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Why Light Mediators?
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Figure 2: One-loop correction to the muon magnetic moment due to dark photon exchange
diagram.

3.1 A possibility of extra U(1)s in top-down physics, and natural range for
masses and mixing angles

3.2 Putative solution to the muon g � 2 discrepancy

The persistent discrepancy of the measured muon g � 2 and the standard model (SM)
prediction at the level of ⇠3� [44] has generated a lot of experimental and theoretical activity
in search of a possible explanation. The intense scrutiny of the SM contributions to the
g � 2 has not produced any obvious candidate for an extra contribution �ae ⇠ +3 ⇥ 10�9

that would cover a theoretical shortfall and match the observed value. Among the new
physics explanations for this discrepancy are weak scale solutions [45], as well as possible
new contributions from light and very weakly coupled new particles (see, e.g., [13, 46, 47]).
With the LHC continuously squeezing the available parameter space for the weak-scale g�2-
relevant new physics, solutions with light particles appear as an attractive opportunity.

It is easy to see that light vector particles coupled to muons via vector portal provide an
upward correction to the g � 2. In most models the new vector particle does not have an
axial-vector coupling to charged leptons, and the simple one loop diagram, Fig. 2 gives a
positive correction to the magnetic anomaly
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(3.1)
In this expression, g0/e is the strength of Vµ coupling to the muon vector current in units
of electric charge. For the kinetically-mixed dark photon A0, g0/e = ✏. For the choice of
✏ ⇠ few⇥10�3 at mV ⇠ mµ, the new contribution is capable to bring theory and experiment
in agreement. Since 2008, a lot of experimental and theoretical work has been done that
scrutinized this possibility. The following picture has emerged:
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We have measured a lot at < GeV!

Mediator should be fairly weakly 
coupled to avoid constraints.
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Simple Portals
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Dark photon - VISIBLE decays
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James Beacham (Ohio State) APEX DHF — Messina, Italy — 25 September 2014 6
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Dark photon - INVISIBLE decays
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents the ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Also plotted are the projections for an SPS style setup
[17] using our Monte Carlo for 109 and 1012 EOT. The black
curve is the region for which the � has a thermal-relic anni-
hilation cross-section for mA0 = 3m� assuming the aggressive
value ↵D = 1; for smaller ↵D and/or larger mA0/m� hierar-
chy the curve moves upward. Below this line, � is generically
overproduced in the early universe unless it avoids thermal
equilibrium with the SM. Combined with the projected sen-
sitivity of Belle-II with a mono-photon trigger [18], the miss-
ing energy-momentum approach can decisively probe a broad
class of DM models. Without making further assumptions
about dark sector masses or coupling-constants, this parame-
ter space is only constrained by (g � 2)e [19, 20], and (g � 2)µ

[21]. If m0
A � m�, there are additional constraints from on-

shell A0 production in association with SM final states from
BaBar [18, 20], BES (J/ ) [22], E787 (K+) [23], and E949
(K+) [24].

its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum

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

FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [57–62], resolve puzzles
in simulations of structure formation [63, 64], modify
the number of relativistic species in the early universe
[65, 66], explain the “cosmological coincidence” between
dark and visible energy-densities [14, 15], resolve the
proton charge radius anomaly [67–70] and explore novel

Since a major motivation for A’ was light dark matter, A’ can decay 
into dark matter...

Izaguirre, Krnjaic, Schuster, Toro, 2014
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QED diagrams, both the visibly and invisibly decaying
A0 scenarios are constrained by measurements (g � 2)

e,µ

[19, 21] for ✏ ⇠> 10�2 � 10�3 and m0
A ⇠< 100 MeV. These

are the only model-independent constraints that arise
purely from virtual quantum e↵ects that renormalize lep-
tonic couplings to photons. However, for most choices of
parameter space for both the visibly and invisibly decay-
ing A0, beam dump constraints will be applicable unless
the decays yield elaborate visible cascades that may be
vetoed by direct searches 2.

Cosmological Bounds
Model dependent bounds also arise from out-of-
equilibrium annihilation ��̄ ! `` near T ⇠ eV, which
would partially re-ionize hydrogen and modify the power
spectrum of the CMB []. However, this bound is eas-
ily easily evaded if DM is matter-asymmetric, the anni-
hilation cross section is p-wave suppressed, or if � is a
pseduo-Dirac fermion; see [34] for a thorough discussion
of this constraint. Other bounds from DM self interac-
tions arise from the bullet cluster [94]. These are trivially
satisfied so long as the self interaction cross section sat-
isfies �

��

/m
� ⇠< 0.1cm2/g, which implies
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D ⇠< 0.4
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Finally, so long as A0 is in thermal equilibrium with the
SM in the early universe, there are also constraints from
Ne↵.

[66, 95] as additional radiation changes the expan-
sion history during primordial nucleosynthess. However
for m

�,A

0 ⇠> 100 keV, the bound is irrelevant.

Supernovae
In the absence of additional physics in the dark sector,
an invisibly-decaying A0 faces astrophysical constraints
by potentially allowing supernovae (SN) to release energy
more rapidly than is observed. We outline the constraint
briefly here, but such constraints deserve more careful
study in the future. For on-shell A0 production and de-
cay, the luminosity of A0 production is too small to be
constrained for ✏2 . 10�20 with m

A

0 ⇠ T
SN

⇠ 10 MeV
[20]. For larger values of ✏2, dark photons decaying to �
can be produced in the SN core with an appreciable lumi-
nosity, and these can di↵use out of the core carrying en-
ergy away. The scattering cross section of � with baryons
at finite temperature T ⇠ m

�

is � = 4⇡↵
D

✏2 T

2

m

4
A0

. Taking

m
A

0 ⇠ m
�

⇠ T , we can use this result to calculate the
mean free path d for hard scattering of the � o↵ nucleons
in the SN. For the range of ✏ and ↵

D

we consider, the
mean free path d is much smaller than the distance R over
which � must propagate to expel energy. However, � can
still di↵use out of the SN with a timescale ⌧di↵.

⇠ R2/dv

2 See [34] for a case study in cascade decays whose experimen-
tal signatures do not satisfy conventional visible/invisible search
criteria.
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FIG. 4: Remaining parameter space for which A0 can re-
solve the (g � 2)µ anomaly for both the visibly and invis-
ibly decaying scenarios. Here ✏ is fixed to be the smallest
value constant with experiment (e.g. the lower rim of the
green bands in Fig. 5). The solid black line represents the
Br(A0 ! e+e�) = Br(A0 ! e+e�) = 0.5 boundary. The
missing momentum fixed-target approaches described in this
paper can cover the entire range of parameters that can re-
solve the (g � 2)µ anomaly. It is, however, still possible to
evade some of the constraints if A0 decays in partially-visible
cascades [34].

(where v is the velocity of a typical �), and when this
is less than a few seconds, the luminosity is accordingly
constrained. In the other limit where ⌧di↵.

exceeds a few
seconds, a small fraction of trapped � being produced
can still escape with small probability e�R/d after each �-
nucleon interaction, so the total probability of scattering
out of the SN after a typical N ⇠ (1 sec ⇥ v)/d scatter-
ing reactions is Ne�R/d. Using this escape probability
and the � luminosity of [20], we find that SN requires
↵
D

✏2 > O(few) ⇥ 10�15 in the m
A

0 ⇠ m
�

⇠ T
SN

⇠ 10
MeV range. Thus, even for ↵

D

⇠ ↵, SN constraints do
not provide an important constraint on the range of cou-
plings required for an acceptable � relic density. At very
small ↵

D

, the SN constraints do become increasingly rel-
evant.

III. CHARACTERISTICS OF DARK MATTER
PRODUCTION

We use the simple model of Eq. 2 to characterize the
sensitivity of the experimental approaches described in
this paper. This model allows for direct A0 production
in a fixed target setting. The A0 can then decay invisi-
bly to � pairs when 2m

�

< m
A

0 , or propagate virtually
to allow direct ��̄ production. This later process is rep-
resentative of direct dark matter production through a
four-fermion operator with electrons. The former process



Discussion Questions

?

• Close the gaps: Any new and interesting ideas for discovering particles in 
remaining gaps?

• Loopholes: Strong constraints with couplings to electrons and quarks. 
Constraints are much weaker with couplings to heavy leptons (see my talk 
on Friday). What are good probes of this? Are there other loopholes?

• New benchmarks: The muon g-2 window is closing. Where should we aim 
next? Any good new theoretical ideas?

• Parameterization: Is the portal/dark photon framework sufficient?

• Astro/cosmo probes: Many proposals that I haven’t mentioned. Ideas for 
this?

• Crazy ideas: Are we being influenced by theory bias? Are there any cheap 
and fun low-energy experiments that can cover new ground?


