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LFV Higgs Decays

BR(H → ℓiℓj) ∼ 10−55
Arganda, Curiel, Herrero &

Temes, ′05

BR

H → ττ (6.0+0.8
−0.7)%

H → µµ (2.6± 1.3)× 10−4

H → ee ≤ 3.6× 10−4 (95%CL)
H → τµ ≤ 1.5× 10−3 (95%CL)
H → τe ≤ 2.2× 10−3 (95%CL)
H → µe ≤ 6.1× 10−5 (95%CL)

In the original SM with massless
neutrinos ⇒ conservation of LF
and LN.

Neutrino oscillations ⇒
Neutrino masses are non-zero ⇒
LFV.

SM minimally extended with ν
masses ⇒ Unobservable cLFV
(GIM-like suppression).

BR(µ → eγ) ∼ 10−54(The)︸ ︷︷ ︸
Cheng&Li,′77

, 10−13(Exp)︸ ︷︷ ︸
MEG
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Our Framework

χ

The simplest Lagrangian describing
the lepton flavor interacting
interaction is
LLFV = g ℓ̄iγ

ρχρℓj + h.c.

Γ(ℓi → ℓjχ) ⊂ g2/m2
χ, due to the

emission of the longitudinal
component of the gauge boson.

Γ(ℓi → ℓjχ) diverges as mχ → 0

Why should not the Γ(ℓi → ℓjχ) diverge in the limit mχ → 0?

Effective theory cannot be matched to the well-studied decay ℓi → ℓjγ.

ℓi → ℓjχ · · ·χ could contribute significantly to the total decay width ⇒
“hyperphoton catastrophe” L. B. Okun et al., Phys.Lett.B 78 (1978) 597-600

In Phys.Lett.B 827 (2022) 136933 in collaboration with A. Ibarra and P. Roig
showed that in a renormalizable and gauge invariant theory, the rate does not
diverge when mχ → 0. We presented two explicit models that generated LFV

interaction at the tree level and the one-loop level.
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Tree Level Model

The particle content and the corresponding spins and charges under
SU(2)L × U(1)Y × U(1)χ are

L1 L2 eR1 eR2 ϕ11 ϕ12 ϕ21 ϕ22

spin 1/2 1/2 1/2 1/2 0 0 0 0
SU(2)L 2 2 1 1 2 2 2 2
U(1)Y −1/2 −1/2 −1 −1 Y11 Y11 Y21 Y21

U(1)χ qL1 qL2 qe1 qe2 qϕ11 qϕ12 qϕ21 qϕ22

Li = (νLi , eLi ) and eRi , i = 1, 2.

ϕjk complex scalar fields and doublets under SU(2)L. We assume that the
hypercharge Yjk = 1/2 and charge under U(1)χ qϕjk

= qLj − qek .

We also assume that ϕjk acquire a vacuum expectation value ⇒ ⟨ϕjk⟩ = vjk

We need to allow for generation dependent charges under U(1)χ.
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Lagrangian and LFV Interactions

Kinetic and Yukawa Lagrangians:

Lkin =
2∑

j=1

i(Lj /DLj + eRj
/DeRj ) +

2∑
j,k=1

(Dµϕjk)
†(Dµϕjk)

−LYuk =
2∑

j,k=1

yjkLjϕjkeRk
+ h.c.

We recast the kinetic Lagrangian in terms of the mass eigenstates, and we
find flavor violating terms of the form

Lkin ⊃
∑2

j=1(iLj /DLj + ieRj
/DeRj

)
⇓

Dµ ⊃ igχqχµ

⇓After basis change to
the mass eigenstate basis

⇓
−Lkin ⊃eR ig

RR
eµ γρχρµR + eLig

LL
eµγ

ρχρµL + h.c. , with
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Effective Lagrangian description

The model that induces LFV transitions at the tree level is included in the
low-energy effective Lagrangian with Monopole operators, as follows:

Leff = fij ℓ̄iγ
αχαℓj + gij ℓ̄iγ

αγ5χαℓj + h.c.

ℓi , ℓj = e , µ , τ , with ℓi = ℓj and ℓi ̸= ℓj .

fij = cvij
mχ

m
ℓ
j
i

and gij = caij
mχ

m
ℓ
j
i

, where m
ℓji
, represents the mass of the

highest-generation lepton between ℓi and ℓj , and cvij and caij are
dimensionless independent coefficients.

With this effective Lagrangian we can describe different LFV decays,
but in this work we focus on LFV Higgs decays.
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Decays with χ off-shell: H → ℓiℓj

The Effective Lagrangian induces one-loop level two-body LFV decays of
H → ℓi ℓ̄j .

The contribution from the triangle diagram to the branching ratio of
H → ℓiℓj , with ℓk into the loop, is given by:

BR(H → ℓiℓj) =
Γ(H → ℓi ℓ̄j) + Γ(H → ℓ̄iℓj)

ΓH
(1)

≃
m4

χ

m2
ℓki
m2

ℓkj

MHm
2
ℓk

4π ΓH v 2

[
|cvjkcaik − cvikc

a
jk |2 + |cvjkcvik − caikc

a
jk |2
] ∣∣Fren(mℓi ,mℓj ,mℓk )

∣∣2 ,
where we have conveniently neglected the masses of the leptons in the
kinematic expression, ΓH represents the total Higgs decay width, and the
loop function F(mℓi ,mℓj ,mℓk )
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BR(H → ℓiℓj) as a function of mχ

Figure: H → τµ Figure: H → τe Figure: H → µe

Assuming caij = 0 and suitable values for cvij . The red line corresponds to
the scenario where all three lepton contributions are active within the loop,
i.e., τ , µ, and e. Conversely, when only a single lepton contribution is
activated in the loop, we represent it with violet, green, and blue lines for
e, µ, and τ , respectively. The grey line denotes the current upper limit.
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Constraint Regions on |cvij |

We use upper limits for BR(H → eµ, eτ, µτ) and
BR(H → ee, µµ, ττ) to constrain |cvik |.
Assuming |cvik | ≠ 0 and |caik | = 0, with mχ = mµ/2.

Dominant contributions are shown in Figures for LFV decays. For
BR(H → ℓiℓi ), dominant contributions occur when mℓk = mℓi .

Constraints are:

0 < |cvµµ| ≲ 5.26× 10−4 , 0 < |cvττ | ≲ 8.41× 10−3 , 0 < |cvee | ≲ 3.96× 10−5 ,

0 < |cvµe | ≲ 5.35× 102
√

1

4.41× 1012 + 1.59× 1019|cvee |2
, 0 < |cvτµ| ≲ 1.33× 10−3

and 0 < |cvτe | ≲ 1.76× 10−3

√
4.58× 1013 − 4.4× 1017|cvµe |2
5.5× 1013 + 7.78× 1017|cvee |2

.

Marcela Maŕın LFV Higgs Decays COMHEP 14 / 28



Constraint Regions on |cvij |

We use upper limits for BR(H → eµ, eτ, µτ) and
BR(H → ee, µµ, ττ) to constrain |cvik |.
Assuming |cvik | ≠ 0 and |caik | = 0, with mχ = mµ/2.

Dominant contributions are shown in Figures for LFV decays. For
BR(H → ℓiℓi ), dominant contributions occur when mℓk = mℓi .

Constraints are:

0 < |cvµµ| ≲ 5.26× 10−4 , 0 < |cvττ | ≲ 8.41× 10−3 , 0 < |cvee | ≲ 3.96× 10−5 ,

0 < |cvµe | ≲ 5.35× 102
√

1

4.41× 1012 + 1.59× 1019|cvee |2
, 0 < |cvτµ| ≲ 1.33× 10−3

and 0 < |cvτe | ≲ 1.76× 10−3

√
4.58× 1013 − 4.4× 1017|cvµe |2
5.5× 1013 + 7.78× 1017|cvee |2

.
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Decays with χ on-shell: H → ℓiℓjχ

Utilizing the effective Lagrangian, we can induce the decays H → ℓi ℓ̄jχ at
the tree level. Here, we introduce the Mandelstam variables t ≡ (qℓj +qχ)

2

and s ≡ (qℓi + qχ)
2. The differential decay rate is then expressed as:

d2Γ(H → ℓi ℓ̄jχ)

ds dt
=

1

32(2π)3M3
H

|MH→ℓi ℓ̄jχ
(s, t)|2 ,

BR(H → ℓiℓjχ) is defined as:

BR(H → ℓiℓjχ) =
Γ(H → ℓi ℓ̄jχ) + Γ(H → ℓ̄iℓjχ)

ΓH
.
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Upper bound on BR(H → ℓiℓjχ) as a function of mχ

These bounds are derived from constraints established by the upper limits
of H → ℓiℓj decays while assuming caik = 0. Notably, similar to the
BR(H → ℓiℓj) decays, the 3-body Higgs decay BR(H → ℓiℓjχ) displays
minimal dependence on the χ-boson mass.
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Angular Observables

We examined the decays H → ℓi ℓ̄jχ as functions of lepton energy Eℓi

and angle cos θℓi ℓj .

Here, θℓi ℓj is the angle between the momenta of the two leptons in

the ℓi − χ rest frame, where q⃗ℓi + q⃗χ = 0⃗. Consequently, we have

|p⃗H | = |q⃗ℓj | =
√

E 2
H −M2

H and |q⃗ℓi | = |q⃗χ| =
√

E 2
ℓi
−m2

ℓi
, with

EH =
(Eℓi + Eχ)

2 +M2
H −m2

ℓj

2(Eℓi + Eχ)
.

Then s = (Eℓi + Eχ)
2 and

t = m2
ℓj
+m2

χ +2(EℓjEχ + |q⃗ℓi ||q⃗ℓj | cos θℓi ℓj ). The partial decay rate is:

d2Γ(H → ℓi ℓ̄jχ)

dEℓi d cos θℓi ℓj
=
(Eχ + Eℓi )

2|q⃗ℓi ||q⃗ℓj |
(2π)3 8M3

HEχ
|MH→ℓi ℓ̄jχ

(cos θℓi ℓj ,Eℓi )|2 .
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Lepton Charge Asymmetry: H → ℓiℓjχ

Figure: H → µτχ Figure: H → eτχ Figure: H → eµχ

AL−C (H → ℓiℓjχ) as a function of cos θℓi ℓj

AL−C (H → ℓiℓjχ) =

dΓ(H→ℓi ℓ̄jχ)

d cos θℓi ℓj
− dΓ(H→ℓ̄i ℓjχ)

d cos θℓi ℓj

dΓ(H→ℓi ℓ̄jχ)

d cos θℓi ℓj
+

dΓ(H→ℓ̄i ℓjχ)

d cos θℓi ℓj

.

We assume caij = 0 while |cvij | follows the constraints derived. We consider
three options for the χ-boson mass: mχ = 0 , mχ = mµ/2, and mχ = mµ.
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Lepton Charge Asymmetry: H → ℓiℓjχ

(a) H → τµχ (b) H → τeχ

(c) H → µeχ



Forward-Backward Asymmetry: H → ℓi ℓ̄jχ

Figure: H → µτ̄χ Figure: H → e τ̄χ Figure: H → eµ̄χ

AF−b(H → ℓi ℓ̄jχ) as a function of Eℓi [GeV]

AF−b(H → ℓi ℓ̄jχ) =

∫ 0

−1

dΓ(H→ℓi ℓ̄jχ)

dEℓi
d cos θℓi ℓj

−
∫ 1

0

dΓ(H→ℓi ℓ̄jχ)

dEℓi
d cos θℓi ℓj∫ 0

−1

dΓ(H→ℓi ℓ̄jχ)

dEℓi
d cos θℓi ℓj

+
∫ 1

0

dΓ(H→ℓi ℓ̄jχ)

dEℓi
d cos θℓi ℓj

We assume caij = 0 while |cvij | follows the constraints derived. We consider
three options for the χ-boson mass: mχ = 0 , mχ = mµ/2, and mχ = mµ.
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Forward-Backward Asymmetry: H → ℓi ℓ̄jχ

Figure: H → µτ̄χ Figure: H → e τ̄χ Figure: H → eµ̄χ

AF−b(H → ℓi ℓ̄jχ) as a function of Eℓi [GeV]
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Forward-Backward Asymmetry: H → ℓi ℓ̄jχ

(a) H → µτ̄χ (b) H → e τ̄χ

(c) H → eµ̄χ
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Conclusions

We studied the role of an ultralight gauge boson, χ, in mediating LFV
Higgs decays.

Our model matched tree-level ℓ̄iℓjχ interactions with an EFT,
preserving χ-boson mass as it approaches zero.

We analyzed LFV Higgs decay for both on-shell and off-shell χ
conditions.

We derived indirect limits on H → ℓiℓjχ decays using bounds on
H → ℓiℓj .

Results show minimal dependence on χ-boson mass, except for
Asymmetry: Lepton Charge and Forward-Backward, which is slightly
sensitive.

These constraints offer insights into LFV in Higgs decays via an
ultralight gauge boson.
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Questions?

Thank you!
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Backup
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Mixing angles and masses in the tree level model
After the SSB of the symmetry U(1)χ, the non-zero expectation values for ϕjk generate
a mass for the χ boson: m2

χ = g 2
χ(q

2
ϕ11

v 2
11 + q2

ϕ12
v 2
12 + q2

ϕ21
v 2
21 + q2

ϕ22
v 2
22) . The

expectation value of the doublet scalars generates a mass term for the charged leptons,
−Lmass ⊃ eLjMjkeRk + h.c., with

M =

(
y11v11 y12v12
y21v21 y22v22

)
.

We now rotate the fields to express the Lagrangian on the mass eigenstate basis:(
eL
µL

)
=

(
cos θL sin θL
− sin θL cos θL

)(
eL1
eL2

)
,

(
eR
µR

)
=

(
cos θR sin θR
− sin θR cos θR

)(
eR1

eR2

)
so that −Lmass ⊃ eLmeeR + µLmµµR + h.c., with

m2
µ ≃ y 2

11v
2
11 + y 2

12v
2
12 + y 2

21v
2
21 + y 2

22v
2
22 ,

m2
e ≃ (y11v11y22v22 − y12v12y21v21)

2

y 2
11v

2
11 + y 2

12v
2
12 + y 2

21v
2
21 + y 2

22v
2
22

,

sin 2θL ≃ −2
y11v11y21v21 + y12v12y22v22

y 2
11v

2
11 + y 2

12v
2
12 + y 2

21v
2
21 + y 2

22v
2
22

,

sin 2θR ≃ −2
y11v11y12v12 + y21v21y22v22

y 2
11v

2
11 + y 2

12v
2
12 + y 2

21v
2
21 + y 2

22v
2
22

,

where we have used that empirically mµ ≫ me .



Loop function F(mℓi ,mℓj ,mℓk)

F(mℓi ,mℓj ,mℓk ) =
A0

[
m2

ℓk

]
m2

χ

−

(
M2

H

2m2
χ

−
2m2

ℓk

m2
χ

− 3

)
B0

[
M2

H ,m2
ℓk ,m

2
ℓk

]
−

3
(
B0

[
m2

ℓi ,m
2
ℓk ,m

2
χ

]
+ B0

[
m2

ℓj ,m
2
ℓk ,m

2
χ

]
−
(
M2

H +m2
χ

)
C0

[
M2

H ,m2
ℓi ,m

2
ℓj ,m

2
ℓk ,m

2
ℓk ,m

2
χ

])
+ 2 .

The associated counterterm Lagrangian is given by

LCT = Cfij ℓ̄iℓjH + Cgij ℓ̄iγ5ℓjH + h.c. ,

where the coefficients of the scalar and pseudoscalar operators are specified as:

Cfij =
mℓk

2m2
χv ϵ̄uv

(
M2

H − 6m2
ℓk + 6m2

χ

)
(fik fjk − gikgjk) ,

Cgij =
mℓk

2m2
χv ϵ̄uv

(
M2

H − 6m2
ℓk + 6m2

χ

)
(fikgjk − fjkgik) ,

with 1
ϵ̄uv

≡ 1
ϵuv

− γE + ln 4π. The amplitude is renormalized using the MS-scheme,
ensuring that only finite contributions remain in the final calculation.
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Squared Amplitude H → ℓi ℓ̄jχ

|MH→ℓi ℓ̄jχ
(s, t)|2 ≃ 2

m2

ℓ
j
i

v 2

[
m2

ℓj

Γ2
ℓj
m2

ℓj
+ (m2

ℓj
− s)2

[(∣∣caij ∣∣2 + ∣∣cvij ∣∣2)(M2
H(m

4
ℓi +m2

ℓi (m
2
χ − 2s)

+m2
ℓjm

2
χ − 2m4

χ + s2)−m4
ℓi (3m

2
ℓj + s) +m2

ℓi (m
4
ℓj −m2

ℓj (2m
2
χ − 5s + t)

+s(−2m2
χ + 2s + t)) + t(m2

ℓj − s)(s − 2m2
χ) + (m2

χ − s)((m2
ℓj + s)2 + 8m2

ℓjm
2
χ)
)

+ 6mℓimℓjm
2
χ

(∣∣caij ∣∣2 − ∣∣cvij ∣∣2) (M2
h − 2(m2

ℓj + s))

]
+


s ↔ t

mℓi ↔ mℓj

Γℓj → Γℓi


]

In this expression, the interference terms are subdominant and have been neglected.
Here, Γℓk denotes the total decay width of the lepton ℓk . It is important to note that the
squared amplitude does not exhibit divergences for mχ, ensuring the finiteness of the
decay rate in the massless limit.
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