A0 exchange inside the detector. For order-
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+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 limiting.

Figure 5: Top: Same as Fig. 2, but for an inelastic Majorana DM scenario in which
the A0 decays to a pair of di↵erent mass eigenstates. The unstable �

2

decays in flight,
so the flux at the detector is dominated by �

1

states which upscatter o↵ electron,
nucleon, and nuclear targets (bottom) to regenerate the �

2

state. Subsequently, the
�
2

promptly de-excites in a 3-body �
2

! �
1

e+e� process, depositing significant ⇠
GeV scale electromagnetic signal inside the BDX detector.

discrepant value of (g � 2) of the muon, in particular the mA0 � m� and ↵D � ✏
regime.

In the following we describe the various searches and comment on their sensitivity.
The paradigm of DM interactions with the SM o↵ers three broad possibilities to search
for it: accelerators, direct, and indirect detection. The first relies on production of
DM, either directly, or through the production and decay of a mediator such as the
A0. The second approach seeks to directly detect the interaction of DM particles from
the halo, as they pass through the earth. In the third, DM annihilation in the early
Universe could a↵ect cosmological observations; or alternatively, in the present day,
DM could annihilate in dense regions such as the center of our galaxy — giving rise
to final state SM particles that one can look for. We briefly discuss previous, current,
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Electron Beam Dump Strategy: BDX @ JLab

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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est, the incoming � resolves the nuclear substructure, so the
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Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A0 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 A0 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

A0

�J�
SM ! gV A0

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 A0 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 gDA0

�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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Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.
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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 limiting.

Figure 5: Top: Same as Fig. 2, but for an inelastic Majorana DM scenario in which
the A0 decays to a pair of di↵erent mass eigenstates. The unstable �

2

decays in flight,
so the flux at the detector is dominated by �

1

states which upscatter o↵ electron,
nucleon, and nuclear targets (bottom) to regenerate the �

2

state. Subsequently, the
�
2

promptly de-excites in a 3-body �
2

! �
1

e+e� process, depositing significant ⇠
GeV scale electromagnetic signal inside the BDX detector.

discrepant value of (g � 2) of the muon, in particular the mA0 � m� and ↵D � ✏
regime.

In the following we describe the various searches and comment on their sensitivity.
The paradigm of DM interactions with the SM o↵ers three broad possibilities to search
for it: accelerators, direct, and indirect detection. The first relies on production of
DM, either directly, or through the production and decay of a mediator such as the
A0. The second approach seeks to directly detect the interaction of DM particles from
the halo, as they pass through the earth. In the third, DM annihilation in the early
Universe could a↵ect cosmological observations; or alternatively, in the present day,
DM could annihilate in dense regions such as the center of our galaxy — giving rise
to final state SM particles that one can look for. We briefly discuss previous, current,
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Figure 2: Plot of BDX yield projections for inelastic DM scattering �1e� ! �2e� and decay �2 ! �1e+e�

signatures (red dashed) for 1022 electrons on target mediated by leptophilic gauged Le �Lµ (top row) and Le �L⌧

(bottom row) mediators. Note that for the mass splittings considered here, direct detection scattering is forbidden
on kinematic grounds as the �1 cannot upscatter to �2 in non-relativistic collisoins with SM targets. Two di↵erent
mass splittings are shown: 10% (left column) and 20% (right column). In all four plots, the blue curve represents
the parameter space for which �1�2 ! f̄f coannihilation yields the observed relic density and f is a fermion from
Eq. (4) or (5). The plots here are based on the analysis in [?], but computed specifically for this report with the
mediators described in the text.

1.4 Dark Matter Candidates

1.4.1 Scalar Dark Matter (Elastic Scattering)

If DM interacts elastically with the SM, we can write down benchmark models for which the dark current couples
to the mediators in Eqs. (2) or Eq. (3) as

Jµ
DM = i(�⇤@µ�� �@µ�

⇤) , (Scalar DM) (7)

where the thermal target is shown in Fig. 3 alongside various bounds and BDX reach projections for the leptophilic
mediators introduced in Sec.1.2. Note that the scalar target requires larger couplings than the pseudo-Dirac fermion
target because �v / v2 is p-wave, so there is a mild velocity suppression of the annihilation cross section during
freeze-out, which must be compensated with slightly larger couplings. This model is safe from CMB bounds on DM
annihilation during recombination because the p-wave cross section is significantly smaller at later times.
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But still double taxation for beam dumps. How do we improve?



Overview

2) What’s different about light thermal DM (< GeV)?

3) How can we test all predictive models?

- Beam Dumps [DM production + detection]

-Missing Energy/Momentum [DM production only]

1) What’s great about thermal DM?

Accelerator Searches



� ⇥

A
0 !

6E

Izaguirre, GK, Schuster, Toro 1307.6554
Essig, Mardon, Papucci, Volansky Zhong 1309.5084

6

0 2 4 6 8 10
10-5

10-4

10-3

10-2

mA' @GeVD

g e

On-shell Light Mediator, 2mc<mA'< s or mA'<2me

Belle II
Converted

Mono-photon
HaL

HbL
Standard

Mono-photon
Low-Energy
Mono-photon

BaBar
LEP

Vector ê Pseudo-Vector
Scalar ê Pseudo-Scalar
Improved Vector ê Pseudo-Vector

FIG. 5: Upper bounds on the coupling of electrons to a me-
diator decaying invisibly to dark-sector states (region (b) of
Fig. 2). The solid black line / blue shaded region shows the
bound from BABAR data (this work), for a vector or pseudo-
vector mediator. The dotted line shows the bound for a scalar
or pseudo-scalar mediator. The black dashed line shows the
projected upper limit from an “improved BABAR” analysis
for a vector or pseudo-vector mediator, where the �/� back-
ground has been reduced by a factor of 10. The projected
reaches of four possible searches for a vector mediator at Belle
II are shown by the solid blue lines: a converted mono-photon
search (dashed, labelled (a) and (b), which respectively as-
sume no (a factor of 10) improvement in the �/� background
rejection over the “improved BABAR” projection), a standard
mono-photon search (solid), and a low-energy mono-photon
search (dot-dashed) (see Sec. VI). The gray shaded region is
excluded by LEP [5]. Additional limits relevant for sub-GeV
mediators are shown in Fig. 7. See text for more details.

in our analysis, since our signal would also appear in
the o↵-resonance sample. The search becomes there-
fore background-limited for mA0 <⇠ 1 GeV in the current
BABAR data. However, an improved background esti-
mate may be possible. We therefore show a projection
for an “improved BABAR” limit, assuming that the �

/

�

background can be reduced by a factor of 10. For this
case, we fit smooth curves to the current BABAR data to
show the expected limit. At Belle II, additional improve-
ments in both background rejection and resolution may
decrease the value of mA0 at which the search becomes
background-limited to a few hundred MeV, see Sec. VI.

We convert the limits on N

signal

into limits on ge using
simulation, accounting for the cut e�ciency as described
above. The limits are shown in Fig. 5, along with pro-
jections for Belle II and limits from LEP (see Secs. VI
and VA). In Figs. 7 and 10 we show our limits in the "

versus mA0 plane for the special case of an invisibly de-
caying hidden photon. The bounds and projected reach
of various other experiments are also shown, and are dis-
cussed further in Sec. VB.
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FIG. 6: Upper limits on geg� for the o↵-shell light media-
tor region (region (c) of Fig. 2), for a fixed mediator mass of
100 MeV. The coloring and assumptions of the BABAR and
Belle II curves are as in Fig. 4. The gray shaded region is ex-
cluded by LEP [5]. With a hidden-photon mediator, there is
a stronger constraint from combining g�-perturbativity with
a search for visibly-decaying hidden-photons at KLOE (green
line). The possible reach of an edge search is not shown,
but may allow some improvement. The solid and dotted blue
line both show the projected reach of Belle II in the vector-
mediated case assuming that the various background compo-
nents are known at the 5� 20% level (“systematics” limited)
or, more idealistically, are known perfectly up to statistical
fluctuations (“statistics” limited) (see Sec. VI for details). See
text for more details.

C. Constraints for O↵-Shell Light Mediators

When 2me < mA0
< 2m� (region (c) of Fig. 2), �+��

production proceeds through a light o↵-shell mediator,
giving a broad mono-photon spectrum as seen in Fig. 3.
This spectrum has a kinematic edge at m

2

�� = 4m2

�.
Without good control over backgrounds, this spectrum is
di�cult to distinguish from backgrounds, and we conser-
vatively place constraints by requiring that the expected
signal does not exceed the observed number of events by
more than 2� in any bin.

Fig. 6 shows the upper limit on geg� as a func-
tion of m� for a fixed mediator mass of 100 MeV, for
various mediator types. The constraint on geg� from
LEP (see Sec. VA) is shown by the gray shaded re-
gion. In the case of a hidden photon mediator there
is a stronger constraint, shown by the green line. This
combines the requirement g� <

p
4⇡ (for perturbativ-

ity) with bound on a visibly-decaying hidden photon by
the KLOE experiment, which constrains ge < 0.002 for
mA0 = 100 MeV [68]. We note that if the mediator can
decay to a second light state in the hidden sector then
the visible constraints do not apply. However, this second
light state is then constrained by the on-shell constraints
in Sec. IVB, which are of comparable strength.

Also shown is the projected reach of Belle II for the
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FIG. 1: Schematic layout of an LDMX-like experiment. The missing momentum channel, in which most of
the beam energy and momentum is lost in a reaction occurring in a thin upstream target, is illustrated on the
left. The emitted particle either decays invisibly, e.g., to dark matter, or it is long-lived and decays outside
of the detector to SM final states. The visible displaced decay channel, in which a nearly full beam energy
electromagnetic shower occurs far beyond the range of normal showers in the ECAL, is illustrated on the
right. This signal is produced when a long-lived particle (LLP) decays far inside the detector, initiating a
displaced electromagnetic shower.

BaBar [19], Belle [20], or those at the LHC [21]. To see why this should be the case, it is worth
reviewing a few experimental aspects of LDMX, as this will help the reader understand later
sections of the paper.

LDMX is designed primarily to measure missing momentum in electron-nuclear fixed-target
collisions with a 4 GeV � 16 GeV electron beam, though the use of a muon beam has also been
suggested [6]. To facilitate this measurement, the beam options under consideration are all high
repetition rate (more than 40 MHz) and have a large beam spot (at least a few cm2). In this way,
an appreciable number of individual electrons can be separated and measured. The upstream part
of the detector consists of a silicon tracker inside a dipole magnet, the purpose of which is to tag
and measure the incoming momentum of each and every beam particle. The beam particles then
impact a thin (10%�30% of a radiation length) target. Tungsten is often the target considered. The
target region defines the location where potential signal reactions are measured. A silicon tracker
downstream of the target measures the recoil electron, and this is used to establish a measure of
the momentum transfer in the collision. Downstream of this system are both an electromagnetic
calorimeter (ECAL) and hadronic calorimeter (HCAL) designed to detect the presence of charged
and neutral particles.

The signal of DM or other invisible particle production is a large energy loss by the electron
(usually accompanied by sizable transverse momentum exchange), with no additional activity in
the downstream calorimeters beyond that expected by the soft recoiling electron. This defines
the missing momentum channel used in our studies, and a cartoon for a signal reaction of this
type is shown in the left panel of Fig. 1. This channel’s great strength is its inclusivity. LDMX’s
measurements in this channel will apply to a broad range of models over a range of mass extending
from ⇠ GeV to well below the keV-scale – this is shown in Secs. III and IV.

While the missing momentum channel forms the basis of the LDMX design, the instrumenta-
tion required for this measurement also enables a second, complementary search for penetrating
electromagnetic showers that occur far beyond the typical range of showers in the ECAL. Trigger-
ing on such events should be possible using energy deposition near the back of the ECAL or front
of the HCAL. This defines what we refer to as the visible displaced decay channel in this paper,
and a cartoon for a signal reaction is shown in the right panel of Fig. 1. An analogous displaced-
decay search has recently been performed by NA64 [22], but we emphasize that, unlike NA64, we
consider here a visible decay search with the unmodified LDMX detector. Relative to the missing
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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 A0 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 A0 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

A0

�J�
SM ! gV A0

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 A0 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 gDA0

�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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FIG. 5: The parameter space for LDM and future experimental projections in the y vs. m� plane plotted
against the thermal relic targets for representative DM candidates coupled to a dark photon A0 – see text
for a discussion. The red dashed curve represents the ultimate reach of an LDMX-style missing momentum
experiment.

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

Jµ
D = ��µ�5�, (5)

which introduces velocity dependence in nonrelativistic scattering prcesses �scat / v2 and
suppresses signals which involve DM interactions at low velocities. The thermal target and
parameter space for this model are presented in the bottom right panel of Fig. 5.

• Pseudo-Dirac Dirac Dark Matter: If � is a four component fermion with both Dirac and
Majorana masses, in the mass eigenbasis this fermion is split into two particles which couple
off-diagonally to the A0 through

Jµ
D = �1�

µ�2 + �2�
µ�1 (mass basis), (6)

Comprehensive Coverage: Dark Photon Mediator A’
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FIG. 5: Thermal targets for a subset of the dark photon mediated models in Fig. 4, but presented in the
✏2 �mA0 plane with fixed ↵D = 0.5. The different thermal targets (black contours) correspond to various
choices of mA0/m� just above the resonance (mA0 ⇡ 2m�) where � freezes out through annihilations
to SM fermions, �� ! A0⇤ ! f ¯f . The thermal targets presented here are consistent with the results of
Ref. [94]. The shaded gray regions are excluded from previous experiments, such as a BaBar monophoton
analysis [89], and beam dump searches at LSND [78], E137 [16, 79], and MiniBooNE [88]. In dot-dashed
blue is the projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed
by rescaling the 20 fb�1 background study up to 50 ab�1 [80]. Also shown in dot-dashed purple is the
projected reach of the beam dump experiment BDX [76, 95]. The projected sensitivity of LDMX is shown
in solid (dot-dashed) red, assuming 10

16 EOT from a 8 (16) GeV electron beam and a 10% radiation length
tungsten (aluminum) target.

projected LDMX sensitivity in Fig. 4 corresponds to a 10% radiation length tungsten target scaled
up to an 8 GeV beam and 1016 EOT relative to a background study with a 4 GeV beam and
4 ⇥ 1014 EOT [1]. This is a reasonable extrapolation because the photonuclear background rate
and the background veto inefficiency dramatically decrease with a larger beam energy.

Near resonance, the targets depend on A’ decay width: hardest case to cover 
Berlin, Blinov GK, Schuster, Toro: 1807.01730Feng & Smolinsky 1707.03835
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FIG. 7: As in Fig. 4, thermal targets for the representative dark matter candidates of Sec. III A but instead
coupled to U(1)B�L (top-left), U(1)B�3e (top-right), U(1)e�µ (bottom-left), and U(1)B (bottom-right)
Z 0 gauge bosons, fixing mZ0

= 3m� and ↵D = 0.5. The black line corresponds to parameter space
where the relic abundance of � agrees with the observed dark matter energy density. The shaded gray
regions are excluded from previous experiments, such as a BaBar monophoton analysis [89], and beam
dump searches at LSND [78], E137 [16, 79], and MiniBooNE [88]. Also shown in dot-dashed blue is the
projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the
20 fb�1 background study up to 50 ab�1 [80]. Future direct detection experiments will have sensitivity to
the cosmologically motivated regions of parameter space shown for scalar DM (see Fig. 4). We also show
constraints derived from the observed ⌫̄�e scattering spectrum at TEXONO [104, 105], and for the baryonic
current, U(1)B , bounds from considerations of enhanced anomalous decays into Z 0 final states [55, 56]. The
projected sensitivity of LDMX is shown in solid (dot-dashed) red, assuming 10

16 EOT from a 8 (16) GeV
electron beam and a 10% radiation length tungsten (aluminum) target.

2. Predictive Dark Matter with Spin-0 Mediators

In this section, we focus on another variation of the models previously considered in Sec. III A.
In particular, we will investigate the cosmologically motivated parameter space for DM that anni-
hilates to SM leptons through the exchange of a spin-0 mediator, which we denote as '. Compared

Berlin, Blinov GK, Schuster, Toro arXiv: 1807.01730
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FIG. 2: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define predictive experimental targets for
discovery or falsification (see Fig. 5).

mediator) A0. The generic Lagrangian this family of models contains

L � �1

4

F 0µ⌫F 0
µ⌫ +

m2
A0

2

A0
µA0µ � A0

µ(✏eJµ
EM + gDJµ

D), (1)

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

f Qf
¯f�µf

is the SM electromagnetic current where f is a SM fermion with charge Qf , gD ⌘ p
4⇡↵D is

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

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

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A0 pairs as
depicted on the left panel of Fig. 2. This annihilation rate is independent of the SM-A0

coupling ✏. While this makes direct A0 or DM production difficult in laboratory experiments,
the simplest version of this scenario is robustly constrained by CMB data [13], which rules
out DM masses below O(10) GeV for simple secluded annihilation models. More complex
secluded models remain viable for low DM masses; these are potentially discoverable by
LDMX but are not our primary focus.

• Direct Annihilation: For mA0 > m�, annihilation proceeds via �� ! A0⇤ ! ff to SM
fermions f through a virtual mediator. This scenario is quite predictive, because the SM-A0

coupling ✏ must be large enough, and the A0 mass small enough, in order to achieve the ther-
mal relic cross-section. No robust constraint on this case can be extracted from CMB data.
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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 NSM

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

d3~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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decay length L of the detector is given by

nZµ
= knµBr(Zµ → νν)ρNav

A

·
∫ σ(µ+Z→µ+Z+Zµ)

dx
dζ(MZµ

)dx (36)

with d = 1 forMZµ
< 2mµ, and d =

[

1−exp
(

−
LMZµ

PZµτZµ

)]

forMZµ
> 2mµ. Here, the coefficient k is a normalization

factor that was tuned to obtain the total cross sections of
meson production, PZµ

and τZµ
are the produced Zµ mo-

mentum and lifetime at rest, respectively, ζ(MZµ
) is the

overall signal reconstruction efficiency, ρ is the density of
the target,L is the decay length in the detector, and NA

is the Avogadro number. In this estimate we neglect the
scattered µ interactions in the target, the momentum of
the incoming muons is < pµ >≃ 150 GeV, and the effi-
ciency ζ(MZµ

) is in the range ≃ 0.1− 0.5 for the masses
1 MeV! MZµ

! O(5) GeV.
The obtained results can be used to impose constraints

on the previously discussed coupling strength αµ as a
function of the Zµ mass. Using the relation n90%

Zµ
> nZµ

,

where n90%
Zµ

(= 2.3 events) is the 90% C.L. upper limit

for the number of signal events and Eq. (36), one can
determine the expected 90% C.L. upper limits from the
results of the proposed experiment, which are shown in
Fig. 9 together with values of the coupling αµ required
to explain the muon g-2 anomaly. These bounds are cal-
culated for a scattered muon energy 10 ! E′

µ ! 100 GeV
and a total of 1012 incident muons in the background-free
case. Here we assume an exposure to the muon beam
with a nominal rate is a few months.
The statistical limit on the sensitivity of the proposed

experiment is mostly set by the number of accumu-
lated events. However, there is a limitation factor
related to the HCAL signal duration (τHCAL ≃ 100
ns) resulting in a maximally allowed muon counting
rate of ! 1/τHCAL ≃ 106µ−/s in order to avoid sig-
nificant loss of the signal efficiency due to the pileup
effect. To evade this limitation, one could implement
a special muon pileup removal algorithm to allow for
high-efficiency reconstruction of the zero-energy signal
properties and the shape in high muon pileup environ-
ments, and run the experiment at the muon beam rate
≃ 1/τHCAL ≃ 107 µ−/s. Thus, in the background-free
experiment one could expect a sensitivity in the process
µ + Z → µ + Z + Zµ, Zµ → νν that is even higher
then those presented above, assuming an exposure to
the high-intensity muon beam of a few months. In the
case of the Zµ signal observation, several methods could
be used to cross-check the result. For instance, to test
whether the signal is due to the HCAL nonhermeticity
or not, one could perform measurements with different
HCAL thicknesses, i.e., with one, two, three, and four
consecutive HCAL modules. In this case the background
level can be evaluated by extrapolating the results to
an infinite HCAL thickness. To insure that there is
no additional background due to the HCAL transverse
hermeticity one could perform measurements for differ-

FIG. 9: Exclusion region in the (MZµ ,αµ) plane expected
from the results of the proposed experiment for 1012 incident
muons at the energy Eµ = 150 GeV. The red line represents
the value of αµ required to explain the muon g-2 discrepancy
as a function of the Zµ mass.

ent distances between the target and the HCAL. The
evaluation of the signal and background could also be
obtained from the results of measurements at different
muon beam energies. Finally, we note that the presented
analysis gives an illustrative order of magnitude for
the sensitivity of the proposed experiment and may
be strengthened by more detailed simulations of the
experimental setup.

VII. CONCLUSION

In this work we considered the discrepancy between
the measured and predicted values of the muon g-2 which
could be explained by the existence of a new light gauge
boson Zµ predominantly coupled to the second and third
generations. We proposed performing an experiment
dedicated to the sensitive search for the Zµ by using
available ≃ 100 GeV muons beams from the CERN SPS.
If the Zµs exist, they could be produced in the reaction
µ+Z → µ+Z+Zµ and be observed by looking for events
with a specific signature, namely those missing a large
fraction of the beam energy in the detector. A feasibility
study of the experimental setup shows that this specific
signal of the Zµ allows for searches for the Zµ with a
sensitivity in the coupling constant αµ " 10−11, i.e., 3
orders of magnitude stronger than the value αµ ∼ 10−8

explaining the 3.6σ muon g − 2 discrepancy for the Zµ

mass range MZµ
< O(5) GeV [5].

These results could be obtained with a detector opti-
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FIG. 4: Schematic illustration of the setup to search for dark Zµ. The bremsstrahlung Zµs are produced in the froward
direction in the reaction µ+ Z → µ+ Z + Zµ of a high-energy muon scattering off nuclei of an active target T . The target is
surrounded by an ECAL serving as a veto against photons or other secondaries emitted at a large angle. A fraction f ! 0.7,
of the primary beam energy is carried away by the scattered muon, while the rest of the total energy is transmitted by the Zµ

decay neutrino through the T , the veto counters V1 and V2, and a massive hermetic HCAL. The neutrino from the Zµ → νν
decay penetrates them without interactions resulting in a zero-energy signature in the detector. The dashed line represents
the trajectory of the outgoing muon which passes through the central HCAL cell without interactions. The momentum of the
incident muon is measured by a magnetic spectrometer, while the momentum of the scattered muon is measured by the second
one, located downstream of the ECAL (see text).

µZ → µZµ+µ−, whose rate substantially exceeds the
rate of the reaction (11). An additional study, which is
beyond the scope of this work, is required for this de-
cay channel. Here, we mostly focus on the case when
the reaction (11) is accompanied by the decay Zµ → νν,
resulting in the invisible final state.

IV. THE EXPERIMENT TO SEARCH FOR THE

µ+ Z → µ+ Z + Zµ, Zµ → νν

The reaction of the Zµ production is a rare event. For
the previously mentioned parameter space, it is expected
to occur with the rate ! αµ/α ∼ 10−6 with respect to
the ordinary photon production rate. Hence, its obser-
vation presents a challenge for the detector design and
performance.
The experimental setup specifically designed to search

for the Zµ production and subsequent decay Zµ → νν
from the reaction of Eq. (11) of high-energy muon scat-
tering off nuclei in a high density target T is schematically
shown in Fig. 4. The experiment could employ the up-
graded muon beam at the CERN SPS described in details
in Ref.[40]. The beam was designed to transport high
fluxes of muons of the maximum momenta in the range
between 100 and 225 GeV/c that could be derived from
a primary proton beam of 450 GeV/c with the intensity
between 1012 and 1013 protons per SPS spill. The beam
is produced by protons impinging on a primary beryllium
target and transported to the detector in an evacuated
beam-line tuned to a freely adjustable beam momentum
[41]. The typical maximal intensity for a beam energy
≃ 100 GeV, is of the order of 5 × 107 µ− for the SPS
spill with 1012 protons on target. The typical SPS cycle
for fixed-target (FT) operation lasts 14.8 s, including 4.8
s spill duration. The maximal number of FT cycles is
four per minute. The hadron contamination in the muon

beam is remarkably negligible (below π/µ ! 10−6) and
the size of the beam at the detector position is of the
order of a few cm2.

The detector shown in Fig. 4 utilizes two, upstream
and downstream, magnetic spectrometers (MS) consist-
ing of dipole magnets and a low-material budget tracker,
which is a set of straw-tubes chambers, ST1-ST4 and
ST5-ST8, allowing for the reconstruction and precise
measurements of momenta for incident and scattered
muons, respectively. It also uses scintillating fiber ho-
doscopes: S1 and S2 define the primary muon beam,
while S3 defines the scattered muons, with the active
target T surrounded by a high-efficiency electromagnetic
calorimeter (ECAL) serving as a veto against photons
and other secondaries emitted from the target at large an-
gles. Downstream of the target the detector is equipped
with high-efficiency forward veto counters V1 and V2
with small central holes, and a massive, completely her-
metic hadronic calorimeter (HCAL) located at the end
of the setup. The HCAL has four modules, each with
lateral and longitudinal segmentation. The central part
of the first (last) module is a cell with the lateral size
≃ 100 × 100 mm2 ( ≃ 400 × 400 mm2), used to detect
scattered muons and secondaries emitted in the very for-
ward direction. It is also used for the final-state muon
identification. The rest of each HCAL module serves as
a dump to completely absorb and detect the energy of
secondary particles produced in the muon interactions
µ−A → anything in the target. The size of the central
cells, straw-tube chambers ST9-ST12 and the counter
S3 is determined by the requirement to keep the accep-
tance for deflected scattered muons with momentum in
the range 15-100 GeV " 90%. For example, the lateral
size of the S3 counter should be at least 50×50 cm2 and is
determined mostly by the deflection angle in the second
magnet and multiple scattering in the HCAL modules of
scattered muons.
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Figure 1. Dark bremsstrahlung signal process for simplified models with invisibly decaying scalar (left) and

vector (right) forces that couple predominantly to muons. In both cases, a relativistic muon beam is incident

on a fixed target and scatters coherently o↵ a nucleus to produce the new particle as initial- or final-state

radiation.

for a larger signal production rate while exploiting the fact that the muons will lose much less energy
than electrons in a similarly-sized target. In analogy with similar processes involving electron beams,
one can take advantage of the distinctive kinematics of the radiated massive scalar or vector particle
S, V to distinguish signal from background (see Fig. 1). The Fermilab muon beam option provides
several advantages over existing proposals for new physics searches with either electron beams or
high-energy muon beams:

• Bremsstrahlung backgrounds suppressed. The principal reducible backgrounds for LDMX
are dominated by hadronic processes initiated by a real bremsstrahlung photon. Relative to elec-
tron beams, the M3 bremsstrahlung rate is suppressed by (m

e

/m

µ

)2 ⇡ 2⇥ 10�5, so background
rejection becomes much simpler for muon beams for an equivalent target thickness.

• Compact experimental design. For m

S,V

⌧ E

beam

, the signal production cross section is
largely independent of beam energy. However, compared to the CERN/SPS option [9], with
⇠ 100�200 GeV beam muons, a lower-energy, e.g. 15 GeV, muon beam allows for greater muon
track curvature and, therefore, a more compact experimental design. In particular, percent-
level momentum resolution is possible in M3 with the target placed in the magnetic field region,
reducing acceptance losses from having the magnet downstream of the target.

We propose a two-phase experiment, each covering a well-motivated region of parameter space:

• Phase 1: (g � 2)
µ

search. With 1010 muons on target (MOT) and existing detector technology,
we will show that our setup can probe the entire (g � 2)

µ

region not currently excluded by
experiments, for vectors with m

V

. 500 MeV and scalars with m

S

. 100 MeV which couple
exclusively to muons and decay invisibly.2 Here we are agnostic as to the UV completion of such
a model, and we are simply aiming for an apples-to-apples comparison between a virtual S or V

contributing to (g � 2)
µ

and a real S or V emitted from an initial- or final-state muon.

• Phase 2: Thermal muon-philic DM search. With a larger flux of 1013 MOT and upgraded
detector performance to reject backgrounds at the level of 10�13, our setup can probe a significant
portion of parameter space for which DM is thermally produced through U(1)

Lµ�L⌧ gauge

2Models with a more complicated dark sector can fail our search criteria, for example an inelastic DMmodel V ! �1�2

where the decay �2 ! �1e+e� is prompt and proceeds through a di↵erent mediator which couples to electrons [16–18].
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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 on m� = 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 L

µ

�L

⌧

mediator. The vertical
axis plots the dimensionless variable y = g

2

�

g

2

µ�⌧

(m
�

/m

Z

0)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�3

e 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

4See also [71] for other models relating thermal DM to (g � 2)µ.
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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 NSM

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

d3~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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A Modest Proposal

Thermodynamics Set Initial Condition

 Rate beats Hubble expansion at *some* point [easy to realize]

Predicts Min. Annihilation Rate  

�(DM $ SM) > H

nDM ⇠ T 3

Insensitive to unknown high scales [inflation, baryogenesis…]

Equilibrium overproduces DM, must deplete with non-gravitational force
�v & 10�26cm3s�1

Viable Window In Our Neighborhood

MeV ⇠ me GeV ⇠ mp

“WIMPs”

mZ,h

LDM
BBN

⌦� > ⌦DM�Ne↵

Coincidentally in broad vicinity of the electroweak scale

⇠ 10sTeV
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