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FIG. 1. Current constraints on the DP’s mass, mX , and kinetic mixing parameter with the SM photon, c. The general colour-
scheme is: cosmological bounds in blue, experimental bounds in red, and astrophysical bounds in green. The thick white line
that divides the parameter space in two is the upper limit for which DPs are a viable candidate for 100% of the DM. The focus
of this work are the experimental bounds that reach below this line. Descriptions of each bound are given in Sec. II.

those set using astrophysical data in green, and those
set using cosmological data in blue. We now briefly
run through the sources of each bound.

Many model-independent bounds on the existence
of the DP in Nature have been obtained through tests
of the Coulomb 1/r2 force law, or, equivalently, via
bounds on the photon mass [70]. The ones we have
shown here are from Cavendish-like experiments [71–
74], Plimpton & Lawton’s experiment [74, 75], atomic
spectroscopy [76], atomic force microscopy (AFM) [74],
and, at the lightest masses displayed here, from the
static magnetic fields of the Earth [77] and Jupiter [78].
Similarly, there are purely laboratory bounds on DPs set
using light-shining-through-walls (LSW) experiments,
e.g. those run at ALPs [79], SPring-8 [80] and UWA [81,
82], as well as the microwave LSW experiments per-
formed by ADMX [83] and CROWS [84]. CAST [85]
and SHIP [86] are both helioscopes, setting bounds on
DPs emitted by the Sun. Finally, TEXONO [87] is a reac-
tor neutrino experiment, for which a low mass DP limit
was derived in Ref. [88].

Dedicated direct detection bounds on the DP, specif-
ically as a DM candidate, are set by the following ex-
periments: DAMIC [89], Dark E-field Radio [35], DM
Pathfinder [90], FUNK [33], SENSEI [91], SHUKET [31],
SuperCDMS [92], SQuAD [93], three Tokyo dish an-
tennae experiments [28, 30, 34], WISPDMX [32], and
XENON1T/XENON100 [94–99]. Several other under-
ground DM detectors sensitive to keV-mass DPs have
also set limits [100–105] that are less sensitive than
XENON’s—we have neglected these to reduce clutter.

One of the focuses of this work is on reinterpreting
haloscope limits on axions in the context of DPs. Those
shown are ADMX [106–110], HAYSTAC [111, 112],
CAPP [113], and QUAX [114]. Results from several
well-known axion haloscopes [115–119] are not shown
because they used their B-field to test for potential (ax-
ion) signals. In other words, a DP could have been ob-
served, but its signal would have been vetoed.

The upper limit of viable dark photon dark mat-
ter (DPDM), shown by a thick white line, is taken
from various references. Although we run the risk

[2105.04565]
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FIG. 1. Current constraints on the DP’s mass, mX , and kinetic mixing parameter with the SM photon, c. The general colour-
scheme is: cosmological bounds in blue, experimental bounds in red, and astrophysical bounds in green. The thick white line
that divides the parameter space in two is the upper limit for which DPs are a viable candidate for 100% of the DM. The focus
of this work are the experimental bounds that reach below this line. Descriptions of each bound are given in Sec. II.
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run through the sources of each bound.

Many model-independent bounds on the existence
of the DP in Nature have been obtained through tests
of the Coulomb 1/r2 force law, or, equivalently, via
bounds on the photon mass [70]. The ones we have
shown here are from Cavendish-like experiments [71–
74], Plimpton & Lawton’s experiment [74, 75], atomic
spectroscopy [76], atomic force microscopy (AFM) [74],
and, at the lightest masses displayed here, from the
static magnetic fields of the Earth [77] and Jupiter [78].
Similarly, there are purely laboratory bounds on DPs set
using light-shining-through-walls (LSW) experiments,
e.g. those run at ALPs [79], SPring-8 [80] and UWA [81,
82], as well as the microwave LSW experiments per-
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and SHIP [86] are both helioscopes, setting bounds on
DPs emitted by the Sun. Finally, TEXONO [87] is a reac-
tor neutrino experiment, for which a low mass DP limit
was derived in Ref. [88].
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ically as a DM candidate, are set by the following ex-
periments: DAMIC [89], Dark E-field Radio [35], DM
Pathfinder [90], FUNK [33], SENSEI [91], SHUKET [31],
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XENON1T/XENON100 [94–99]. Several other under-
ground DM detectors sensitive to keV-mass DPs have
also set limits [100–105] that are less sensitive than
XENON’s—we have neglected these to reduce clutter.

One of the focuses of this work is on reinterpreting
haloscope limits on axions in the context of DPs. Those
shown are ADMX [106–110], HAYSTAC [111, 112],
CAPP [113], and QUAX [114]. Results from several
well-known axion haloscopes [115–119] are not shown
because they used their B-field to test for potential (ax-
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Figure 14. Summary of dark photon constraints and prospects (see Sec. 1 for references). High-energy collid-
ers (LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with mZD & 10 GeV, while precision
QED observables and searches at B- and �-factories, beam dump experiments, and fixed target-experiments
probe lower masses. Dark photons can be detected at high-energy colliders in a significant part of open pa-
rameter space in the exotic decay of the 125 GeV Higgs boson, h ! ZZD ! 4`, (blue curves) in Drell-Yan
events, pp ! ZD ! ``, (red curves) and through improved measurements of electroweak precision observ-
ables (green/purple dashed curves). Note that all constraints and prospects assume that the dark photon decays
directly to SM particles, except for the precision measurements of the electron/muon anomalous magnetic mo-
ment and the electroweak observables. If, in addition to kinetic mixing, the 125 GeV Higgs mixes with the
dark Higgs that breaks the dark U(1), then the decay h ! ZDZD would set constraints on ✏ that are orders of
magnitude more powerful than other searches down to dark photon masses of ⇠ 100 MeV, see Fig. 10.

8 Discussion and Conclusions

Dark sectors with a broken U(1)D gauge group that kinetically mixes with the SM hypercharge are
well motivated and appear in a variety of new physics scenarios. In this paper, we showed that high-
energy proton-proton and electron-positron colliders, like the LHC14, a 100 TeV collider, and an
ILC/GigaZ, have excellent sensitivity to dark photons. In fact, they may provide the only probe for

– 30 –
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Utility lies in its simplicity

Presence of dark Higgs (mass ~ mX) changes phenomenology

Given large enough T or B, Higgsed theory reverts to unbroken phase

mX  0, dark Higgs acts as milli-charged particle, subject to bounds→

 for  few keVϵ ≤ 10−14 ( e
gX

) mX ≲Star cooling

Stückelberg mechanism Higgs mechanism

Figure 3: Upper limits on the kinetic mixing parameter as a function of the hidden-photon mass from
the non-observation of light-shining-through-the-wall in the experiments BFRT, BMV and GammeV.
Left Panel: Hidden photon mass arising via the Stückelberg mechanism. See Ref. [16] for details.
Right Panel: Hidden photon mass arising via the Higgs mechanism. For strong magnetic fields
|qθeB| ! µ2

θ the hidden U(1) is unbroken and LSW bounds from scalar MCP loops (cf. [15]) apply. In
this region, m2

γ′ = (qXgXµθ)2/λθ corresponds to the mass the hidden-photon would have in vacuum.

Inside the magnetic field the hidden-photon mass is zero. For |qθeB| " µ2
θ we have LSW bounds from

photon-hidden-photon oscillations arising from the mass term (grey area). We use the benchmark point
qX = 1/2, gX = e, κ = 0, and λθ = 1.8.

The phenomenological importance of this term has also been realized in so-called Hidden Valley

models [35].
The most general gauge-invariant and renormalizable Higgs potential (see e.g. [35; 36; 37; 38;

39] for earlier studies) is of the form

VHiggs = −µ2
φ|φ|2 − µ2

θ|θ|2 + λφ|φ|4 + λθ|θ|4 + κ|φ|2|θ|2 , (4.1)

with λφ/θ > 0 and 4λφλθ > κ2. The role of this potential in the context of gauge kinetic mixing
scenarios has also been previously studied in Refs. [35; 37; 38; 39]. The mass of the hidden-photon
and the hidden-Higgs are calculated in Appendix A.

In the case of a small kinetic mixing and a small ratio ρ = vθ/vφ of the vacuum expectation
values the hidden-Higgs mass can be expressed as

m2
h ≈ m2

H sin2 α

(
4λθλφ
κ2

− 1

)
. (4.2)

After symmetry breaking, the remaining real θ and φ Higgs states mix via the Higgs Portal term.
The transformation to mass eigenstates consisting of a light Higgs h and the heavy Standard

8

Light-shining-
through-walls

[Ahlers et al 0706.2836, 
0807.4143]
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Why does this work?

Interaction    doesn’t contain longitudinal piece−
ϵ
2

Fμν Xμν

There is no gauge symmetry, just a massive vector field  Xμ

Trick:

2.) `fake’ gauge symm:   Aμ → Aμ + ∂μα, π → π + mXα

3.) gauge fix fake symmetry in  gauge, 

           can be identified as the longitudinal part of     

Rξ
∂μπ

mX
Xμ

[Landau gauge]

1.) introduce a new field  , express π Xμ = Aμ − ∂μπ/mX
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1.) introduce a new field  , express π Xμ = Aμ − ∂μπ/mX
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IBP:    = coupling to an exactly 

conserved vector current


−
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But if there’s no gauge symmetry…

  is the building block we should use, not   Xμ Xμν

By EFT canon, we should include ALL operators — at least all 
renormalizable ones — consistent with symmetries 

(XμXμ)2

XμXμH†H

jμ
arbXμ

bozuijoh!fydfqu!
dpotfswfe!wfdups!
dvssfou



However:

(XμXμ)2

XμXμH†H

jμ
arbXμ

All lead to amplitudes that grow with energy… 
& therefore all require UV intervention



Example:  λ (XμXμ)2

Focus on the longitudinal piece

λ (XμXμ)2 ⟶ λ
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m4
X

Amplitude ∝ λ( E
mX

)
4
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Example:  λ (XμXμ)2

Focus on the longitudinal piece

λ (XμXμ)2 ⟶ λ
(∂μπ ∂μπ)2

m4
X

Amplitude ∝ λ( E
mX

)
4 \gbtufs!hspxui!uibo!

!!
xjuipvu!Ijhht"^
WLWL → WLWL

e.g. mX = 1 eV, Emax = 10 TeV
need λ ≤ 10−52
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Famous (infamous) dark photon model doesn’t generate  
radiatively 

λ (XμXμ)2

But, usual lore is that 
gravity generates Planck 

suppressed operators

(XμXμ)2H†H

M2
pl

    with       λeff (XμXμ)2 λeff ∼
v2

M2
pl

Plug in, find: 

Emax ∼ 1 GeV ( mX

1 eV )



Example:  κ XμXμ H†H

κ H†H
∂μπ ∂μπ

m2
X

longitudinal piece 

Amp ~ κ
E2

m2
X

Similarly,

jμ
5 Xμ i XμH†DμH

generate amplitudes that grow with energy to some power 
(always  )∝ mf
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Example:  gX jμ
anom Xμ vector, anomalous current, e.g. baryon #

If  were gauged: anomaly!Xμ

Anomaly can be fixed by adding more matter, heavy ‘anomalons’. 

Wfdups.mjlf!voefs!TN!
cvu!dijsbm!voefs!Y

mpohjuvejobm!foibodfnfou-!f/h;! 

Γ(Z → XLγ) ∼ MZ( M2
Z

m2
X

)

[Dror, Lasenby, Pospelov ’17]
But there are non-decoupling effects
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Stückelberg case: gX jμ
anom Xμ

No gauged symmetry! Fermions don’t transform, no Fujikawa argument 
— no anomaly

But: triangle diagram

yields the same result as the gauged + anomalon setup

Γ(Z → XLγ) ∼ MZ( M2
Z

m2
X

)

hmpcbm!dvssfou

So, longitudinal enhancement isn’t a smoking gun for gauge 
anomaly. It’s a consequence of global anomaly 



Another perspective

Fake gauge trick again

jμ
anomXμ = jμ

anom(Aμ − ∂μπ/mX)

+
π

mX
∂μ jμ

anom by IBP

π
mX

ZμνF̃μν

Exactly the 4D Green Schwarz anomaly cancellation mechanism 

dpncp!jt!hbvhf!jowbsjbou

∝ AμZνF̃μν



So, longitudinal enhancement isn’t a smoking gun for gauge 
anomaly. It’s a consequence of global anomaly 

As with other examples, longitudinal enhancement points to UV 
breakdown

Γ (Z → XLγ) ≃
3

32π2

α2
emαX

c2
Ws2

W

M3
Z

m2
X

σ (f f̄ → XLγ)s≫m2
Z

=
3

8π
1

N2
c

α3
emαX

c4
Ws4

W ((qV, f
Z )

2
+ (qA, f

Z )
2) 1

m2
X

Can be translated into bounds on  or  gX mX



As with other examples, longitudinal enhancement points to UV 
breakdown

For : since global anomaly is the root cause: cannot 
distinguish gauged theory + anomalons vs. Stückelberg via 

longitudinal enhancement alone

gX jμ
anom Xμ

σ(Zγ → Zγ) ≃
27

128π3

α4
emα2

X

c4
Ws4

W

s
m4

Xs ≫ m2
Z

[Dedes, Suxho ’12]

So, longitudinal enhancement isn’t a smoking gun for gauge 
anomaly. It’s a consequence of global anomaly 



Conclusions 

• There’s no free lunch with light vectors

• Stückelberg setup means you don’t have to explain the origin of mX

… but the only way to avoid inevitable UV breakdown 
(& need for more model building) is to stick to very 

specific, non-generic Lagrangian 



EXTRA
\



Higged case: λ (XμXμ)2

below the dark 
Higgs mass 

mσ

mX ∼ gXvX, mσ ∼ λσvX

λeff ∼ (m2
X

vX
)

2 1
m2

σ

Plug in to validity formula:

E4
max ∼

m4
X

λeff
∼

m4
X

m4
x

v2
X m2

σ ∼ λσv4
X

so    as expectedEmax ∼ vX



Below weak scale: baryon # anomaly free w/ respect to  SU(3)c ⊗ U(1)em

σ (ff̄ → XLγ)m2
X≪s≪m2

Z
= 3

8π
1

N2
c

α3
emαX

c4
Ws4

W ((qV, f
Z )

2
+ (qA, f

Z )
2) s2

m4
Z

1
m2

X

Longitudinal enhancement 
should vanish as v → ∞

But, process above predicts   

Different scaling that Emax from e.g. 
four fermion interaction

Emax ∼
1

α1/2
em α1/6

X ( mX

MZ )
1/3

MZ

Emax ∼ MZ

Requiring  , can derive bounds on Emax( f̄ f → XLγ) ≥ MZ mX


