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Dark photon model
Dark gauge symmetry: U(1)d (The SM fermions don’t carry the dark charge )Qd

cW = cos θW

Kinetic mixing

ε
The SM fermions interact with  
via kinetic mixing

̂Zd
Holdom, PLB (1986) 

 symmetry breaking:U(1)d  get the mass term by a singlet VEV̂Zd

Mass eigenstates: , , and γ Z Zd
New physical  
gauge boson

(m2
Zd

≪ m2
Z)

 couples   
(Dark photon)
Zd Jμ

em

https://inspirehep.net/literature/219689
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Dark Z model
Davoudiasl, Lee, Marciano, 1203.2947Dark gauge symmetry: U(1)d

Nature of gauge symmetry breaking is quite different

Higgs sector: Φ1 : (1, 2,
1
2

,0) Φ2 : (1, 2,
1
2

,1) Φd : (1, 1,0,1)
 symmetry breaking:U(1)d  get the mass term by the singlet VEV ( ) 

and the doublet VEV ( )

̂Zd vd
v2

https://inspirehep.net/literature/1093741
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2gd
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v2independent of ε
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Light dark Z boson and the weak mixing angle
The neutral current with light  induces  
the deviation in the running of  @ low energies.

Zd
sin2 ̂θW

Davoudiasl, Lee, Marciano, 1203.2947
1507.00352

https://inspirehep.net/literature/1093741
https://inspirehep.net/literature/1380913
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Light dark Z boson and the weak mixing angle
The neutral current with light  induces  
the deviation in the running of  @ low energies.

Zd
sin2 ̂θW

Davoudiasl, Lee, Marciano, 1203.2947
1507.00352

Preliminary result

Figure from Davoudiasl, KE, Lee,  
Lee, Marciano, work in progress  
(Preliminary result)

(Solid black line)
The SM prediction

(Blue regions)

Prediction  
in the dark Z model

Light  motivated by muon g-2 has also been studied.  Zd
Davoudiasl, Lee, Marciano,  
1205.2709

Czarnecki, Marciano,  
hep-ph/0003049

https://inspirehep.net/literature/1093741
https://inspirehep.net/literature/1380913
https://inspirehep.net/literature/524612
https://inspirehep.net/literature/1114495
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CDF, Science (2022)

PDG (2022) 7  deviation!σ
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We found it CAN be explained in the dark Z model  
under constraints from EW global fit & direct searches.
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Heavy dark Z bosons and W boson mass anomaly

Other terms are  
the same in the SM

New physics effect in 4 fermion processes

Mass  
deviation Δ1

Coupling  
deviation  
Δ2, Δ3

Including  
new particles

Sub-leading @ Z pole 
(unless  ) mZd

≃ mZ

In the dark Z model, couplings & mass of Z boson deviates from the SM ones  
because of kinetic & mass mixing
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Heavy dark Z bosons and W boson mass anomaly

The effect of the deviations , , and  can be described by  

, , and  parameters 

Δ1 Δ2 Δ3

S T U Holdom, PLB (1991) 

https://inspirehep.net/literature/302025
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Heavy dark Z bosons and W boson mass anomaly

Using , , and  parameters,S T U

Peskin, Takeuchi, PRL (1990); 
PRD (1992)

https://inspirehep.net/literature/296528
https://inspirehep.net/literature/321491
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Peskin, Takeuchi, PRL (1990); 
PRD (1992)

r2 > 1 Δm2
W > 0

r2 < 1 Δm2
W < 0

Favored by the CDF-II result
mZd

> mZ

CDF-II: Δm2
W ≃ 12.5 GeV2

https://inspirehep.net/literature/296528
https://inspirehep.net/literature/321491
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W boson mass anomaly & EW global fit

Dark photon limit 
( )εZ = 0

Dark photon limit 
( )εZ = 0

No overlap region  
in dark photon limit

Cheng et al, 2204.10156
Thomas, Wang, 2205.01911
Asagi et al, 2204.05283

CDF-II result can be explained  
                           with  and small |εZ | = O(0.1) ε

Preliminary result

Preliminary result

https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=2205.01911&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=2204.05283&ui-citation-summary=true
https://inspirehep.net/literature/2070637
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W boson mass anomaly & EW global fit

Preliminary result

Minimum  
 

( )

mZd

mZd
≃ 130 GeV

|εZ | ≃ 0.03

Large  
for heavier 

εZ
Zd=

Perturbation 
is not good

Heavy   and relatively large Zd (mZd
= O(100)GeV) |εZ | ( ≳ 0.03)
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Constraint from direct searches

mZd
= O(100) GeV |εZ | = 0.03-O(0.1)

Dilepton resonant search @ LHC

pp → Zd → ℓ+ℓ− ( )225 GeV ≤ mZd
≤ 6000 GeV

ATLAS, 1903.06248

depend on  & ε εZ

Dijet resonant search is not effective  
in the relevant mass range

CMS, 1911.03947

ATLAS, 1903.06248

https://inspirehep.net/literature/1725190
https://inspirehep.net/literature/1764471
https://inspirehep.net/literature/1725190
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Case 1: Only the SM fermions (Dashed lines) 

Case 2: Including a dark fermion [ ] (Solid lines)mψ = 50 GeV, gd = 0.1

14

Constraint from direct searches
The constraint depends on Br[Zd → ℓ+ℓ−]

Colored regions: CDF-II result & EW global fit

Preliminary result Preliminary result
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Summary

 New  gauge symmetry is an attractive candidate for new physics.U(1)

Thank you for listening!

 The dark Z model includes mass mixing  independent of  

  kinetic mixing  and provides richer phenomenology.

εZ

ε

 Heavy dark Z bosons with relatively large  can reproduce  
 the CDF-II result of  and the result of EW global fit. 

εZ
mW

 Such a parameter region is strongly constrained by dilepton resonant 
 searches unless  is quite small or large.  

 Considering dark decay channels, this constraint is relaxed.

mZd
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Mass eigenstate of neutral gauge bosons

Digonalize the kinetic term

Mass matrix for  and B̃μ Z̃dμ

Z̃μ = − sin θWB̃μ + cos θWŴ3
μ, tan θW = g′ /g

η =
1

1 − ε2/c2
W
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Mass eigenstate of neutral gauge bosons

Mass eigenstates  and Zμ Zdμ

Mixing matrix Mass eigenvalues

r̃ = m̃Zd
/m̃Zr = mZd

/mZ
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The covariant derivative in mass eigenstate basis

Dμ = ∂μ + igTaŴμ + ig′ YB̂μ + igdQd
̂Zdμ + (QCD term)

After diagonalization of kinetic terms and mass terms, 

Dμ = ⋯ +
ig
cW

(cξ + ηsξεtW)(T3 − s2
WQ)Zμ − ieηsξεQZμ − igdηsξQdZμ

+
ig
cW

(sξ − ηcξεtW)(T3 − s2
WQ)Zdμ + ieηcξεZdμ + igdηcξQdZdμ

≃ ⋯ +
ig
cW

(T3 − s2
WQ)Zμ − igdQd( εZ + εtW

1 − r2 )Zμ

+
ig

cW(1 − r2)
(r2εtW + εZ)Zdμ + ieεQZdμ + igdQdZdμ

→ 0 (mZd
/mZ → 0)


