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INTRODUCTION AND 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 L
Septet Y =2 I=3

Yp = For Doublet, Yrr = For Real triplet, Yo7 = For Complex Triplet.

Ip = For Doublet, I = For Triplets

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

Introduction and
Motivation
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INTRODUCTION AND MOTIVATION
Sum Rules in BSM

High Energy Vector ]
Boson Scattering
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Figure: Standard Model Feynman Diagrams
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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 no bad high energy behaviour exists in our tree level
vector boson calculations, we obtain sum rules for our BSM models.

o —— 6 F O0—O0——F7-—75-—7—7—4—+-°0O0

Introduction and
Motivation



THEORETICAL AND ANALYTIC
COMPUTATIONS

SEPTET MODEL



SEPTET MODEL

1 Higgs Doublet (¢) 2

& 1 Septet (X)

Using Rotation matrix, R, we

./ obtain physical Higgs fields \

GAUGE FIELDS:

Higher charged | #5 = x*4,
states :
Y3yt
Singly charged
states qﬁi, X:—:! Xﬂzz
CP-even states: qﬁ:ﬂ*’", x“ﬂ"
CP-odd states: (ﬁ”ﬂ', xﬂ?i

PHYSICAL FIELDS:

Higher H*= H*3

charged states rey ITEs:
Singly charged + +
0 tates o G+’ Hl : H?

Intermediate H," (vector boson)

States H}I_ (fermion)
CP-even states:
h’ﬂj Hﬂ
CP-odd states: G0 ! A©

(;bn

X

V2

0 Uy _I_XU,T 4 E'XU,*E

N

Vg 4 qb{],r _I_,iqt)U,i C
- )

neutral state decompsition

ttain vevs as —;
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SEPTET MODEL

Hyper Charges:
Yo=1/2,
Y=2
T°(Isospin) = 3

Q=T +Y

Rotation Matrices, R [2]
CP-even CP-odd & Charged  Singly charged
Co —Sa _ (€7 87 _[cy =S
te (S(x Ca ) o (37 o ) = (3: C:)
Us 4ux

cy = cosby; = —, S7 = sinf; =
v

U




SEPTET MODEL

Interaction | Effective Coupling
rmf{j-w = fig; C7Co — 4578, = .ﬁ'-:,?,rﬂv1
fzfﬁv = fi‘g; C78qn + 487C, = PE{EE;-_];

Eﬁf—; —+/1bs7

KW V1557

Eﬁ;‘;; —V 19s7¢4

=

Table: Septet Model: Effective coupling
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Irovy T 9movy = Ghey VV

0 0
(kpv)? + (ki) = (ky3')* =1
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ghovv = GheuVV * Ryy
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Figure: Septet Model: Feynman Diagrams
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SEPTET MODEL High Energy Vector Boson Scattering

,— —————————————————————————————————————————

/e /H ———s WHW
Wiz
|

____________________________________________

Matrix Element and 1°' Sum Rule:

'UZ
2 2 2 |
) 2 () i () e | ——————
2 2 2 Theoretical
w) + (st ) — (fvw)
K + | K — | K = 1. Check:
1** Sum Rule: ( ww ww ww SUCCESS!!

\_ /

2 Sum Rule: W Z — W=7 | (k2)2 + (k)2 — (k71)2 — (722)2 = 1

2]
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SEPTET MODEL )

Mass bound: 15 Sum Rule

H
5 ’{' —
Assuming Fy/ —

(ﬁﬁw)z + (ﬁﬁfnw)g - (f“?f[{f:;)Q =l (ﬁ%)z‘mﬁ =1 (HWW)Z-
Decoupling limit

Perturbative Unitarity: Mass bounds

e 2 a2

E (.\%JFIJFJr 2 Emve — th I h® —s hsw 2 < 1 87v? — Zmﬁ

C\Ffww ) S T 2 T . .. srs 2 >

E M+ +2my ': Alignment limit 15 mip ., +2my, l SM.

S e e e s s s s s e m, = 125 Gev
2

Mass bound: 2™ Sum Rule 2]

5 1 gmv? — m3

H (9 HY \9 <
(k9)% + (50)° = (Ky'z)? — (hyy)* =1 —————————> 575 27772 22 >
Wz Wz 15 2s me""QCme;r‘l'mh




SEPTET MODEL  Mass bound obtained using sum rule

Septet Model

1.2
1.0 - 2 2
2. 8V —2mp _ (260GeV)’
"7 15(m2 + 2m?) ms3
7 h 7
0.8 A
S —— sin?6;
NC 0.6 - Allowed region
= | BE >\ | 1 1 e Bound from s2 =1
0.4 A
0.2 4
0.0 T T | 1 I | 1 I
250 500 750 1000 1250 1500 1750 2000
msy (GeV)

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)

e . 2HDM Coupling: Ghow+Ww- = GHsuqWHW - 'Hiiir’+w—
: 4 +\ | (2]
' 1 2 !
[ — — [ .
: 1 o) P2 0/ Coupling | Effective Coupling -
. 1 > ) pling plng Ry y
' ] 7
_____________________________ ’ h - \
) | . _ | B +w- sin(f — a) |
T Two CP — Conserving Neutral minima : Lo :
e 0 0 \ _’EW_JLU"_V__ ____________ ¢ _O_S_(? e 9’2 _____ .
vevsas — P ((Dl) N (V ) | <(I)2> - (v ) HJh Sin — X
v v ZE (B )
K7, cos(B — a)
T mmEmmEm—_——_——_——— ~‘ . TEmmEmmEmmmm—————— N 0
i GAUGEFIELDS: | | PHYSICALFIELDS: | LA cos( — @)
: M | i Charged H™* i RHD sin(,B — le)
I Charged + : [ s’rotgs: + I H+TW -
i - Q) I G ! 0
: states: i : ! ! fiﬁﬂz COS(,B o (]f)
- :—” CP-even h° : 0
-even . :
: STGT;’S: pf : i states: HO E H’ADZ SlIl( — a)
. |
L CPodd 11 CPodd G i
| sfofes: N; ! : states: A° : Table: 2HDM Model: Effective coupling
e J N e /
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THE TWO HIGGS DOUBLET MODEL 15

: Mass bounds from Perturbative unitarity

Sum Rules in 2HDM

1
: '4— ———————————————
. : 2 _ .2 2 I 2 I
1. W+W —h?/H° —p W+W i cos?(B—a) < 47? mg ~ (880 GeV) o mao S (880 ?EV) I
M0 — Mp, Mo ! ,{,{JVW
2.7 — nH —» 77 S .
L 2HDM
(;c"“)2+( 2N\ v _wZor|
K = = or : m
VV VV) 2 7 ; ' (K%%)Z E4n—v2 _m% _ (880G€V)2
2 — o2 _ 1,0 0 - Mo = Mj; My
Zghivv — SHgyVV hf = h ,H -
" e S
3. W*Z  —nomom—» W= 7/ -
0 0 0 0 k)
(K&fw th'z) + (Kﬁw ’fzh'z) =1 or
Y 8hww8hzz = 8HoWW8Hgyzz, hi=h"H’| - - - S Gevy
i :

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]

(T T T T T T Y4 haraes:
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GAUGE FIELDS:

Doubly charged
states:

Singly charged
states:

CP-even states:

<
H_
Iy
uH—
‘ >
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’----------

CP-odd states: (bO,z” XDV’*

T T e S S e e s s s ———— \
: PHYSICAL FIELDS: :
= | |
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GEORGIE MACHACEK (GM)

ERN

GM Coupling:

. h.t
Interaction (k9

Effective Coupling

K ——=8y
WWw \/g
HO 2
Koo ——=8H
- V3
H.
#- ---------------------------
o V8
Ry w

o
W+W-— H
V3
HT

Table: GM Mode

. Effective coupling

t-channel

High Energy Vector Boson Scattering

Figure: GM Feynman Diagrams

\_------------—l
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GEORGIE MACHACEK (GM) ;

Sum Rules in GM

he/H®/

1.WW — wmee = W'W

[’_ --------------------------- 2 N
| 0 2 0 2 HU H++ |
()" (o) (i) — (e ) =11
M NSNS R,

PRI R

()" ()" + (il ) — () =11

. _ o~ SN ) NS ),
Mass bound :

2

3 (16mv* —my,) (800 GeV)?
) ( ms ) '

Mass bound: s
ms

» 3 8mv’—2mi (734 GeV)’
=92 4m?+5m?

GM Model
1.2
1.0 4
3(8nv? — 2m3) 2
. 2) _ (734GeV)
77 2(4m2 + 5m?) m2
0.8 4
d§ — 5inZ 0y
NC 0.6 Allowed region
o | . 0000000 | | e Bound from s7 =1
0.4 4
0.2 4
0.0

250 500 750 1000 1250 1500 1750 2000
ms (GeV)

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

Feature 2HDM GM Model Septet Model
%
() (e o
X § +3
¢ > ¢* ¢* X
Field content and b, = , $y = ¢ =  X=1| xt | £ = gﬂ ¢ = , X = Xﬁ
SU(2) 6 2 ¢° ; ) ¢° Xi,
representation \ X / \5 ) \Xx_l /
2

Higgs couplings to
Gauge Bosons

ﬁ:‘:}uv = sin(f — a)

kH, = cos(B — a)

0
Egv = 78, + 4s7c,,

.\'1'3{_,-{:'—}- — 1537

relation (VEV)

vy = V2sg,
VEV Structure v? = v? + v2 v? = ’U'{% + S'Ui v? = *ui + lﬁvi
2v/2 4
t&ﬂ(ﬁ, BH,G}') t&nﬁ = U_Q tan BH — \/7‘”% tan 9?. —_ &
v1 Ve Vs

Coupling Sum
Rules

HI ++\°
(H'VV ) — (”gv ) =
880 GeV \ * 734 GeV \ * 260 GeV \ ~
Mass Bounds cos?(B — a) < ( € ) S%{ < ( € ) 52 < ( e )
™M gro ms Mg+

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)

Ill1rlll'|rlll1rlll1 r||1

T

Figure: Coupling Modifier measurements

CMS 138 fb™1 (13 TeV)
® Observed | 1 s.d. (stat)
w1 5.d. (stat & syst) 11 s.d. (syst)
— 12 5.d. (stat & syst)
— | Stat Syst
Ky —— 1.02 008 005 0.5
- -_ ------- IP ---------------------- -
Kz ‘i‘l 1.04 007  +0D5 4005
*y .'§ 1.10+0.08 .08 +0.05
' 'E_. 0.92 s0.08 £0.05 +0.08
Ky .- 1.01211 007 +008
ks ——— 09997 w02 BB
K_ —— 0.92:008 006 +0.08
K i —— +0.21 +0.19
u . 11275, ‘opg 10.09
“z1 | i | 16555 035 loos
L il Ll i i i i1 - I L
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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Parameter value

N
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EXPERIMENTAL LIMITS ON BSM MODELS

Analytical limits:

Heavy Higgs
mass estimates

—

24

Model | Coupling Mixing Values Mass Bound (TeV) | Mass Bound (TeV)
Function Best, Low, High] Low, High] Best]
GM sin® 0 0.02, 0.00, 0.23] 1.53, 7474.16] 4.80
Septet | sin? 0, 0.0027, 0.00, 0.0262] | [1.94, 3151.38 6.07
2HDM | cos?(8 — a) 0.00, 0.26, 0.00) 1.70, 8630.42 " [1.70] (Low bound)

Table: Coupling and heavy Higgs mass estimates using experimental limits (‘0.00" indicates unphysical values)



EXPERIMENTAL LIMITS ON BSM MODELS

—IT _

m
Z

SEPTET MODEL

HO
Ry vy

Septet Model: kH (constrained by h©)

RS

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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0.88

0.00
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—2.64

=3.52

Kyv

25



EXPERIMENTAL LIMITS ON BSM MODELS

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

I
- —n n
m > 0 2

SEPTET MODEL %

Figure: Heatmap for K™*,, with coupling strength limits

F B2

- 2.4

-1.6

—-2.4

=32

H++
Kww
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EXPERIMENTAL LIMITS ON BSM MODELS

Septet Model

0.05 ;
| —— Theory: sin?6;
| - == Exp. best-fit
Y Exp. high-fit
0.04 - : Exp. 20 band
: — ==~ Theory limit: sin®67; =1
: Allowed mass region
: ® Theory = Exp.
|
0.03 - :
. sin? (67) = 0.1617
Y T T L N SOUUSsUsusuunu SUUSUSUUTUTIUTUTIUTY SUUSUTUUTUTUUSUTE SUUCUUUUSUUTSUTUTIY 5T STUUTUUUTY SUSSSUUUUUUT
™~ I
L= |
» I
I
0.02 - :
|
|
|
I
|
|
0.01 A :
I =
: : 6066.1 GeV
I sin?(67) = 0.0519 :
———l——————————————————————————————————————————————————————1'-—4=7— ——————————————
I -
000 I 1 1 1 I I I: I
1000 2000 3000 4000 5000 6000 7000
my++(GeV)

Figure: mass bound with mass estimates from K limit
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EXPERIMENTAL LIMITS ON BSM MODELS

hO
Ry

HO
Ry vy

2HDM: kI, 2HDM: k), (constrained by h°)

T

N =

0
B

E

Figure: Heatmap for K"y and K™y, with coupling strength limits
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- 0.66

0.44
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—0.22

—0.44
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EXPERIMENTAL LIMITS ON BSM MODELS

2HDM
0-8 ] | |
—— Theory: cos? (8 — a)
0.7 - == Exp. low-fit
' ~ Exp. 20 band
----- Mass bound from low kK
0.6 - ——- Theory limit: cos?(B—a)=1 -
- Allowed mass region
® Theory = Exp.
0.5 A |
B
| J
35(14
Nm
S 0.5 295.9 GeV
0.2 -
0.1-
0.0 - \
I T * | T T
1000 2000 3000 4000 5000 6000 7000
mHO(GEV)

Figure: mass bound with mass estimates from K limit
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EXPERIMENTAL LIMITS ON BSM MODELS ;

hO HO
K:VV GM Model: kI, I{VV

GM Model: k!, (constrained by h°)

L 1.44

-1.08

NI

0.72

0.36

—0.36

=0.72

N =

—1.08

—-1.44

-z 0

OH

GM MODEL 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

Ry v

- 1.2

NER
~

—_ n
m 0 0

GM MODEL

OH
Figure: Heatmap for K™*,, with coupling strength limits
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EXPERIMENTAL LIMITS ON BSM MODELS

GM Model
0.40 i .
i —— Theory: sin? @y
! ——- Exp. best-fit
0.35 - : A R Exp. high-fit
: . Exp. 20 band
0.30 . | ~—- Theory limit: sin?6y =1
: : Allowed mass region
| : -
: : ® Theory = Exp.
0.25 - : sin? (Oy) = 0.4852 :
............... A P P —
| i
ey |
= 0.20 - :
n |
|
|
0.15 - :
|
|
|
0.10 - :
: 4794.8 GeV
|
0.05 | :
, sin? (Oy) = 0.1557
——————— +—————————————————————————————————————— S S S R S S S S S S S S S S S S —
|
0.00 I T T T T . T T T
0 1000 2000 3000 4000 5000 6000 7000 8000

GM MODEL

Figure: mass bound with mass estimates from K limit



SUMMARY AND FUTURE
PLAN FOR THESIS
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SUMMARY AND FUTURE PROSPECTS

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 GeV
Septet Kiy = cos f7 sin a + 4 sin @7 cos a (H:’;f’;v) + (H{fv) — (Hgv ) =1 sin® 07 < ( ’*'”:Li)
S _
ki, = V15sin 6
0 . .
Kkl = cosfp cos o — \Esmﬂg sin &
2 2 0oy 2 + 4 2
0 . : h° H° Hg Hj _ .2 (734 GeV)
GM ki, = cos@ysina + \/gsm 6y cos o (“‘ﬂvv) + (ﬁ?vv) + (va) - (*“Evv ) =1 sin® 0y S m2
HSt .
h" .
Ky = sin(f — ) 2 2 2
VvV 0 0 y
2HDM | (s )+ (sthy) =1 cos?(B — a) < B80GV)
kyy = cos(B — a) e
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SUMMARY AND FUTURE PROSPECTS

Mixing angle and Mass estimates from K (Coupling Modifier) limits

Model | Mixing Values Mass Bound (TeV) | Mass Bound (TeV)
Best, Low, High] [Low, High] Best]
GM 0.02, 0.00, 0.23] 1.53, 7474.16 4.80
Septet | [0.0027, 0.00, 0.0262] 1.94, 3151.38 6.07
2HDM | [0.00, 0.26, 0.00] 1.70, 8630.42 1.70| (Low bound)

Future Prospects:

Heavy

Higgs
masses

« Deriving the Cross Section(0gsy) using Higgs Tools from K experimental limits

« Differentiating the different model parameters

35
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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 Electroweak Lagrangian for 2HDM :

2HDM

(Du®1)" (Du®1) +

(Du®2)" (Du®2)

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

2

39
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 (2) “

High Energy Vector Boson Scattering Eg. W*W' —nhojHe—p W*W
[T T T T e e e e e e mm—m—— \ .
C1LWW —re—s WAW ] i
i [ | ]
| 2.7 — - LI i :
| |
' 3 W= Z =/ <7 i i
N e e e o o o o o e e e e ’ ] 1
| |

l :

Matrix Element and Sum Rule | * o i
| : |
2 0 N2 2 2 )\ 2 2 2 I I
= _i4mﬁ, [(K%w) (s—mﬁu +r—rmiﬂ) * (KHWW) (s—miﬂ +r—rmiu) ] " i R W ‘m\‘ W- i
I v T
1%2—%{ (Kﬁ?w) + (Kﬁv) )(s+r)+2(ﬁf‘#w)lmﬁﬂ+2(K'#w)lmﬁmL i SM: hsy = 125 Gev -chanmel E
\ Y4

L ¥ F F B Fr §F F F B F B F B F B B B B N B B B B B B B B B B B B B B B B B B B N B N §F

0 2 0N 2
' (K’ﬁ;w) T (KHWW) =1, or Theoretical Check:
1% Sum Rule: ) y) SUCCESS!!
) (enww)” = (gmgww)*, hi=h",H" Jn
]
sin? (B — &) +cos? (B —a) =14



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
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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: GM(Z) SM: hou = 125 Gev

- - I 4
Eg. W'W' —nememeyns—» WYW | i
+ 4 ! |
WP+ WF'_ W’j— Wp+ W-u Wp : :
W, W I |
o I !
Fl\\ /P:'i \ o B / Pl\‘ /1;3 : |
: Pr N\~ p3 HO I :

- 5 I
HO/h" PV‘ HY py .| | :
pr_xm B k M ! |
W, / W, Wy \ ] '
\ v c W P4 W= : I
s-channel W P W= s-channel v ° I :
' - channel ’ t-channel :\ ,'

Matrix Element and Sum Rule: t
- »1* Sum Rule:
1 2 2 HO 2 Ht 2 e e o " " o
= (o) st | (50) = () ) ’ .

— o~
=
=
S—
)
_I_
o~
2k
g =
S—
b2
_I_
o
£y
% -
SN—
|
o
S
=%
SN—
2
I
o

2 2 0 2 ++ 2
+2 (Kﬁ{'}w) miy, +2 (Kguw) Mo +2 (Kg%v) m3 + (Kg%’ ) m%] =

2 _ 2
Zgh-W+W- —8hWHWHERHTW-W— = SHgWW:

N B B B B B BN |

2 -+ §s§f+ %s}i —2s% =cy+s5=1,  Theoretical Check: SUCCESSI!! )
4




APPENDIX: Mass estimates using Experimental limits

Mass Bound Calculations

Septet Model

From the sum rule: 5 . o 2
0 0 ++ ++
(”i’;}v) + (H{f:v) + (ﬁ{{fw) =1= (”i{{fw) = k"1

Using: Kpest = 1.02

i\ 2 0.0404
(ﬁ{{,l{? ) = 0.0404 = sin® b, = ——— ~0.0027

Perturbative bound:

_ 8rv? — 2m? 87v2 — 2m2 — 30m? sin? @
sin® 6, < h =:>m7_\/ B h !

15(m2 + 2m? 15 sin? 67

Evaluating:
my = 6088 GeV
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APPENDIX: Mass estimates using Exeerimental limits

GM Model

From the sum rule:
0 \ 2 0o\ 2 2 2 6
(ﬁ{’}v) + (HIJV) + (h:ﬁ,r;) =1= (Hﬁ;) — 5(:'.:2 - 1)
Using: Kpest = 1.02

2 6 1
(ﬁ{,{,ﬁ) = 2(1.022 — 1) = 0.048 = sin” 6y = - - 0.048 = 0.024

From perturbative unitarity:

.2
sin? 0y, < 3(87v? — 2m?) & m < \/3(8'}?’{?2 —2m3) — 10m3 sin® Oy

2(4m2 + 5m3) 8sin® Oy

Evaluating:
ms =~ 4800 GeV for sin” 0y = 0.024
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APPENDIX: Mass estimates using Experimental limits

2HDM

From:

k? =sin’(B — a) = cos’(B —a) =1 — K?

Using: Kiow = 0.86 = Cﬂsg(ﬁ —a)=1-— 0.86% = 0.26
Then the theoretical mass bound:

cos’(B — a) < — 2 cos?( — )

dmv? — m3 o me < (4mv? — m3) + m3 cos?(B — «)
my — my o

Evaluating:
my ~ 1695 GeV

Unphysical Regions and Their Exclusion

4 B A . 2 " " ' e F i
o GM Model: The low bound on Ky gives (k* — 1) < 0, which is unphysical as sin® #; becomes negative. Hence, we take
sin® @y = 0 as the conservative lower limit.

e Septet Model: Similarly, the 2o lower bound leads to negative sin® @, which is unphysical, and we set it to zero.

¢ 2ZHDM: The best-fit and upper values of x exceed 1, leading to negative values of cos*(5 — a) and hence undefined behavior.
We only retain the 2o lower bound.
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