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Introduction: DM and Vector Portal/KM

•  ΛCDM & The Universe Energy Budget: Ω𝑚 = 𝛺𝐵 + 𝛺𝐷𝑀

• Baryonic matter: 𝛺𝐵 = 0.05

•DM: 𝛺𝐷𝑀 = 0.26 corresponding to dark matter (DM)

• Plethora of evidence: galaxy rotation curves, gravitational lensing, etc.

• DM in sub-GeV mass range: Vector Portal/Kinetic Mixing (KM) framework

Drawing from Philip Schuster TASI lectures 
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Introduction: Vector Portal/KM and PM

•  SM gauge group augmented by a local 𝑈 1 𝐷
•Gauge boson 𝐴𝐷 dark photon (DP)
•𝑈 1 𝐷 spontaneously broken by dark Higgs ℎ𝐷

• Kinetic mixing between 𝑈 1 𝐷 and 𝑈 1 𝑌: 
𝜖

2𝑐𝑤
𝐵𝐷

𝜇𝜈
𝐵𝑌𝜇𝜈

•DM/DP in sub-GeV range: 𝜖 ∼ 10− 3−5  due to pheno constraints.
• As noted by Holdom [1]: KM in this range generated at one loop by portal 

matter (PM) fields charged under both 𝑈 1 𝐷 and 𝑈 1 𝑌:

• Fermion PM: to avoid gauge anomalies and pheno constraints, assume vector-
like leptons (VLL) and/or vector-like quarks (VLQ)
• In both cases, unstable: Same quantum number as SM fermions

• Focus here on VLL

~~~~~~~~~~~~~~~~
𝑈 1 𝑌 𝑈 1 𝐷

𝑃𝑀

[1] - Phys. Lett. B 166, 196 (1986) and Phys. Lett. B 178, 65 (1986)



Previous and Current Work

•  Prior work [1]: minimal U 1 D PM construction (𝐿±, 𝐸±) 

•𝑄𝐷 = ±1 electroweak doublet 𝐿± 

•QD = ±1 electroweak singlet 𝐸±

• Constraints from flavor diagonal observable 𝑔 − 2 𝜇

• Prior work [2]: TeV-scale completion of this minimal PM construction

• SM and PM fields as members of the same dark gauge multiplets

•Naturally leads  to a setup in which VLL PM (𝐿±, 𝐸±)  coexist with a with a 
U 1 D-neutral VLL (𝐿0, 𝐸0)

• Here, 𝑈 1 𝐷 with VLL PM (𝐿±, 𝐸±) and U 1 D-neutral VLL (𝐿0, 𝐸0):

• Charged lepton flavor conserving (CLFC): MDM

• Charged lepton flavor violation (CLFV): 𝜇+ → 𝑒+𝛾 and 𝜇+ → 𝑒+𝑒−𝑒+ 
constraints on model parameter space

[1] - Physics Letters B 841 (2023): 137931, [2] - Physical Review D 108.5 (2023): 055033



• PM-PM/SM
  Couplings:

• Neutral VLL/SM 
Couplings:

• Neutral VLL/PM 
Couplings:

The Model
Name Field Mass

Leptons

PM VLL 𝐿±, 𝐸± ~TeV

𝑈 1 𝐷 - Neutral 
VLL

𝐿0, 𝐸0 ~TeV

Dark 
Sector

Dark Photon 𝐴𝐷 Sub-GeV

Dark Higgs ℎ𝐷 Sub-GeV

𝒆𝑹
𝒊 𝑬𝑹

± 𝑳𝑹
±

𝑒𝐿
𝑖 0 0 𝑦𝑖𝐿

±

𝐸𝐿
± 𝑦𝐸𝑖

± 0 𝑦𝐸𝐿
±

𝐿𝐿
± 0 𝑦𝐿𝐸

± 0

𝒆𝑹
𝒊 𝑬𝑹

𝟎 𝑳𝑹
𝟎

𝑒𝐿
𝑖 0 𝜆𝑖𝐸 0

𝐸𝐿
0 0 0 𝑦𝐸𝐿

0

𝐿𝐿
0 𝜆𝐿𝑖 𝑦𝐿𝐸

0 0

𝐿𝑅
0 𝐿𝑅

± 𝐸𝑅
0 𝑬𝑹

±

𝐿𝐿
0 0 𝜆𝐿

0± 0 0

𝐿𝐿
± 𝜆𝐿

±0 0 0 0

𝐸𝐿
0 0 0 0 𝜆𝐸

0±

𝑬𝑳
± 0 0 𝜆𝐸

±0 0

Higgs Dark Higgs

Field 𝑺𝑼 𝟐 𝑳 × 𝑼 𝟏 𝒀 𝑼 𝟏 𝑫

𝑳𝟎 𝟐
−

1
2

0

𝑳± 𝟐
−

1
2

±1

𝑬𝟎 𝟏+1 0

𝑬± 𝟏+1 ±1



Lepton Interactions

• Lepton fields (𝑎 = 𝐿, 𝑅):
• Charged Leptons: 𝜓𝑎

0 = (𝑒, 𝜇, 𝜏, 𝐿0, 𝐿+, 𝐿−, 𝐸0, 𝐸+, 𝐸−)𝑎
𝑇 with 𝜓𝑎

0 = 𝑈𝑎
𝑒𝜓𝑎

•Neutrinos: 𝑛𝑎
0 = (𝜈𝑒 , 𝜈𝜇 , 𝜈𝜏, 𝑁0, 𝑁+, 𝑁−)𝑎

𝑇 with 𝑛𝑎
0 = 𝑈𝑎

𝜈𝑛𝑎

• Perturbative expansion: 𝜈𝑆

𝑀𝑉𝐿𝐿
∼ 𝒪(10−(3−4))  and   

𝜈𝐻

𝑀𝑉𝐿𝐿
< 𝒪(0.1) 

 

𝝂𝑺 dependent variables 𝝂𝑯 dependent variables

𝜅𝐿𝑖
± =

𝑦𝑖𝐿
±

2

𝜈𝑆

𝑀𝐿
±

𝜌𝐿 𝐸 𝐿
± =

𝑀𝐿 𝐸
± 𝜆𝐿 𝐸

0± + 𝑀𝐿 𝐸
0 𝜆𝐿 𝐸

±0

𝑀𝐿 𝐸
± 2

− 𝑀𝐿 𝐸
0 2

𝜈𝑆

2
𝑞𝐿𝑖 =

𝜆𝑖𝐸

2

𝜈𝐻

𝑀𝐸
0

𝑝𝐿
0(±)

=
𝑀𝐿

0(±)
𝜆𝐸𝐿

0(±)
+ 𝑀𝐸

0(±)
𝑦𝐿𝐸

0(±)

𝑀𝐿 𝐸
± 2

− 𝑀𝐿 𝐸
0 2

𝜈𝑆

2

𝜅𝑅𝑖
± =

𝑦𝐸𝑖
±

2

𝜈𝑆

𝑀𝐸
±

𝜌𝐿 𝐸 𝐿
± =

𝑀𝐿 𝐸
± 𝜆𝐿 𝐸

0± + 𝑀𝐿 𝐸
0 𝜆𝐿 𝐸

±0

𝑀𝐿 𝐸
± 2

− 𝑀𝐿 𝐸
0 2

𝜈𝑆

2
𝑞𝑅𝑖 =

𝜆𝐿𝑖

2

𝜈𝐻

𝑀𝐿
0

𝑝𝑅
0(±)

=
𝑀𝐸

0(±)
𝜆𝐸𝐿

0(±)
+ 𝑀𝐿

0(±)
𝑦𝐿𝐸

0(±)

𝑀𝐸
0(±)2

− 𝑀𝐿
0(±)2

𝜈𝐻

2

• Scalar/Vector Interactions:
ℒ =  ത𝜓Z̸ 𝑔𝐿

𝑍 𝑃𝐿 + 𝑔𝑅
𝑍 𝑃𝑅 𝜓 + ത𝜓A̸𝐷 𝑔𝐿

𝐷 𝑃𝐿 + 𝑔𝑅
𝐷 𝑃𝑅 𝜓 − 𝑒 ത𝜓A̸𝜓

    −
ℎ

2
𝜓𝑦ℎ𝜓 −

ℎ𝐷

2
𝜓𝑦𝐷𝜓 + 𝑛W̸+ 𝑔𝐿

𝑊 𝑃𝐿 + 𝑔𝑅
𝑊 𝑃𝑅 𝜓 + ℎ. 𝑐. 

•Higgs and dark Higgs: 𝑦ℎ ∼ 𝑔ℎ
𝑆𝑀 +

𝑣𝐻
2

𝑀𝑉𝐿𝐿
2   and 𝑦𝐷 ∼

𝑣𝐻𝑣𝑠

𝑀𝑉𝐿𝐿
2  

• Z-boson and dark photon: 𝑔𝐿,𝑅
𝑍 ∼ 𝑔𝑆𝑀 𝐿,𝑅

𝑍 +
𝑣𝐻

2

𝑀𝑉𝐿𝐿
2  and 𝑔𝐿,𝑅

𝐷 ∼
𝑣𝑠

2

𝑀𝑉𝐿𝐿
2



• Model (a,b):{𝐿±, 𝐸±} 

•No correction to SM-Z vertex

• SM flavor diagonal Z/h vertex

• Model (c,d):{𝐿0, 𝐿±}

• Corrections to SM-Z vertex

• Induced SM flavor off-diagonal Z/h vertex

• Model (e,f):{𝐸0, 𝐸±}

• Correction to SM-Z vertex

• Induced SM flavor off-diagonal Z/h vertex

Physical Review D 111.3 (2025): 035007

Δ𝑎𝜇 & Reinforcement Learning [1] 𝒆𝑳
𝒊 𝑳𝑳

± 𝑬𝑳
±

𝑒𝑀𝐿
𝑖 1 𝜅𝐿𝑖

± 0

𝐿𝑀𝐿
± 0 1 𝑝𝐿

±

𝐸𝑀𝐿
± 0 𝑝𝐿

± 1

𝒆𝑹
𝒊 𝑳𝑹

± 𝑬𝑹
±

𝑒𝑀𝑅
𝑖 1 0 𝜅𝑅𝑖

±

𝐿𝑀𝑅
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±

𝐸𝑀𝑅
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Minimal Model

𝒆𝑳
𝒊 𝑳𝑳

𝟎 𝑳𝑳
±

𝑒𝑀𝐿
𝑖 1 0 𝜅𝐿𝑖

±

𝐿𝑀𝐿
0 0 1 𝜌𝐿𝐿

±

𝐿𝑀𝐿
± 𝜅𝐿𝑖

± 𝜌𝐿𝐿
± 1

𝒆𝑹
𝒊 𝑳𝑹

𝟎 𝑳𝑹
±

𝑒𝑀𝑅
𝑖 1 𝑞𝑅𝑖 0

𝐿𝑀𝑅
0 𝑞𝑅𝑖 1 0

𝐿𝑀𝑅
± 0 𝜌𝐿𝑅

± 1

𝒆𝑳
𝒊 𝑬𝑳

𝟎 𝑬𝑳
±

𝑒𝑀𝐿
𝑖 1 𝑞𝐿𝑖 0

𝐸𝑀𝐿
0 𝑞𝐿𝑖 1 0

𝐸𝑀𝐿
± 0 𝜌𝐸𝐿

± 1

𝒆𝑹
𝒊 𝑬𝑹

𝟎 𝑬𝑹
±

𝑒𝑀𝑅
𝑖 1 0 𝜅𝑅𝑖

±

𝐸𝑀𝐿
0 𝜌𝐸𝑅

± 1 0

𝐸𝑀𝐿
± 𝜅𝑅𝑖

± 𝜌𝐸𝑅
± 1

𝛿𝑔𝐿
𝑍 = 0 = 𝛿𝑔𝑅

𝑍

𝛿𝑔𝐿
𝑍 = 0 𝛿𝑔𝑅

𝑍
𝑖𝑗 = −

1

2𝑠𝑤
2

𝑞𝑅𝑖𝑞𝑅𝑗

𝛿𝑔𝐿
𝑍 = −

1

𝑐2𝑤
𝑞𝐿𝑖𝑞𝐿𝑗 𝛿𝑔𝑅

𝑍 = 0



• Model (a,b) {𝐿±, 𝐸±}:

• Chiral enhancement: Higgs coupling with different VLL (𝑦𝐿𝐸
± )

•  𝑦𝜇𝐿
± , 𝑦𝐸𝜇

± ∼ 0 1 ⇒ 𝑦𝐿𝐸
± < 10−2 to accommodate a possible Δ𝑎𝜇

• Model (c,d) {𝐿0, 𝐿±} and (e,f) {𝐸0, 𝐸±} :

• Chiral enhancement: Dark-Higgs coupling with different VLL (𝜆𝐿
±0, 𝜆𝐸

0±)

•  𝜆𝐿𝜇 , 𝑦𝜇𝐿
± ~0 1 ⇒ 𝜆𝐿

±0 < 10−2 to accommodate a possible Δ𝑎𝜇

•  𝜆𝜇𝐸 , 𝑦𝐸𝜇
± ~𝑂 1 ⇒ 𝜆𝐸

0± < 10−2 to accommodate a possible Δ𝑎𝜇 

Observables: 𝑔 − 2 𝜇

∆𝑎𝜇
(𝑎,𝑏)

≈ −
1

16𝜋2

𝑚𝜇
2

𝑀𝐿
±𝑀𝐸

±

𝑦𝐸𝜇
± 𝑦𝜇𝐿

± 𝑦𝐿𝐸
±

𝑦𝜇𝜇

∆𝑎𝜇
(𝑐,𝑑)

≈ −
1

16𝜋2

𝑚𝜇
2

𝑀𝐿
0𝑀𝐿

±

𝜆𝐿𝜇𝑦𝜇𝐿
± 𝜆𝐿

±0

𝑦𝜇𝜇
∆𝑎𝜇

(𝑒,𝑓)
≈ −

1

16𝜋2

𝑚𝜇
2

𝑀𝐸
0𝑀𝐸

±

𝜆𝜇𝐸𝑦𝐸𝜇
± 𝜆𝐸

0±

𝑦𝜇𝜇

𝛾

𝐹 = 𝐿±𝐹

𝐴𝐷

𝜇− 𝜇−

𝛾

𝐹 = 𝐸± 𝐹

𝐴𝐷

𝜇− 𝜇−

𝛾

𝐹 = 𝐸0𝐹

ℎ

𝜇− 𝜇−

𝛾

𝐹 = 𝐿0 𝐹

ℎ

𝜇− 𝜇−

𝛾

𝐹 = 𝐿± , 𝐸±𝐹

𝐴𝐷

𝜇− 𝜇−

𝛾

𝐹𝐹

ℎ𝐷

𝜇− 𝜇−



Observables: 𝜇+ → 𝑒+𝛾

• Branching Ration: BR < 4.2 × 10−13[1] (current) and BR < 10−14[2] (future)

• Model (a,b) {𝐿±, 𝐸±}:

𝐵𝑅 𝑎,𝑏 𝜇 → 𝑒𝛾 =
3 4𝜋 3α

32

Δ𝑎𝜇
𝑎,𝑏

𝐺𝐹𝑚𝜇
2 

2
𝑦𝑒𝐿

±

𝑦𝜇𝐿
±

2

+
𝑦𝐸𝑒

±

𝑦𝐸𝜇
±

2

• 𝑦𝜇𝐿
± , 𝑦𝐸𝜇

± ~0 1 ⇒ 𝑦𝑒𝐿
± , 𝑦𝐸𝑒

± < 2.9 × 10−14

• Model (c,d) {𝐿0, 𝐿±} and Model (e,f) {𝐸0, 𝐸±}: 

• 𝜆𝐿𝜇, 𝑦𝜇𝐿
± ~0 1 ⇒ 𝜆𝐿𝑒 , 𝑦𝑒𝐿

± < 2.9 × 10−14

• 𝜆𝜇𝐸 , 𝑦𝐸𝜇
± ~0 1 ⇒ 𝜆𝑒𝐸 , 𝑦𝐸𝑒

± < 2.9 × 10−14

𝐵𝑅 𝑐,𝑑 𝜇 → 𝑒𝛾 =
3 4𝜋 3α

32

Δ𝑎𝜇
𝑐,𝑑

𝐺𝐹𝑚𝜇
2 

2
𝜆𝐿𝑒

𝜆𝐿𝜇

2

+
𝑦𝑒𝐿

±

𝑦𝜇𝐿
±

2

𝐵𝑅 𝑒,𝑓 𝜇 → 𝑒𝛾 =
3 4𝜋 3α

32

Δ𝑎𝜇
𝑒,𝑓

𝐺𝐹𝑚𝜇
2 

2

𝜆𝑒𝐸

𝜆𝜇𝐸

2

+
𝑦𝐸𝑒

±

𝑦𝐸𝜇
±

2

[1] - arXiv:1605.05081  and [2] - Proceedings of Science 452 (2024)

ℎ𝐷 , ℎ

𝜓𝑗
𝑒𝜓𝑖

𝑒

𝛼

𝐴𝐷 , 𝑍

𝜓𝑗
𝑒𝜓𝑖

𝑒

𝛼



• Branching Ration: BR < 10−13[1] (current) and BR < 2 × 10−15 (future)

• Model (a,b) {𝐿±, 𝐸±}:

• Induced at loop level only

• Broader parameter space available

 

• Models (c,d) {𝐿0, 𝐿±} and (e,f) {𝐸0, 𝐸±}:

• Induced at tree level via Z-boson exchange

•More constrained parameter space

Observables: 𝜇+ → 𝑒+𝑒−𝑒+

[1] - arXiv:2204.00001

𝜇 𝑒

𝑋

ҧ𝑒

𝑒

ҧ𝑒

𝑒

𝑒

𝑋

𝜇

𝐵𝑅 ≈
1

128

𝑔𝐿𝑞𝑅𝑒𝑞𝑅𝜇

𝐺𝐹𝑀𝑍
2𝑐𝑤

2  

2

(7 − 8𝑐2𝑤 + 3𝑐4𝑤)

𝐵𝑅 ≈
1

128

𝑔𝐿𝑞𝐿𝑒𝑞𝐿𝜇

𝐺𝐹𝑀𝑍
2𝑐𝑤

2  

2

(7 − 8𝑐2𝑤 + 3𝑐4𝑤)



Conclusion and Perspectives

• CLFV: Clear BSM signal with even stronger constraints expected 
from future experiments

• Observables with significant ℎ𝐷 and 𝐴𝐷 appear in loops with 
much heavier VLL
• The observables considered here are agnostic to the sub-GeV BSM field 

content

• Identifying a viable sub-GeV parameter space is orthogonal to what we 
are doing here

• Loop level contributions to 𝜇+ → 𝑒+𝑒−𝑒+ for models (a,b)

• EW precision measurements 
•Models (a,b) are relatively safe

•Working on results for models (c,d,e,f)

• 𝜇 − 𝑒 conversion in nuclei
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