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Motivation

Anomalous Magnetic Moment

• Discrepancy in a` = (g` − 2)/2

• ∆aµ = (251 ± 59)× 10−11 @ 4.2σ

• ∆ae = (−8.8 ± 3.6)× 10−13 @ 2.4σ

• Opposite signs makes simultaneous
explanation difficult
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Zee Model
(Zee, 1980)

• Tiny neutrino mass realized at one loop

• Extra doublet scalar and singly-charged scalar

• New doublet can give corrections to a`
• Charged scalars can induce potentially large diagonal NSI

(Babu, Dev, Jana, and Thapa, 2020)
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Model Description

• THDM (Lee, 1973)+ η±

• Higgs basis:

(Davidson and Haber, 2005)

H1 =

(
G+

1√
2

(
v + H0

1 + iG0)
)

, H2 =

(
H+

2
1√
2

(
H0

2 + iA
) )

• Physical fields:

A

h, H

h+, H+

sin 2α̃ = 2λ6v2/(m2
H − m2

h)

sin 2ϕ = −
√

2vµ/(m2
H+ − m2

h+ )

• Alignment limit: α̃ → 0

(Gunion and Haber, 2003)

• −LY ⊃ fijLα
i Lβ

j εαβη
+ + YijH̃α

2 Lβ
i `

c
j εαβ + h.c.

• µ: coefficient of Hα
1 Hβ

2 εαβη
−; breaks the lepton number by two units
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Model Description (ctd...)

Neutrino mass

Mν = κ
(

fM`Y + YTM`fT
)

where, κ is the one-loop factor: κ = 1
16π2 sin 2ϕ log

(
m2

h+

m2
H+

)

Y � 1 cannot resolve ∆a`;

f ∼ O(1) cLFUV modifies GF

cLFV restricts NSI from f to ≤ 10−8

 Y ∼ O(1), f � 1

(Herrero-García, Ohlsson, Riad and Wirén, 2017)
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AMM in Zee Model

One-loop correction
(Leveille, 1978)

• ∆a(1)` (H+) = −1
96π2

m2
`

m2
H+

|Yi`|2 ⇒ always -ve

• ∆a(1)` (φ) = 1
16π2

m2
`

m2
φ

(
|Y`i|2+|Yi`|2

6 ∓ 2 mi
m`

(
3
4 + log

(
mi
mφ

))
<(Y`iYi`)

)
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∆aµ ⇒

 . Yeµ .

Yµe Yµµ Yµτ

. Yτµ .
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Yee Yeµ Yeτ
Yµe . .

Yτe . .

+ h.c..
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AMM in Zee Model (ctd...)

Two-loop correction

(Ilisie, 2015)

• ∆a(2)` =
αem

8π3
m`

mi

m2
i

m2
φ

F
(

YiiY``,
m2

i
m2

φ

)
• For couplings of same sign

• φ = H ⇒ F < 0

• φ = A ⇒ F > 0

• Chiral enhancement from τ lepton loop
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Resolving AMM in Zee Model

mH < (mA,mH+ ,mh+) and Y ∼ O(1)
• One-loop correction

• Real couplings
• Yii(i = e, µ) ⇒ always +ve

• Yij with relative negative sign ⇒ constraints from LFV 3

• Complex couplings ⇒ constrained by EDMs

• Yµµ ∈ R ∩ Yee ∈ I 3

• One- + two-loop corrections
• ∆a(2)

` ∝ αem
π

mi
m`

∆a(1)
`

• mH < mA and Yττ 6= 0 makes two-loop correction (∝ mτ/me) -ve ⇒ ∆ae

• Smaller Yττ can suppress ∆a(2)
µ (∝ mτ/mµ); overall +ve correction
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• One-loop correction

• Real couplings
• Yii(i = e, µ) ⇒ always +ve

• Yij with relative negative sign ⇒ constraints from LFV 3

• Complex couplings ⇒ constrained by EDMs

• Yµµ ∈ R ∩ Yee ∈ I 3

Real couplings Yij with relative negative sign

• One- + two-loop corrections
• ∆a(2)

` ∝ αem
π

mi
m`

∆a(1)
`

• mH < mA and Yττ 6= 0 makes two-loop correction (∝ mτ/me) -ve ⇒ ∆ae

• Smaller Yττ can suppress ∆a(2)
µ (∝ mτ/mµ); overall +ve correction

Yii with appropriate choice of Yττ
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Flavor Structures

Low energy constraints

Radiative decay of charged leptons Trilepton decay

T-parameter constraints on mass splitting
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Flavor Structures (ctd...)

TX-I: Y =

 Yee 0 0

0 Yµµ ×
0 × Yττ

 TX-II: Y =


0 Yeµ 0

Yµe 0 ×

0 × ×


∆aµ ∆ae NSI

Additional constriants

• Muonium-antimuonium oscillations: e−µ+ → e+µ− ⇒ constraints (YeµYµe)

• Direct experimental constraints
• Dark photon searches at KLOE and BABAR: e+e− → γ (Ad → e+e−)

• Dark boson searches at BABAR: e+e− → µ+µ−H

• Z′ searches at LHC: pp → µ+µ−(Z′ → µ+µ−)

• LEP searches: e+e− → `+`− and e+e− → `+`−(H → `+`−) (` = e, µ)
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Collider Analysis

Probing Yee, Yµµ and Yeµ via `+`− → `+`−H → `+`−
(
H → `+`−

)
ILC
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Collider Analysis (ctd...)

Muon Collider
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Results: TX-I

With a0 = κ fµτ = 2.95 × 10−7 and mH = 85 GeV,

f = fµτ

0 2.14 × 10−3 1.18 × 10−4

0 1
0

 , Y =

0.31 0 0
0 0.169 −4.4 × 10−4

0 2.6 × 10−5 0.01


NSI εee = 4.2% for Yee = 0.31, ϕ = 0.1, and mH+ = 285 GeV

TX-I: Y =

 Yee 0 0

0 Yµµ ×
0 × Yττ

 ∆aµ ∆ae NSI
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Results: TX-II

With a0 = κ fµτ = 1.80 × 10−6 and mH = 22 GeV,

f = fµτ

 0 0.119 − 0.198
0 1.0

0

 , Y =

 0 0.3 0
−3.5 × 10−4 0 5.56 × 10−5

1.18 × 10−5 0 5.19 × 10−6


No observable NSI (εµµ ∝ |Yµe|2)

TX-II: Y =


0 Yeµ 0

Yµe 0 ×

0 × ×

 ∆aµ ∆ae NSI
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Conclusion

• Proposed a novel scenario in the Zee model that resolves the anomalies in
muon and electron AMMs, while being consistent with neutrino oscillation
data

• Neutral scalar in the second Higgs doublet resolves the two anomalies, with
the two-loop Barr-Zee diagram playing an essential role in accommodating the
relative sign between the two

• Only two textures of flavor structure exist in the model that can explain all
the observables, while being consistent with flavor and collider constraints

• The model features charged scalars which can potentially induce NSI εee as
large as 8%.

• Scalar mass ranges currently allowed: 10-300 GeV in TX-I and 1-30 GeV in
TX-II

• Sizeable µEDM can be probed in the future

• Most of the parameter space can be probed by future experiments
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Expressions for AMM

One-loop

• ∆a(1)` (φ) =
m2

`
32π2

({
|Y`i|2 + |Yi`|2

}
Fφ(x, 1)± 2 mi

m`
<(Y`iYi`)Fφ(x, 0)

)
, where,

Fφ(x, ε) =
∫ 1

0

x2 − εx3

m2
`x2 + (m2

i − m2
` )x + m2

φ(1 − x)
dx.

+ and − correspond to H and A, respectively.

• ∆a(1)` (H+) =
m2

`
16π2 |Yi`|2

∫ 1
0

x3−x2

m2
`

x2+(m2
H+−m2

`
)x dx.

Two-loop

• ∆a(2)` =
αem

4π3
m`

mi

z
2

(
− Cφ

S`
Cφ

Si
G (x, z, 1) + Cφ

P`
Cφ

Pi
G (x, z, 0)

)
, where,

G(x, z, ε) =
∫ 1

0

1 − 2 ε x(1 − x)
x(1 − x)− z

log
x(1 − x)

z
dx,

with z = m2
i /m2

φ, and the coefficients

CH
Si

= CA
Pi

=
1
√

2
Re(Yii), −CH

Pf
= CA

Sf
=

i
√

2
Im(Yii).



Electric Dipole Moment

• d`(φ) =
∓qimi

16π2m2
φ

Im(Y∗
i`Y∗

`i)
2 I

(
m2

i /m2
φ,m

2
`/m2

φ

)
,

with +(−) corresponding to A (H), and

I(r, s) =
∫ 1

0

x2

1 − x + rx − sx(1 − x)
dx.

(Ecker, Grimus and Neufeld, 1983)

• |de| ≤ 1.1 × 10−29 e-cm

(AMCE Collaboration, 2018)

• ∆aµ cannot be satisfied for θ ∈ [π4 ,
3π
4 ] since the dominant chirally enhanced

term is ∝ cos 2θ which is ≤ 0 regardless of the value of Yµµ and mH.



EDM (ctd...)



Non Standard Neutrino Interactions

(Wolfenstein, 1978)

Neutrino interactions different from SM weak interactions characterized by

−Leff
NSI = εfP

αβ2
√

2GF
(
ν̄αγρLνβ

) (̄
fγρPf

)

εij ≡ ε

(
h+

)
ij + ε

(
H+

)
ij =

1
4
√

2GF
YieY∗

je

(
sin2 ϕ

m2
h+

+
cos2 ϕ

m2
H+

)
,

• Off-diagonal NSI, εij subject to strong constraints from LFV

• Diagonal NSI, εii potentially large contribution from (Yee,Yµe,Yτe)

(Babu, Dev, Jana, and Thapa, 2020)



Constraints from Radiative Decay

Process Exp. Bound Constraints

µ → eγ BR < 4.2 × 10−13

∣∣YµfYef
∣∣2 +

∣∣YfµYfe
∣∣2 < 1.89 × 10−9

( mφ
100GeV

)4

(
∣∣YefYfµ

∣∣2 +
∣∣YµfYfe

∣∣2) C < 5.84 × 10−13
( mφ

100 GeV

)4 (
1 GeV

mf

)2

τ → eγ BR < 3.3 × 10−8
|YτfYef|2 + |Yfτ Yfe|2 < 8.31 × 10−4

( mφ
100GeV

)4

(|YefYfτ |2 + |YτfYfe|2) C < 7.29 × 10−5
( mφ

100 GeV

)4 (
1 GeV

mf

)2

τ → µγ BR < 4.4 × 10−8

∣∣YτfYµf
∣∣2 +

∣∣Yfτ Yfµ
∣∣2 < 1.11 × 10−3

( mφ
100GeV

)4

(
∣∣YµfYfτ

∣∣2 +
∣∣YτfYfµ

∣∣2) C < 9.72 × 10−5
( mφ

100 GeV

)4 (
1 GeV

mf

)2

Process Exp. Bound Constraints

µ → eγ BR < 4.2 × 10−13 ∣∣YfµYfe
∣∣2 < 1.89 × 10−9

( mH−
100GeV

)4

τ → eγ BR < 3.3 × 10−8 |Yfτ Yfe|2 < 8.31 × 10−4
( mH−

100GeV

)4

τ → µγ BR < 4.4 × 10−8 ∣∣Yfτ Yfµ
∣∣2 < 1.11 × 10−3

( mH−
100GeV
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Constraints from Trilepton Decay

Process Exp. Bound Constraints

µ− → e−e+e− BR < 1.0 × 10−12 |Yee|2(|Yeµ|2 + |Yµe|2) < 1.16 × 10−12
( mφ

100 GeV

)4

τ− → e−e+e− BR < 2.7 × 10−8 |Yee|2(Yeτ |2 + |Yτe|2) < 1.76 × 10−7
( mφ

100 GeV

)4

τ− → µ−e+e− BR < 1.8 × 10−8 |Yee|2(Yµτ |2 + |Yτµ|2) < 8.78 × 10−8
( mφ

100 GeV

)4

τ− → µ−µ+µ− BR < 2.1 × 10−8 |Yµµ|2(|Yµτ |2 + |Yτµ|2) < 1.37 × 10−7
( mφ

100 GeV

)4

τ− → e−µ+µ− BR < 2.7 × 10−8 |Yµµ|2(|Yeτ |2 + |Yτe|2) < 1.32 × 10−7
( mφ

100 GeV

)4

τ− → e−µ+e− BR < 1.5 × 10−8 |Yeµ|2(|Yeτ |2 + 2|Yτe|2) + (µ ↔ e) < 2.93 × 10−7
( mφ

100 GeV

)4

τ− → µ−e+µ− BR < 1.7 × 10−8 |Yeµ|2(|Yτµ|2 + 2|Yµτ |2) + (µ ↔ e) < 3.32 × 10−7
( mφ

100 GeV

)4



Muonium-Antimuonium Oscillations

•

P(M → M̄) =
64α6

emm6
redτ

2
µ

π2 G2
MM̄ ' 1.95 × 105 G2

MM̄

where, mred = memµ/(me + mµ)
(Cvetic̆, Dib, Kim and Kim, 2005)

• Measured by the PSI Collaboration, with P(M ↔ M̄) < 8.3 × 10−11 at 95%
C.L.

(Willmann et al., 1999)

• Effective Hamiltonian

Heff =
GMM̄√

2
[µ̄γµ(1 + γ5)e][µ̄γµ(1 − γ5)e] .

• GMM̄ ≤ 1.77 × 10−3 ⇒ YeµYµe ≤ 2.37 × 10−7(mH/GeV)2.

• Expected sensitivity from MACE experiment:
O(10−13) ⇒ YeµYµe ≤ 8.11 × 10−9(mH/GeV)2.


	Appendix

