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The general idea: kinetic mixing The general idea: kinetic mixing γ-A'γ-A'

Note: є is the strength of the kinetic mixing and it is supposed to be small,
10-5-10-2, the smaller the value of є the longer A' lifetime (i.e. long lived). 
The Mass of the new boson should be in the range few MeV to few Gev (Nima 
Arkani-Hamed et al. Phys. Rev. D 79, 015014, 2009).

Dark photon first proposed in P. Fayet, Phys. Lett. B 95, 285 (1980),
P. Fayet Nucl. Phys. B 187, 184 (1981).

➔ (Holdom, 1986) A boson belonging to an additional U(1)' symmetry would mix 
kinetically with the photon:

➔ The kinetic mixing is a term in the Lagrangian expressed by                      .

➔ For the dark photon to acquire mass an extended Higgs sector can be required to 
break the new U(1)' symmetry. 
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Most dark sector models require an additional U(1) symmetry responsible for the 
“interactions” between dark sector particles and SM particles through its gauge boson A' .

● M(A') ~ GeV scale → mixing with the photon, decays to SM final states possible

● M(A') ~ EW scale → mixing with Z0, effects in rare decays (Y, B, ..) through loops1, 
     decays to SM final states possible

● M(A') ~ TeV scale →  effects in rare decays (Y, B, ..) through loops1

● M(h
D
)~ GeV scale → dark higgs-strahlung, rare decays 

● M(χ) ~ GeV scale: B→χχ,B→νχ; Y(1S)→χχ;Y(3S)→χχγ, A'
 
→ χχ

Invisible B/Y decays not accessible at hadron colliders→Belle II

P. Fayet, Phys. Lett. B 95, 285 (1980),
P. Fayet Nucl. Phys. B 187, 184 (1981).
B. Holdom, Phys. Lett. B 166, 196 (1986)

Kinetic mixing strength 
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1Remember the lesson from the past, new particles are first seen indirectly or 
in loops: Z0, charm, top 

A'= dark photon, h
D
= dark Higgs boson, χ= dark matter

Consideration about dark sectorsConsideration about dark sectors
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Dark photon searches in e+e- collisions:Dark photon searches in e+e- collisions:
BABAR, KLOE, BESIII, Belle/BelleBABAR, KLOE, BESIII, Belle/Belle
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Dark photon searches at BABARDark photon searches at BABAR

e -
(e+

)

e+
(e-

)

γ ISR

e+ ,μ+

e- ,μ-

A '

A'= dark photon.
A' decays to SM final states through kinetic mixing (if allowed by kinematics). Low multiplicity 
final states. 2 charged tracks and 1 photon, prompt. 

“A' ” decays depend on M
A'
 :

-Decays to leptons require M
A'
>1.02 MeV/c2 

-Decays to hadrons require M
A'
>0.36 GeV/c2 

M A' [GeV /c2]ArXiv:0903.0363 [hep-ph]

h+ h-

BaBar, ArXiv: 1406.2980 [Hep-Ex]

ISR process with leptonic final statesISR process with leptonic final states
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Most dark sector models require an additional U(1) symmetry responsible for the 
“interactions” between dark sector particles and SM particles through its gauge boson A' .

P. Fayet, Phys. Lett. B 95, 285 (1980),
P. Fayet Nucl. Phys. B 187, 184 (1981).
B. Holdom, Phys. Lett. B 166, 196 (1986)

Kinetic mixing strength 
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BaBar, ArXiv: 1406.2980 [Hep-Ex]
A '→ e+ e- ,μ+

μ
-

[ prompt ]

Dark photon searches at BABARDark photon searches at BABAR
ISR process with leptonic final statesISR process with leptonic final states
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e+e -
[Y (3 S)]→γ ISR A ' , A '→χ χY (1S )→γ(A0

→)χ χ

BABAR:
Phys.Rev.Lett.107:021804,20
11

BABAR:
arXiv:0808.0017

BABAR:
Phys.Rev.Lett.107:021804,20
11

28.5 fb-1 @ 
Y(3S)

14.4 fb-1 @ Y(2S)

14.4 fb-1 @ Y(2S)

BABAR: invisible channelsBABAR: invisible channels
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Most dark sector models require an additional U(1) symmetry responsible for the 
“interactions” between dark sector particles and SM particles through its gauge boson A' .

P. Fayet, Phys. Lett. B 95, 285 (1980),
P. Fayet Nucl. Phys. B 187, 184 (1981).
B. Holdom, Phys. Lett. B 166, 196 (1986)

Kinetic mixing strength 
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Dark photon searches at BES IIIDark photon searches at BES III

ArXiv: 1508.07659
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Most dark sector models require an additional U(1) symmetry responsible for the 
“interactions” between dark sector particles and SM particles through its gauge boson A' .

P. Fayet, Phys. Lett. B 95, 285 (1980),
P. Fayet Nucl. Phys. B 187, 184 (1981).
B. Holdom, Phys. Lett. B 166, 196 (1986)

Kinetic mixing strength 
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Dark photon searches at BES IIIDark photon searches at BES III

ArXiv: 1508.07659

ARTIFICIAL 
COVER

ISR process with leptonic final statesISR process with leptonic final states
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Dark photon searches at KLOEDark photon searches at KLOE

F. Cucciarello 
ICHEP 16
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Dark photon searches at KLOEDark photon searches at KLOE
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x

l+ ,π+

l+ ,π+

l+ ,π+

l- ,π -

l- ,π -

l- ,π -

γ A '*

A '

h '
A '

A '( * )

h'= dark Higgs,
A'= dark photon.

Higgs-strahlung: h' decays depending on M
h'
 and M

A
. Measures the 

coupling constant of the dark photon to the dark Higgs, α
D
.

*)α
D
 can be measured experimentally 

e+

e-

ε
√αD

Dark photon searches at Belle in dark Higgs-Dark photon searches at Belle in dark Higgs-
strahlung processesstrahlung processes

Phys. Rev. Lett. 114, 211801 (2015)
Belle: 977 fb-1 (Born cross section; ISR no negigible)
Babar: 520 fb-1 based on visible cross section (PRL 108 211801-2012) 
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Dark photon searches at Belle in pseudoscalar Dark photon searches at Belle in pseudoscalar 
decaysdecays

● Search for a dark vector boson in meson decays.
● Dark boson produced in pseudoscalar decays.
● Exclusive decay mode:

● Reconstruct η.
● Search for a bump in the M

ππ
 distribution

D0
→K S

0
η η→U ' (→π

+
π

-
)γ

ϵ

90 % CL upper 
limits
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e-
(e+

)

e+
(e-

)

γ

e+ ,μ+ ,π+

e- ,μ- ,π-

A '

A'= dark photon, L= long lived light gauge boson.
A' decays to SM final states through kinetic mixing (if allowed by kinematics). Low multiplicity 
final states. 2 charged tracks and 1 photon, prompt or displaced vertex decay. Could require 
dedicated trigger to increase efficiencies, especially for the displaced vertex case. 

“A' ” decays depend on M
A'
 :

-Decays to leptons require M
A'
>1.02 MeV/c2 

-Decays to hadrons require M
A'
>0.36 GeV/c2 

Dark photon searches at BelleDark photon searches at Belle

A ' /L

e+ ,μ+ ,π+

e- ,μ- ,π-~mm−cm

M A' [GeV /c2]ArXiv:0903.0363 [hep-ph]

h+ h-

ISR process with leptonic/hadronic final statesISR process with leptonic/hadronic final states
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Long lived dark photon search at Belle Long lived dark photon search at Belle 

A '
e+ ,μ+

~mm−cm

A '→ l+ l- (l=e ,μ)

M A'=0.01−0.3GeV /c2

W A'=1 KeV /c2

c τ=1cm e- ,μ-

ISR process with leptonic final statesISR process with leptonic final states
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e-
(e+

)

e+
(e-

)

γ

χ

χ
A '

A'= dark photon, χ= dark matter particle (neutral under SU(3)xSU(2)xU(1))
A' decays to dark matter. On-shell (mono-energetic photon) or off-shell (broad spectrum) 
with different gamma spectrum .

 radiative production in e+e- collisions
 only one photon in the final state with 
 No existing limits

Requires high rate single photon trigger, not available in Belle, however the analysis is 
ongoing using photon conversion. The BaBar Collaboration implemented a single photon 
trigger ( arXiv:0808.0017 [hep-ex]). Single photon trigger available at Belle II.

Eγ
*
=(s−M A '

2
)/2√s (on−shell )

Invisible decays searches @ Belle and Belle II Invisible decays searches @ Belle and Belle II 

See R. Essig et al. JHEP11 (2013) 167.



17

Dark photon: expected discovery potential at Belle IIDark photon: expected discovery potential at Belle II

e+e-
→γ A '→γe+ e- ,γμ

+
μ

- , prompt e+e-
→γ A '→γ χ χ

From Christopher Hearty, University of British Columbia/IPP, Belle II limits scaled from BABAR.

*The level 1 trigger required a single energy cluster > 800 MeV in the laboratory frame. 
Rate: 350 Hz (8% of the total) at a typical luminosity of 8 × 1033 running on the
Υ(2S) or Υ(3S) resonances

● Plans to study e+e- →μ+μ-A', followed by A'→χχ (no special trigger required).

*



18

Dark photon searches in pp collisions:Dark photon searches in pp collisions:
ATLAS, CMS, LHCbATLAS, CMS, LHCb
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Dark photon searches @ ATLASDark photon searches @ ATLAS

● Dark photon searched in the so-called “Higgs portal” in 
● The Higgs boson decays to dark fermions; dark fermions decay to 

● 1) A Hidden Lightest Stable Particle and a dark photon
● 2) A Hidden Lightest Stable Particle and a dark scalar

● The dark scalar decays to a dark photon pair
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Dark photon searches @ ATLASDark photon searches @ ATLAS

ArXiv: 1409.0746v2
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Andy Haas 

Dark photon searches @ CMSDark photon searches @ CMS

Search for Higgs boson decays to a dark photon pair plus X
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Dark photon searches @ CMSDark photon searches @ CMS
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arXiv:1506.00424 [hep-ex]
“This search constrains a large, previously unconstrained area of the parameter space. 
Unlike the other results in the figure, the CMS and ATLAS limits are model-dependent 
and only valid under the assumption that B(h → 2n1 → 4µ + X) ≠ 0”

Dark photon searches @ CMSDark photon searches @ CMS
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During run 3 LHCb will run in a “triggerless” 
Mode. Plan to search for
 
● low mass dark photon in the reaction:

● Prompt and displaced vertex decays of 
the dark photon in the mass region
in the reaction:

Dark photon searches @ LHCbDark photon searches @ LHCb

Γ(D*0
)→D0 A '

Γ(D*0)→D0 γ
=ϵ

2
(1−

M A '
2

ΔmD
2
)
3/2

D*0→D 0γ

ArXiv: 
1509.06765

pp→X A ' , A '→μ+μ-

Γ A'≈Γ(A '→ l+ l -
)=

1
3

αϵ
2mA '√1−

4ml
2

mA'
2 (1+

2ml
2

mA'
2 )

ArXiv:1603.08926

[2mμ ,50GeV /c2
]

Preliminary studies for run 3: from ~2021Preliminary studies for run 3: from ~2021
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Dark photon searches @ LHCbDark photon searches @ LHCb

ArXiv:1603.08926

Expected sensitivity during run 3: from ~2021 Expected sensitivity during run 3: from ~2021 



26

Dark photon in fixed target experiments:Dark photon in fixed target experiments:
NA48-2, HPS, SHIPNA48-2, HPS, SHIP
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Dark photon searches in Dark photon searches in ππ00 decays at NA48-2 decays at NA48-2  

BR(π
0
→γ A ' )=2ϵ

2
(1−

M A '
2

M
π

0

2
)×BR(π

0
→γ γ)

Γ A '≈Γ(A '→ e+ e-
)=

1
3

αϵ
2mA ' √1−

4 me
2

mA'
2 (1+

2me
2

mA '
2 )

c τ A'=
ℏ c
Γ A'

≈0.8μm×(
10−6

ϵ2 )×(
100MeV /c2

M A'

)

B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D 80, 095024, 2009.
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Dark photon searches in Dark photon searches in ππ00 decays at NA48-2 decays at NA48-2  

BR(π
0
→γ A ' )=2ϵ

2
(1−

M A '
2

M
π

0

2
)×BR(π

0
→γ γ)

Γ A '≈Γ(A '→ e+ e-
)=

1
3

αϵ
2mA ' √1−

4 me
2

mA'
2 (1+

2me
2

mA '
2 )

c τ A'=
ℏ c
Γ A'

≈0.8μm×(
10−6

ϵ2 )×(
100MeV /c2

M A'

)

B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D 80, 095024, 2009.

'

NA48 arXiv:1504.00607
π0 decays 

dark photon 
explanation 
of (g-2)

μ
 ruled 

out for A' 
→e+e-

dark photon 
explanation of 
8-Berillium 
anomaly ruled 
out (unluess 
pion/proton-
phobic) A'
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Dark photon searches at HPSDark photon searches at HPS

● Jlab Experiment (CEBAF12)
● Electron beam on a tungsten foil 

radiating a dark photon with the 
dark photon decaying to e+e-. 

Expected sensitivity with 
periodic runs by 2020.

Expected sensitivity by 2020Expected sensitivity by 2020
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Dark photon searches at SHiPDark photon searches at SHiP

150 m

A '

μ+

μ-

Planned by 2023-2027Planned by 2023-2027
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Dark photon searches at SHiPDark photon searches at SHiP

A '

μ
+

μ
-

Vector meson production @ SHIP
Bremsstrahlung: pp → ppV
Mesons: π0 → γV
QCD: q+q → V; q+g → q+V
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ConclusionsConclusions

● The lack of solid experimental evidences for WIMPs might imply that DM belong to 
more complicated dark sector with dark interactions/dark forces.

● Many diverese experiments currently searching an planning searches for dark 
forces/dark sector.

● Searches are of general interests and many people are joining the effort.

● The “Dark Sectors 2016 Workshop: Community Report”,  arXiv:1608.08632, 
summurise the strategies and the experimental opportunities for the next 5-10 
years.

THANK YOU FOR YOUR ATTENTION!
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