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Current Status of Particle Physics

Standard Model has been very successful  
in explaining much of the 

observed particle physics phenomena.

Yet we have hints that it does not  
tell the complete story 

of the Universe.

To date all SM particles been  
detected



Theorists & Experimentalists are hard at work trying to turn hints into evidence

- Dark Matter

- Dark Energy

- Neutrino Mass origin

These require some New Physics beyond the Standard Model 
(BSM) !!! 

- Matter-Antimatter Asymmetry  

Some of the aspects the SM cannot explain include:

- Many others …  



New Physics may show itself in different complementary forms:

• High energy experiments  

e.g. Direct production of new particles at colliders

➡ New heavy resonances produced at the LHC/bump hunting

Feynman Diagram showing how  
NP may show up

Possible new 750 GeV particle

Please refer back to  
Jori Sonneveld’s talk from last week



γ

µ µ

• Low energy precision physics

e.g. Anomalous Couplings: Indirect effects of new particles may  
show up in quantum corrections.

➡ Anomalous magnetic moments of leptons

NP may show up in here 

ll



In this Talk

- Discuss how precision physics can help uncover new physics 

Muon anomalous magnetic moment

- Introduce anomalous magnetic moment and ongoing efforts  
from theory & experiment

- Discuss possible new physics contributions to muon magnetic moment

- Briefly give results

- Conclusions



Quick Recap

Spinning charged particle in uniform  
magnetic field induces magnetic dipole  

moment

µ̄l =
gl Q

2ml
s̄

Anomalous part of dipole moment

al =
gl � 2

2



Experiment: BNL E821

Muon Anomalous Magnetic Moment

[BNL Muon g-2 collaboration, PRD73, 072003 (2006)]

measured to (0.54 ppm)

aexp
µ

= 1.16592089(63)⇥ 10�3

Theory: Calculation in the SM

Jegerlehner & Nyffeler, 2009 Davier et al, 2010 Hagiwara et al,  2011

aSM
µ = 1.16591795(62)⇥ 10�3



3.6 σ

BNL E821 

2012 e+e- Thy 

x10-11 

D.Hertzog, 2014

What is the origin of the discrepancy?

�a
µ

⌘ aexp
µ

� aSM

µ

= (28.1± 3.6
th

± 6.3
exp

)⇥ 10�10

Comparison in 9th decimal place

Experiment: 0.00116592089

Theory: 0.00116591795

3.3 - 3.6 σ discrepancy

Hagiwara et al, Nucl.Part.Phys.Proc. 287-288 (2017) 33-38 



Ongoing effort in the experimental community

- Fermilab E989 experiment

- J-PARC E34 experiment

Fermilab E989

3.6 σ

BNL E821 

2012 e+e- Thy 

Set to decrease experimental errors by factor 40 

x10-11 

D.Hertzog, 2014

Roberts, 2012

E989
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Contributions from SM:
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+ +

+
Diagram with  

Higgs

On the Theory side
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Contributions from SM:

= +

+ +

+ Diagram with  
Higgs

QED + Electroweak Contribution: Well Known

Aoyama et al: Phys.Rev.Lett. 109 (2012) 111808 

Aoyama et al: Phys.Rev. D85 (2012) 033007 

Numerous other high precision calculations  
by Professor Kinoshita & Collaborators

& many others
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µ µ

Contributions from SM:

= +

+ +

+ Diagram with  
Higgs

QCD Contribution: Significant progress being made

Hadronic Light-by-light  
scatteringHadronic vacuum  

polarization

Davier et al., Eur.Phys.J. C71(2011) 1515

Aoyama et al: Phys.Rev. D85 (2012) 093013  

Numerous other high precision calculations  
by Professor Kinoshita with Collaborators & Professor Lepage 

& Collaborators

RBC &UKQCD collaboration:  
EPJ Web Conf. 175 (2018) 01024 

& many others

HP QCD collaboration:  
PoS LATTICE2016 (2016) 377 



BNL E821 

2012 e+e- Thy 

E989

3.6 σ

Theory

More precise measurement and 
Significant reduction  

theory uncertainty could mean 
New Physics contribution

3.6σ simply not enough to celebrate 
New Physics

What does it all mean?



What possible BSM physics might be responsible  
for this Anomaly?

There are many theories to consider …



Focus for this talk:   Dark Photon A0

Dµ = @µ + igDA0
µ

Kinetic mixing with SM photon

γ

µ µ
A′

Massive gauge boson in U(1)′ extension of SM

L � ✏Fµ⌫F 0
µ⌫ +

mA0

2
A0

µA
0µ +  ̄Di�µD

µ D + ✏ ̄smi�µD
µ sm

Contribution to g-2

�aµ =
↵✏2

2⇡

Z 1

0
dz

2z(1� z)2

(1� z)2 + (mA0/mµ)2z

Coupling to visibleCoupling to invisible



BABAR collaboration: Phys.Rev.Lett. 113 (2014) no.20, 201801 NA 48 collaboration: Phys.Lett. B746 (2015) 178-185

e+

e−

A′
µ

✏ ̄smi�µD
µ sm

Coupling to visible sector been searched for 

Favored to explain muon g-2



BABAR collaboration: Phys.Rev.Lett. 113 (2014) no.20, 201801 NA 48 collaboration: Phys.Lett. B746 (2015) 178-185

e+

e−

A′
µ

✏ ̄smi�µD
µ sm

Coupling to visible sector been searched for 

Favored to explain muon g-2

Visible sector coupling  
ruled out for g-2 😢😢😟😟



BABAR collaboration: Phys.Rev.Lett. 119 (2017) no.13, 131804 NA64 collaboration: Phys.Rev. D97 (2018) no.7, 072002 

χ̄

χ

A′
µ

There is still hope

 ̄Di�µD
µ D

Look for coupling to invisible sector

Favored to explain muon g-2



BABAR collaboration: Phys.Rev.Lett. 119 (2017) no.13, 131804

χ̄

χ

A′
µ

There is still hope

 ̄Di�µD
µ D

Look for coupling to invisible sector

Favored to explain muon g-2

Hope is crushed 😢😢😟😟

NA64 collaboration: Phys.Rev. D97 (2018) no.7, 072002 



Pseudo-Dirac Dark Fermions 

Izaguirre, Krnjaic & Shuve: Phys.Rev. D93 (2016) no.6, 063523 

�1 & �2

with coupling L � gDA0
µ�̄2�

µ�1 + h.c

A′

χ2

χ1

χ1

l+

l−

A′∗

Heavier state decay into  
lighter state & SM states

Semi-visible Decay

With mass splitting � ⌘ m2 �m1



A′

χ2

χ1

χ1

l+

l−

A′∗ We can look for  
these Displaced tracks 
with BABAR DATA

Its possible BABAR could have Vetoed 
these in their invisible decay search

Belle II: With dedicated Mono-Photon Trigger, Search for Invisible  
& Semi-Visible events

New Signal with  
semi-visible decay

If 𝜒2 decays inside detector => soft displaced leptons



Where can we search for this NP?



Signatures @ Electron Beam Dumps

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

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

(Dated: November 19, 2013)

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

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

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

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

The best constraints on multi-GeV dark matter inter-

2

Beam

e�

Dump

10 m 10 m
Dirt

Detector

�

1 m

1 m

1 m

Optional
ShieldingDetector

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.

.

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

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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FIG. 10: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o↵ diago-
nally to 'h,` pairs. b) Inelastic up scattering of the lighter
'` into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via 'h ! '`e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.
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(quasi) elastic scattering & decays

BDX: Izaguirre, Krnjaic, Schuster, Toro 1307.6554
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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.
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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.

�1

�2

�1 �2

BDX (JLab 2020?)

E137 (SLAC 1988)

E ~ 11 GeV,  1e22 EOT

E ~ 20 GeV,  1e20 EOT
~ 400 m baseline, no BG 

~ 20 m baseline, few BG evts.
BDX Collaboration 1607.01390

production modesA0

- Dark Bremstrahlung



Signatures @ B-Factories 

Izaguirre, Krnjaic, Schuster, Toro 1307.6554

Essig, Mardon, Papucci, Volansky Zhong 1309.5084
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Mono-photon
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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 V A). 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. V B.

0 1 2 3 4
10-4

10-3

10-2

10-1

100

101

mc @GeVD

g e
g c

Off-shell Light Mediator, 2me<mA'<2mc

BaBar
Vector
Pseudo-Vector
Scalar
Pseudo-Scalar

Belle II Hsystematics limitedL

Belle II Hstatistics limitedL

LEP

∂ + perturbativity

mA'=100 MeV

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

�� = 4m

2

�.
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. V A) 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

 mono photon + missing energy 

27

Signatures from displaced vertices  
and/or  missing energy

e+

e−

e

γ

A′

A′

χ1

χ2

BABAR
E~ 10.5 GeV

L~ 53 fb^-1

BELLE II
E~ 11 GeV

L~ 50 ab^-1 by 2025



Results
For what splitting can we still explain g-2
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Dark photon  
g-2 still viable

Preliminary

Hope is Restored 😃😃😎😎



Conclusions

- Is the Dark Photon Contribution to muon g-2 completely dead, dead?  

Most Certainly NOT

- Semi-Visible decay channel opens up narrow parameter space in which 
to search for Signal

- BABAR & Belle II should search for this signal

Why am I so excited about this? 

If nothing is found, we would kill the dark photon contribution to g-2 
dead dead. 

Definite Progress



Thanks for your Attention



Back up Slides



In fact: anomalous magnetic moment of the electron  
is one of the most precisely calculated and 

measured quantities in nature.

Theory: Calculated up to 10th order in QED 

Experiment: Measured with very high  
precision at Harvard using cylindrical 

Penning trap

aexp
e

= 1.15965218073(28)⇥ 10�3

Aoyama, Hayakama, Kinoshita & Nio: 
 PRL 109 (2012) 111808 

Hanneke, Fogwell, Gabrielse, PRL 100 (2008) 120801

�a
e

⌘ aexp
e

� aSM

e

Aoyama et al, Phys.Rev. D97 (2018) no.3, 036001 

= �1.3± 0.77⇥ 10�12

aSM
e = 1.159652182032(13)⇥ 10�3

measured to (0.24 ppb)



BNL E821 

2012 e+e- Thy 

E989

3.6 σ

Theory

More precise measurement and 
Significant reduction  

theory uncertainty could mean 
New Physics contribution

3.6σ simply not enough to celebrate 
New Physics

What does it all mean?

Hagiwara et al, Nucl.Part.Phys.Proc. 287-288 (2017) 33-38 



Transport of the muon g-2 storage ring



If New Physics Shows up this way, what could it be?

Many viable scenarios have been considered 
Including:

- Supersymmetry: Czarnecki & Marciano, Phys.Rev. D64 (2001) 013014 

- Axion like particle: Bauer, Neubert & Thamm, Phys.Rev.Lett. 119 (2017) no.3, 031802

And many more…



Turns out there could still be more hope

Look to the dark sector for help

Consider Dirac Spinor:  D =
�
⌘ ⇠†

�
s.t.  ̄D�

µ D = ⌘†�̄µ⌘ � ⇠†�̄µ⇠

In limit where Majorana masses smaller than Dirac mass Off-Diagonal couplings

Spectrum is split into mass eigenstates which couple inelastically to dark photon

i.e.  ̄D�
µ D = �†

1�̄
µ�2 � �†

2�̄
µ�1

With mass splitting � ⌘ m2 �m1
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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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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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p
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50m 4m 487m

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

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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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. 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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'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.
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FIG. 3. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal.
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FIG. 4. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 15] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [16]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

II. SUB-GEV THERMAL COANNIHILATION

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

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [21, 22]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

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

Signatures @ Missing Momentum Experiments
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