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Introductions

e Standard Model (SM) of particle physics is a framework
— good agreement with the collider data

Open questions : Neutrino masses , Dark Matter , Baryon
asymmetry of the Universe (BAU) , Electroweak Phase
Transitions (EWPT)

e SM might be a simplified version of a more complicated
model



Prior to the Higgs Discovery

Standard Model V(o)

V(¢) = —1?|¢> + Alg|* \ v| / 16|

Higgs mass :  my = V2\v

w?>>0, A>0
my — free parameter This is a potential at tree-level
Theoretical considerations were used to place bound on the
Higgs mass

. such as perturbative unitarity bounds



Perturbative Unitarity

e Unitarity of the S-matrix, STS =1/,

EDM A (1)

k>2

‘242 1;

dy 5

— ay's are the (-th partial-wave amplitudes
e For a given 2 — 2 process, the unitarity bounds :
2
|ac — 31" <3 (2)

o At tree-level, a; € R, leads to a strong bound, |Re(ay)| < %

e Beyond tree-level, a; ¢ R, hence above bound gets weaker.



Partial-Wave Amplitudes

e Let's consider high energy limit to compute scattering
amplitudes
- SU(2) ® U(1)y symmetry is intact at high energies,
leads to block diagonal form of scattering matrix.

— Most dominant contribution comes from ¢ =0
partial-wave.

e For a given process, i — f,

(a0)r¢(5) = — / dtMif(s, 1), (3)

- 167s ),

— M _,¢ represents the sum of scattering amplitudes.



2 — 2 Scattering Amplitudes

e Let's consider an extended Higgs sector with quartic
couplings \; (i =1,..,/)
— In the limit, s > |\;|v2 > M2,, only 1P| diagrams
survive at one-loop.

LT X34

M=) +0), A= 167T2 —— B (4)

— Scattering amplitudes at one-loop,

Aid |1 —p> —i0
Mig’ = g5 [ F2-1n (W) o




One-loop corrections to S-matrix

e For a given process, i —f, arXiv: 1512.04567, 1702.08511
(a0)is(s) = —55—bo + 5z (b +781).  (6)
dg)iflsS) = — 1 .
oIt 16m ' 256m3 \ 1
or,

25673 (ag’Y )nLo = —167m2bg + (im — 1)bg - by + 30, -

— by is the tree-level S-matrix and Sy, represents the matrix
involving beta functions.

— For example, if by = a); + bJ;, then
Br, = aPy; + bBy;, Va,b € R.



Vaccum Stability

e Potential with bi-quadratic form,
4
V30 = M+ MehOPEY + A€ (D)
Vz‘(%) >0 = A >0AXA>0 A Ae +2/ A A >0
e Potential with non bi-quadratic form,
VAR = Aald™ 4+ Ae(€) + A1+ A0 0P () + Ane X (6°)
K2 012,012 , "3 [/ 02,0 0% .
+ (ot Z2) IPICP + 2 [P0 +he] @)
— Introduce a dimensionless gauge-invariant parameter,
B 1 [(d)O)Zé-OXO* -+ hC}
2 g1/ IXP12(€0)

Positivity conditions will depend on the parameter (.

¢ , with ¢ e[-1,1]




Theoretical Bounds in Weakly Interacting Theories

e Standard Model : Prior to the Higgs discovery

L 87
LO unifarify : A< [Lee, Quigg, Thacker '77] Weadkly interacting

NLO unitarity : A <2 —2.5 [Dawson, Eillenbrock ‘89; Durand, Johnson, Lopez’92] “SM Higgs scenario

No revised limit @2-loop [Durand, Maher, Riesselmann, 92]

Positivity conditions : A > 0

] TWO—HiggS Doublet Model : arXiv: 1512.04567, 1609.01290

In principle, unitarity can hold up to A(s) ~ 15

I B
1—|a|60+a(|)\“_o}7 1 — ‘a|60| )

Ri =1, or R| =1, perturbativity is violated when A(s) ~ 4.3

Positivity conditions : A7 > 0, A2 > 0, A3 + /A1 A2 > 0, ... 9



LHC era
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LHC era
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Any deviation from unity suggesting that the SM needs to be extended
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Models with Higgs Triplets

Both ATLAS and CMS suggest an enhanced rate of WW and ZZ relative to the SM

ATLAS Run 2
The questions we ask is : "
@
If WW and ZZ rates are enhanced, GuFiobH.
how far beyond the SM one must to describe them? v::
zH # —EE— i

Additional charged Higgs ? N v/ ENEY \y_,/ St

G x B normallzed to SM prediction

Recap :  WW scatterings are weakly interacting or strongly interacting ?

w+ we S=EeR
‘C;" Higgs portal
N -_—
f restore unitarity
w W b
" Siww = Siveeww = (8iww)
Sww > (8aww)gy s
-

@ Additional doubly charged Higgs boson plays an important role o restore unitarity at high energies

Search for BSM Q@ forefront of particle physics research

11



Models with Higgs Triplets

sM
Model with triplet extended Higgs sector Today’s talk

can explain an enhanced rate of WW and ZZ

Doubly charged Higgs boson comes : .
from SU(2), triplet through EWSB mechanism SM + complex doublet - SM + complex triplet
2HDM or nHDM : ?

Triplet or higher multiplets leave an imprint on the EWSB mechanism p
\4

that can be detected via SM-like Higgs couplings to the vector bosons
Ky <1 ky=1 Ky >1

@ It can also explain

@ It offers a much richer prospect for collider experiments

Can be probed in particle colliders and in cosmological observatories
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Models with Higgs Triplets

My,

i . M2 = M2 cos?
Custodial Symmetry : Mj, = M cos” Oy, Rho-parameter, p = oot
13 cos? Oy

At tree-level, p =1

Triplet extended Higgs sector with Custodial Symmetry :
SM doublet ¢ (T'=1/2, Y = 1/2) + Real triplet £ (T =1, Y = 0) + Complex triplet y (T=1,Y=1)

(@) =vy,(6) =ve, (1) =v, == p=1in tree-level iF@

* Georgi-Machacek (GM) model :
Equality of triplet VEVs is preserved by the Higgs potential [Georgi, Machacek ‘85; Chanowitz, Golden ‘85]
Interactions among the Higgs fields maintained SU(2), X SU(2), symmetry

* extended Georgi-Machacek (eGM) model :
Equality of triplet VEVs is obtained by tuning the potential parameters @ tree-level

Higgs interactions does not maintained SU(2), X SU(2), symmetry
...Similar interactions were considered in 2HDM with softly broken Z, symmetry

[Kundy, Mondal, Pal “21]

GM and eGM models are classified based on their symmetry,

with identical field contents

13



Models with Higgs Triplets

125 Gev

< . s
k*’ ‘ ) * ‘—‘/—'—’

CP even CP odd Singly charged Doubly charged
GM limit : 1 constraints 2 constraints
Consequence of
v @ L*__._J [ e @ - J SUQ), X SUQ)g
symmetry
m Mass degenerate (15)

Mass degenerate (ms)

GM C eGM

In eGM model, both H™ and F' couple to fermions
— Much richer flavor physics phenomenology

14



Theoretical Constraints

Positivity of the Higgs potential
VO = 2,(6'0) + (86 + 4('0) + & | 72| + 4e(810) (£19)
Higg(#'8) (020) + 1ela'0) (676) + 5[ €12] +(8'58) (r12) + 55| (97erd) (1) + hie] > 0
Yukawa and quartic couplings of the theory need to be in perturbative regime
i <+\/4x and A4 < dn
Quartic couplings should satisfy the unitarity conditions @ one-loop

2 2 1
2-5k° _ 1
+3 Jae =3

k>2

il
252 :
a — =

d 2

NLO corrections to the LO amplitudes should be smaller in magnitude

|a}0] < 12|

ii5)



Positivity Conditions

It is not possible to recast the necessary and sufficient positivity

conditions into a fully analytical, compact form

Ensure that boundedness of the potential
in any directions of field space

BN 5
. . . . A P
Numerically, 3-field direction BFB conditions > \‘, . 8p
(neither necessary nor sufficient) U ‘\\ ? o
are a very good approximation of < « =,
e . e -1 e
all 13-field direction BFB conditions .
= &
[Moultaka, Peyrangre ‘21, D. Chowdhury, P. Mondal, S.5. 2404.18996] ) b

These 3-field direction BFB conditions
are faster numerically
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Perturbative Unitarity

Y
0 1/2 1 3/2 | 2
Q
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Two-particle basis states broken down by their total charge @ and total
hypercharge Y.

— 16, 15, 11, 3, 1 unique tree-level eigenvalues for the blocks with
Q =0,1,2,3,4, respectively. Out of these, total 19 eigenvalues are
appeared to be independent.
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Perturbative Unitarity

NLO unitarity :

25671’3(3(?’Y)N|_0 = —1671'2b0 + (I7T — 1)b0 : b(] + 3/3[)0 .

NLQO unitarity significantly refine the parameter space
arXiv: 2404.18996
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Higgs Signal strengths

,_oBi>hof) i € {ggF, bbh, VBF, Wh, Zh, tth, th}

W= :
0By (i > h — f) f € {2Z,WW,yy, Zy, pp, bb, 7t}

oBlloBlsw

Latest Run 2 LHC data put a stringent
bound on triplet VEV ,(v, < 32 GeV
Strongly disfavour ( |k, | > 1.05 @ 95.4% cL

arXiv: 2404.18996
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Combined global fits

ms — my [GeV]

—500

500

—500

ms — my [GeV]

LO unitarity at Mz
B L0 unitarity
BN NLO unitarity

B NLO unitarity + R}
b signal strengths
Al constraints

500

0
m — my [GeV]

500

500 0 500
ms — my [GeV]

mi>700GeV (20CL) 20 CL w20 CL
400 20 0200 400 42 02 4
my—m [GoV] e — A '
my—my I x -
oM | m-m [ X —-—
A -
X —

More restrictive parameter space from
improved theoretical constraints

Maximum mags splitting reduced (~ 100 GeV fpom the literature

Quartie couplings@an’t exceed 1.9 @ one-loop

... while about 3.0 @ tree-level

[arXiv: 1807.10660]

arXiv: 2404.18996
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Combined global fits

@ 95.4% CLlimit on mass differences and quartic couplings

5

EE 4

1 oo A -
5

&

e —mps (GV] s — g (GEV] e — g (GV]
Maximum mags splitting within custodial multiplets
~210GeV) @ 95.4% CL

D. Chowdhury, P. Mondal, S.5. 2404.18996

=P Flavor or electroweak precision data could be used to constrain the model further. (Work in progress ...)

arXiv: 2404.18996
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Thank You !
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Questions?
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Backup slides
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Higgs potential with triplets

SM Higgs doublet (¢, Y =1/2) + real triplet (£, Y =0) +
complex triplet (x, Y =1)

V=-mj(¢7¢) — mz (7€) — m2 (xTx) + pa (X" tax) &a + 12 (¢ 70 &,
+ 13 (6T emad) %o + e + 2g(619)° + Ae (61€)” + A (xTx)?
+ ST + 2oe (619) (676) + Ao (676) (1) + e (x'X) (€1€)
+ [ ]” + 2 (877a0) (T tax) + k3| (67 ema) (xTts6) + hc ]

A. Kundu, P. Mondal, P.B. Pal, PRD 105 (2022)

(@) =vp, (&) =ve, (X)=w

_ vire(Eg)

v2+8vZ = p=1 requires
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Collider Phenomenology

©® Yukawa sector :

Only the doublet couples to fermions

friplet VEV (v,) : vq% + Sv}? =12 and tanf = Y

2\/5"1
Vy * tan g f

....Similar phenomenology as in type-I 2HDM

Additional features :

The addition of a singly charged scalar (F*) coupled to fermions,
along with the presence of a doubly charged scalar,
makes these models highly interesting for collider studies.




Higgs Signal Strengths : HEPfit Implementation

i € {ggF,bbh, VBF, Wh, Zh, tth, th}

=By = H—f)

© Make all possible observables 4/ for different production and decay modes
® Fit fo the ALTAS and CMS data on (correlated) observables 4/ for a BSM model

@ Present the results on the (new) observables from the combined fit

8 Ca
Ky = CaCg — gsaszg, and Ky = a,

oB (i > H—f) fENZZ,WW,yy,Zy, up, bb, 7}

cms

home  developers  physics  documentation

HEPfit: a Code for the Combination of Indirect and
Direct Constraints on High Energy Physics Models

http://hepfit.romal.infn.it

13807 a3 7e0) cms 1387 13700

onait oz
e -

onlos

arXiv: 2206.09466
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Higgs Signal Strengths : LHC data

ATLAS Run2

CMS Run 2

Signal | Value Correlation matrix 7 [Source
strength ]
W [I0IZ010] T 013 0 0 0 0
W (120026013 1 o o 0 0
B 15055 | 0 0 1 -037 0 -om
5 130 | 018
Wi |-02%05 0 0 o 1 0 0
W |osxos 0 0 0 0 1 -om
w 3535 | 0 0 om0 -om 1
F o |os%E01| 1 02 a7 0
Wiy |119%0a|02 1 0 0
0]
i 143410 |-027 0 1018 139
v |1ek1ss] 0 0 —ois 1
W[ 1oxon W
i [11550.1%5
W [osszon 129 | (17
109011
Os0xois| 1 02t 0 o
0s6x031 |02 1 -0 o .
139 | 03
ossxoe0| 0 020 1 o
wex11s| 0 0 0 1
0952037 | [l
095026 15 | o)
108020 15 | o)
1025017 139 | o)
0355035 129 | 2
12206 W M
WG | 20808 W [

Value |Correlation matrix Source
(G|
107011
104032
1344034 137 | 1]
1.35+031
095013 | 1 —011
0824034 |-0.11 1 137 | [0l
092+011] 1 013 0 0
0714026 |-013 1 0 0
2007 | 0 o 1o | w81
22406 | 0 0 0 1
093£0.12
w | 097019 § 15
Haan 0.68+0.23 38
s 180 0.44
o 159£060 | 1 075 .
= —27+389|-0.75 1 (9]
Htn | 0662067 | 1 024 w| W
Worvn | 185£086 |-024 1
iy 24+09 138 | [14)
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