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INTRODUCTION AND MOTIVATION

Rho - Parameter

. p parameter is an important experimental parameter which preserves
the custodial symmetry at tree level and for Standard Model p = 1.

« We preserve this quantity in our models through Hypercharge and
Isospin combinations.

Sum Rules in BSM

- To ensure good high energy behaviour exists in our tree level vector
boson calculations and to ensure perturbative unitary is conserved,
we obtain sum rules for our BSM models.
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Introduction and
Motivation



INTRODUCTION AND MOTIVATION SM: hsw = 125 Gev 4
Sum Rules in BSM

High Energy Vector [1]
Boson Scattering
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Figure: Standard Model Feynman Diagrams
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THEORETICAL AND ANALYTIC
COMPUTATIONS

SEPTET MODEL

Imp: All models - 2HDM, GM, Septet have p = 1

Theoretical and
Analytic Computations



SE PTET MODEL Using Rotation matrix, R, we
./ obtain physical Higgs fields \
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https://arxiv.org/pdf/1301.6455

SEPTET MODEL

Hyper Charges:
Yo=1/2,
Yx=2,
T°(Isospin) = 3
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SEPTET MODEL High Energy Vector Boson Scattering
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SEPTET MODEL -

Mass bound: 15 Sum Rule
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SEPTET MODEL  Mass bound obtained using sum rule

Septet Model
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Figure: Septet: The relation sets a bound on s; that falls with increasing m;



THEORETICAL AND ANALYTIC
COMPUTATIONS

TWO HIGGS DOUBLET MODEL
(THDM)

Theoretical and
Analytic Computations



THE TWO HIGGS DOUBLET MODEL (THDM)

Two Complex SU(2)L Doublets : @; (i = 1,2)
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THE TWO HIGGS DOUBLET MODEL ’

ngh Energy Vector Boson Scattering Eg. WW' —nhojHo—sp W*W
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THE TWO HIGGS DOUBLET MODEL 15

: Mass bounds from Perturbative unitarity

Sum Rules in 2HDM
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Figure: 2HDM: The relation sets a bound on H® coupling that falls with increasing my
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THEORETICAL AND ANALYTIC
COMPUTATIONS

GEORGIE MACHACEK (GM)



GEORGIE MACHACEK (GM)

1 Higgs Doublet (¢), 1 Complex Triplet (X) & 1 Real Triplet (&) 4]
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https://arxiv.org/abs/2312.13239

GEORGIE MACHACEK (GM)

ERN

GM Coupling:
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Figure: GM Feynman Diagrams
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GEORGIE MACHACEK (GM) SM: s - 125 Gen
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GEORGIE MACHACEK (GM) x

Sum Rules in GM
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Figure: GM: mass bound sets upper bound on sy that falls with increasing ms
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COMPARATIVE ANALYSIS

3

HF*
Kyy = \/QSQH
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Table: Comparative analysis of 2HDM, GM and Septet Models
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PHENOMENOLOGICAL
APPLICATIONS FOR BSM



EXPERIMENTAL LIMITS ON BSM MODELS

Experimental limits:

1.2
1.0
0.8
0.6
0.4

A portrait of the Higgs boson by the CMS experiment

ten years after the discovery (arxiv:2207.00043)

Framework Definition
) o BSM
Coupling Modifier (k) KV = —su

Experimental Value

CMS Global Fit:
ky = 1.02 £ 0.08
= Ky € [0.86,1.18] (20)
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T

Figure: Coupling Modifier measurements
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EXPERIMENTAL LIMITS ON BSM MODELS
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SEPTET MODEL
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Ry vy

Septet Model: kH (constrained by h©)
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Figure: Heatmap for K"y and K™y with coupling strength limits

CMS Global Fit:

= Ky € [0.86,1.18] (20)
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EXPERIMENTAL LIMITS ON BSM MODELS

H_|__|_ Septet: k{{,, with h° constraints

I
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Figure: Heatmap for K™*,, with coupling strength limits
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EXPERIMENTAL LIMITS ON BSM MODELS
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Figure: Heatmap for K"y and K™y, with coupling strength limits
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EXPERIMENTAL LIMITS ON BSM MODELS

GM MODEL
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Figure: Heatmap for K"y and K™y, with coupling strength limits
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EXPERIMENTAL LIMITS ON BSM MODELS

H++ GM: K%; with h° constraints
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Figure: Heatmap for K™*,, with coupling strength limits
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HIGGSTOOLS FRAMEWORK AND
ANALYSIS STRATEGY



HIGGSTOOLS: WORKING AND ANALYSIS STATERGY

___________“

ﬂiggSTOOIS 10] I Model  Scan range for ki? ’

JHDM  [—0.51, 0.50
GM —1.39, 1.39

» HiggsPredictions

predictions for BSM particles.

1. Provide effective coupling input Table: Model-wise ranges for the effective coupling, K{}{O.

2. Provide total width, production cross sections and

which we use as our input parameters
branching ratios

|
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HIGGSTOOLS: EXCLUSION BOUNDS (BY CHANNEL) 32

n =290 GeV
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Figure: Model-wise mass panel overlays in the (B , & lane, with effective coupling
heatmaps the background and the color-coded regions are most-sensitive exclusion
channel from the HiggsBounds result.



HIGGSTOOLS: EXCLUSION LIMITS (BY CHANNEL)
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____________J
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HIGGSTOOLS: EFFECTIVE COUPLING RANGES

2HDM
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1000
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Channel
Bl H>WW,ZZ = ggH>ww BB ggH>tr+bbH>71T [ vbfH H>ZZ
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B vbfH>WwW,ZZ [ vbfH>bb

Table: Model-wise ranges for the effective coupling, K{?O.

input parameters and resulting allowed range.
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o X BR [pb]

HIGGSTOOLS: CHANNEL-WISE ¢ x BR (ALLOWED POINTS)
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E | | | | | | | | i | | | i i i | E | | Ill_l_.l Li8s | | |
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000

mass of heavy Higgs H° [GeV]

Figure: Channel-wise panels with allowed points coloured by model for the most sensitive
channels with broad mass coverage 35
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SUMMARY OF THE THESIS

Summary: Comparative Analysis of 2HDM, GM, Septet Model

Model | Coupling Expressions Sum Rule Mass Bound Constraint
n - -
K\, = cos 07 cos a — 4sin 7 sin
2 2 2 2
0 . . 0 0 + + . -2 260(3 V
Septet Kiy = cos f7 sin a + 4 sin @7 cos a (H"ﬁrv) + (E{fv) — (Hgv ) =1 sin® 07 < ( mii)
+4 _
ki, = V15sin 6
0 . .
Kkl = cosfp cos o — \/gsmt?g sin &
2 2 0oy 2 + 4 2
0 . : h° H° Hg Hj _ .2 (734 GeV)
GM k2 = cosfysina+ 1/ sinfy cosa kyy ) tlkvy ) T vy ) —(kyy ) =1 sin“ Oy S~ >
A% 3 5
HSt .
h" .
Ky = sin(f — ) 2 2 2
VvV 0 0 y
2HDM | (s )+ (sthy) =1 cos?(B — a) < B80GV)
Kyy = COS(l@ _ CE) HO
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SUMMARY OF THE THESIS

Summary: HiggsTools Analysis

y
|
|
|
|
|
|
|
|
|
|
)

Important Exclusion Channels

1. 2HDM:
Lower Mass: dominant exclusion ggH>ZZ
channel

Higher Mass: H>SWW,ZZ & vbfH>WW,ZZ

2. GM:
Lower Mass: dominant exclusion ggH>ZZ
channel

Higher Mass: H>WW,ZZ & vbfH>WW,ZZ

3. Septet: Dominant exclusion channel for

all mass ranges vbfH>WW,ZZ

,.
|
|
|
|
|
|
|
|
|
|
|
| -

Channel (o x BR) range [pb]

VBF —» WW,ZZ [1.4x1073-2.7x1072]  Allowed Points
goF — 77 [5.8x1074-0.1x1071] Analysis:

17 (ggF+bbH) [1x107°-6.40] o X BR
VBF — ZZ [3x1073-7x1072] Ranges
vbfH, H— ZZ [2x1072-0.2]

Diphoton [2.5%107°-6.7x1074]

VBF —s bb [0.2-2.49]

H—>WW,ZZ [1x107%-7%x1072]

Model Scan range for K{? ’ Updated range from allowed points

2HDM
GM
Septet

—0.51, 0.50]
—1.39, 1.39

—3.91, 3.91

~[-0.5, 0.5]
~ [_la 1]
~ [—1.49, 1.49]

38



FUTURE PROSPECTS

(i) Heavier mass reach (up to 3 TeV).

In our current analysis with HiggsTools, we obtain results upto 1 TeV, but some

search channels have cross section limits upto 3 TeV.

(ii) Incorporation of Run-3 datasets in HiggsTools: Integrating future collider

data including HL-LHC.

(iii) Systematic study of doubly charged Higgs bosons. Using the same

analysis, one can provide the required proc

for H**. Important from GM and Septet moc

uction rates and branching ratios
els
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APPENIDX: MOTIVATION

2 _______________________
RhO - Parameter Doy = My —1 . pﬂp — 1.00040 & 0. 00024 i
MZcos(6,)? M /
Model | Hypercharge (Y) | Isospin (I)
SHDM Y = 1/2 I=1/2 Hypercharge (Y)
— & Isospin (l;)
Yp=1/2 Ip=1/2
GM Yrr =0 71
Yor =1 r
Septet Y =2 I=3

[3)]

Yp = For Doublet, Y = For Real triplet, Yo7 = For Complex Triplet

| n 2
Ip = For Doublet, I = For Triplets p i=1 Vi [411 (II 1) o Yz ]
—12Y} Vi

Imp: All models - 2HDM, GM, Septet have p = 1
e — ——O0— —" —" O0O——FF—FO0——O

Introduction and
Motivation



https://arxiv.org/abs/1106.0034v3

APPENDIX: SEPTET MODEL

The Electroweak Lagrangian for Septet :

LS (Du®)(D'®) + (DuX)' (D" X),

Replacement Rules and physical fields

0 __ 0,r . 0,r
h” =cosa¢@” —sinay ',

HY =sina¢®" + cosa xy*".

G° = cos 7 ¢t + sin O7 YV,
AY = —sin 6, ¢ + cos 0, ¥,

Covariant Derivative

. 9
’D,_L=8ﬁ—tﬁ(

1€

WiTH + W, T™)

3 3
G =cosf; ¢ + sin b (\/;XH - \/;(Xl)*) ,
H} = —sinf; ¢+ + cos 6 O A 31y
f o= 7 Cos U7 8)( B(X )" |

3 O, _1.s
H$=\/;x“+\/;(x .

H = CDS"}/H;_ — siny Hy',
H = Siﬂ’}(H}:I_ + COS’}JH{I;;
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APPENDIX: PERTURBATIVE UNITARITY "’

Mass Bound calculation:

(k)% + (kt)? = (klhw)? = 1

Unitarity Conservation with Higgs

M =161 Y (21+1)a;(|p]) P, cosH,
[=0

H

Im a,

Perturbative
unitarity bounds

r ++
(59)?] e = 1 + (K ).

0.5+ |

/RE q
0

5

2k )’mi + 2(k¥)*mis + (slyw ) mi s < 8m°.

Eﬂ"b‘g — 2m;
+ Emh

.f++

(kww)? <

-0.5 0

H——

ar| <15 |Re(ar)| < 53

1
% 0<|Im(a;)| <1.



APPENDIX: 2HDM (1)

S ————————

C
IRa= «
So

Two Complex SU(2)L Doublets : &; (i = 1,2) I

N N
N E D2 = 0
1 )

1 — L(
(i +p1+im)
D, = w;
%(Vz +p2 +in2)
anf =2,
tan2cx_ 2(!’!112—;{,3451’ SﬁCﬁ)

CP-even mixing angle

—

CP-odd & Charged

mixing angle

o

B —SB

5B

B

)

1
I
I
I
I
I
I
+
I
I
I
I
—H
:
I
I
I
I
—‘.

L 8 B N N _§ _§B § § N §N §B B N §B §B §B B N N N §B _§ 3

p1 =H'cosa —hsina,
p2 = H'sina+h°cos a,
N1 = G'cos B — A'sin B,
N, = GYsin B +A"cos B,
1501i = GTcos B — HE sin B,
1502i = GTsin B + H cos .

The Eleciroweak Lagrangian for 2HDM :

2HDM

(Du®1)" (Du®1) +

(Du®2)" (Du®2)

. O, Y
Covariant Derivative ~ Dy = dy —ig ; WLI —ig' B,uﬂ—)

2

44
Replacement

Rules and
physical fields

where cq = cos &, 5q = SInQ

cg =cosf3,sg =sinf3.

-----------'

Varoa (®1,®2) =m?, (qﬁcpl) n m§2 (d)IcI)z) —m?, (‘DI(PQ + cbicpl)

Potential

|
I
I
|
I
I
|
I
|
I
I
| Z=
I
I
|
I
|
I
I
|
I
I
I

11

5 (2]®1)*+

(cp“fcp )2+A.3 (@]@1) (@}@,)

+ 24 (]2,) (cp‘“cpl) + 75 ((cb o ) + (cbgcpl)z)



APPENDIX: 2HDM

Mass Matrices from Potential

3V2HDM| _ 0 3V2HDM| _ 0
D, (@1),(D2) ; D, (®1),(D2) ’

V|bilinear = % (Pl _02) Mg (ﬁl) +% (7]1 TIQ) M% (2;) +% (a)f“ a)2+) Mg, (Z;_) .

o s CP-odd & cn —s
C?'?Ve" Ry=|[“ * Charged Rg = P P
mixing angle Sa  Co mixing angle B B
Mass matrix (non-diagonal) for CP-Even Higgs(Scalar) 2.
M2 — Avi +mipv
P Vi ; s
ME lg'l-’% -+ m%zul — Mg _ (Mgll Mgﬁ) ?
P2 V2 MP[E Mpzz

Mﬁm = (A3 4+ Ag + A5)viva — mi,

where cq = cos @, 5¢ = sin®,cg = cos 3,sg = sin .

Mass matrix (non-diagonal) for CP-Odd Higgs (Pseudoscalar):

= (—Asviva +mi,) ::—T

V
= (—Asvivy +m7,) u_; — M= (

2 2
My, = Asviva —my;

Mass matrix (non-diagonal) for Charged Higgs:

"2

(Ag+ As)viva —mi,

ME

U

2
MPJ:

MZ
ME

ﬂlz)
)
Paa

45



APPENDIX: GM(1)

REPLACEMENT RULES:

1 2
W =cosad” —sino | — "—l—\ﬁ !

CP - even
neutral states:

neutral states

CPodd |
|
|

Singly charged
states:

Doubly charged |
states: |

1 2
H’ =sinad” +cosa | —E"4+1/=y"
2 1
HD: SEgr T
G = cos®Oy¢' —sin®gy ¥,
Hg = —sin®H¢f+cos®fo.
T+ET)
G" =cos®ydT +sin® v :
HO H 2
. T+ET)
H;y = —sin®yod™ +cos® (X
3 HO H 7
+ g+
H5+_ (x &)
V2
—————— 1—————————————————
H5++:x++

sin®y = \/gvx/v and cos@g = vy /v,

The Eleciroweak Lagrangian for GM :

This custodial symmetry
prevents mixing between
states that transform in

different representations of
SU(2)c.

H;* does not mix with H:*
| |

l l

Couples to fermions  Couples to vector
but not vector boson  boson but not
Degenerate mass: m; fermions

Degenerate mass: ms

1

@ = (

(X) = (

Vg v'2

()

Z = (D*9)"(Duo) + (D*x)"(Dux) + 2(]_)”’;')*(1)”5) —Vomu(®,A),
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APPENDIX: HIGGSTOOLS PLOTS ., -

0.29 ...................
0.19
0.00
0.10 -
Model 0.20
vbfH>bb ggH>WW B 2HDM 0.39
- GM oaT
B Septet
_\‘> GM
v -0.8558
U] 914
8 ol =
i 0.30 w
S TE ™
(] 1=
O P
I <
T eSS £ o000 g
: o
LSS R . 'IIH-II-I'F“:-‘I' _E 0.30 e T
s &0 B0 SRS ST Wl D A e g—
8 0.58 (2%
] i ] ] i i i by R LY B R e R S R S R e S e e =
E 130 132 134 136 138 140 960 965 970 975 980 E
8]
o )
— b Septet
o _ L -
ggH>tt ggH,vbfH,WH,ZH>WW £
om 0.97 &
X . B
b i : 0.50 s
10
&
001 8
=1 Lo |
10 === =
0.53' o4 =
—3 =
10 = = 1.01 &
10—3E_ E mass of heavy higgs H° [GeV]
E E Channel
B B Bl H>WW.,ZZ = ggH>ww BB ggH>Tr+bbH>tT [ vbfH H>ZZ B vbfH>WW,ZZ [ vbfH>bb
10—4 3 ggH,vbfHWH,ZH>wWwW [ ggH=>ZZ 1 ggH>tt 3 vbfH,WH,ttH,H,ZH>yy
i i i E i i i
740 745 750 755 760 160 165 170 175 180

mass of heavy Higgs H® [GeV] 47
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HIGGSTOOLS: SAMPLE FOR ANALYSIS
EXPLANATION

Paper: 1804.01939 | channel(s): VBF=ZZ

R s B v e ey Sy B g o

Sesrth For b pam poslar cuianein cH AP 18 & BRI

100 < —— Observed 95% CL
; —— Expected 95% CL ek
0.50 ™~

CMS 35.9 fb™ (13 TeV)
E E : T T T | | T ™ ] :
a 1071 - L2 = -
o : 0.25 = | '=0GeV s====! Expected = 1o 1

K N Y Expected + 2¢
© 0 == —— Observed =
e ® 0.00 X - — - Expected 4l .
£ . o T A\~ -.=.. Expected 212q i
d 10 _ ® _09E % .................................... e Expected 212v -
§ ® “'-6’ 10—1 é— ................ __.:“:
050 E .................. E
e T e e e . I L K&

' : -0.75 10_2 — RO
400 450 - BN
mass of heavy higgs H° [GeV] _ TR
a IIXlV I S S SRS SO SURN N ORI ORI .
H - mi - —3 i i i i N e
Comparison plot for CMS, vbfH — ZZ limits (35.9 tb-1) 107 55505560455 Bo5 o5 555G 55503000

m, [GeV]


https://arxiv.org/abs/1804.01939

2HDM, m =490 GeV

7 —2HDM, m = 290v m
n n
2 2
s 0 s 0
I I
2 2
—IT -1 —I =
— - n —_ =T It
m . 0 2 i H 2 0 2 &

—0.88 —0.66 —-0.44 —-0.22 0.00 0.22 0.44 0.60 0.88
Effective coupling of heavy Higgs, k°

® Allowed (all channels) @ ggH>TtTt+bbH>TT @ vVbfHH>ZZ @ vbfH,WH,ttH,H,ZH>yy @ vbfH>WW,ZZ @ H>WW,ZZ 49
ggH>ZZ




GM, m =290 GeV

—1.44 —1.08

NI

GM, m =490 GeV

—-0.72 —0.36 0.00 0.36 0.72 1.08 1.44
Effective coupling of heavy Higgs, /7’

® Allowed (all channels)
® bbH>TT

ggH>ZZ
® ggH>TT+bbH>TT

® vbfHH>ZZ @ vbfH,WH,ttH H,ZH>yy @ vbfH>WW,ZZ @ H>WW,ZZ
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