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Dark photon limits: a cookbook
Ciaran O’Hare

2105.04565



Dark photons

L � �1

4
Fµ⌫F

µ⌫ � 1

4
Xµ⌫X

µ⌫ � �

2
Fµ⌫X

µ⌫ +
m2

X

2
XµX

µ + jµA
µ

<latexit sha1_base64="HbuhjDinC7QB/EHIHF1xNHvFFqc="></latexit>

SU(3)c ⇥ SU(2)L ⇥U(1)Y ⇥ U(1)0
<latexit sha1_base64="1VhJTZOhgrRayW5cHaXVnyrK7sU="></latexit>

Below 
EW

with vector Xμ

Extend SM gauge group:

“Kinetic mixing”

→ X is massive force carrying vector,
→ SM Particles get dark millicharge ~ 
→ Can also be coupled to other dark sector 
particles to create millicharged DM

χe

m2
X

2
(XµX

µ � 2�XµA
µ + �2AµA

µ) + jµA
µ

<latexit sha1_base64="b1dQpaLamor+F2/sndwCbjGlSbc="></latexit>

X µ
! X µ� �A µ

<latexit sha1_base64="1bbgm7BTxe8rUq2wbPvGALFh7V8=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCUFCcYCC2OR6ENqQuW4TmvVjiPbAVVRf4CFX2FhACFWdjb+BqfNAC1HutLxOffK954gZlRpx/m2CguLS8srxdXS2vrG5pa9vdNUIpGYNLBgQrYDpAijEWloqhlpx5IgHjDSCoZXmd+6J1JREd3qUUx8jvoRDSlG2khd+6B95/EEepL2BxpJKR7gVDmGHh5QeJE9unbZqTgTwHni5qQMctS79pfXEzjhJNKYIaU6rhNrP0VSU8zIuOQlisQID1GfdAyNECfKTyfXjOGhUXowFNJUpOFE/T2RIq7UiAemkyM9ULNeJv7ndRIdnvspjeJEkwhPPwoTBrWAWTSwRyXBmo0MQVhSsyvEAyQR1ibAkgnBnT15njSrFfekUr05Ldcu8ziKYA/sgyPggjNQA9egDhoAg0fwDF7Bm/VkvVjv1se0tWDlM7vgD6zPHwEQmt4=</latexit>

→ Non-diagonal mass term 
→ SM photon-dark photon mixing



Dark matter mass scales

millicharged DM 
particles coupled to 
SM via dark photon 

mediator
(See e.g. [hep-ph/0311189, 

1311.2600, 1908.06986])

Dark photons in colliders 
e.g. SHiP, LHCb, Belle II, 
NA64, SeaQuest + many 

more
(See e.g. [2005.01515])

Light dark photons as 
wave-like

dark matter
→ Focus of this talk
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Wave-like dark matter
→ continuously oscillating signal with spectral lineshape given

 by galactic DM velocity distribution 
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FFT
Amplitude:

Frequency: 



Dark photon electrodynamics DP-photon
Mixing 

Solution is a wave equation:

Dark photon sources E-field with direction given by the DP polarisation, X 



Dark photon electrodynamics versus Axion electrodynamics

Axions source an effective current in a similar way, but via 
meaning DPs can searched for with exactly the same techniques only they do 

not require a B-field to convert into photons

Example: cavity haloscope
Sikivie formula for resonant cavity 
power from axions:



Have to be careful!
There is a very subtle difference between these formulae

Cavity
 form factor

Axion case relies on 
overlap between the 
cavity mode  and 

applied B-field
→ Dependent only on 

the cavity itself

Eα

Appearing here is the 
DP polarisation!



Axions differ from dark photons in two respects
1) Dark photons don’t require an applied B-field.
2) Dark photon signal depends upon its polarisation state.

In the cavity example  is the angle between the DP 
polarisation and the applied B-field. 

But what is the DP polarisation???

cos θ

So the actual recasting looks like this: 



But what is the dark photon’s polarisation state?

…No one seems to know

Seems to be a badly understudied aspect of DPDM, but we can bound 
some possibilities:

Scenario 1: The DP polarisation is totally random in every coherence 
time, i.e. a random direction is drawn every ~  oscillations.106

(A mixture of purely random and purely fixed is possible of course, 
but these two scenarios are the extremes)

Scenario 2: The DP polarisation is fixed over length/time-scales probed by 
experiments, i.e. year, and mpct < L <



Which scenario is correct?
The answer depends on: 
1) DP production mechanism → What was the primordial polarisation distribution?
2) Structure formation → Can gravity rotate the DP polarisation?

Cosmic string
 decay

Inflationary 
perturbations

Misalignment
 mechanism

V (�)

✓i

e.g. 1201.5902, 1905.09836

Probably fixed 
polarisation

inside horizon
(Scenario 1)

Probably more randomised 
polarisation

inside horizon
(Scenario 2)

e.g. 1504.02102, 2009.03828, 
2005.01766, 2004.10743

e.g. 1810.07188, 1810.07196

Via an axion
e.g. 1901.03312



How to account for the DP polarisation: Scenario 1

Measured power is proportional to  which is the time-averaged 
DP polarisation angle over the duration of the measurement being made

⟨cos2 θ⟩T

If measurements last many coherence times (they will for all experiments here) 
and we randomly sample angles across the sky, then  

(answer is 2/3 if expt. is sensitive to 2 polarisations)
⟨cos2 θ⟩T = 1/3

And we’re done.
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ŷe
<latexit sha1_base64="wWG1urEqajdkgCRm31F5L3atVfg=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAiuSlIFXRbduKxgH9CEMJlO2qGTSZi5EUPIr7hxoYhbf8Sdf+OkzUJbDwwczrmXe+YECWcKbPvbWFvf2Nzaru3Ud/f2Dw7No0ZfxakktEdiHsthgBXlTNAeMOB0mEiKo4DTQTC7Lf3BI5WKxeIBsoR6EZ4IFjKCQUu+2XCnGHI3wjANwjwrCp/6ZtNu2XNYq8SpSBNV6PrmlzuOSRpRAYRjpUaOnYCXYwmMcFrU3VTRBJMZntCRpgJHVHn5PHthnWllbIWx1E+ANVd/b+Q4UiqLAj1ZhlTLXin+541SCK+9nIkkBSrI4lCYcgtiqyzCGjNJCfBME0wk01ktMsUSE9B11XUJzvKXV0m/3XIuWu37y2bnpqqjhk7QKTpHDrpCHXSHuqiHCHpCz+gVvRmF8WK8Gx+L0TWj2jlGf2B8/gDaO5T3</latexit>

✓X
<latexit sha1_base64="CmX4GU3HGeAckDhQPPomqxcTxwk=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48VbBtoQ9lsJ+3SzSbuToRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUMkmmOTR5IhPth8yAFAqaKFCCn2pgcSihHY5uZ377CbQRiXrAcQpBzAZKRIIztJLfxSEg6/m9csWtunPQVeLlpEJyNHrlr24/4VkMCrlkxnQ8N8VgwjQKLmFa6mYGUsZHbAAdSxWLwQST+b1TemaVPo0SbUshnau/JyYsNmYch7YzZjg0y95M/M/rZBhdBxOh0gxB8cWiKJMUEzp7nvaFBo5ybAnjWthbKR8yzTjaiEo2BG/55VXSqlW9i2rt/rJSv8njKJITckrOiUeuSJ3ckQZpEk4keSav5M15dF6cd+dj0Vpw8plj8gfO5w8J4I/3</latexit>

�X
<latexit sha1_base64="y/3Vm6yoHal9vw6dq8oosl4pxPw=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeL/TL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8Slq1qn9Rrd1fVuo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnD3ewjw4=</latexit>

North-facing
West-facing
Zenith-facing

X̂
<latexit sha1_base64="OVTpFPE/Hwf6nJCVZc16FBz98Dg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0GXRjcsK9gFNKJPppB06mYSZSaGE/IkbF4q49U/c+TdO2iy09cDA4Zx7uWdOkHCmtON8W5WNza3tnepubW//4PDIPj7pqjiVhHZIzGPZD7CinAna0Uxz2k8kxVHAaS+Y3hd+b0alYrF40vOE+hEeCxYygrWRhrbtTbDOvAjrSRBm/Twf2nWn4SyA1olbkjqUaA/tL28UkzSiQhOOlRq4TqL9DEvNCKd5zUsVTTCZ4jEdGCpwRJWfLZLn6MIoIxTG0jyh0UL9vZHhSKl5FJjJIqJa9QrxP2+Q6vDWz5hIUk0FWR4KU450jIoa0IhJSjSfG4KJZCYrIhMsMdGmrJopwV398jrpNhvuVaP5eF1v3ZV1VOEMzuESXLiBFjxAGzpAYAbP8ApvVma9WO/Wx3K0YpU7p/AH1ucPJpOT/g==</latexit>

X̂
<latexit sha1_base64="OVTpFPE/Hwf6nJCVZc16FBz98Dg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0GXRjcsK9gFNKJPppB06mYSZSaGE/IkbF4q49U/c+TdO2iy09cDA4Zx7uWdOkHCmtON8W5WNza3tnepubW//4PDIPj7pqjiVhHZIzGPZD7CinAna0Uxz2k8kxVHAaS+Y3hd+b0alYrF40vOE+hEeCxYygrWRhrbtTbDOvAjrSRBm/Twf2nWn4SyA1olbkjqUaA/tL28UkzSiQhOOlRq4TqL9DEvNCKd5zUsVTTCZ4jEdGCpwRJWfLZLn6MIoIxTG0jyh0UL9vZHhSKl5FJjJIqJa9QrxP2+Q6vDWz5hIUk0FWR4KU450jIoa0IhJSjSfG4KJZCYrIhMsMdGmrJopwV398jrpNhvuVaP5eF1v3ZV1VOEMzuESXLiBFjxAGzpAYAbP8ApvVma9WO/Wx3K0YpU7p/AH1ucPJpOT/g==</latexit>

The Earth rotates with respect to the DP polarisation axis which is fixed, so 
 depends upon time/orientation in a non-trivial, but predictable waycos2 θ

How to account for the DP polarisation: Scenario 1

Since the DP signal is weaker in Scenario 2, it is always the more conservative 
option, worthwhile to use it as a baseline



Scenario 2

This also means that the sensitivity of a DP search strongly depends upon the 
duration of observation, the location, and the orientation of the experiment
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Take a Zenith-pointing experiment (e.g. a cavity with vertical B-field):

North Pole: Worst Equator: Bad Latitude~35˚: Best
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—

Zenith-pointing

Current axion expts.
Future axion expts.

Current dark photon expts.
Future dark photon expts.
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Location dependence
 Zenith-pointing experiments (e.g. most cavities)



Can calculate the 
relevant conversion 
factors for most 
past experiments

Note: Some 
experiments veto 
candidate signals by 
turning off the 
magnetic field. This 
precludes us from 
reinterpreting their 
results in terms of DPs, 
but does not mean 
they are not sensitive 
to them.
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New limits on dark photons from axion experiments
 taking into account the daily modulation for the first time



Main messages

1. Most axion experiments can set limits on dark 
photons “for free”

2. Limits are dependent on the DP polarisation state 
which is not known. Being conservative 
necessarily means needing to account for timing 
and directional data that is not usually made 
public

3. Axion experimental collaborations can and should 
set their own limits on DPs and likely have the 
data to do so already

4. (Not discussed here) a future experimental 
campaign can gain over an order of magnitude 
improvement in sensitivity for no increase in 
observation time, just requires some strategic 
scanning (see our paper)
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Distribution of time-averaged  versus the 
duration of observation

→ day-long measurements always optimal

cos2 θ
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Sensitivity enhancement gained by doing three measurements 
separated by some time Twait

––
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→ don’t need to spend a day 
doing measurements, just do 
three short measurements 
separated by a few hours



Can also measure the polarisation direction
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