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Muon Anomalies

➢ Muon 𝑔 − 2

Δ𝑎𝜇 = 𝑎𝜇
e𝑥𝑝

− 𝑎𝜇
𝑆𝑀 = 2.68 63 43 × 10−9 ∼ 3.5 𝜎

➢ Muon Anomalies for 𝑏 → 𝑠 𝜇+𝜇− Processes

• angular observables in 𝐵 → 𝐾∗𝜇+𝜇−

• Lepton Non-Universality 𝑅𝐾(∗)

• branching ratio of 𝐵𝑠 → 𝜙 𝜇+𝜇−

• e.t.c.

∼ 3.4 𝜎

∼ 2.5 𝜎 below @LHCb, Babar 

∼ 3.5 𝜎 below @LHCb

@LHCb, Belle,                  
ALTAS, CMS



➢ These anomalies are understood by

b → 𝑠 𝜇+𝜇− Anomalies

ℋ𝑒𝑓𝑓 = −
4𝐺𝐹
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∗
𝛼

4𝜋
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𝑗=9,10

𝐶𝑗 𝒪𝑗 + 𝐶𝑗
′𝒪𝑗

′ + ℎ. 𝑐.

𝒪9
′ 𝜇

= ҧ𝑠𝛾𝜇𝑃𝐿(𝑅)𝑏 ҧ𝜇𝛾𝜇𝜇 𝒪10
′ 𝜇

= ҧ𝑠𝛾𝜇𝑃𝐿(𝑅)𝑏 ҧ𝜇𝛾𝜇𝛾5𝜇

J. Aebischer, W.Altmannshofer, et.al 
1903.10434

➢ global analysis

(𝐶9
𝑁𝑃, 𝐶10) ∼ (−0.7, 0.4) Δ𝜒 ~ 6.5

(𝐶9
𝑁𝑃, 𝐶9

′) ∼ (−1.0, 0.5) Δ𝜒 ~ 6.3

(𝐶9
𝑁𝑃, 𝐶10) ∼ (−0.5, 0.5) Δ𝜒 ~ 6.5



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

𝑔 − 2 𝜇 𝐶9
𝑁𝑃 , 𝐶10, 𝐶9

′

➢ Models

• 𝑈 1 𝐿𝜇−𝐿𝜏 + VL-lepton + VL-quark

• 𝑈 1 3−4 + VL 4th family 

• … Allanach, Queiroz et.al 1511.07447, Megias, Quiros et.al 1701.05072

W.Altmannshofer et.al 1604.08221

S. Raby, A.Trautner 1712.09360
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Our Model

• Only the VL-family have 𝑈 1 ′ charge 

• All 𝑍′- SM particle couplings appear in mass basis

• Unwanted new physics contributions may be evaded

• 𝑈(1)′ charge is compatible with Pati-Salam gauge group 

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

Vector-Like (VL)-fermions 𝜙 ~ Φ ~TeV



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

rotation matrices determine 𝑍′-couplings to the SM families 

* similar for neutrino/quark



Towards Grand Unification

• extra VL-family, extra U(1)’ often appear in GUT/string model

• Complete family may be easily embedded into GUT models   

➢ UV-completion of model

0409098, 0606187, 0708.2691, 1211.4317

➢ Gauge coupling constant running 

𝑑 𝑔′

𝑑 ln𝜇
=
65

3
⋅
𝑔′3

16𝜋2

• Landau pole easily appear

• 𝑔′ ≲ 1/3 for Λ~1016 GeV

• 𝑔′ ≲ 1/2 for Λ~1010 GeV

Λ = 1016 GeV

Λ = 1010 GeV

Λ = 106 GeV
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Quark Sector 

➢ 𝑏 → 𝑠𝜇+𝜇− anomalies

rotation matrices determine 𝑍′-couplings to the SM families

➢ CKM matrix and SM-boson couplings

𝑔𝑏𝑠
𝑍′ ~ 𝑔′ 𝑈𝑑

†

𝑏𝐷𝑖
[𝑈𝑑]𝐷𝑖𝑠

𝐶9
𝑁𝑃 ∼ −0.64 ×

1 TeV

𝑚𝑍′

2
𝑔𝜇𝜇
𝑉 ⋅ 𝑔𝑏𝑠

𝐿

0.001

𝑔𝜇𝜇
𝑍′ ~ 𝑔′ 𝑈𝑒

†

𝜇𝐸𝑖
[𝑈𝑒]𝐸𝑖𝜇

• CKM matrix is NOT unitary

• Unitarity recovers as Τ𝑣𝐻 𝑣Φ → 0, Z/h-boson couplings as well 

5 × 5 “CKM” matrix    𝑉𝐶𝐾𝑀 = 𝑈𝑢
†

13×3 0 0
0 1 0
0 0 0

𝑈𝑑

𝜇

𝜇

𝑏

𝑠

𝑍′



𝜒2-Fitting 

➢ 98 observables  

• SM fermion mass, 𝑉𝐶𝐾𝑀

• SM lepton/boson/top decays

• LFV decays

• Meson mixing, rare B/K decays 

2 mass parameters 𝑚𝑍′, 𝑣𝜙, 59 couplings, 4 phases in Yukawa

𝜒2 =෍

𝑖=1

98
𝑥𝑖 − 𝑥𝑖

0 2

𝜎𝑖
2

Minimizing

𝑥𝑖 model prediction

𝑥𝑖
0: exp. value/SM value

𝜎𝑖: uncertainty

• Δ𝑎𝜇

• 𝐶9
𝑁𝑃, 𝐶10, 𝐶9,10

′

➢ 65 parameters 



Best Fitted Points 

Observables BestFit I 𝒈′ < 𝟏/𝟐 BestFit II 𝒈′ < 𝟏/𝟑 Data/Remark

Τ𝜒2 d. o. f 0.698 0.707 𝑁𝑜𝑏𝑠 = 98,𝑁𝑖𝑛𝑝 = 65

𝑔′ 0.499 0.333

𝑚𝑍′ , 𝑚𝜒 [GeV] 500, 448 442, 445 𝜒 is 𝑈(1)′ Higgs

Δ𝑎𝜇 2.58 × 10−9 2.71 × 10−9 2.68(76) × 10−9

(Re𝐶9
𝜇
, Re𝐶10

𝜇
) (−0.55, 0.51) (−0.63, 0.42)

Δ𝑀𝑑, Δ𝑀𝑠 [ps
−1] 0.602, 19.6 0.606, 19.7 0.507 81 , 17.8(2.5)

𝑚𝐸1 , 𝑚𝑁1[GeV] (452, 588) (507, 704) ≳ 500

𝑚𝑈1 , 𝑚𝐷1[GeV] (2484, 1906) (1936, 3406) ≳ 1000

The other observables are fitted as pull < 2 𝜎

𝑚𝑍′ , 𝑚𝜒, 𝑚𝐸1 ~ 500 GeV 



Dimuon 𝑍′ Search at LHC 

𝜎𝑓𝑖𝑑 𝑝𝑝 → 𝑍′ → 𝜇+𝜇− = 1.18 I , 1.68 (II) [fb]

𝑝𝑇 𝑙 > 30 GeV
𝜂 𝑙 < 2.5
𝑚𝑙𝑙 > 𝑚𝑍′ − 2Γ𝑍′

Fiducial region

MadGraph5 
FeynRules

Best(II)
Best(I)



VL-lepton mass

𝑚𝑍′ < 600 GeV, 𝑚𝐸1 < 500 GeV for Δ𝑎𝜇 ∼ 2.68 × 10−9

𝜒2

Δ𝑎𝜇 > 2.68 ⋅ 10−9

Δ𝑎𝜇 ∈ 1𝜎

Δ𝑎𝜇 ∈ 2𝜎



Summary

• SM extension via complete Vector-Like 4th family and 𝑈(1)′

• All 𝑍′ couplings to SM particles are controlled by mixing

• The muon anomalies can be explained 

• Consistent with current limits from LHC, variety of new signals

Thank you for attention

work in progress…



Backup



𝑍′mass and 𝑈(1)′ coupling

𝜎𝑓𝑖𝑑 = 0.5 ⋅ 𝜎𝑙𝑖𝑚𝑖𝑡

𝜎𝑓𝑖𝑑 = 0.1 ⋅ 𝜎𝑙𝑖𝑚𝑖𝑡

best point (I) can be excluded if sensitivity will be improved double



VL-quark mass

𝐶9
𝑁𝑃 , 𝐶10 ∼ −0.55,0.55 kept even for heavy VL-quark 

𝜒2

Δ𝑎𝜇 > 2.68 ⋅ 10−9
Δ
𝑎
𝜇
∈
1
𝜎 Δ
𝑎
𝜇
∈
2
𝜎



Mass and Decays at best(I)



Mass and Decays at best(II)



𝐵 − 𝑍′ mixing
𝜖

2
𝐹𝜇𝜈𝐹𝜇𝜈

′

𝐵 𝑍′ 𝜖 ∼
𝑔𝑌𝑔

′

6𝜋2
Log

𝑀𝐸
2

𝑀𝐿
2 ⋅

𝑀𝑄
2𝑀𝐷

2

𝑀𝑈
4

VL-family
∼ 0.005 (I), 0.009 (II)

Best(II)

Best(I)



(𝑔 − 2)𝜇 and 𝑈 1 ′charge

➢ Contribution to Δ𝑎𝜇

Δ𝑎𝜇~ 1.3 × 10−9 ෍

𝑘=1,2

𝑔𝐿
𝑘𝑔𝑅

𝑘

10−3
𝑚𝐸𝑘

1 TeV

1 TeV

𝑚𝑍′

2

both left and right interactions are necessary

𝜇𝑅 𝐸𝑅 𝐸𝑅
′

𝑚𝜇 0 𝜆𝑖
𝐸Φ

0 𝜆𝑒𝐻 𝜆𝑉
𝐸𝜙

𝜆𝑗
𝐿Φ 𝜆𝑉

𝐿𝜙 𝜆𝑒
′𝐻

𝜇𝐿
𝐸𝐿
′

𝐸𝐿

VL-lepton/Higgs couplings 

𝜆𝑒𝐸𝑅𝐿𝐿𝐻 − 𝜆𝑒
′ 𝐿𝑅 ෩𝐻𝐸𝐿

are mandatory

𝜇 𝜇
𝑍′

𝐸1,2

𝑔𝐿
1,2 𝑔𝑅

1,2

Δ
𝑎
𝜇
×
1
0
9

𝜆𝑒
′

𝜆𝑒 = 0.



➢ To write 𝜆𝑒𝐸𝑅𝐿𝐿𝐻 − 𝜆𝑒
′ 𝐿𝑅 ෩𝐻𝐸𝐿

✓ cannot be like below

➢ 𝑆𝑈(5) vs Pati-Salam 𝐺PS = 𝑆𝑈 4 × 𝑆𝑈 2 × 𝑆𝑈(2)

× 𝐿𝐿, 𝐷𝑅 ∈ 5 , 𝑄𝐿, 𝑈𝑅 , 𝐸𝑅 ∈ 10

〇 𝑄𝐿 𝐿𝐿 ∈ 4, 2, 1 ,
𝐷𝑅 𝐸𝑅

𝑈𝑅 𝑁𝑅

∈ (4, 1, 2)

in 𝑆𝑈(5)

in Pati-Salam

(𝑔 − 2)𝜇 and 𝑈 1 ′charge



CKM matrix

➢ CKM from independent measurement 

𝑉𝐶𝐾𝑀 =
0.9742 0.2243 0.00394
0.218 0.997 0.04228
0.0081 0.0394 1.019

➢ CKM global fit (assuming unitarity)

PDG

𝑉𝐶𝐾𝑀 =
0.97446 0.22452 0.00365
0.22438 0.97359 0.04214
0.00896 0.04133 0.999105

➢ Our best-fit point CLL

𝑉𝐶𝐾𝑀 =
0.9745 0.2245 0.00362
0.2244 0.9736 0. 04168
0.00886 0.0410 0.9991

PDG

• tried to fit indep. result

• well fitted to global fit

• CP-phases are also fitted



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 ∼ 𝑣𝐻
2/𝑀𝑅

Majorana mass

𝑈𝐿



Full list of observables best(1)-1/5



Full list of observables best(1)-2/5



Full list of observables best(1)-3/5



Full list of observables best(1)-4/5



Full list of observables best(1)-5/5


