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Muon anomalies

➢ muon g-2

Δ𝑎𝜇 = 𝑎𝜇
exp

− 𝑎𝜇
SM

= 2.51 ± 0.59 × 10−9

2

4.2𝜎 discrepancy

➢ 𝑏 → 𝑠𝜇𝜇 anomalies

𝑅𝐾 =
Γ 𝐵 → 𝐾𝜇+𝜇−

Γ 𝐵 → 𝐾𝑒+𝑒−
= 0.846−0.039

+0.042 ± 0.013

∼ 3.1 𝜎 below unity 

✓ anomalies are also found in angular obs. and BRs



Vector-like [VL] lepton and g-2 
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• without chiral enhancement, 𝑦 𝐻 → 𝑚𝜇

• heavy boson explanation requires chiral enhancement

• VL lepton is a nice candidate for it   

𝐵 = 𝑍′, 𝐻′, 𝐿𝑄,…

➢ chiral enhancement

𝜇 𝜇

𝐹 = 𝐸, 𝑡, … .

𝑦 𝐻

𝛾

Δ𝑎𝜇~
𝑔2𝑚𝜇

8𝜋2𝑚𝐵
2 × 𝑦 𝐻

∼ 2 × 10−9 ×
1 TeV

𝑚𝐵

2
𝑔2𝑦

0.13



Outline
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1. Muon anomalies 

2. Vector-like U(1)’ model and LHC signal

3. W mass and vector-like leptons

4. Summary 



Our Model

• Only VL-family have 𝑈 1 ′ charge 

• 𝑍′- SM particle couplings appear in mass basis

• Unwanted new physics contributions may be evaded

➢ Complete Vector-Like 4th Family + 𝑈(1)′

VL fermions 𝜙 ~ Φ ~TeV

*similar setup:
A. Falkowski, S. F. King et.al 
1803.04430

JK, S.Raby, A.Trautner, 1906.11297, 1911.11075



Muon anomalies

➢ muon g-2
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➢ 𝑏 → 𝑠𝜇𝜇 anomaly

Δ𝑎𝜇 ∼ 5 × 10−9 ×
500 GeV

𝑚𝑍′

2
𝑔𝜇E
𝐿 𝑔𝜇E

𝑅

0.09

both anomalies are explained by 𝑍′ and VL lepton 

c.f. 𝐶9 ∼ [−1,−0.5] is favored

𝐸

𝜇 𝜇

𝛾

𝑍′
𝑔𝑓𝐹

Τ𝐿 𝑅: 𝑓 − 𝐹 − 𝑍′ coupling in Τ𝐿 𝑅 current

𝑏 𝑠

𝜇𝜇

𝑍′
𝐶9 ∼ −0.83 ×

500 GeV

𝑚𝑍′

2
𝑔𝑠𝑏
𝐿

0.0006

𝑔𝜇𝜇
𝐿 + 𝑔𝜇𝜇

𝑅

0.6

𝑚𝑍′ ∼ 𝑚𝐸 ∼ 𝒪 500 GeV explain anomalies

JK, S.Raby, A.Trautner, 1906.11297, 1911.11075



Benchmark Points 

Most observables are explained within 1 𝜎

𝜒2 = 22.6, 25.0, 23.3, 23.8 𝑁𝑑𝑜𝑓 = 33

𝑚𝐸1 > 1.2 TeV 𝑚𝑍′ > 750 GeV𝑚𝜒 > 750 GeVbest



Upper bound on VL lepton mass 

• Δ𝑎𝜇 is explained inside the contours

• VL lepton should be lighter than 1.4 (1.0) TeV for 𝑚𝑍
′ ∼ 500 (750) GeV

preliminary



≥ 4𝜇 signal
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➢ VL-lepton pair production: 𝑝𝑝 → 𝐿𝐿

• 6 muons are produced If two 𝑍′ → 𝜇𝜇 from 𝑝𝑝 → ത𝐸𝐸 → 𝜇−𝜇+𝑍′𝑍′

• 4 muons are produced if one 𝑍′ → 𝜇𝜇 or VL neutrino production 

• we recast the ATLAS result searches for 4/5 leptons, 2103.11684

𝜇/𝜈

𝑝

𝑝

𝑍′

𝑍′
Τ𝜇 𝜈

Τ𝜇 𝜈

𝐸/𝑁

𝐸/𝑁

Τ𝜇 𝜈

𝐿 = Τ𝐸 𝑁

JK, S.Raby 2104.04461



95%C.L. limits on Br(𝐸 → 𝑍′𝜇)
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➢ 𝑆𝑈 2 𝐿 singlet ➢ 𝑆𝑈 2 𝐿 doublet

• SR0bveto
tight

gives the strongest bound for Br(𝐸 → 𝑍′𝜇)

• limit is 1 (1.3) TeV for Br 𝐸 → 𝑍′𝜇 = 1 for singlet (doublet)

• 1.9𝜎 excess in SR5L limit can be explained 

Madgraph5+pythia8+Delphes3

ATLAS 2103.11684



Outline
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1. Muon anomalies 

2. Vector-like U(1)’ model and LHC signal

3. W mass and vector-like leptons

4. Summary 



W mass anomaly ? 
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CDF, Science ‘22

➢ CDF measurement

𝑚𝑊 = 80.4335 (94) GeV

➢ PDG average

𝑚𝑊 = 80.379 (12) GeV

➢ SM value 

𝑚𝑊 = 80.361 (6) GeV

new value is 7𝜎 larger than the SM expectation 

PDG



Vector-like lepton explanation 

𝑊 𝑊𝐸

➢ W mass shift by VL leptons

𝛿𝑚𝑊
2

𝑚𝑊
2 ∼ 0.0014 ×

250 GeV

𝑚𝐿

2
𝑚𝐿−
2 −𝑚𝐿0

2

(100 GeV)2

2

• 𝑚𝑊 is explained for 𝒪(200 GeV) VL lepton with 𝒪(10 GeV) mass diff.

• large singlet-doublet mixing is required as for muon g-2 

𝐿− (𝐿0): charged (neutral) doublet



Vector-like lepton explanation 
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➢ only charged VLL

• VLL is lighter than 200 (250) GeV with (without) singlet VL lepton 

• muon g-2 can be explained in both cases 

➢ with singlet VL neutrino

CDF 

PDG 

2205.10480, JK, S.Raby2204.07022, JK, S.Okawa, Y.Omura



LHC limits ? 
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➢ doublet VL lepton

• Run1 limit for VL lepton decaying to muon is about 300 GeV 

• Run2 limit may be stronger than 800 GeV 

* VLL decaying to tau 

𝐸 𝜇

𝐵SM = 𝑍,𝑊, ℎ

1408.3123, R.Dermisek, J.P.Hall et.al 



LHC limits ? 
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➢ VL lepton + DM

possible ways to relax LHC limits

𝐸 𝜇

➢ VL lepton + VL neutrino + X

𝐸
𝑁

𝑊

𝜈

DM

scalar X 
ex) U(1)’ Higgs

• 𝑚𝑊, Δ𝑎𝜇 and DM are explained 

• signal is 2𝜇 + 𝐸𝑇
miss, same as sleptons

• degenerate region not closed 

• VL neutrino can be singlet-like 

• scalar X may decay hadronically 

• complicated signals 

2204.07022, JK, S.Okawa, Y.Omura

e.g. ATLAS 1911.12606

2205.10480, JK, S.Raby



Summary
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• Δ𝑎𝜇 and 𝑏 → 𝑠𝜇𝜇 anomalies are explained in the VL family + 𝑈 1 ′ model

• ≥ 4𝜇 signals are expected in models with muon-philic VL leptons and 𝑍′

• new CDF value of W mass can be explained by 200 GeV VL leptons 

• LHC limits may be evaded if VL lepton decays to DM, VL neutrino + X

Thank you !
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Backup 



Vector-Like (VL) fermion + 𝑈(1)′

➢ 𝑈 1 ′ + VL-leptons

𝜇 𝜇
𝑍′

𝐸1,2

simultaneous explanation for muon anomalies

𝜇

𝜇

𝑏

𝑠

𝑍′

+ VL-qaurks

Δ 𝑎𝜇 𝑏 → 𝑠𝜇𝜇

➢ Models

• 𝑈 1 𝐿𝜇−𝐿𝜏 + VL-lepton + VL-quark

• 𝑈 1 3−4 + VL 4th family

• e.t.c. Allanach, Queiroz et.al 1511.07447, Megias, Quiros et.al 1701.05072

W.Altmannshofer et.al 1604.08221

S. Raby, A.Trautner 1712.09360



Mass Matrix and Couplings

➢ Yukawa interactions and mass matrix 

−ℒYukawa = 𝑒𝑅𝑖 𝑌𝑒
𝑖𝑗
𝑙𝐿𝑗 𝐻 + 𝜆𝑒𝐸𝑅𝐿𝐿𝐻 − 𝜆𝑒

′ 𝐿𝑅 ෩𝐻𝐸𝐿

+𝜆𝑉
𝐿𝜙 𝐿𝑅𝐿𝐿 − 𝜆𝑉

𝐸𝜙 𝐸𝑅𝐸𝑅 + 𝜆𝑖
𝐿Φ𝐿𝑅𝑙𝐿𝑖 − 𝜆𝑖

𝐸Φ∗𝑒𝑅𝑖𝐸𝐿

෠𝐸𝑅𝑀𝑒
෠𝐸𝐿 = 𝑒𝑅𝑖 𝐸𝑅 𝐸𝑅

′

𝑌𝑒
𝑖𝑗
𝐻 0 𝜆𝑖

𝐿Φ

0 𝜆𝑒𝐻 𝜆𝑉
𝐸𝜙

𝜆𝑗
𝐿Φ 𝜆𝑉

𝐿𝜙 𝜆𝑒
′𝐻

𝑒𝐿𝑗
𝐸𝐿
′

𝐸𝐿

➢ 𝑍′-coupling in mass basis : 𝑈𝑅
𝑒†𝑀𝑒𝑈𝐿

𝑒 = diag 𝑚𝑒, 𝑚𝜇, 𝑚𝜏, 𝑚𝐸1 , 𝑚𝐸2

𝑔𝑒𝐿
𝑍′ = 𝑔′𝑈𝐿

𝑒†
03×3 0 0
0 −1 0
0 0 −1

𝑈𝐿
𝑒 𝑔𝑒𝑅

𝑍′ = 𝑔′𝑈𝑅
𝑒†

03×3 0 0
0 −1 0
0 0 −1

𝑈𝑅
𝑒

𝑍′-couplings to the SM families 

* similar for quarks/neutrino



Possible Flavor Violation

Δ𝑎𝜇 ∼ 2.5 × 10−9

➢ Lepton flavor violation

𝜇 𝜇

𝛾 𝛾

𝜇 𝑒, 𝜏

𝜇 → 𝑒𝛾, 𝜏 → 𝜇𝛾, 𝜏 → 3𝜇 e.t.c.

𝜇

𝜇

𝑏

𝑠

𝑍′

𝐶9
𝑁𝑃 ≲ −0.5

➢ Quark flavor violation

𝑏

𝑠

𝑏

𝑠

𝑍′

𝐵 − 𝐵, 𝐾 − 𝐾 mixing



CKM Matrix 

➢ Non-Unitarity 

CKM matrix is NOT unitary

5 × 5 “CKM” matrix    ෠𝑉𝐶𝐾𝑀 = 𝑈𝑢
†

13×3 0 0
0 1 0
0 0 0

𝑈𝑑

෍

𝑘=1

3

𝑉𝐶𝐾𝑀 𝑖𝑘 𝑉𝐶𝐾𝑀 𝑘𝑗 = 𝛿𝑖𝑗 + 𝒪 𝜖𝑡R
2
𝑚𝑡
2

𝑀𝑄
2

𝜖𝑡𝑅
2
𝑚𝑡
2

𝑀𝑄
2 ∼ 7.2 × 10−7 ×

𝜖𝑡𝑅
0.01

2 2 TeV

𝑀𝑄

2

CKM is approximately unitary as far as 𝜖𝑡𝑅 ≲ 0.01

𝑀𝑄: VL quark [VLQ] mass

𝜖𝑡𝑅: mixing bet. top and VLQ



LFV decays  

Br 𝜇 → 𝑒𝛾 ≫ Br(𝜇 → 𝑒𝑒𝑒)
9
0
%
C
.L
.

90% C. L.

Br 𝜏 → 𝜇𝛾 ≲ Br(𝜏 → 𝜇𝜇𝜇)

muon decays tau decays 
9
0
%
C
.L
.



B-meson mixing  

• B meson mixing is consistent with SM

• NP contributions are smaller than CKM uncertainties 

SM (indep. CKM)
SM (unitary CKM)

2𝜎

2
𝜎

Exp



Upper bound on 𝑍′ mass 

𝑚𝑍′ < 800 GeV is required for 𝜒2 < 28

preliminary

𝑚𝑍′
2 = 2𝑔′2vΦ

2



Patterns of 𝐶9, 𝐶10

This model predicts −𝐶9 > 𝐶10 to explain Δ𝑎𝜇

preliminary



CKM elements

p
u

lls again
st in

d
ivid

u
al m

easu
rem

en
ts 

CKM values via SM fit

CKM values are consistent with SM fit



Heavier VL-lepton

𝑚𝐸2 ≲ 1.7 TeV for Δ𝑎𝜇 ∼ 2.68 × 10−9 since LR-effect is crucial 



𝑍′ search

➢ dimuon search at LHC

29

➢ muon anomalies, 𝐵𝑠 − 𝐵𝑠 mixing

𝑝𝑝 → 𝑍′ → 𝜇+𝜇−

𝐶9 ∼ −0.83 ×
500 GeV

𝑚𝑍′

2
𝑔𝑠𝑏
𝐿

0.0006

𝑔𝜇𝜇
𝐿 + 𝑔𝜇𝜇

𝑅

0.6

𝑍′ may strongly couple to leptons, but weakly to quarks

𝑝

𝑝

𝑍′

𝜎fid 𝑝𝑝 → 𝑍′ → 𝜇+𝜇− < 1 fb



Dimuon 𝑍′ Search at LHC 

MadGraph5 
FeynRules

ATLAS limit

HL-LHC expected

arXiv: 1903.06248

• Cross sections can be smaller than current limits 

• HL-LHC is sensitive to not all, but many points 



Assumptions
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➢ VL leptons are assumed to be 𝑆𝑈 2 𝐿 singlet or doublet

production cross section

𝑚𝐸 = 𝑚𝑁 for doublet case

➢ 𝑍′ boson decays to muon or neutrino

BR 𝑍′ → 𝜇𝜇 =
Γ(𝑍′ → 𝜇𝜇)

Γ 𝑍′ → 𝜈𝜈 + Γ(𝑍′ → 𝜇𝜇)
≃

𝑔𝜇𝜇
𝐿 2

+ 𝑔𝜇𝜇
𝑅 2

2 𝑔𝜇𝜇
𝐿 2

+ 𝑔𝜇𝜇
𝑅 2 =

2

3

𝑔𝜇𝜇
𝐿 = 𝑔𝜇𝜇

𝑅 is predicted in 𝐶9-only or 𝐶10-only scenario

Madgraph5



Recasting ATLAS analysis
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➢ Signal regions 

➢ Experimental result

2103.11684

SR 𝑵𝒆,𝝁 𝑵𝝉 𝑵𝒃 𝒁 boson selection

SR0bveto
loose ≥ 4 ≥ 0 = 0 veto 𝑚eff > 600 GeV

SR0bveto
tight ≥ 4 ≥ 0 = 0 veto 𝑚eff > 1250 GeV

SR5L ≥ 5 ≥ 0 ≥ 0 - -

*𝑝𝑇
𝜇
> 5 GeV

+ trigger condition

𝑚eff = 𝐸𝑇
miss + ෍

ℓ=𝑒,𝜇

𝑝𝑇
ℓ + ෍

𝑗(𝑝𝑇>40GeV)

𝑝𝑇
𝑗

• no evidence of new physics

• 1.9𝜎 excess in SR5L



95%C.L. limits on Br(𝐸 → 𝑍′𝜇)
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➢ 𝑆𝑈 2 𝐿 singlet ➢ 𝑆𝑈 2 𝐿 doublet

• SR0bveto
tight

gives the strongest bound for Br(𝐸 → 𝑍′𝜇)

• limit is 1 (1.3) TeV for Br 𝐸 → 𝑍′𝜇 = 1 for singlet (doublet)

• SR5L limit is weaker because of the excess

Madgraph5+pythia8+Delphes3



Future limits at HL-LHC: 𝐿 = 3ab−1
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➢ SR0bveto
tight

bkg = Τ3000 139 𝑏13TeV = 76.6

➢ SR0bveto
tight

+ 𝑚OS − 500 < 100 250 GeV

bkg = 10

• background colors are exclusion upper bounds 

• white lines are discovery potential for a given Br(𝐸 → 𝑍′𝜇) attached on the line

• if Br 𝐸 → 𝑍′𝜇 = 1, exclusion (discovery) limit is 1.7 (1.5) TeV by SR0bveto
tight

*doublet VL lepton

Madgraph5+pythia8+Delphes3



Current limits on doublet-like VL lepton 
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Upper limits on Br 𝐸 → 𝑍′𝜇



Current limits on singlet-like VL lepton 
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Upper limits on Br 𝐸 → 𝑍′𝜇



Explanation of excess in ≥ 5ℓ signal
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➢ 𝑚eff distribution

• limits from SR0bveto
tight(loose)

are weaker for light spectra

• excess explained by singlet VL lepton if (𝑚𝑍′ , 𝑚𝐸) = (390, 400) GeV

• Our model only has muons, but the experiment also counts electrons 

explain the excess in SR5L and null excess in SR0bveto
tight

, SR0bveto
loose

➢ 𝐸𝑇
miss distribution Br 𝑍′ → 𝐸𝜇 = 0.25

Madgraph5+pythia8+Delphes3



Future limits for doublet-like VL leptons
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Future limits on Br 𝐸 → 𝑍′𝜇
SRZp : SR0bveto

tight
+ 𝑚OS − 500 < 100 250 GeV SR5L’ : SR5L+Z-veto +𝑚𝑒ff > 1000 GeV



Future limits for singlet-like VL leptons
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Future limits on Br 𝐸 → 𝑍′𝜇
SRZp : SR0bveto

tight
+ 𝑚OS − 500 < 100 250 GeV SR5L’ : SR5L+Z-veto +𝑚𝑒ff > 1000 GeV



Masses of VL quarks

There is no stringent upper bound on VL quark



Muon 𝑔 − 2

Δ𝑎𝜇 ≲ 2.9 × 10−9 ×
𝑐𝐿𝐸
0.1

𝜆𝑒
′𝐻

174 GeV

1TeV

Φ

2

Τ𝜆𝑒
′𝐻 Φ ≳ 0.1 are needed

𝑐𝐿𝐸 = 𝑀𝐿𝑀𝐸

𝐺𝑍 𝑥𝐿 − 𝐺𝑍(𝑥𝐸)

𝑀𝐿
2 −𝑀𝐸

2

Δ𝑎𝜇~ −
𝑚𝜇

8𝜋2𝑚𝑍′
2 ෍𝑔𝐿

𝑍′𝐸𝑎𝑔𝑅
𝑍′𝐸𝑎 𝑀𝐸𝑎 𝐺𝑍(𝑥𝑎)

➢ Δ𝑎𝜇 is proportional to Higgs coupling:  𝜆𝑒
′ 𝐿𝑅 ෩𝐻𝐸𝐿

𝜇 𝜇
𝑍′

𝐸1,2

𝑔𝐿
1,2

𝑔𝑅
1,2

×
𝜆𝑒
′ 𝐻

VL lepton mass



Lepton Flavor Violation (I)   

➢ 𝜇 → 𝑒𝛾, 𝜏 → 𝜇𝛾

𝛾

𝜇 𝜇
𝑍′

𝐸1,2

similar diagrams as Δ𝑎𝜇 induce 𝜇 → 𝑒𝛾, 𝜏 → 𝜇𝛾

Br 𝜇 → 𝑒𝛾 ~ 2.3 × 10−14 ×
𝜆𝑒
′

1.0

2
𝜖𝑒

10−6

2 1.0 TeV

Φ

4

Br 𝜏 → 𝜇𝛾 ~ 1.5 × 10−9 ×
𝜆𝑒
′

1.0

2
𝜖𝜏

10−2

2 1.0 TeV

Φ

4

< 4.2 × 10−13 (90%C.L.)

< 4.4 × 10−8 (90%C.L.)

Exp. limits

𝛾

𝜇 𝑒, 𝜏
𝑍′

𝐸1,2

𝜖𝑒,𝜏

𝜖𝑒𝐿,𝑅 , 𝜖𝜏𝐿,𝑅 : mixing bet. VL-lepton and 𝑒, 𝜏



Lepton Flavor Violation (II)   

➢ 𝜇 → 𝑒𝑒𝑒, 𝜏 → 𝜇𝜇𝜇 e.t.c. 

𝑒

𝑒

𝜇

𝑒𝑍′

𝜇

𝜇

𝜏

𝜇𝑍′

∼ 𝑔′𝑍𝜇
′ 𝑒𝐿 𝜇𝐿 𝜏𝐿 𝛾𝜇

𝜖𝑒𝐿
2 𝜖𝑒𝐿𝑠𝜃𝜇𝐿

𝜖𝑒𝐿𝜖𝜏𝐿

𝜖𝑒𝐿𝑠𝜃𝜇𝐿
𝑠𝜃𝜇𝐿
2 𝜖𝜏𝐿𝑠𝜃𝜇𝐿

𝜖𝑒𝐿𝜖𝜏𝐿 𝜖𝜏𝐿𝑠𝜃𝜇𝐿
𝜖𝜏𝐿
2

𝑒𝐿
𝜇𝐿
𝜏𝐿

Br 𝜇 → 𝑒𝑒𝑒 ~ 2.3 × 10−40 ×
𝜖𝑒

10−6

6 1.0 TeV

Φ

4

Br 𝜏 → 𝜇𝜇𝜇 ~ 1.0 × 10−9 ×
𝜖𝜏

10−2

2 1.0 TeV

Φ

4

< 1.0 × 10−12 (90%C.L.)

< 2.1 × 10−8 (90%C.L.)

𝜖𝑒

𝜖𝑒
2

𝜖𝜏

➢ 𝑍′ coupling to SM families 𝜖𝑒𝐿,𝑅 , 𝜖𝜏𝐿,𝑅 : mixing bet. VL-lepton and 𝑒, 𝜏



Neutrino Mass

➢ Majorana mass for 𝜈𝑅1,2,3, 𝑀𝑅 ∼ 1014 GeV

𝑀𝐷𝑖𝑟𝑎𝑐 =

𝑌𝜈
𝑖𝑗
𝐻 0𝑖 𝜆𝑖

𝑁Φ

0𝑗 𝜆𝜈𝐻 𝜆𝑉
𝑁𝜙

𝜆𝑗
𝐿Φ 𝜆𝑉

𝐿𝜙 𝜆𝜈
′ 𝐻

෩𝑀𝐷𝑖𝑟𝑎𝑐 =

෨𝑌𝜈
𝑖𝑗
𝐻 ሚ𝜆𝑁𝑖𝐻 𝜆𝑖

𝑁Φ

0𝑗 0 𝜆𝑉
𝑁𝜙

0 ෩𝑀𝐿 ෥𝑚5

𝑀10×10 =

𝑀𝑅 0 0 ෨𝑌𝜈
𝑖𝑗
𝐻 ሚ𝜆𝑁𝑖𝐻 𝜆𝑖

𝑁Φ

0 0 0 0𝑗 0 𝜆𝑉
𝑁𝜙

0 0 0 0 ෩𝑀𝐿 ෥𝑚5

෨𝑌𝜈
𝑖𝑗
𝐻 0𝑖 0 03×3 0 0

ሚ𝜆𝑁𝑖𝐻 0 ෩𝑀𝐿 0 0 0

𝜆𝑗
𝑁𝑇Φ 𝜆𝑉

𝑁𝜙 ෥𝑚5 0 0 0

decoupled by 𝑀𝑅

Dirac neutrino ∼ TeV

SM neutrino ∼ 𝐻2/𝑀𝑅

Majorana mass

𝑉𝐿

SM and VL neutrinos are secluded by Majorana mass 

𝜈𝑅 𝑁𝑅 𝑁𝑅
′ ǁ𝜈𝐿 ෩𝑁𝐿

′ ෩𝑁𝐿



Benchmark point A

inputs

mass and widths


