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Introduction

Anomaly in lepton magnetic dipole moment

» Muon anomalous magnetic moment

a' = 116591810(43) x 10 ' [Aoyama et. al., 2020]
apNt = 116592089(63) x 10~ * [PRD 73 (2006) 072003]
a At = 116592040(54) x 107! [PRL. 126 (2021) 141801]
a Ak = 116592055(24) x 107! [PRL 131 (2023) no.16, 161802
New world average: a;™ = 116592059(22) x 107!

» Discrepancy in MDM

Day = ap™—apM=(249+48)x10 1
Aa. = &% —aM = (-88+28+2342)x 1071* [Science 360 (2018) 191 ]
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1. Muon g —2 (SM)

ay in SM
ay (SM) = ay, (QED leptonic) + a, (QED hadronic) + a, (EW)

1. QED Contributions (leptonic)

~
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1. Muon g —2 (SM)

QED Hadronic contributions

Hadronic vacuum polarization (HVP) Hadronic light-by-light scattering (HLbyL)

Electroweak contributions
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W mass problem

ALEPH —e 80.440+ 0.051
DELPHI ~ ——p—i— 80.336+ 0.067
» The pre-2022 CDF result of W— mass
B 802700055 [PTEP 2022, 083C01 (2022) (PDG)]
OPAL —t—— 80.415+ 0.052
mit = 80.377 + 0.006 GeV
LEP2 — 80.376+ 0.033
22/dof = 4941
CDF ‘- 80.389+ 0.019 » CDF-2022 result
Do - 80.383+ 0.023 [Science 376, 170 (2022)]
Tevatron ™ 8038720016 myt = 80.4335 + 0.0094 GeV
ATLAS s = 80.370+ 0.019
LHCb —. 80.354 £ 0.032
LHC - 80.366+ 0.017
¥2idof = 0.2/1
World Avg - 80.377+£0.012
CDF 2022 & 80.43350.0094
L ‘ L L ‘ L L |
80.2 80.4 80.6

my, [GeV]
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Model

» SM augmented by 2HDM + complex scalar singlet + vector-like lepton

Z DO Lawr + Ly + L

&) = o1 - &y = 0
75 (vsm+ 0P +imp) 75 (99 +im3)
1
d3=— (v+99+in3); 1

V2
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Model

» SM augmented by 2HDM + complex scalar singlet + vector-like lepton

Z DO Lawr + Ly + L

by = o :
L (om0 +ing) |’

.

¢3=%(Vs+¢§’+in§’): x*
» Quantum numbers
Fields |Q Iz ur dg eg ® ® &3 xp xg V¥
su@.,3 1 3 3 1 1 1 1 1 G+
su@r|2 2 1 1 1 2 2 1 1 w
Uly [ ¢ -3 2 -2 -1 L+ 4 o0 -1 -1 B¢
7 + + 4+ + + + - = - o+ 4+
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Model

» Scalar Lagrangian

Lcalar = (D[J‘:I)l)+ (D“¢1) + (Du¢2)+ (Dp¢2) + (Du¢3)* (Du¢3) RV
1 1 A 2 A 2
Ver = —5 i (‘biq’l) ~5mh (d’;%) +3 (¢§¢1) + 72 (q>£¢2)

+13 (0]01) (9502 + 2 (0]02) (®]01) +% {/15 (dﬁcbz)z + h.c.]
—%m§3 L3 + % (©303)% + A1 |01 D3 b3+ Ag3 |2 |* D3 P3

—ix [(¢+1¢2 +¢+2¢1) (®3 —¢§)]
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Model

» Scalar Lagrangian

Lcalar = (D[J‘:I)l)+ (D:“(bl) + (Du¢2)+ (Dp¢2) + (Du¢3)* (Du¢3) RV
1 1 A 2 A 2
Ver = —5 i (qﬁq’l) ~5mh (d’;%) +3 (¢§¢1) + 72 (q>£¢2)

s (¢1¢1) <¢;¢2) 4 (¢‘;¢2) <d>;¢1> +% {/15 <¢1¢2)2 + h.c}
‘%m§3 ®5P3+ %(%%)Zﬂu [©1]2 @303 + 15[ ®2[* @305
_ir [(¢+1¢2+¢+2¢1) (b3 - 5)]

» Yukawa terms

B = —y, QD1 ur — yg QL D1 dg —y, I ®1eg —y1 I P2 eg+ hec

AL

. Y _ _ _
X'(?*'glf B)X — my X X—Yy2 XL Xr P3— y3 XL er P3
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Model

Scalar mass eigen states

» &; — d3 mixing = CP even states

M2 — 1 <¢0 ¢o> 1 VSZM 11 VSM Vs (P?
0,0 — 5 1
905 2 11 VSM Vs g v2 9
mfl = cos?Oi3 M v52M +5sin(2613) vs A11 vam + sin 613 V52 Ag
m%B = sin?013 A1 vay —sin (2613) vs A11 vem + cos® 013 v2 Ag
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Model

Scalar mass eigen states

» &; — d3 mixing = CP even states

2 0
M2, o — 1 60 g0 1 Vém 11 VSM Vs [y
0793 1 2
193 2 11 VSM Vs 8 Vs 9
mfl = cos?Oi3 M v52M +5sin(2613) vs A11 vsm +sin2 613 V52 Ag
m%B = sin?013 A1 vay —sin (2613) vs A11 vem + cos® 013 v2 Ag
» &y — O3 mixing = CP odd states
1,2 1 2 1.2
1 <TIO 770> —3m3s+3305v3y +3v213 —V2kwsm | (19
2 3
2 —V2Kkvsm 0 ns
1/~ .
mio = > <l345 VszM — m%z “+13 Vsz) cos? 023 — \/EKVSM sin2623
1/ . .
m%,o = 5 <7L345 VSZM —m3,+13 vsz) sin? 023 + V2K ven sin 2623
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Model

Scalar mass eigen states

3 = h

n? =  G° (massless Nambu-Goldstone Boson)
¢ =  GT (massless Nambu-Goldstone Boson)
9 -+ H

m%z = % [*mgz‘*‘ (A3 +Aa+21s) V§M+13V52}
my. = —md +A3 iyt 13V7

Model parameters: m?;, m3,, m33, Ai—1..s, A8, M1, M3 and K

\

Physical parameters: vgy, vs, m%l, m%l, mﬁz, m,z_,i, mio, mf,o, 613, 623 and m%z
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Model (Positivity and minimisation Conditions)

» Positivity Conditions

A Az+As—|As] Aa
H=| A3+ s —|2s] A2 Az | >0
A1 M3 A8
along with A1,A2andAg > 0. This leads to the following co-positivity conditions:

M, 22,28 > 0,
112 El3+@[|15| 714] (2.47 M,5‘)+ VA1A2 >0,
13 = A11 + vV A1ds > 0, Aoz = A13+ v/ Aalg > 0 and

VA doAg + A3+ O[|As| — Aa](Aa — |As|)] v/ As + A1 v/ A2 + /2 Ai2As3Aos >0
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Model (Positivity and minimisation Conditions)

» Positivity Conditions

A Az+As—|As] Aa
H=| A3+ s —|2s] A2 Az | >0
A1 M3 A8
along with A1,A2andAg > 0. This leads to the following co-positivity conditions:

M, 22,28 > 0,
112 El3+@[|15| 714] (2.47 M,5‘)+ VA1A2 >0,
13 = A11 + vV A1ds > 0, Aoz = A13+ v/ Aalg > 0 and

VA doAg + A3+ O[|As| — Aa](Aa — |As|)] v/ As + A1 v/ A2 + /2 Ai2As3Aos >0

» Minimisation Conditions

2 2 2
myy = A,l VoM + /’{,11 Vs
2 2 2
m33 = Ag ve + M1 Vim

The m§2 parameter remains unconstrained by the extremum condition.
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Constraints from Higgs decay

Signal strength:
c(pp — h1 — XY) I(h1—gg) BR(h1—XY) 4, T(AM = all)
= =cos" 013

B = Glop o h s XYM T (hSM — gg) BR(AM — XY) (hy — all)

Model Prediction for pyy ——

1o allowed region for pyy« =z

Signal Strength pyyy-

I / \ 11.05
-30° 20° 100 0 10° 20° 30700

®,- &3 Mixing Angle 6,5

[JHEP 11 (2021) 056 ]
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Constraints from Higgs decay

Signal strength:

o(pp — h1 — XY) F(h1—gg) BR(h1—XY)

r(AM — all
Uyy = = = cos* 013 ( —all)

o(pp—h— XY)M " [ (hSM — gg) BR(hM = XY) T(hy — all)
: : 14
[| Contours for ., / pyy: = 0.93 15 113
11.2
5|4 g ixing angle 5 = 101 13 1
) S r 11.0
= 1.0 of 10.9
5 Ci {08
o :‘: r 0.7
1]
E 0.7 £ i gls
X r 10.5
E 105 lo4
103 [ Iyl=010 103
F 0.2
100 150 200 20 _ a0 35 ol w0 w0 w0 2z w0 w0 200 450 500 550 w1
VLL mass m, in GeV VLL mass m, in GeV

[JHEP 11 (2021) 056 ]
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Constraints from LEP Il
o(et e~ —u* n)=3.072+£0.108+0.018 pb at /s =200 GeV [Phys. Rept. 532 (2013) 119]

2 2
NP - 4 COS2 923 Sil’l2 623 1
O-IJ'+ u- — i 2 + 2 + 2
S—Mye S—Mpo <s _ m% )
2
Contours satistying ofe’e’ - u'y) = 3.072£0.108 £ 0.018 pb Contours satisfying o(e*e” — p*l) = 3.072+0.108 + 0.018 pb
F 1.40 ‘
ats = 200 GeV at s = 200 GeV 1.30
= I = 25
B 0 2 |
s s
3 p r 1.2
2 23 0
0 0
® 120 @f ~ 4 15
: : 8y3=20
3 13
I~ st 1.10
1.10
| mpo =100 GeV and my, =400 GeV' | 05 L myp = 150 GeV and my, =400 GeV. | 05
50 100 150 200 250 300 350 400 450 500 5 100 150 200 250 300 350 400 450 500
Pseudo-scalar mass myoin GeV Pseudo-scalar mass mpo in GeV

[JHEP 11 (2021) 056 ]
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Constraints from LEP Il

o(et em — ut u~)=3.07240.108-:0.018 pb at /s =200 GeV [Phys. Rept. 532 (2013) 119]

)
s

NP S
o L 2
T 647

2

2 2
1478 {c052 023 n sin® 63 } i 1

1_4L§y1 s—m2,  s—m? ( 2)2
s sS— mh
2
Contours satisfying o(e*e” — u*w’) = 3.072 + 0.108 + 0.018 pb
Vs =2 \Y
at Vs = 200 Ge' 093 = 40° 116

A0 PO

1.14
12
.10
.08
.06

Yukawa Coupling |y4|

r mpo =150 GeV and mpo =100 GeV .04

200 45002

50 200 0
Clg-even scalar mass mh in i‘g
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Constraints from electroweak precision observables

» The deviation in the theoretical predictions from the electroweak precision measurements

[PTEP 2022, 083C01 (2022) (PDG)]
AS =

H*

o !_‘,r)i/
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Constraints from electroweak precision observables

fjlj
wh O T

W
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Constraints from electroweak precision observables

T T T T 3 0.15 N T T 0.1!
my, =600 GeV; m, = 250 GeV; 1N my, =400 GeV; my, = 600 GeV; AN
5| Myo=150 GeV;  mpo = 100 GeV o 6 m=250GeV; my=150GeV; / L o
T 45 |- 813=10° By3=40% ! ] T | Bra=10% 052405 .o '
2 40 pqes 3 PO i 100
Foas | ot
€ 35 £ 4 RRREERRL
4 30 4 10
£ I3t R
Exsl £
20 it 2l 1 Fq-00
15 i
10 K 1k L 0.1

mpoin TeV —

[JHEP 11 (2021) 056 ]
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Anomalous Magnetic dipole moment of leptons (1-loop)

-
H-
v v
v AN
'40
oH—
T

4 2 .- 2 .2

Jl-loop 1 m; cos” 613 Jrsm 613 1 I 5> [ cos” 623 Jrsm 623 2|

Az = 16x2 2 > 2 > 1T m 2 2 y1l2
Vim My Mis Mysm Mo Mpo

2 2 2
my 2 2 m 2 M
+— I + E T — Iz + 1
> 1 h |y/xs,| 3, 3 [yal iz-li 4]

h2 sj=hy,h3,A% PO
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Anomalous Magnetic dipole moment of leptons (2-loop)

[~ hy,hs, L
\A%)V. 1;0 < hs hs
N S HE

At

17 Y }"W\;
s

I~ JJ;

—_ 7,

5 2
o, m n
Aaj2loor  — 2 e”:”, 2 sin 613 cosf13 4 f 721 —f 21
T VsM V2 Mhs My
2 2 2
4 me ) Gn2 013 L; —cos?6y3 f L; +f ”2’t
VSM VsM Mis Mhy "
2 2
my . m m
+y1 ¥2 —IS|n923 cosb3 < g 27( -8 2x
2 my on mpO
m/2 m; | cosBi3 - ,2_,i sin 613 z zHi
v 5 EhyHtH- f > — 5 8hsH+H- f 2
Vém mh1 mh1 ml"3 i

h3
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Parameter scan for Aa, and Aa,

‘ ‘ 600 ‘ ; , 600
My, = My = 400 GeV; my, = My: = 400 GeV;

1 2 1550 2 1550
o myo = 150 GeV; mpo =100 GeV; w £ mp0 = 150 GeV; mpo = 100 GeV; 0
E Iy41 = 0.1; Iyl = 0.5; lys| = 2.5; 5 E ; Y4l =015 1yl = 0.5; |ys] = V(4n); &
@ ] ot ; ]

] 8132 10° By = 40°; gl By3= 10% 6yq = 40°;
E T me foo ER N BT TEET g
- - AT v R
g 8
g W ORI R %
o 130 @ 1300
5 5
> 1250 > | 250
] (]
o > 120 & 110 Aa, mxza {200
e ™ 100, e 0
I I QK lsosss ‘ciusoo I I I I I I I aoo
00 150 200 250 300 350 40 200 260 280 300 320 340 360 380 40
VLL mass m, VLL mass m,

[JHEP 11 (2021) 056 |
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Parameter scan for Aa, and Aa,

"my, = fy: = 400 GeV; my, =300 GeV; 3 my, = = Mmy: = 400 GeV; mh =300Gev; |*
m, = 250 GeV; mpo = 100 GeV; 0 on =150 GeV; mpo= 100 GeV; 7
Iy4] =015 Iy = V(4n); W Iyl =015 Iygl = dn);
i Big=10% B3=40% 14 1 NG 652107 923-4 T 6
B %00’“‘0‘0“:‘0’:‘
K K R QK
2 > ...W{:f:;* 555 W, 3.3 5
= Il e R x>o<xx>o<xx>o<xx>0<x
> > ‘ KIKLLKLY 50@ ‘NW\ KERKREKY 4
2 2 PAEEEEEEARK “; ’tom%o’o‘o’n’o’o’n’o’o’o
'N'
uow,o,, f
‘o‘»o‘o‘“" wwwn s
10 Mgy = KKK 103, Bz
1 0 Aa, EmEE 1 0 A, EEEE
15 2 25 3 35 4 45 " 10 10 20 20 _ a0 30 400
M0/ mpo VLL mass m
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Parameter scan for Aa, and Aa,

my,, = My = 400 GeV;
r m, =250 GeV; mpo =100 GeV; |50
ly4] = 0.1; lyo| = 0.5; lys| =V(4n); 500
043 =10°; 6,53 = 40°;

450

CP-even scalar mass mh3 in GeV

“"0""""’ XoE
R 0v'A’A’A"V‘Vv
250
1200
1o Aau [ o]
. . . . . 150
15 2 3 3.5

2.5
mpo/ mpo
[JHEP 11 (2021) 056 |
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W-mass Anomaly

m) = 80.377 + 0.006 GeV [PTEP 2022, 083C01 (2022)]
miPT = 80.4335 + 0.0094 GeV [Science 376, 170 (2022)]

Am? 2Am a AS cg, — s
= W Jem (L824 G AT + WW Ay
my, myy Ciy — Sy 2 4 SW
[Chin. Phys. C 47 (2023) no.4, 043102 ]
80.481 o) s, Mo, ® ® +0 . 00 ] T T T T 450
Fof o K PR IR m;, =300 GeV, my: = 400 GeV;
- [ ] (] | I 4
80.46 ..u.’ o ."" Poode e 4o LACI ~ myo =250 GeV; mpo =100 Gev; | 400
L e J L[] o 1 £
I P . UL MY . Iyl = 0.1; Iy, = 0.15; |yg| = 25;
804450 " ‘ s E 1 g 3 250
C A 0 m| g
Lyl | e -0 4
o 80420 a0 ] £ 10 8, ooz ] 300
& 1B My{COF) —— | gy
80.4 L R 8
Eg L _A "lc: [}
L - c
80.381= — | g
L o " 1] [
e 0% ®w® oo G; o
80361 i uo' 'Qu o, ¢ ] ©
Lo o 08 L e ]
iHmH\HmH‘mH\Hmumumufxm'g
803482 " 22 24 26 28 3 32 34 36 ‘ ‘
Aa 150 175 200 25 250
n VLL mass m,
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Thank You
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Backup slides

Yukawa Couplings
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Constraints from electroweak precision observables

his
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Constraints from electroweak precision observables

/ Y =—3 W sec? By [1 cos? 91;;140(171?11) + sin? 91314[3(‘1",?”) + Aﬂ(m?iz )]

2
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Constraints from electroweak precision observables
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Constraints from electroweak precision observables
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Constraints from electroweak precision observables
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