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• Research background

CMS

The last observed fundamental particle in the Standard Model.



• Research background

Studies of Higgs couplings with gauge bosons are important:

Provide clear signals: Testing new physics:

The fourth generation

t′￼

t′￼

t′￼



• Research background

First evidence of h → Zγ

Induced at loop level in the standard model:

There are  deviations in 1.7σ μzγ!

Z. Q. Chen, L. B. Chen, C. F. Qiao and R. Zhu, PRD 110 L051301(2024).
W. L. Sang, F. Feng and Y. Jia, PRD 110 L051302(2024).

For two-loop calculations, see:
PRD 132 021803(2024).



μexp
Zγ = 2.2 ± 0.7 μexp

γ = 1.10 ± 0.07

Explain data with NP?

Zμ = cos θWW3
μ + sin θWBμ Aμ = cos θWBμ − sin θWW3

μ

Supersymmetric model

Minimal Next-to 
Minimal

Constrained 
Minimal

Nearly 
Minimal

Cao, Wu, Wu and Yang, 1301.4641 

Other studies in NP  :  μνSSM, 2002.04370; U(1)XSSM,  2205.14880; 
3-3-1 models, 1307.5572 ,1907.06735; left-right symmetric model, 2312.11045. 

μZγ < 1.5

Problem

New particles!



• Formalism

δcγ = ( 4 πv
Λ )

2

(cBB + cWW − cWB) , δcZ = ( 4 πv
Λ )

2

(cot θWcWW − tan θWcBB − cot 2 θWcWB)

Possible to fine tune Wilson coefficients to achieve , but no simple solutions.δcγ = 0

Goal:   but  δcγ ≈ 0 δcZ ∼ cSM
Z

ℒeff = cBB
g′￼

2

2 Λ2
H† H Bμ νBμ ν + cWW

g2

2 Λ2
H† H Wa μ νW

μ ν
a + cWB

g′￼g
2 Λ2

H† τa H Wμ ν
a Bμ ν

=
αem

8πv
(cSM

γ + δcγ)FμνFμνh +
αem

4πv
(cSM

Z + δcZ)ZμνFμνh + ⋯

We start with the standard model effective field theory with  the NP scale. Λ

It must respect the  gauge symmetry in the SM. SU(3) × SU(2) × U(1)

arXiv:2407.09145



• Formalism

Contribute to  exclusively.h → Zγ

h

Z

γ

fX
2

fX
1

fX
1

Flavor-changing diagramsFlavor-conserving diagrams

Contribute to both processes.

h

γ

γ

f

f

f

γ / Z

γ

Z/γ

(  violates the Ward identity)Aμf2γμ f1

In general, if we want to introduce new fermions to solve the problem, we will

encounter two type of diagrams…



• Formalism
 Vector-like Leptons

• Left and right-handed leptons are introduced; color singlet to avoid gluon fusion.

• Gauge anomalies are canceled. 

• Assuming CP symmetry, tightly constrained by electric dipole moments.

ℒH+M = − mD fD fD − mY
S fY

S fY
S − mY+1

S fY+1
S fY+1

S − (cY
f fD fY

S H + cY+1
f fD fY+1

S H̃ + (h.c.)),

ℒV = g′￼Bμ (YfY
Sγμ fY

S + (Y +
1
2 ) fDγμ fD + (Y + 1)fY+1

S γμ fY+1
S ) +

g
2

Wμ
i fDγμσi fD



 Vector-like Leptons

h

Z

γ

fX
2

fX
1

fX
1

• Formalism

ℒX
Z = efXZμγμ [−X tan θW −

ηX

4 cos θW sin θW
(1 + cos 2θXσz−sin 2θXσx)] fX

ℒX
h = −

cX
f h

2
fX (sin 2θXσz+cos 2θXσx) fX = −

cX
f h

2 [sin 2θX(fX
1 fX

1 − fX
2 fX

2 )+cos 2θX(fX
1 fX

2 + fX
2 fX

1 )]

• Spontaneously symmetry breaking,   :H → (0,v + h(x))T

, X = Y, Y + 1.

Contribute to 
 solely.h → Zγ



• Formalism

cγ = cSM
γ (1 +

δcγ

cSM
γ ) , cSM

γ = − 6.56 ,
δcγ

cSM
γ

≈ 0.05 .

cZ = cSM
Z (1 +

δcZ

cSM
Z ) , cSM

Z = − 11.67 ,
δcγ

cSM
γ

≈ 0.5 .

h

γ

γ

f

f

f

γ / Z

γ / Z

• Taking , resulting in wrong signs!m1,2 ≫ mh h

Z

γ

fX
2

fX
1

fX
1

δcγ = −
4
3

Y2 (cY
f v)

2

mY
1 mY

2
+ (Y + 1)2 (cY+1

f v)
2

mY+1
1 mY+1

2 < 0
δcZ = − tan θWδcγ+

2
3 sin θW cos θW

Y
(cY

f v)
2

mY
1 mY

2
− (Y + 1)

(cY+1
f v)

2

mY+1
1 mY+1

2 > 0
• A naive thought is to take one of the mass to be negative (?)
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• Taking  and  :|m1,2 | ≫ mh mY+1
2 , Y < 0
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• Formalism

• To take account of , we have to take :mY+1
2 < 0 fY+1

2 → e
i
2 (1−γ5)πfY+1

2 = γ5 fY+1
2

ℒY+1
h = −

cY+1
f h

2
fY+1 (sin 2θσz+cos 2θσx) fY+1 ℒY+1

h = −
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ℒY+1
M = − mY+1
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• The naive expectation holds!



• Numerical results

• Mass constraint on stable charged leptons. Peskin–Takeuchi parameter

•  provided that masses are degenerate.
We set .

S ≈ T ≈ 0
mY

S = mD = − mY+1
S

S =
1

6π
2 − (Y +

1
2 ) log ( mY+1

1 mY
2

mY
1 mY+1

2 )
2

T =
1

16πc2
ws2

wm2
Z ((mY+1

1 )2 + (mY
1 )2 − 2 (mY+1

1 )2 (mY
1 )2

(mY+1
1 )2 − (mY

1 )2 log (mY+1
1 )2

(mY
1 )2

+(mY+1
2 )2 + (mY

2 )2 − 2 (mY+1
2 )2 (mY

2 )2

(mY+1
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2 )2 log (mY+1
2 )2

(mY
2 )2 )Qf

• We set the lowest new fermion mass to 
1.6 TeV with . |Qf | = 8



JHEP 12, 154 (2023)

• Numerical results
Intersection of 
previous two(

μexp
γ − μγ

σexp
γ )

2

( μexp
Z − μZ

σexp
Z )

2

Sol. 1 (μγ, μZ) = (1.10, 1.55)

(mY
1 , mY

2 , mY+1
1,2 ) = (2.8, 1.6, 2.4) TeV ,

Has the feature of .δcγ ≈ 0

Sol. 2 (μγ, μZ) = (1.10, 2.88)

(mY
1 , mY

2 , mY+1
1,2 ) = (1.6, 1.6, 1.7) TeV ,

Has the feature of .δcγ ≈ − 2cSM
γ

μexp
Zγ = 2.2 ± 0.7μexp

γ = 1.10 ± 0.07



• A shortcoming of this simple model

• The hypercharge is too high , which my not be natural.|Qf | ∼ 8

g′￼(μ) =
g′￼(Λ)2

1 − g2(Λ)
16π2 ( 41

6 + 4
3 ∑NP Q2

Y) log (μ2/Λ2)
The Landau pole occurs at a few tens of TeV.

• The problem can be alleviated by promoting doublets to  N-plets.

N
N+1
N

To achieve , chiral rotations have to be performed.δcγ ≈ 0



Summary & Outlook

Chiral rotation is key to explaining the data in the vector-
like lepton model.

 and LHC's third run will provide more information.


