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Why we need to search 
for Dark Photons
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What is Dark Matter?

26.8%

4.8%

68.3%

Suggestive of a dark sector, 
neutral under all Standard Model forces 2



Standard Model
�g W±, Z

Dark Sector
forces + particles

dark matter?

Portals to a dark sector?

?

only a few important interactions exist that 
are allowed by Standard Model symmetries

HPS built to probe the 
dark photon portal
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a special portal: not suppressed by a mass scale!

“Kinetic Mixing”

Standard Model
�g A0 (massive)W±, Z

Holdom

X
A0�

�L =
✏

2
FY,µ⌫F 0

µ⌫

✏

Galison, Manohar

Dark Photons

Dark Sector
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“Kinetic Mixing”

Standard Model
�g A0 (massive)W±, Z

Holdom

X
A0�

�L =
✏

2
FY,µ⌫F 0

µ⌫

✏

Galison, Manohar

Dark Photons

Dark Sector

simplest Dark Sector consists of just an A′,
but dark sector could be much richer
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Aʹ couples to quarks & charged leptons

X A0
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DetectorsTarget 

e- Aʹ e-

e+

Examples of Aʹ Production

✏
Aʹ

e+e- collision

electron fixed target/beam dump

⇥ � �A0

proton fixed target

rare meson decays

Detector

10 m’s -- km’s

p e.g.

⇡0 ! �A0

ShieldTarget Decay 
pipe

Aʹ e-

e+
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rare Higgs decays
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Aʹ Status 2008

10-3 10-2 0.1 1 10 102 103
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

mA' [GeV]

ϵ2

aμ, 5σ

aμ,±2σ favored

ae

Pospelov; Fayet; 

8



10-3 10-2 0.1 1 10 102 103
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

mA' [GeV]

ϵ2
Aʹ Status Today

9

Lots of  
activity!

from Curtin, RE, Gori, Shelton
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High-energy 
Colliders

Beam 
dumps

B/Φ-factories 
Rare Mesons Decays

Fixed 
Target
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from Curtin, RE, Gori, Shelton



10-3 10-2 10-1 1
10-11
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mA' [GeV]
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LHCb

Aʹ Status Today: MeV-GeV

10not shown: e.g. SeaQuest



Comment on SeaQuest
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plot from Gardner, Holt, Tadepalli (1509.00050)

Some old plots 
shown by SeaQuest 
are “optimistic”… so 
please keep thinking 
about how to probe 

high mass region

(TBC)



Why search for Dark Photons?

12

• Simple and ubiquitous in Beyond SM scenarios; dark 
photon portal could easily be most accessible portal 
— theoretically, ε could be O(1)!



Why search for Dark Photons?

Some scenarios give preferred values of ε

12

• Simple and ubiquitous in Beyond SM scenarios; dark 
photon portal could easily be most accessible portal 
— theoretically, ε could be O(1)!



if U(1)Y embedded in a Grand Unified Theory (GUT), 
generate ε below GUT scale

A0�

GUT: ε from one-loop versus two loop
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if U(1)Y embedded in a Grand Unified Theory (GUT), 
generate ε below GUT scale

✏

A0�

GUT: ε from one-loop versus two loop

X A0�
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HPS, APEX etc can probe GUT ε values



Why search for Dark Photons?
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• Simple and ubiquitous in Beyond SM scenarios; dark 
photon portal could easily be most accessible portal 
— theoretically, ε could be O(1)!

• muon g-2



�

µ+

µ�

A0

Boehm, Fayet 
Pospelov

 discrepancy Standard Model 
         versus Data(gs � 2)µ
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Aʹ can explain muon g-2

independent of Aʹ decay modes!

ε

ε
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HPS, APEX… can probe g-2 for 
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Why search for Dark Photons?
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• Simple and ubiquitous in Beyond SM scenarios; dark 
photon portal could easily be most accessible portal 
— theoretically, ε could be O(1)!

• muon g-2

• A′ could couple to dark matter, leading to an amazing 
variety of possible signatures:

• data “anomalies” can guide specific scenarios



Dark Matter & Dark Photons

Standard Model
�g A0W±, Z

X Dark Sector
DM +

✏
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“Old” hints
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(now unlikely to be DM)

• cosmic-rays e+ & e- (PAMELA, …)
• direct detection (DAMA, …)



Arkani-Hamed et.al.; Cholis et.al.; Pospelov & Ritz

“Old” hint from cosmic-rays

Aʹ

Aʹm~TeV
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Strong constraints from CMB, Fermi, …
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Planck Collaboration: Cosmological parameters
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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
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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.

51

Planck

see also e.g. Galli et.al.; Slatyer, 
Padmanabhan, Finkbeiner; 
Madhavacheril, Sehgal, Slatyer 



Aʹ

DAMA, CoGeNT, CRESST, CDMS-Si

m~10 GeV

hard for SM mediators, 
easier for light mediators

“Old” hint from direction detection
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Severe constraints from other experiments
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“Newer” hints, e.g.
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• ~GeV gamma-ray excess near Galactic Center

• 3.5 keV “line”

• “small-scale crisis” of cold, collisionless DM



Galactic Center Gamma-ray Excess

26

m A′ = 100 MeV

Eγ~1-3 GeV 

mDM = 10 GeV

Hooper, Weiner, Xue



3.5 keV γ-ray line

27

observed in e.g. galaxy 
clusters by X-ray satellites

Bulbul et.al.



3.5 keV γ-ray line

27

observed in e.g. galaxy 
clusters by X-ray satellites

Bulbul et.al.

Aʹ

DM DM

*

*

γ

DM DM

*

Finkbeiner, Weiner
followed by



“Small-scale crisis” of CDM
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“Small-scale crisis” of CDM
• “Cusp-core problem”: 
some galaxies have less DM in the center than predicted by 
simulations e.g. Navarro et al. 1997
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“Small-scale crisis” of CDM
• “Cusp-core problem”: 
some galaxies have less DM in the center than predicted by 
simulations

• “Missing satellites problem” & “Too big too fail problem”:
simulations predict too many low-mass subhalos & dozens of 
“dark” satellites more massive than the dwarf spheroidals

Boylan-Kolchin et.al. 2011

e.g. Klypin et al. 1999; Moore et.al. 1999

e.g. Navarro et al. 1997
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“Small-scale crisis” of CDM
• “Cusp-core problem”: 
some galaxies have less DM in the center than predicted by 
simulations

• “Missing satellites problem” & “Too big too fail problem”:
simulations predict too many low-mass subhalos & dozens of 
“dark” satellites more massive than the dwarf spheroidals

• Resolution? • baryonic physics?            

• warm dark matter? (e.g. ~keV sterile neutrino?)

• self-interacting dark matter?

• …

Boylan-Kolchin et.al. 2011

e.g. Klypin et al. 1999; Moore et.al. 1999

Spergel, Steinhardt 1999

e.g. Navarro et al. 1997
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DM self-interactions through Aʹ?

could resolve some of the “small-scale crises”

e.g. Spergel & Steinhardt; Loeb & Weiner; 
Kaplinghat, Tulin, Yu

Aʹ

DM DM

29



Rough estimate for size of DM self-interactions

30

want       DM collision over age of Galaxy



Rough estimate for size of DM self-interactions
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want       DM collision over age of Galaxy



Rough estimate for size of DM self-interactions

30

want       DM collision over age of Galaxy



Rough estimate for size of DM self-interactions

30

want       DM collision over age of Galaxy

~QCD scale!



Large σ/m is easy w/ light mediators

31

Aʹ

DM DM

Born 
approximation



Large σ/m is easy w/ light mediators

31

Aʹ

DM DM

Born 
approximation

light mediators! (but doesn’t constrain ε)



Obtaining cores in dwarfs, galaxies, & clusters

32
Kaplinghat, Tulin, Yu



Why search for Dark Photons?

33

• Simple and ubiquitous in Beyond SM scenarios; dark 
photon portal could easily be most accessible portal 
— theoretically, ε could be O(1)!

• muon g-2

• A′ could couple to dark matter, leading to an amazing 
variety of possible signatures:

• data “anomalies” can guide specific scenarios

• simple, well-motivated DM models (e.g. sub-GeV 
DM) motivate new searches/interpretations



Why search for Dark Photons?

33

• Simple and ubiquitous in Beyond SM scenarios; dark 
photon portal could easily be most accessible portal 
— theoretically, ε could be O(1)!

• muon g-2

• A′ could couple to dark matter, leading to an amazing 
variety of possible signatures:

• data “anomalies” can guide specific scenarios

• simple, well-motivated DM models (e.g. sub-GeV 
DM) motivate new searches/interpretations

(only mention 3 examples)



Then many 
constraints here 

weaken/disappear!
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Assume Aʹ → Dark Matter is possible
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But ε value to 
explain muon g-2 

is unchanged!



Assume Aʹ → Dark Matter is possible

Aʹ SM

SM

Aʹ DM

DM

Controlled 
by ε2

Controlled 
by αD

35
now fix ε to explain g-2… 



Constraint on g-2 region
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New proton/electron beam dumps for sub-GeV DM

37

MiniBooNE, BDX, 
missing momentum, … 

e.g. 
Batell, Pospelov, Ritz
Deniverville, Pospelov, Ritz
Deniverville, McKeen, Ritz
Aguilar-Arevalo et.al. 
Izaguirre, Krnjaic, Schuster, Toro (several)
Diamond, Schuster
Batell, RE, Surujon 
BDX Collaboration
…

BDX proposal
(Battaglieri et.al.)



New Direct Detection Experiments for sub-GeV DM

38
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RE, Mardon, Volansky



Conclusions
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• Dark photon portal is special: simple, ubiquitous, easily 
dominant over other portals

• HPS (and others) can probe e.g.:

• muon g-2 for

• ε expected from GUT symmetry

• mediator of DM interactions, motivated by e.g.:  

• small-scale crisis of cold, collisionless DM

• 3.5 keV line

• GC excess

• simple sub-GeV DM models


