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Aa, = (251 £ 59) x 10711 @ 4.20
Aas = (—8.8+3.6) x 10713 @ 2.40
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explanation difficult
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Discrepancy in ay = (g¢ — 2)/2
Aay, = (251 £59) x 10711 @ 4.20
Aae = (—8.84+3.6) x 10713 @ 2.40

Opposite signs makes simultaneous
explanation difficult

(Zee, 1980)

¢ Tiny neutrino mass realized at one loop

o Extra doublet scalar and singly-charged scalar

¢ New doublet can give corrections to ay

o Charged scalars can induce potentially large diagonal NSI

Ritu D’cruz

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

o THDM (Lee, 1973)+ 1+
o Higgs basis:
(Davidson and Haber, 2005)
G+ Hi

Hl_( &= (v+HY +iG°) > H2_< 75 (H3 +1A) >

o Physical fields:

A
h, H sin2a = 2Xgv?/(m¥% — m?)
ht, H sin2p = —\/ﬁvu/(mlzfr — mﬁ+)

o Alignment limit: & — 0
(Gunion and Haber, 2003)
o —Ly D LA eapn* + YyHIL  €feap + hec.

o p: coefficient of H?ngagn’; breaks the lepton number by two units
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Model Description (ctd...

Neutrino mass

|
40
nt o= H,,_)+
’ »\
4 \
—————> —
Z @ b vj
M, = (fMﬂ + YTMZfT)
. . m2,
where,  is the one-loop factor: kK = 5.2 Sin 2¢ log —
HT
Y < 1 cannot resolve Aay;
f~ O(1) cLFUV modifies Gp Y~O(1)fk1
cLFV restricts NSI from f to < 1078
a5y

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

One-loop correction
(Leveille, 1978)

H* + N HE
’ \
—L > —
14 1z 0
A (1) H+ _ =1 m% Y 2 1
o Aay '(H) = 55— n12+| ie|* = always -ve
H
1 7 [ [ Yail2+]Yiel? " .
. Aaé)(qb):w;z;?g( ul el ¢ omi (z+log($¢))%(wiyi4)>
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AMM in Zee Model

One-loop correction
(Leveille, 1978)

H* » N HE
’ \
—L > —
14 1z 0
. Aa(l)(H"')— il o |Yi¢|? = always -ve
¢ ~ 96m2 mIQ{Jr ie yS -
1 7 [ [ Yail2+]Yiel? " .
. Aaé)(qb):w;z;?g( ul el ¢ omi (z+log($¢))%(wiyi4)>
. Yepu . Yee Yeu Yer
Aay, = | Yye Ypu Yur | +he, Dae = | Ype 5 : +h.c..
YT}J, . Yre .
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AMM in Zee Model

One-loop correction
(Leveille, 1978)

H* » N H*
’ \
—L > —
0 1z 0
. Aa(l)(H"')— il o |Yi¢|? = always -ve
14 ~ 9672 mIQ{Jr i yS -
1 2 (1124 Y2 . .
5 Aayw):m;;‘jg)( ul¥ul” 5 oms (i+log(;‘“¢))%(mw)>
. Yeu . Yee Yeu Yer
Aay, = | Yye Ypp Yur | +he, Dae = | Ype . . + h.c..
Yru . Yre .
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AMM in Zee Model (ctd...)

Two-loop correction

(Ilisie, 2015)

2 2

5 Qo My M3 m*
- fal) =SB £ (v, B
873 my m? m?

e For couplings of same sign
e p=H=F<O0

e« p=A=F>0

e Chiral enhancement from 7 lepton loop
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Resolving AMM in Zee Model

my < (ma, mpg+, my+) and Y ~ O(1)

U One-loop correction
o Real couplings

o Y;i(i = e, n) = always +ve
¢ Yj; with relative negative sign = constraints from LFV v/
« Complex couplings = constrained by EDMs

e Yy  €ERNYee €1V
e One- + two-loop corrections

al® o cem mi A, (1)
e Aa,’ oc =& WA(LZ

e my < mp and Y, # 0 makes two-loop correction (o< m,/me) -ve = Aae

e Smaller Y, can suppress Aagf) (x m,/m,); overall +ve correction
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Resolving AMM in Zee Model

my < (ma, mpg+, my+) and Y ~ O(1)

e One-loop correction

o Real caunling

Real couplings Yjj with relative negative sign

e One- + two-loop corrections

. Y;; with appropriate choice of Y - n (o< m;/me) -ve = Aae

. rall +ve correction
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6/ 13



Flavor Structures

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

@ o o o Y 0
_1: — -11: = 0 X
TX-I: Y 0 Yo x TX-II: Y

Aay, Aae NSI
Additional constriants
¢ Muonium-antimuonium oscillations: e’;fr — e*u* = constraints (YeHYue)

o Direct experimental constraints
o Dark photon searches at KLOE and BABAR: efe™ — v (Aq — efe™)

o Dark boson searches at BABAR: e'e™ — p 'y H
o 7' searches at LHC: pp — putpu (2" — ptp™)

o LEP searches: efe™ — £7¢~ and eTe™ — £ (H = £747) (L=e, p)
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llider Analysis

Probing Yee, Y and Yey via €70~ — (70~ H — (74~ (H — é*(f)

ILC
0.3 8 0.3 8
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Muon Collider

Searches in u*u~ - u*tu~(H-p*u~)
@ MuC (3TeV, £=1ab™1) 7

o

>~ 0.10

mpy [GeV]
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Results: TX-I
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NSI €ece = 4.2% for Yee = 0.31,¢ = 0.1, and my+ = 285 GeV
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Results: TX-I
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Results: TX-II

1
0 Yep O
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Results: TX-II

1072
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1044
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|
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With ag = & fur = 1.80 x 1076 and mpy = 22 GeV,

0 0119  —0.198 0 0.3 0
R =l 0 1.0 , Y= -35x107* 0 556x107°
0 1.18x 107> 0 5.19 x 1076

No observable NSI (e, o< [Ypel?)
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Conclusion

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

o 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

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

e The model features charged scalars which can potentially induce NSI €ce as
large as 8%.

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

o Sizeable pEDM can be probed in the future

o Most of the parameter space can be probed by future experiments
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ns for AMM

One-loop

2

« 8a{(6) = 55 ({IYal® + [Yiel?} Fo(x, 1) £ 22 R(Ya Yie Py (x, 0)) , where,

X2 — EXS

Fy(x,€) = dx.
#(x:€) /0 m%x2+(m —m/)x—&-m (1—x)

+ and — correspond to H and A, respectively.

Aagl)(Hﬂ = 16”2 [Yie|? fo m &b
Two-loop
. Aa%) = Z:; %; < - Cgf CgiG (x,2,1) + Cf,é Cij;),iG (%, z, 0))7 where,

with z = m?/mi, and the coefficients

;Im(Yu)

1
C§ = Cp, = —=Re(Ys), —Cp, =C§ = 7

V2



Electric Dipole Moment

-
167“m¥

with +(—) corfesponding to A (H), and

1 X2
I(x,s) :/ dx.
0o 1—x+rx—sx(l—x)

(Ecker, Grimus and Neufeld, 1983)

. d[(¢): Tqim; Im( ;Z ZI)I(m?/mi,m?/mi)u

e |de] £ 1.1 x 10729 e-cm

(AMCE Collaboration, 2018)

e Aay, cannot be satisfied for 0 € [T, 37”
term is oc cos 20 which is < 0 regardless of the value of Y, and mg.

] since the dominant chirally enhanced



EDM (ctd...)
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Non Standard Neutrino Interactions

(Wolfenstein, 1978)

Neutrino interactions different from SM weak interactions characterized by

—BE = 5a52\[Gp (ZavpLrg) (FyPP1)

1 Hy x &7]
} At + Ul 5
1 Hy % J< 0t
//,Ne I/Ne 1//\\ ///\\
ht H 1 sin? cos?
€ij = Eig ) +51g ) - YieYje 2 £t 2 - )
4v2Gy e M

o Off-diagonal NSI, €;; subject to strong constraints from LFV
o Diagonal NSI, €;; potentially large contribution from (Yee, Y e, Yre)

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



Constraints from Radiative

‘ Process ‘ Exp. Bound

Constraints

w— ey BR < 4.2 x 10713

[Y e Yer|? + [Yeu Yeo|? < 1.89 x 1079 (100

100 G

. ) , \4 2
([YerYeu|? + [YurYee|?) € < 5.84 x 10713 (%) (l GCV)
4

1YY ol? + [Yer Yio|? < 8.31 x 10—4 (7‘“

m,, )
T = ey BR < 3.3x 1078 100GeV
2 2 _5 m, 4 3 2
(IYetYer | + Y7 Yge|") € < 7.29 x 1077 (m) (1 rE‘tev)
g s my  \4
[YreY el + [Yer Yo |2 < 1.11 x 1073 (oo
T—py | BR<4.4x1078 " T i (1oo<,ev

= 4
(1Y e Yer |2 + [Yr6Yeu|?) € < 9.72 x 1075 (w')"%) (

‘ Process

Exp. Bound Constraints ‘
ey | BR<42x10713 | |Yg,Ve|? < 1.89 x 1070 (o= )"
m ey . fu X fe ° 100GeV
_ _ m._ N4
Toey | BR<33x1078 | Ve Yel? <831 x 1074 (pis)
-8 2 -3 ( Mmg- \4¢
T — vy BR < 4.4 x 10 [Yer Yeu|? < 1.11 x 10 T




Constraints from Trilepton Decay

Process Exp. Bound Constraints ‘

p~ —e ete™ | BR<1.0x10712 [Yeel2(I¥epnl? + [ Yuel?) < 1»16X10’12(%)4

7= s e—ete BR < 2.7 x 10~8 [Yeel?(Yer|? + [ Yrel?) < 1.76 x 1077 (%)4

7T o pete” BR < 1.8 x 1078 [Yeol>(Ypr|? + Yrul?) < 8.78 x 1078 (%)4
T s> pTptpT | BR<21x1078 Y pp (Y pr 12 + 1Y 70l?) < 1.37 x 1077 (%)4
= = e ptuT | BR<27x1078 [Ypunl2(1Yer 2 + 1Y rel?) < 1.32 x 1077 (%)4

T e pute” BR < 1.5 x 1078 [Yeul?(IYer|? +2Yrel?) + (1 ¢ €) < 2.93 x 1077 (%)4

_ -+ - =8 2 2, o1y |2 = Mg 4
T S uetu BR < 1.7 x 10 [Yeul“(IYrpul® +21Y0ur|%) + (k<€) < 3.32x 10 (m)




Muonium-Antimuonium Oscillations

648, mb 72

VA em dTp ~2 ~ 5 2
P(M — M) = —= 52 Gl g ~ 1.95 x 10° Gy

Where, Myed = memu/(me + m#)
(Cveti¢, Dib, Kim and Kim, 2005)

o Measured by the PSI Collaboration, with P(M <> M) < 8.3 x 10~!! at 95%
C.L.

(Willmann et al., 1999)

o Effective Hamiltonian

Hett = Gygi [Be(1 + 75)el B (1 — vs)e]

o Gy < 177% 1073 = Yeu Yye < 2.37 x 1077 (mp /GeV)2.

o Expected sensitivity from MACE experiment:
O(10713) = Yeu Ype < 8.11 x 1079 (myg /GeV)2.
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