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Plan

 Minimal Supersymmetric Standard Model
e Status of MSSM Higgs(es)

* Possible Higgs extensions

NMSSM: Singlet extension

TMSSM: Triplet extensions

TNMSSM: Singlet and Triplet extension
GMMSSM: Georgi-Machacek extension

 Extended Higgs sectors with supersymmetry



HIggs mass in Standard
Voael

 Higgs mass Is a free parameter not predicted by
SM

Cut off scale of the theory

e Quantum correction to Higgs mass is divergent

3



We need additional symmetry to cancel the quadratic
divergence

Bosons Fermions

Supersymmetry !



e Supersymmetry protects the Higgs mass with
additional contributions

_— eem s s O wes o s e e e

 Radiative correction to the HIggs mass
'S No longer divergent

o With and extra discrete symmetry R-parity,
it can have dark matter candidate.



Even In the Minimal sector particle
spectrum Is enhanced

Standard particles SUSY particles

() susy force
particles



How many Higgs bosons

Minimal sector has two Higgs doublets with hyper
charges +1 and -1

_( H _( Ha
o=y ) o= (g )

Physical mass basis: two CP even Higgs boson: h, H

One CP odd: A

One charged Higgs boson: f7



SO far we have observed only
one HIggs boson |



L ightest CP even Higgs boson

* Unlike Standard Model, here light Higgs mass bounded
from above

e At tree-level mp < Mg

e For desired Higgs mass around 125 GeV, one has to look
for guantum correction




Quantum correction is important

Particles that interacts to
Higgs boson

AMmp  ~v

hios = mp + Amy,

o Particles in the loop get indirect bounds



Selected CMS SUSY Results® - SMS Interpretation
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Status of Unified Scenarios
* mMSUGRA: mg, m /2, A, tan 3, sign of

e AMSB: ms3/2, m§, tan 3, sign(u)

o GMSB Mmess Nmessa A7 tanﬁ, Szgn(,u)

All these models start from a unified scale
find it hard to generate ~125 GeV light Higgs

without fine-tuning



MSUGRA with ~125 GeV Higgs Baer et al.

With ~125 GeV Higgs mSUGRA: m,=4TeV, m,,=0.5TeV, n >0, m,=173.3 GeV

N 128
> ,
@ For Ay = 0, mg versus my /o planes are S 126 |-
excluded ( only possible ~ 125 GeV solutions 3 108 |
with my /5 ~ mg ~ 10 TeV; corresponding g
squark/gaugino masses ~ 20 TeV). 122
@ For Ag = +2mg and mg ~ 4 — 10 TeV: 120 1
0 0 0
Possible to get desired Higgs mass. Result: 118 |
heavy scalars but light gauginos are still '
: 116 | |
possible. - ——  tanB=10 ——  tanp=45
. 114 L \ — tanf =30 — tanf =55
Q |Ag| < 1.8myg is excluded for mg < 5 TeV PR AP PRI AP IFEPET PR BN B Ly
N 10 -8 -6 -4 2 0 2 4 6 8 10
A, (TeV)
@ |Ap| < 0.3mg is excluded for mg up to 20 TeV
Y

mSUGRA: m,=4TeV, m,,=0.5TeV, n >0, m,=173.3 GeV

Conclusion: High mg and Ag are required!.
PRD85(2012)075010




MSSM Higgs sector

@ After ~ 125 GeV Higgs boson discovery, the parameter spaces
of MSSM like theories are stringently constrained. Let's
consider two well known theories: mSUGRA /cMSSM,

pMSSM.

@ MSUGRA/cMSSM Soft SUSY breaking parameters are unified
at the high scale (GUT). Parameter space of the theory
contains only sign(u), tan 3, Ao, mg, my».

@ Phenomenological MSSM: CP conservation, flavor diagonal
mass and coupling matrices, universality of the 1st and 2nd
generations are imposed. Parameter space of the model (22
parameters) : tan 3, i, Ma, gaugino Masses: My,M,, M3 Ay
(3 for the 3rd generation+3 for 1st and 2nd generations) mz
and mg (5 @ 5)



~ 125 GeV Higgs in MSSM

M,"?* in pMSSM, Djouadi et al. PLB708 (2012)
162-169

@ Only the scenarios with large X; /Mg values
and, in particular, those close to the maximal
mixing scenario A; /Mg =~ /6 survive.

@ The no—mixing scenario is ruled out for
Mg 5 3 TeV.

@ The typical mixing scenario needs large Mg
and moderate to large tan 3 values.

Q M,?“‘X:136, 123 and 126 GeV have been
obtained in, the maximal, zero and typical
mixXing scenarios.

M,"¥* in pMSSM, Carena et al. JHEP 1203 (2012) 014

@ With the significant splitting of the stop soft
masses, the mass of the heaviest stop is of the
order of the largest soft stop mass, and the
lightest stop mass can be as low as ~ 100 GeV

@ ~ 125 GeV Higgs does not imply a hard lower
bound on the squark masses.

@ A; larger than ~ 2 TeV are required to
achieve ~ 125 GeV Higgs.

@ In the case of no splitting between the two
stop soft masses, values of A; above ~ 1.5
TeV are needed to achieve Higgs masses in the
region of interest.

@ In this case the mass of the lightest stop is
naturally above a few hundred GeV.
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Status of minimal supersymmetric
scenarios

 Trivial solution: Very large mass for super-partners
2 few TeV

 Or large mass splitting between the super-partners

* FIne tuning IS necessary



There are possibilities in different SU(2) representations

Singlet and/or Triplets
T
S =s,+1s; Y=0 T(\/i 2TO>
T -L

Espinosa, Quiros, Agashe, ..



What is the gain?

Other Higgs
N bosons + Contribute at
Amh T contribute guantum level

at tree-leve|

\\

-~ Do not need much help from ‘super partners

Supersymmetry can still exists below TeV !
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Are there are other theoretical motivation ?

1. Spontaneous CP-violation
2. Solution of the up In supersymmetry

3. Possibility of hidden Higgs bosons



How exotic are they 7

Triplet Do not couple to fermions Singlet

Singlet does not
couple to gauge
bOSOnS

Neutral part of
Y=0 Triplet does not
couple to Z boson



Iriplet extension

Model I: Y=0 Triplet extension
Wr = Hy.T.H, + upHy.H, + prTr(T*)

't gives two additional triplet-like charged Higgs
bosons

Extra CP even and CP odd neutral Higgs bosons

None of them couple to fermions



 Model ll: A scale invariant superpotential with
Y=0 SU(2) triplet and a singlet
Triplet Singlet
g g K
Wg = rHy TH, +XsSHy - H, + \pgSTr|[T?] - 353

 The complete Lagrangian with the soft SUSY breaking terms has an z;, symmetry

* During electro-weak symmetry breaking neutral parts get vev

Vu,d Us 0 uT
<H),>=—=, <S>=-—2= <T'>=—
T2 V2 V2
e Iriplet vev contributes to the W mass but not the Z mass
2 2/ 2 2 . 2 /2
myy = ga(v” + 4vp)/2 p=1+4vp/v

Restricted from
P parameter

vrT S H GeV



What is the gain?

Other Higgs
- bosons + Contribute at
Amh _ contribute guantum level
at tree-level
%\ I\2
m;,, < my(cos®28 + 41— + ——=2— sin” 23)
9. T 9y 9L Tt 9y

Do not need much help from ‘super partners’

Supersymmetry can still exists below TeV !



Viost = miyy, | Hu|* + mi, |Hal? + mg|S|?
+mp|T1° + md|Q* +mg |U[* + mp|D|?
+(AsSHy.H, + ArHy.T.H,, + ApgSTr(T?)

+A,.5° + AyUHy.Q + ApDHp.Q + h.c),

* [nthe limit where all the A parameters vanish the
scalar potential accrues an enhanced U(1)
symmetry

([:Iua I:Idv T? S) —7 €i¢(ﬁu7 ﬁd? T? g)

e |f this symmetry is softly broken by very small
A parameters O(1)GeV,

 We get a very light pseudoscalaras pseudo-
Nambu-Goldstone boson of the symmetry.



Correlation of gauge-mass hierarchy and possibility of hidden scalars

m (GeV)
1000% h4 - — Singlet
| h3 B a3 - h_3_|_ — — Triplet
o % a — h-z_'_ — — Doublet
200 h, — hf -
h _
100; 125
SOj Light
pseudoscalar
N\
2 O N ai 4 P mm—

PB, Claudio Coriano and Antonio Costantini, JHEP 1509 (2015) 045,
JHEP 1512 (2015) 127




(Gauge structure

hit =RGHT +RGTS +RGH,* +RGT

="

Dublet Triplet

C C
Rz’j — Jij (UuavdavT7US7)\Ta)\TS7)\SaAi)

N particular the charged Goldstone has contribution from
"Iplets

hg = =N (sin BH —cos BH,* F V2 U—T(TQJr — Tl_*))
v

- 5 No \.
\/1 +4% has a ’
triplet
contribution



Non-standara decay modes

7 o Ay = s\ m e e — —
Gtwez = 5 (99v (vusin BRG —vacos BRE) + V2givr (RS +RE)) ot
Wj:
R14
l.Of
*  Fony~0, RS and Ry, take the same sign . .
05
. encers —wT -7 coupling Is enhanced T *ﬂ. o5 10
-0.5 E
: C e : N s
. Non-zero triplet vev, initiates this vertex |
—-1.0"

Triplet signature




Non-standara decay modes

A
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 Mixing with the doublets is crucial for the decays as well as production channels

* K — o, W* 0pens up due to the presence of light pseudo scalar

P.B, Katri Huitu, Asli Sabanci, JHEP05(2015)026
PB, Claudio Coriano, Antonio Costantini, PRD94 (2016) no.5, 055030



Vector boson fusion to charged Higgs boson

* h¥ —WT —Zcoupling creates additional
tree-level production mode for the
charged Higgs boson

* This process is absent for doublet-like
charged Higgs boson

o (hiqq)|m
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What happens to standard single charged

Ihtad = (yu RT PL + ya Ri3 Pr)

Vi Rfl tan 5
1.0 \ .
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e TJriplets do not couple to fermions
bg fusion is really suppressed

« Evenif Ar = 0 lightest charged Higgs
boson still has some doublet component!

2,
A

IgQgs production mechanism ?
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Suppressed for
triplet-like Higgs

o (hit)|m
1000; e,
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1t
0.1 " e s e SR my,
100 0 200 250 300 350

For pure triplet the coss-
section goes to zero.
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Not 100% A = 0

* hiyzonly can be pure triplets

e hi has some doublet parts as perpendicular

mode of the charged Goldstone



Rare decay

* [he triplet type charged HIgQs
bosons, charginos and neutralinos

do not couple to fermions

* This affect the indirect bounds
coming from rare fermionic decays

 We calculated B(B — X v)jat NLO
and showed that

e Allowed 2cregion constrains the
high A7 region of parameter space
oreferred by naturalness.

PB, Katri Huitu, Asli Sabanci, JHEP 1310 (2013) 091
PB, Stefano Di Chiara, Katri Huitu, Asli Sabanci, JHEP 1411 (2014) 062



Experimental searches of the charged Higgs boson

LHC looked for this doublet type charged Higgs bosons via
mainly its couplings to fermions

Light charged Higgs boson: pp — tt — bW bH

Heavy charged Higgs boson: pp — 0~

Where charged Higgs boson Is search in
decay modes 7 +vandt+ b




Experimental bounds on the charged Higgs

CMS Prellmlnary 12 9 fb (1 3 TeV) —~ 10¢ CMS Prellmlnary | 129" (1 3 TeV)
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CMS puts 95% Cl upper limits as:  FE.,,, = 13TeV and 12.9 b

B(t — bHT) x B(HF — tv) = 0.004 — 0.05 formy+ ~ 80 — 160 GeV

o(pp — HEWEbb) x B(HT — 7v) =2 — 0.01 pbformp+ ~ 180 GeV — 3 TeV

CMS-PAS-HIG-16-031

» ATLAS puts 95% Cl upper limitsas:  E... = 13TeV and 3.2fb~ 1
o(pp — tbHE) x B(HT — 7v) = 1.9pb — 15 fb for mygs ~ 200 — 2000 GeV

PLB 759(2016)555-574



Experimental bounds on the Triplet charged Higgs

CMS 15.2 b7 (13 TeV)

—
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e CMS puts 95% Cl upper limitson oy gp X (Hi — Wifﬁb 200 < mg+ < 2000 GeV

CMS-PAS-HIG-16-027/PRL119(20

17)14180

e ATLAS puts 95% Cl upper limits at  E.,,, = 8 TeV with 20.3 fb~*

OV BE X B(H: — ZW-
PRL 114,23801(2015)

") ~ 31 — 1020 fb for 200 < my+ < 2000 GeV

Doubly charged Higgs boson: E... = 13 TeV with 36.1 b~

Mt > 770 — 870 GeV



| ook for new production modes

* Multi-leptonic tinal states can probe the triplet mode

e 3¢+ 25, 3¢ + 20 final states can probe such triplet signature by
~ 100fb~ ! of integrated luminosity at the LHC@14 TeV

* Higher lepton multiplicities can be probed at further higher
uminosities.

P.B, Katri Huitu, Asli Sabanci, JHEP05(2015)026



* |s it possible to distinguish different possible extensions

W = ApHy.TH, + \sSH, - Hy, + \psSTr[T?] + gs?’

Z Triplet
signature
p
hf -7
\;x\ W:t
h; S
(tf\/p,\/v
\
\

rd
”~
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~N
~N

Existence of light

4 N pseudoscalar
\
\

PB, Claudio Coriano, Antonio Costantini, Phys.Rev. D94 (2016) no.5, 055030
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It Is possible to distinguish charged Higgs bosons from different representations of SU(2)

Status of triplet Y=0 charged Higgs boson

* Probing «; W= and ZzZW*ogether is challenging

* ,ww* can be probedvia 20+ 27+ 1L+ mj; ~ mw

at the LHC with 431

« ZW mode can be probed via 3¢+ 17 with54 b1

Light pseudo scalar mass can probed with early data

of 55 fb !

* Probing charged Higgs mass via reconstruction of Z
and W will take around 712 fbdf integrated luminosity

PB, Antonio Costantini, JHEP 1801 (2018) 067


http://arxiv.org/abs/arXiv:1710.03110

Georgi-Machacek Model



m (GeV)

Status of non-zero Hyper-charged triplets charged Higgs bosons

* Y = +1invokes HE= in the spectrum but constrained from p parameter

-1, 0 can form custodial triplets known as Georgi-Machacek triplets which can
evade the constraints from P parameter

Y =41.0
Y =+1 GjM
1200 1500+ )
| . . | a4 s
1000 as hy hy hy ™ 1000 .
: + - a, as hy Ns hy hy hy*
f as hs hy 700 -
800 o .
: > 500 hs h;
O + ++
600 O ai h h; h;
g 300
400 a, hy hy hi* 200
200 150 :
: hios | hi2s
I 100 -
O,

For these cases one needs to find out the doubly charged states with the given hierarchy



CP-violating Higgs sectors

e MSSM: Not-Spontaneous
« NMSSM: King et. All.
¢ TSSM:



Baoyogenesis and Leptogenesis

* How extended Higgs sector helps?
* May be first order phase transition is required??
* CP-violation in Higgs sectors



