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MODEL : MINIMAL EXTENSION OF [2HDM

» i2HDM (¥1,92) + A neutral complex gauge singlet scalar field ®3

or=]| | o };q)z:[ o };¢3:1(vs+¢§+mé’)
I (v +90+imf) 5 (09 +in3) v2
> Invoke a Zy symmetry : All SM Fields, &1 : Even ;  ®p, &3 : Odd
Lt = (Du®1)" (D*®1) + (Du®2)" (Du®2) + (Du®3)" (Du®3) — Vicuir
Vialr = —%mfl (@01) - %m%z (@502) + %1 (d>"1'¢1)2 + %2 (¢§¢2>2

+13 (0]01) (9502) + 2 (0] 02) (®]01) +% {/15 (d>§<b2)2 + h.c,]
—%m§3 b3d3+ % (®303)% + A11 |@1[% D33+ A13 P2 D33
ik [(®102+0]01) (03— 03)]

Model is further constrained by imposing additional global U(1) symmetry :
UQ): &1 —dy, by —dy, b3 — e'*d3 — explicitly broken by the x term.
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MODEL
—Prukawa = Yu QLPLUR + yg QL P1dr + y, I D1 er +y1 I D2 er+ hec.

» All couplings real in order to preserve the CP invariance.
» m Explicit breaking of Z5 in Ayykawa : to facilitate coupling of SM leptons with
scalars pseudo-scalars.

» &; — d3 mixing — CP even Scalars

mﬁl = cos? 013 11 VSZM +5sin(2613) vs 211 Vsm +sin 613 V52 Ag a2 M1 vy Vs
an 13 = 57— > 5

mﬁs = sin?613 0 ng —sin(2613) vs A11 vsm + cos? 013 V52 Ag M V82M —AgvZ
» &y, — d3 mixing = CP odd Scalars

3 g

1/~ .
mf‘o = > <l345 VS2M — m§2 + A13 Vs2) cos? 623 — \/§KVSM sin260>3 2 \ﬁv P

1 ,— tan(2623):_m
mlz;,o = > (7(,345 VS2M — mgz + A13 Vsz) sin? 623 + \/EK'VSM sin20>3 PO A0
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MODEL

» Other Scalars
Massless Nambu-Goldstone Bosons : n? - GY; ¢1i - Gt

Massive Components of &5 : (])g — ha ¢2:t -+ H*

with masses

1
mﬁz = 5 [—m§2+ (A3 +2Aa+2s) v52M+113v52]

mzi = 7m§2 + 23 vszMJr ll3v52
» Ao does not contribute to the mass spectrum

» The remaining eleven parameters in scalar potential
2 2 2
miy, M3y, M33, Ai—1345811,13, and kK
are expressed in terms of

2

2 2 2 2 2 2
Voms Vs, m22a mh17 mhla mh27 mHi-, mAOa mp07 9137 923
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CONSTRAINTS ON PARAMETER SPACE (THEORETICAL )

» Positivity Conditions

A1,A2,Ag >0,

M2 =A3+©[|As| — Aa] (Aa—|As]) + /A1 A2 >0,

Ja3 =M1+ 2aks >0, Aoz = i3 +/A2lg > 0 and

V21d2Ag + A3 +O[|As| — Aa](Aa — [As])]v/As + A1/ A2 +1/2 A12A13223 > 0
» Tree level Perturbative Unitarity:

» Stability and Positivity Conditions :
With A5 = [m%z — mf‘o — m,z,o] /vsil , get two mutually exclusive allowed regions of

parameter space:
For Region | : A5>0, mﬁz > mf‘o +m,2,°, and mzHi > mio + m,2,°
For Region Il : A5 <0, m2 < m3,+m> and m?.<m?
g : 5 ) ha A0 PO HE ha
We Explore Region | in this work
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CONSTRAINTS ON PARAMETER SPACE(EXPERIMENTAL)

» Observables

o Higgs Decay
o LEP Data
e Anomalous Muon magnetic Dipole Moment Aay

o W-mass measurement at CDF and CMS

» Parameters

Masses : Mpy s Mpy, Mpy, Mg, Mpo, Mpo
Mixing Angles : 613, 623

Couplings . i, ﬁ,thJrH—, Ah;,H*H*
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CONSTRAINTS FROM HIGGS DECAY

» Identify CP even lightest neutral scalar h; with the observed scalar H and take
myp, ~ 125GeV.

» Compare total Higgs decay width in SM T[(hS™ — all) ~ 4.07MeV  with the total
Higgs decay width at LHC T'(H — all)Lgc = 3.21%’? MeV [PDG2022]

» Determine the constrained parameter space by demanding that, in our model, hy
decays can account for the measured value of the total Higgs decay width.

» Use signal strength u,, w.r.t. h; production via dominant gluon fusion in p—p
collision, followed by its decay to X Y pairs in the narrow width approximation

BR(hy — X Y)
BR (KM — X Y)

_ o(pp— hy = XY)
P = o(pp— h— XY)M

= cos? 013

Mamta Dahiya A minimal Extension of Inert 2HDM : October 15, 2024 8/33



CONSTRAINTS FROM HIGGS DECAY

1.30
L {1.25
o F {1.20
:? 1115 . coct r(ASM — all)
g L 11.10 wwx 13 F(H — aII)LHC
8| / 0% . é\ % 105 .
& s =10 ; Using the observed value,
g / \ loos  Lyws = 1.00+0.08,
@ Model prediction for uyyy- —e—\ 1990 9,5 can be strongly constrained
1 o allowed region for puyyy» Ezz 1088
-30° 20° 00 0 10° 20° 30980

643

Throughout this work, we take 6;3 = 20°
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CONSTRAINTS FROM HIGGS DECAY

W, _ F(hy — vy) r(AM — ww~)

2
=11
Flh — WW*) "~ T(AM = yy) |2+

Ky
@ We calculate the partial decay width I'(h1 — yy) at one loop in our model

® Using the Sverese experlmental 200 300 400 50?)1H* irﬁlo(gev ?00 800 900 1000
values of p,, and u,,,,., the ratio

0
Iy /My = 1.120.11 0
@ The coupling gy, y+y- is =
-30
bounded from below and above Trm
for a given value of my+ . For }50
example, with my+ = 1TeV, the 60
range allowed by 1, /1, is o
-80
—90 < },thJer <4 at 20 90

[ i I f ] f | | ]

0.9 0.95 1 1.05 1.1 115 1.2 1.25 13

_6O<Ah1H+H*<3 at lo 1/ byrw =
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CONSTRAINTS FROM LEP II DATA
» LEP Limit from direct production of scalars [1302.3415(Phys. Re.(2013)),

1301.6065( EPJC (2013))] :
my+ 2 (80—100)GeV and ) my, 200 GeV

We take all scalar and pseudoscalar mases above 210 GeV

» The excess contribution to o(et e~ — u™ ™) in our model over SM value

Excess S S 4m/a 2 COS2 923 Sih2 623 1
T oean \s—amz P Tsom2, T som2 T
e S—Mye S—Mpy S—mp,

> . 2 2
2memﬂ cos” 613  sin“ 613 2me my 1
V2 S*fn2 +57’772 B V2 an']2
SM hy hs SM hey

is used to constrain the model parameters by accommodating it within the 1o

o

+

uncertainty in the measured value o(e™ e~ — u™ ©~)=3.0724+0.108+0.018pb by
combined analysis of DELPHI and L3 at LEP I
[Schael et al, Phys. Rep. (2013 ) 1302.3415]
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CONSTRAINTS FROM LEP II DATA

_ — 03
2000 11 1=20%, ;= 400 GeV! m 0 = 600 GEV, mgh = 300 GeV 1800 1631 =20% . =400 Gev 300 GeV, mgh =300
rq12 2 3
1800 1600 02
L1 ,
11600 5 1400 E 1028
% 8 0
S 1400 o osl 21200 =
& = = 1027
£ E1000
1200 L o
1000 800 1026
Fq04
800 600 4025
0 20 40 60 80 100 120 140 160 18()7 0 20 40 60 80 100 120 140 160 ]8()7
0,5 in degree — 0,5 in degree —
2000 [0l =20% b, =400 GeVlm,0 300 GV, mp = 600/Gev ][] » LEP data tightly constrains the magnitude of
- Fq12
1500 ly1| and [623]
I 1
L » The allowed range of |y1| governed by
L o6 the choice of 623 and Rp = mpo/on
1000
w0 F1o4 » Except for Rp =1, the allowed values of |y1|
0 20 4 60 S0 100 120 140 160 150 are not very sensitive to my,

6, in degree —
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MUON ANOMALOUS MAGNETIC MOMENT

» indirect clues for physics beyond the SM

The Prevailing Anomaly in a; Anomalous magnetic moment : a = g§2

——————&——BNL
[T. Aoyama et al., Phys. Rep. (2020)]

—n FNAL Run-1
a = 116591810(43) x 10! o
——t FNAL Run-2/3
Day = P -V —— FNAL Run + Run-2/3
-9
= (2.49+0.48) x 10 . Average

60 205 210 205 20 25
4,%10° - 1165000

[Muon g - 2 Collaboration, PRL (2023)]

Improvements in uncertainties of SM prediction may reduce the discrepancy
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MUON ANOMALOUS MAGNETIC MOMENT

h H™
: Yy
has ho, g 7 PP
AP0 o
. -

4 2 .2 2 . 2
1100, 1 mj [ cos® 013 sin 013 1 5> [ cos® 63  sin“6x3 ) 5
8a, " 622 122 o e SRl . T UL/ e s s sl DA
Vom My Mis Mism Mo Moo
2 2
m m
T2 2 M
+— nA+nl® 55
mj, Mye
2 2
momy m m
§a foop Lem3 T Gin2 0134 f 2t —f 2t
47 | Yoy Yu Mhs My
1m m? L m3. m? L m3.
- - —<(1 L cosOzf | —H= | -2 —L sin63f H
4 ( h1H+H*) m2 13 m2 haHtH= 2 13 m2
SM hy hy hs hs

The Contribution of Charged Higgs negligibly small
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THE DISAPPEARING W-MASS ANOMALY

m( PP = (80.4335 +0.0094) GeV
[T. Aaltonen et al. (CDF), Science (2022)]
m>% = (80.3692+0.0133) GeV.
Global fit to electroweak data :
mM = (80.353+0.006) GeV
[PDG (2024)]
Recent measurement by CMS Collaboration

miMS = (80.3602 +0.0099) GeV

LEP combination
Phys. Rep. 532 (2013) 119
DO

PRL 108 (2012) 151804
CDF

Science 376 (2022) 6589
LHCb

JHEP 01 (2022) 036
ATLAS
aniv:2403.15085, subm. to EPJC
CMS

This Work

CMS Preliminary

ot 1

|- 80376 33 ;_:_._1 ]
- 60375 2 23 F.—( .
- 804335 £9.4 : -
|- 60354 2 52 >_Il_< i
|- 803665 + 159 ;{_.—1 ]
|- 803602 £ 99 +H e Wit

L i
80300 80350 80400 80450

my (MeV)

[CMS-PAS-SMP-23-002 (2024)]

Aim : To explain the observed upward pull for m,,and Aay
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COMPUTATION OF W- MASS

@ In any BSM Model Discrepancy between the SM prediction and experimental value

of m, o
om

— w

W2 —si)

AS, AT, and AU are the deviations from their corresponding SM values in the

A
m 4s2

w

2 2
(—%AS—&-C,,%AT—}— w sWAU)

estimation of the oblique parameters in any new physics models
@ The deviations from SM are computed in our model at one loop level

@ Quantum corrections to the relation is a function of the scalar and pseudoscalar

masses and the gauge couplings.

@ This relationship is employed for predicting the W-boson mass m,, by an iterative

procedure
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VIABLE PARAMETER SPACE WITH ALL CONSTRAINTS

1000
P
. . my, = 400 GeV; myo =300 GeV; mgo = 300 GeVs .
@ From Higgs Decay: S A IR R
9731 R k] g
[613] =20°, —Apmin < lhl b+ H- < Amax LEP Constraint: 25 <y, .3
. . 800 L-90< PN PR -
Amin, Amax being bounds determined by 1 K i
3
Hy /e £ 700
£ Aa,=(2492048)x 107
@ Representative Values 600 0.3305-GeV-< myy-<80:5275 Ge
mpo
Rp = —=05,1,2
on 500 g CDF myy Central = 80.4335 GeV
Z ‘SM myy Gentral = 80.3436 GeV
(on mPO) — i CMSmW‘CemvaI:SDSSD‘ZGeV
’ 500 600 700 800 900 1000
my, in GeV —
[(600, 300), (300, 300), (300, 600)] GeV/ 1000 : i 7
my, = 400 GeV: my0 = 600 GeV; mp =300 GeV; ///4/_,
623 = 30°, 45°, 60° 950 || 63 = 20| 8,5 = 30" ’;”///"
: : e
LEP Constraint; 43 <y,|<.49; ,//;r%
. 3 it
@ Vary masses in range 900 [-90.< My ypyr i Pgrar <10V, 408 22 2
0 i
> o50 » ;;f///f 7
1/ml240 + mlz_,‘J <m, ,my=+ <1000GeV M W
2 g p
£ 800 o e -
g 3
and 200 GeV < mjp, <1000 GeV L Aoy = 249048 107
750 Z 0,305 GeV <y, £80.5275 G
700 e e - 80348800y T
 CMS my Central - 80.3602 GeV

700 750 800 _ 850 900 950~ 1000
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VIABLE PARAMETER SPACE

1000 VAL
my, = 400 GeV; m 0= 300 GeV: mpo =600 GeV; y;’f g
960 {0151 =20"% {059 =4 g
LEP Constraint: 33 <|y,[<.35;
900 (90 Aygrar <4k hr- <10 o o
1 Py @ 03 =30°, Rp = 0.5 case is similar to
>
g 80 63 =60°, Rp =2
B
£ 800 . . .
. 2492048 X 10° @ For Rp =1, similar patterns are obtained in
% 49+
750 GeV-<my < 80.9273G the contour plots for all 623
700 £ S ol - B0aase av | ) ) i i
Z _OMS my Conval - 803602 GeV @ No viable solution for m,, in the required
700 750 800 »8(‘ v 900 950 1000
my, in GeV > . .
1000 o e range is found for Rp =2(0.5), with
iy, = 400 GeV; my0 = 600 GeV; my =300 GeV; % ;;/’ )
950 =183} =20% | 05 =43 % 623 = 30°(60°) at fixed mp, = 400 GeV
LEP Constraint: .33 <
T9°° 0= i 4P @ The long discontinuities of loci of points
> . . .
3 850 g indicate the noncompliance of the model
= % ¢
h 5327,
7 .
£800 o 2 parameters to simultaneously accommodate
27 a,=(249%048)x 107
750 3395 GeV < my < 80.5275 GeV measured values of both observables
700 O e 3040 ooy
o G- R ey
700 750 800 850 900 950 1000
my, in GeV —
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VIABLE PARAMETER SPACE

m 0 =300 GeV; mpd = 300 GeV; | 8 myo =300 GeV: mph 0
LEP Constraint: .25 <|y)| < 30;-90 < hy ypoyy 4 | Mygrepe] <10°5 LEP Constraint 28 <[y,| < 29:-90 € hy yyyy €4 | My <10% -
8055 I Yo banal— 500 8055 I 5} berd-——-
COF 1 oband — — 20
805 805 B =
1 20
T T
> 045 > w45
3 E 3
E Y
8035 [ 8035 [ 20
i 250
i 20
803 L L L 803
2 21 22 20 24 25 25 27 28 2 21 22 23 24 25
Au > Au >
M0 =600 GeV: mgo = 300 GeV: | 03] = 20% [0, = 30"
LEP Constraint: 43 £ [y,[ £ 50: 90 < Ay yyrr <43 | Ayl €107 LEP Constraint: 25 <y £ 3: 90 £ Ay oy €45 | Ry gl <1075
T 1000 T T T T =y ! 1000
8055 ] 80.55 oand——
W
nd — —
%0
605 805 |-
a0 :
i 3 U o .
5 w0 - — 0, 8045 |- R
3 = 2 3 i
s = 0 £ E
£ owa Z 804
s00
8035 |- w00 80.35
3 : w0
1 300 L
03 i 803 I | | | | |
2 22 24 26 28 s 22 23 24 25 26 27 28 29 3
Ago Aay >
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Mamta Dahiya

VIABLE PARAMETER SPACE

@ For a given Rp, lower values of

ELC favored for lower values

of mixing angle 6>3. Similarly, for

m

a given value of 823, lower values

of m,_ are favored for higher Rp.

For 623 = 30° and

Rp = 2,m a0 = 300GeV(f23 = 60°
and Rp =0.5,my0 = 600GeV),
the common parameter space
allowed by m,, value favors Aay
in the lower(upper) half of 1o
band.

80.55

myin GeV —

80.5

»
o
Y
o

®
S
S

80.3

80.5

LEP Constraint: 43 <|y;| < 49: 90 < &,

m A0 =300 GeV: mpo = 600 GeV: | 03] = 20% | 8,5] = 60°%

and ]
- —
GPE1oband — — | |
: L
2 2.2 2.4 2.6 2.8 3
Aay, —>
n
MA0 = 600 GeV; mpo = 300 GeV; | 5] = 20% | 6,5] = 60%
LEP Constraint: .28 < |y| £ .30; -90 < Ay 45 | Myrrnr] <1075
I dnd-—]
M - —
ODF 1 oband — —
i , s
2.4 2.5 2.6 2.7 2.8 2.9 3
Aay,—>
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SUMMARY

» The [2HDM minimally extended by a complex singlet scalar is explored for the
possibility to explain Aay and m,, observed values simultaneously
» The parameter space is constrained by

o Theoretical Considerations
o Higgs decay and signal strength at LHC
o LEP Il data

» The constrained parameter space is scanned systematically to search for

simultaneous solution for W mass lying in the range m,, € [80.3395 : 80.5275]

SM . .CMS CDF
o my v Pas well as miy

muon lying within one sigma band Aay €[2.01: 2.97] x 10~°

which includes m and the anomalous magnetic moment of

» Work on Constraints from DM relic Density is under progress
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Thank You

For Your Patience
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SCALAR COUPLINGS IN TERMS OF MASS PARAMETERS

1
Az = VT [Zm,z_li er%zfllg, Vsz]
SM
1
T 2 [m,%z + m/zqo +m,23° —2m,2_,i] .
SM
A = E[p2 2 2
5 = VT [mhz—on—mPo]
SM
1715 2 2
g = 2 [mh1 +mp, — M VSM:|
S
1
o= ()Ll vy — g v_f) tan (2613)
S
1 2 2
K - —— (mpo+on> tan(263)
242y,
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MIXING OF SCALARS

Moo= L (p0 o0) [ ™ W Avsw) (00

9298 ~ 2 ( 1 3)

1052 M1 vem Vs Ag vZ 3

1 (ne g —amh+ st avihs —V2Kuen | (03
5\N n )

2 2 3 —\/§KVSM 0 ng
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MODEL: RELEVANT COUPLINGS

Yukawa couplings with scalar/ pseudoscalar mass eigenstates

Yy (\/imf/VSM) cos 013 Ying yi
Yms — —(V2mg/vem)sin@iz || v, i yisinfas
Yivh- y1 Y0 i y1c0s6>3

Scalar Triple Couplings of Charged Higgs

V. .
A,thJrH— = Az cosbi3+ vfs A13 sin 013
™M

\Z .
illgcoselg - l3 sin 913
Vom

AhsH+H-
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Loopr FORM FACTORS IN HIGGS DECAY WIDTH

Gra?2 m3 |4 4m? am3\ |
r(psM _ F h |2 1Y t wr W
( = 77) 128213 |3 ///1/2 m2 + A m?
By HtH- Ly [ Amis
VsM 2’"ii o < m, )
CW = cos B3 vy 4 vy 4mt
Ay //[1/2 mz
1
M (T) —1[1—7f(7)]
201
arcsin“ (—= fort>1,
1/2(7) = 27[1+(1-1)f(7)], f(r)= (ﬁ) s -
1 1+V1- .
MY (7) = —[243t+31(2—1)f(7)] 3 ['Og(l,ﬂfD - 'ﬂ] forz<1

The dimensionless parameter 7 is essentially function of the ratios of mass squared of

physical scalars, pseudo-scalars, gauge bosons and fermions.

Mamta Dahiya

A minimal Extension of Inert 2HDM : October 15, 2024 27/33



HIGGS DECAY

Allowed value of Ap y+ - at 1o value of signal strength

my+in GeV —
200 300 400 500 600 700 800 900 100%

1

AHw —

1 1.05 1.1 1.15 1.2
Ky Hww —
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LEP CONSTRAINTS

— — 03
2000 10,31 =207, my =400 GeV; m0 = 600 GEV, mph = 300GeV | I 1800 Horst =200y =4 : 300 GeV mpt = 300 GeV
1800 1600 iloe®
Q1
1
lIGUD %1400 Fo 028,
38 -
81400 {osT Z1200 =
= = =& F 1027
£1200 F1000
406
1000 800 4026
404
800 600 F4 025
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
6,5 in degree — 0,5 in degree —
2000 181 1220", m, =400 GeV! m,0=300 GeV, mpb = 600GeV | [ |
412
1800
F41
T1600
z T
] L
21400 08L
& =
= =
£1200
F106
1000
F104
800

0 20 40 60 80 100 120 140 160 1807
8,3 in degree —

A minimal Extension of Inert 2HDM : October 15, 2024 20/33



ONE LOOP AND TWO LOOP FUNCTIONS FOR MDM

The integrals in one loop contribution to the muon magnetic moment of leptons
1+X)(1 x)?
A(r? / dx
1) (1—x)2 r2+x
(1—
Jz(r2) = / dx (1—x)°

(1—-x)2 r2+x’

I5(r) / dx fx(l x)

1-(1—x) r2
with r = and s; = h1, hy, h3, A%, PO.

The integrals contributing to the muon magnetic moment of leptons at two loop level

() = 2/ 172x1 X) In{x(lfx)}

) — 2 2
= 1- 1-
f(r) = / dx X( X) In x( 5 x)
0 — x(1-x) r
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THE OBLIQUE PARAMETERS

The precision observables derived from the radiative corrections of the gauge Boson propagator
. . . . . v .

are essentially the two point vacuum polarization tensor functions of I'Ig- (92), g2 is the

four-momentum of the vector boson (V = W, Zory).

The vacuum polarization tensor functions corresponding to pair of gauge Bosons V;,V;
ini'(q) = ig"A(@)+id"a'Bi(a®) :  Ai(d®) = Aj(0)+a*Fy(q°)

The oblique parameters are defined as:

_ 1 2 2 2 2sin632,— 1 s
S = E(KWCOSBW) Fzz(m%) — Fyy(m%)+ Sin By cosByy Fzy(m%) (1)
- 1 {Awmz/(o)_Azzz(O)} @)
Oem mW mZ
1 cos Oy
U = a6 | Fuaw(m) - Fmh) - S (i) - 5. )
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THE OBLIQUE PARAMETERS

The additional contribution to the oblique parameters (apart from SM) in our model can
be computed to give

GF(X71 . .
AS = em <in2 (20 sin2 6 {mz(%’ m%;m%,m2. ) — Bo(m%; m%, m? )
2\/57:2' ( W){' 13 z o(mz;mz h1) o(mz; mz h3)

a2 )~ (i i)

2 / 2. 2 2 .2 2. 2 2 2. 2 2
+ cos 923,%22(mz,mh2,on)+sm 623,%’22(mz,mh2,mpo),%Qz(mz,mHi,mHi):l

where

Po(q* m3, m3) B22(q%; m3, m3) — Ba2(0; mi, m3)

Zo(q®; m3, m3) Bo(q%; m3, m3) — Bo(0; mi, m3)
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THE OBLIQUE PARAMETERS

-1
GF Qem

2V/2 2

7m§ <Bo(0; m%, m%l) — Bo(0; m%, m%3)> + B2>(0; m|2/V, m%a) — B2>(0; m‘2/v, m%l)

sin 013{mW (BO(O mW7mh1) By (0; mW7m%3))

1
+B22(0; m%,m%l) — B2>(0; m%,mi))} — §A0(m,2_,i)+ Boo(0; my+ 27m%2)
-I—COS2 023 (322(0; my+ 2, mio) — 322(0; m%z R mio))

+sin2 623 (Bzg(o; my+ 2, mf,o) — 322(0; mfz s m,zgo)>:|

Ao(m?) = m? (A+1-Inm?)
1
Bo(g%;m? m3) = Af/o dx In(X —ig)
2. 2 2 1 1 ¢
Baa(g°imi,m3) = Z(A+1) m1+m27§ 77/ dx XIn(X —ig)

where X = m2x+ m3(1—x) — ¢?x(1 —x) and A = ;25 +In(47) + ¥¢ in_d space-time dimensions
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