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muon anomalies

➢ muon g-2

Δ𝑎𝜇 = 𝑎𝜇
exp

− 𝑎𝜇
SM

= 2.51 ± 0.59 × 10−9
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4.2𝜎 discrepancy

➢ 𝑏 → 𝑠𝜇𝜇 anomaly

LHCb, 2103.11769

𝑅𝐾
exp

=
Br(𝐵 → 𝐾𝜇𝜇)

Br(𝐵 → 𝐾𝑒𝑒)
= 0.846−0.041

+0.044

3.1𝜎 discrepancy

Δ𝜒2 > 5𝜎 in global fit



Possible explanation

➢ 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 in models with 𝑍′ and vector-like [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 is predicted

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



𝑍′ search

➢ dimuon search at LHC
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➢ 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



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

• 6 muons are produced if both 𝑍′ → 𝜇𝜇 from 𝑝𝑝 → ത𝐸𝐸 → 𝜇−𝜇+𝑍′𝑍′

• 4 muons are produced if one 𝑍′ → 𝜇𝜇

• 4 muons are also produced from VL neutrino production

𝜇/𝜈

𝑝

𝑝

𝑊/𝑍/𝛾 𝑍′

𝑍′
Τ𝜇 𝜈

Τ𝜇 𝜈

𝐸/𝑁

𝐸/𝑁

Τ𝜇 𝜈

𝐿 = Τ𝐸 𝑁



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



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 targets 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 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



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

• current (future) limit is more than 1 (1.2) TeV if Br 𝐸 → 𝑍′𝜇 ∼ 1

• excess in ≥ 5𝑒/𝜇 signal region can be explained if 𝑚𝐸 ∼ 𝑚𝑍′ ∼ 400 GeV

• flavor information 𝑒/𝜇 is crucial to test muon anomaly explanations 

Thank you !
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Backup 



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



Maximum number of signals in SR5L
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The excess in explained in yellow region



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


