Perspective of extended Higgs sectors in beyond
Standard Model scenarios- Part |l

[OPB-2020

Bhubaneswar
16/01/2020

Priyotosh Bandyopadhyay
II'T, Hyderabad, India




°lan
Doublet Higgs boson: Type-I, I, lIl, IV

Triplet Higgs boson: Real and complex

Inert Higgs bosons: Singlet, Doublet and Triplet

Left-Right Symmetric model



Two Higgs doublet model

Here we have two SU(2) Higgs doublets with same hyper charges

_ o7 _ b
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The general Higgs potential takes the form

A A
V(®1, Do) = m?,BI®; + m2,® 0y — (m2,81®, + H.c) + ?1(<I>‘£<I>1)2 + ?2@;(1)2)2 + A3 (DT D1 ) (D] Do)

+ A (D] D) (BT 1) + [%((qf{%)% + A6 (P]D1)(®]B3) + A7 (DLD2) (@1 02) + H.c]

The Yukawa part of the Lagrangian is

_£Y — Y,ijz(f)l’QQiug -+ Yg{,Qq)lngid; —+ YJ{)Z(I)LQL?;GC- -+ h.c.
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2HDM

After EWSB: .
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U1

We have four massive Higgs bosons: h(=~ hiss), H, A, H™




2HDM and Flavour problem

Generic Yukawa coupling leads to FCNC:

_EY — Yfljjljgi)lﬁQiu; -+ Y;{Q(DLQQZ'C{; -+ Yj{,z@l,gLieg -+ h.c.

(Yileg + Y] Sﬁ)ﬁfifj vs (Y cq — Y¢ sq)hfif!
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« FCNC's arise because of the impossibility to simultaneously
diagonalise two arbitrary complex matrices.

 One way to eliminate non-diagonal terms in the Lagrangian is by
imposing flavour blind Z:discrete symmetry



Types of 2HDM

Type Zo charges
D, | P2 | Qr/L | ugr | dr | €er
I -+ 4+ |+ ]+
11 -+ |+ |+ -
Lepto-specific/X || - | + + + | +
Fliped - + + 1+ _

* Given a fermion couples only to one Higgs doublet

2HDM in SUSY and Non-SUSY: K.Ghosh et al., M. Mitra et al. B. Mukhopadhyay,
S. Goswami , E. Chun et al, Rose et al., D. Das et al, D. Chaudhoury et al. and many



Yukawa structure in 2HDMs

o Type-l

® does not couple to

fermions —Ly — YuaL&;2 Ur -+ YdaLCDQ dR =+ Y/Z[_CDQ /R -|-HC
o Type-ll
—Ly =Y,Q P2ur+ YgQ P1dr+ YL, ®1lgr +H.c

@ Lepton specific(Type-X)

—Ly = Yual_a)z Ur + Ydan)ZdR + Y/Z/_(Dl Ir +H.c

o Flipped(Type-Y)

Ly =Y, Q Prug+ YyQ P1dr+ Y[, ®slg +H.c



2HDM Type |l Status

* |t is most popular one as natural to SUSY models

* Type Il is excluded for low mass charged Higgs boson

B — X,y puts a strong limit of my+ > 480 GeV. Misiak, etal, 150301789

Br(Bs = p*u~) o« tg/my
- Excludes m,/ts < 10 GeV
* The main phenomenological searches at the LHC are
pp—~ HA hH hA
pp— HTH™

pp — tH—

pp — tbH ™

Branco et al. Phys.Rept. 516 (2012) 1-102



Status of 2HDM Type X

* B > Xy puts no bound on my: for tg > 2.

* B, —» utu~ not affected if my = 15 GeV.

- Type X at large tg, being hadrophobic, is elusive at
LHC.

* Being leptophilic, strong limits from precision
leptonic observables like lepton universality

: Abe, et.al, 1504.07059
INZ > U&1-T'vw. sicecuesyec Cag, :t.:I., 0909.5146
e Can explain muon g-2 excess

 [he light pseudoscalar and light charged Higgs boson
s still allowed for Type X

Chun et al. PLB779 (2018) 201-205, PLB774 (2017) 20-25 .
JHEP 1511 (2015) 099, JHEP 1411 (2014) 058



Scalar Dark Matter in Leptophilic Two-Higgs-Doublet

 Among four types of Z2-symmetric 2HDMSs, the type-X model is found to be a unique
option for the explanation of the muon g — 2 anomaly

» A large parameter space allowed at 2o favouring tan 3>30 and mA « mH H+ = 200 —
400 GeV

* A very light pseudo scalar is still allowed in this scenario

« Two Higgs doublets ®1 2 and one singlet scalar S stabilized by the symmetry S = —S
2 2 2 2 2
V = mi,|®@1]? + m3y| 0| — mi, (0] 0y + O, DY)

A A
+ 71\¢1\4+72"I)2\4+)\3\‘1>1’2\¢2\2+)\4|q’1¢2\2

Higgs-DM
DM self A\ couplings
Couplings  + 35 [(Cbiq)z)Q + ((I)lq);)Q]
L g, AS cu 2 2 2
+§mOS —|—ZS +S5 [ffl (I)l‘ T K3 2‘ ]7 (1)

* One is strongly constrained by direct detection experiments,
* Other remains free to be adjusted for the relic density

mainly through the process SS — AA

PB, Rusa Mandal, Eung Jin Chun
Phys.Lett. B779 (2018) 201-205



Sclar Dark matter in Leptophilic Two-Higgs-x

The spin-independent (SI) nucleonic cross sec-
tion of the DM is given by

_ myv’ <’fh9NNh HHQNNH) ’ (9)

ON = +
M rlmg +ma)2\ m2 m3;

where gynp & 0.0011 [18] and gyvy =~ gnnn/ts.
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- Note that in the limit of {8 » 1 and mH > mh, the combined coupling is dominated simply by k2 and thus
strongly constrained as in the SM Higgs portal scenario.



Scalar Dark Matter in Leptophilic Two-Higgs-Doublet

DM annihilation
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* The right DM relic density is obtained by the red line through the DM annihilation channels SS —
TT,AA, and HH/HTH—

e The gray shaded region is excluded by Fermi-LAT gamma ray detection in the 21 and 4t final
states.

« The plot is obtained for mA = 50 GeV, mH H+ = 250 GeV, and {3 = 50



Charged Higgs in Type-X 2HDM with inverse-Seesaw

—L = (YuQrdour + YyQrPodp + Vil Prer + Y]&fl)zL(i)IQNR
—I—MNNI%SQ + h.C.) + ,LLSSSQ + V((I)l, (I)Q).

P19 = gbiz
’ % (vi2 + h12+ a1 2)

The neutrino mass terms in the Lagrangian can be written as
— £',r/n = ,LLSSSQ + mpvr Np + MNNIC%SQ + h.c., (2.3)

where mp = Y]S;) v12/ V2 for Type-X and Type-X', respectively. In the basis of Vi, Ng, S2,
the 9 x 9 neutrino mass matrix takes the form as

0 mp 0
my,=|mbL 0 My|. (2.4)
0 My p

my, = mDM]:flﬂ(ij\;)mga

2 2 2 2 :
p— p— . PB, Rusa Mandal, Eung Jin Chun
MmNy my,., MN +mp JHEP 1908 (2019) 169



Charged Higgs in Type-X 2HDM with inverse-Seesaw

Couplings for Type-X extensions

g_LH_NR: YN Sinﬁ[gLH_NR + h.C.:,

Yy sina Enhanced
1% hN + h-C° - .
V2 [L i : at high tanf3

iy
v HNR - i ]\V/;OS& [DLHNR + h.c.ls
—YN Sinﬁ

v ANR : \/5 [ﬂLANR + h.C.].

* At high tanf3 region, the decay modes H* — I NR and NR — AvL are enhanced

v hINpg :

* H* —» AW= is governed only by the weak gauge coupling g2 in all 2HDM scenarios and independent of tan[3

* Charged Higgs bosons are searched in 1V T, t b modes

* Type-X charged Higgs production is down due to small coupling with quarks
* It has a very light pseudoscalar m 4 ~ 50 GeV

 Dominant branchings are to A W+ and £ Ng

 Light charged Higgs is still a possibility



Final states at the LHC

pp — AH — 77N,y pp — AH:':—>7'7_'NZ'€,?:
— TTWEl v, — TEIW LT
— TRVl v, — 1T vl

e 27+ 20 and 27 + 3¢ are looked into at the LHC

* For light pseudo scalar 47 + X final states are looked into

H*H — Ne*Nv
— 2A+eT + 3v
— 41 4+ T+ pp

H*HT — NetNe~
— 47 + OSE+ pr
AH — 7tNv

— AT+ pr

AHT — 77Ne™
— AT + e pp

 The inverse seesaw Yukawa coupling is shown to be probed down to
YN ~ 0.2 at HL LHC with 3000 fb—1

PB, Rusa Mandal, Eung Jin Chun
JHEP 1908 (2019) 169



Inert Higgs doublet model (IHDM)

What happens if one of the two Higgs doublets does not get vev ?
* You can say that it is inert or spectator Higgs doublet

* One of the Higgs doublet is odd under Z, symmetry
and all the other SM particles are even under
Gy = =Dy, Vgopy = Ve
* |t guarantees the absence of Yukawa couplings between fermions and the
iInert doublet

* This Higgs doublet does not get vev.

* Most generic Higgs potential can be written as:

A\ A
V(®1,®y) = mi,®]®; + m3,0Ldy + 71(@;‘1)1)2 + 72(‘1’5%)2 + A3(] Py ) (DI Dy)

+ A (DD, (DL D) + [%((@1%)2) + +h.c]



IHDM

* Higgs spectrum: h(=~ hiss), H, A, H*

o LEP-I exclude the possibility that massive SM gauge bosons
decay into inert particles

Mg+ < My/A+ My, myg < 2mw+, myg < ma-+my

* Thelighterof g 4is the lightest inert particle (ILP)
and can be a DM candidate.

Annihilation channel: HH/AA — W=W+, 27

+
Co-annihilation: HA 2 SMSM and HHT s SMSM

LHC searches: p.p 22 HA, HYH-
pp H H/AH*

. + + PoS Charged 2010:030, 2010
Decays' H-— A / HW Barbieri et al. PRD74,015007(2008),
Rajasekaran et al.PRD76:095011,2007
A— HZ S. Chaubey JHEP 1711 (2017) 080



Vacuum Stability in IHDM with RHN

Type-| seesaw Lagrangian

_ _~ 11—
LI = ZNRLaNRL — (YNijLz'q)lNRj + iNRLMRLNRL + HC)

Neutrino mass matrix:
M. — 0 Mp
o\ M], My
Light neutrino mass m, ~ —MpMz'M],

Inverse-Seesaw Lagrangian

_ _ — ~ — l—c
Ligg = Z'NRaNR + ZS@S — <YN»L'jL’I:¢1NRj + NRiMRiij + §Si,usiij -+ HC>

MV — MlT) O MR

Neutrio mass matrix ( 0 Mp 0 )
0 Mg ps

Light neutrino mass my, ~ MpMztug(ML) M,

ReSt are a|mOSt degenera’[e around MRiUS/Z PB, Bhupal Dev, Arjun Kumar, Shilpa Jangid

arXiv:2001.01764 [hep-ph]



http://arxiv.org/abs/arXiv:2001.01764

Vacuum Stability in IHDM with RHN

e Scalar Potential:
Vocalar = m%fplq)l + mgzq);q)Q — (m%QqDI@Q + HC)

FA(DTD)2 4+ No(PLD2)? + Mg (PTD ) (BT D,) + Ay (BT D) (BLD1)
+ A5 (R1D2)* + A(P]R1)(PI Do) + A7 (P]P,)(P1 D) + Hec],

e Beta-functions corresponding
Ba = Bl + B 4 gt
with

1
1672

27 9 9, 9
%gf + %9393 + ggg — gg% —9g2\; + 24\?

SM
ﬁ)\l -

120, Tr (YUYJ ) 120 T (YdYJ ) + 4\ Tr (Y?:YJ)

)

—6Tx (YUYJ Y,Y! ) —6Tr (dejydyj) Ty ()@YJ)@YJ)

1
BN = [4A1Tr(YNY]$) —2Tr(YNY1$YNY]$>],

7T2

iner 1
Bt = 1203+ 220 + A + 4N2).



Vacuum Stability in |

DM with R

/ One—loop No effect of RHN
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Vacuum Stability in IHDM with RHN

 Stability scale increases with higher values of \; for higher Y

« However, higher values of \; hits Landau pole at earlier scale

Landau pole at

Landau pole at
Yy = 0.55, u = 1078 GeV

--------- C Yy =058, p=10'%° GeV
— Ai:().l
- Ai:0.2
— /\'i:O'3
- 1;=04
R | [ | T | [
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8



Vacuum Stability in [HDM with RHN

e Perturbative bounds on the couplings

B0 40
I 21 YN=0.53 ,Mp=100 GeV 1 :
T \i =0.1
20 B 30 |
= S Type -1 LSS
o0 % ype
= O] _
_— =,
o 10 3 20_7 ----------------------------------------- p planck - === SIS
g § \;=0.2
O 3
0 10 =
’ \;=0.8 |
—_ | () | 1
" 10~ 102 0.001 0.1
YN
log,o u[ GeV ]

¢« YN =0.53, \; = 0.4(ugw) Mr = 100 GeV

e Yy ~ 0.15 perturbative scale gets affected via RHN



Vacuum Stability from RG-improved potential

e The effective potential in the h direction is given by

4
Vg (h, 1) ~ e (h, ,u)z, with h > v,

« Where Aogr is given by

1 /iih2
)\eff <h7 Iu) = )\h (,u) + 5 Z nm? |:10g T Ci:|
N—— 167 . n v
tree-level 1=W=,Zt,
h,G*,G°

A 7
-~

Contribution from SM

ih’ ih’
+ Z nm?[log n —cz-] + 2 Z nm?{logﬁ —cz} }

2 2
i=H,AHT H i=1,2,3 H
N _/ A >4

Contribution from inert doublet Contribution from RHN




Mestabllity and instability

* Condition of metastability _
0 > )\eff(:u) 2 0065

Y

1 —0.011log (p)

logo 1 [GeV)

*\j are increased from 0.01 to 0.1 for the same value of YN = 0.4 and MR = 103, \eff becomes
unstable at 1012 GeV instead of 1011 GeV

*Stability also gets enhanced as we increase the RHN mass



Mestabllity and instability

« Condition of metastability

0 > Aeff(:u) 2

182 / ‘
=7

I Yy =10 , Mp =100 GeV
180
178 |
176 [ Metastable

174

M,;[GeV]

172

r Stable
170 [
168 ———— e
120 122 124
M, [GeV]
_ -7
(a) YN = 10

128

M,;[GeV]

—0.065

Y

1 —0.01 log (;)

182 =
i Yy =038, Mg =100 GeV
180
178 |
176 Unstable

174

172 |

Metastable

170
[ Stable
168 e
120 122 124
M,[GeV]
(b) Yy = 0.38

e Lower Yy corresponds to almost stable region

e Higher Yx corresponds to some metastability and instability

128

PB. Bhupal Dev, Arjun Kumar, Shilpa Jangid
arXiv:2001.01764 [hep-ph]



http://arxiv.org/abs/arXiv:2001.01764

Phenomenology in IHDM with RHN
* RHN can be produced only via EW mixing

q

(d) () (f)

* At 14 TeV LHC, Drell-Yan is dominant and at 100 TeV it is gluon fusion

* RHN sectors connects to IDM only via three-body decays

v

Z A h . A/H
H ™. AJH e
(a) (b) (c)
W:t £$ if/,
N N N .
e oF Wi Wi v /F
h h W=+
() (e) (£) PB. Bhupal Dev, Arjun Kumar, Shilpa Jangid

arXiv:2001.01764 [hep-ph]
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Radiative neutrino mass with an IDM

_ | _

Both RHN and IDM are odd under 7,
No Tree-level Dirac mass possible

No Tree-level mixing between level left-right-handed Neutrinos
Light neutrino mass is generated via one-loop

SM Higgs
doublet = L0 4 ia9)

Inert Higgs

doublet

Light
neutrinos
mass at one
loop

Ahriche et al. :PRD 97, 095012, 2018




Heavy Higgs bounds

 H->WW: Combined upper limits at 95% confidence level on the product
of the cross section and branching fraction exclude a heavy Higgs
boson with SM-like couplings and decays up to 1870 GeV

CMS: arXiv:1912.01594 [hep-ex]

* H->//: Bounds cross-section in ZZ decay modes are given till 3
TeV

CMS:JHEP 06 (2018) 127

* A — bb/T7 : Bounds on cross-section give till 900 GeV in  2b+ 27
mode

CMS:Phys. Lett. B 778 (2018) 101


http://arxiv.org/abs/1912.01594

Triplet extension

Possibilities ?
Inert
Real Triplet
Complex triplet with zero hypercharge
Triplets with non-zero hypercharge
Left-right Symmetric Model
Georgi-Machacek Model

Al S A

Gain?
Dark matter
New Higgs bosons
Solving neutrino mass generation
Invisible Higgs boson!(?)

W~

Constraints

e Due to SU(2) charged they couple to W boson and
can contribute to W mass



SM+Real Triplet

SM with a Y=0 real SU(2) triplet

I +

- (2) [E %
¢ ) T -L_

_ V3

V(®,T)=m2d"® + m3Tr(TTT) + \|®Td|?

+ Mo (Tr|TTT)? + X3 @TOTr(TT) + A(STT D)

EWSB condition: qbo = V1 + gb,,q +iGYand T° = VT + TI(,)

Particle spectrum: h1(h125), Triplets
There is no pseudo—scale
Doublet

ha Does not couple to ZZ




SM+Real Triplet

* Triplets do not couple to fermions: as no right-handed SU(2)
fermonic doublet present

LT L |[dentically zero
* We will come to the possibility later

 However, doublet-triplet mixing via A3 and A opens up such
couplings

* Such mixings are constrained by Higgs data from LHC

e B(hi2s =+ AA) S 18% as constrainted from Higgs data

PB,Claudio Coriano,Antonio Costantini: JHEP 1512 (2015) 127
Chabab et al.: 10.1140/epjc/s10052-018-6339-2



SM+Real Triplet

Stability and perturbativity bounds

2000 — : : : ; . e , 2000
Mp=125.7 GeV, M;=173.1 GeV, P y "/': =173.1 GeV,
1800} as(M,)=0.1184, S 1800
v2=3 GeV ]
1600| 1600
— 1400t _ 1400
> >
Q Q
) o
1200[ 1200
s s
1000 1000
800 800
600 600
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
M, + [GeV] M, + [GeV]
(a) (b)

FIG. 1. The allowed region (green) from the unitarity, perturbativity and absolute stability which is valid
up to the Planck mass Mp). The region between the black-dashed line is allowed from the EWPT data at

20 .

Najimuddin Khan
Eur.Phys.). C78 (2018) no.4, 341



Inert Triplet

e |fthe triplet field is odd under Z,: T — —T°, the potential
V(®,T)=m2d"® 4+ ma3Tr(TTT) + A\ |®T®|2 + o (Tr|TTT))? + X3 ®TOTr(TTT

* Jriplet does not get vev

* Neutral component 7° can become lightest inert particle (ITP)
and a candidate dark matter.

* |n this case triplet and doublet does not mix at all.

* Tree-level mass values m% — 2\ 0>

Mo = 2ms + A30”

2 2 2
Myt = 2Mp + A30
* Loop level mass ditference is

AmTi_TO ~ 150 MeV ~ I -



FIG. 2.
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The thin blue band corresponds the relic density, Qh? = 0.119840.0026 (30) from the com

data of WMAP and Planck [61]. (a) The mass difference AM (green line) and the effective annihi
cross-section (black line) as function of dark matter mass for the portal coupling A3(Mz) = 0.10. (b) The
relic density QA2 as a function of the DM mass Mpys(= Mpy) (red line) for A3(Mz) = 0.10.
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Y=0 complex triplet

Here a complex triplet with Y=0 given as

7\ 7+
T=T%"TcC T=|\
M )
Complex field
The Higgs spectrum: hi(>~ hyss), ho, A —Triplets

VA

Not charged conjugate

The Triplet does not couple to termions
In this case we have a pure triplet pseduosclar
Two pure triplet charged Higgs bosons

CP-even doublet and triplet can mix



Triplet with Y=2

* A hypercharge non-zero triplet is manily motivated for

Type-ll Seesaw

MY
Y LT CioaAL; + h.c.
VA

Melfo et al. PRD85 (2012) 055018,
EJC et al. PL B728 (2014) 256-261, PLB722 (2013) 86-93
B.Mukhopadhyaya, D Chaudhury, T Han, S. Rai, M. Mitra
_|_ - S.Niyogi, Anirban Kundu, Paramita Dey
T T—I——|— JHEP 1402 (2014) 060
- = PLB434 (1998) 347-353, PLB633 (2006) 519-525

T _ \/§ PRD76 (2007) 075013, PRD95(2017) no.3, 035042

— J.Phys.G36:025002,2009

TO+2TO i

» Mass spectrum: hq (=~ hias), ho, A,T::7;

Triplet like doubly
charge Higgs bosons

 Doubly charged Higgs boson is the main signature

e Z> 0dd triplet can give a inert triplet and a candidate

D I\/l . Araki et al. PRD83,075014 (2011)



Constrains

* N Higgs multiplets ®;(i = 1, ..N)with isospin charge T, and
hypercharge Y,

Liin =Y C;|D, @
g2
my = = Y v [L;(T; +1) - Y]
m;, = g%Zv?Yf, v; =/ 2C; < @7 >
e This |leads to tree-level contribution to,

Do — my, 2o [Ti(Ti+1) — Y7
free m%cos?0y 2> viY2,

* For Y=0 triplet m%v = g5(v* + 4@%)/2, p =1+ 4vf/v°

p = 1.0004195003 vr < 5GeV



Georgi-Machacek Model

* In SM p = 1 due to custodial symmetry
 One SU(2) doublet, one real and one complex triplet

V=1 Y=0 Y=2
+ A I &t g+t |
o T—| V2 _| v
¢O y T_ _T_O g 0 _|_ - -0 _é‘__
i V2 i gr Zfi V2
mé; 4vZ, — 202
Pree = m?%cos?0y =1 v?b + 4?}5

2
* A choice of 2 = %’5 leads to p = 1 at the tree level.

Logan, Roy: Phys.Rev.D82:115011,2010



Left-right Symmetric Model

. GSM = SU(3)c x SU@)L x U(1)Y =_> GLR = SU(3)c x SU(2)L x SU(2)R x U(1)B-L

- The field contains are exchanged under left-right symmetry such that the largangian is
symmetric

SU2)L®@SUR2)r: ¢ — UroUl, Ap — ULALUL, Arp — UrARU},,

Q. = QY 0 0 AL+ Ap, ® ) )
/ f U(I)B_LZ (/) — (D AL — e’ B_LAL, AR — e’ B_LAR,
OL/R -
A o= | V2 or/r \* b — ¢ ¢ Type-II.
R VLT N I ) S

- Additional Yukawa couplings: — . J— :
ronal T PSSt = NI B ioy AL £+ N ¢ ioy Aplly + hec.

- One possible breaking: SU(2)R x U(1)B-L > U(1)Y

Wr, Zr are heavy: above few TeV

- WL - WR mixing is allowed and is very small, § <0.05

P.S. Bhupal Dev et al. :arXiv:1811.06869v 1
- Unlike 2HDM, there is no solution to tree-level FCNC J. Chakrabortty et al. :JHEP05(2014)033

S Awagrwala, K, Ghosh, A. Patra: arXiv:1607.03878

* There are two singly and two doubly charged Higgs bosons Frore ot al: Phys RovD75:085017 2007

- Doubly charged Higgs leads to four lepton signature Pospelov: Phys.Rev. D56 (1997) 259-264
. Deshpande et al.: PRD44.837
- Four CP-even Higgs bosons R. Mohapatra and J. C. Pati: Phys.Rev. D11 (1975) 2558

- Two pseudoscalar Higgs bosons



eft-right symmetric Model

e (Gauge and Physical states
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Heavy Higgs bounds

 H->WW: Combined upper limits at 95% confidence level on the product
of the cross section and branching fraction exclude a heavy Higgs
boson with SM-like couplings and decays up to 1870 GeV

CMS: arXiv:1912.01594 [hep-ex]

* H->//: Bounds cross-section in ZZ decay modes are given till 3
TeV

CMS:JHEP 06 (2018) 127

* A — bb/T7 : Bounds on cross-section give till 900 GeV in  2b+ 27
mode

CMS:Phys. Lett. B 778 (2018) 101


http://arxiv.org/abs/1912.01594

Supersymmetric extensions



HIggs mass Iin Standard
Model

* Higgs mass is a free parameter not predicted by
SM

Cut off scale of the theory

* Quantum correction to Higgs mass is divergent

43



We need additional symmetry to cancel the quadratic
divergence

Bosons Fermions

Supersymmetry !



e Supersymmetry protects the Higgs mass with
additional contributions

 Radiative correction to the Higgs mass
IS No longer divergent

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

See Prof. EJC’s talk



Even In the Minimal sector particle
spectrum Is enhancea

Standard particles SUSY particles

Higgsino

0 SUSY force

0 Sleptons
particles



How many Higgs bosons 7

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

H+ > ( HO )
Hu — ( < ? Hd — d— )
Ho H

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

One CP odd: A

One charged Higgs boson: g+



So far we have observed only
one Higgs boson !



Lightest CP even Higgs boson

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

e At tree-level mp < My

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



Quantum correction is important

Particles that interacts
to Higgs boson

A777/h ~~

hios = mp + Amy,

* Particles in the loop get indirect bounds



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° T2+
S:ST—FiSi Y=0 1 = (1\{5 TO)



What is the gain®

Other Contribute
N Higgs bosons 4 at
A7nh — contribute quantum

. at tree-level \\Q/el//

~_~ Do not need much help from ‘super partners

Supersymmetry can still exists below TeV !



Are there are other theoretical motivation ?

1. Spontaneous CP-violation

2. Solution of the pp In supersymmetry

3. Possibility of hidden Higgs bosons



How exotic are they 7

Triplet \Do not couple to fermions Slget
\\//
Singlet does not Neutral part of
couple to gauge Y=0 Triplet does
bosons not couple to Z



Triplet extension

Model |: Y=0 Triplet extension

Wr = Hy.T.H, + upHgq.H, + prTr(T?)

It gives two additional triplet-like charged Higgs
bosons

Extra CP even and CP odd neutral Higgs bosons

None of them couple to fermions



 Model Il: A scale invariant superpotential with
Y=0 SU(2) triplet and a singlet

- Triplet - Singlet
\/\,/ \/\,/ e
Ws = rHyTH, +XsSHy-H, + A\pgSTr[T?] + 553

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

e During electro-weak symmetry breaking neutral parts get vev

(V) (V)
wd G >= 2 T S

V2’ V2 V2

* TIriplet vev contributes to the W mass but not the Z mass

< H’S,d >=

My = g3(v? + 402) /2 p= 1+ 402 /v?

Restricted from
P parameter

(Vga S HGeV




What is the gain®

Other Contribute
N Higgs bosons 4 at
A7nh — contribute gquantum
_at tree-level level

\/)\\/
A 272

2
2 2 2 T
my, < mz(cos® 283 |

. 2
< | sin” 2)
9., + 9v 9L + 9y

~_~ Do not need much help from ‘super partners’

Supersymmetry can still exists below TeV !



Viopt = myy, |Hu|> + mi;, |Hal® + mg|S|’
+m7|T|* + mg|QI* +m|U* + mp|DJ?
+(AgSHy.H, + ArHy.T.H, + ArsgSTr(T?)

+A,.S° + AyUHy.Q + ApDHp.Q + h.c),

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

(I:Iu, ]:]d, T, S) — eigb(ﬁu, ]:]d, T, SA')

o [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 7 h4 — — Singlet
: h3 — asj — h; — — Triplet
500 | a, — h'z—" o — Doublet
200 h, — hE o
h _
100 7 125
S0 Light
~ pseudoscalar
20" a, — e

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



Gauge structure

h:- RH+RT+RH + RGTT

L T T

Dublet Triplet

C C
Rz] — Jij (quvdavT7U57)\T7)\T37)\S7Ai)

* |n particular the charged Goldstone has contribution from
triplets

ha—L = 4+ N7 (sinﬁH:[ —cosBH; " F V2 U—T(T;r + Tl_*))
v

= has No A;
V1+4% .
v a triplet

contribution



Non-standard decay modes

’ : C C 2 C C\\-—-—--- —————-
Intwsz = ~5 (gL gy (vu sin B R;; — vq COSBRig)) + V2 g2 ur (RiQ + RM)) e
W:I:
R14
1.07
* For Ar~0, RS andRY, take the same sign e . gz
T F
* Hence, h¥ — WT — z coupling is enhanced T L
sl E
. . g . \ i !
* Non-zero triplet vey, initiates this vertex L

_.  Iriplet signature



Non-standard decay modes

Doz =~ (9.0 (vusin BRE —vcos SREG) + Vagior (RG+RG)) ——
hi
:I: 1 tanp=5 ZW* .
% th W
h?’ tb 0.8 Ty T
{anp=30 ZW* ===ssssssas
2 o reeeeeeees
— ZW + N oosp T
H
£ 04}
- TU =
0.2 +
; szlz
h] 0 % 1D, % 99T
% Qa ‘/‘/ qF 150 160
J

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

* nf — a;W* opens 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

e ¥ —wT -z coupling creates additional
tree-level production mode for the
charged Higgs boson

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

G'(hliq(f)|fb
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What happens to standard single charged Higgs production mechanism 7

: C C
Intad = (?Ju Ri1 PL+ya Rz PR) g
7 u q h;F /,/ fﬁmmm/’t’_/,___
e
ly.fo(’l_zll . tan Z ¢ At
: \\ 18 b / t _———»— T T -—___
I . | z h
[ e . f6
~0.10 Y ST VR AP SHelol=sste el
| PRI | 4 triplet-like Higgs
—0.5l H
- 2
fo00, " e
* Triplets do not couple to fermions N T I R o
100/ T T TR
bg fusion is really suppressed
10
 Evenif Ar =0, lightest charged Higgs 1
boson still has some doublet component! LN AN
T 100 0 200 250 300 350

For pure triplet the
COSS-Section goes to
ZEero.



0.9992  0.9994 0.9996  0.9998 ! 0,9§92 0,9§94 0.9996 0,9§98

Y
* Not 100% ) y—
N 4 T

* hys0nly can be pure triplets
* hi-has some doublet parts as perpendicular

mode of the charged Goldstone



Rare decay

* The triplet type charged Higgs
bosons, charginos and neutralinos

do not couple to fermions —\%w—

* This affect the indirect bounds
coming from rare fermionic decays

* We calculated B(B — Xv)at NLO
and showed that

* Allowed 2cregion constrains the
high Ar region of parameter space
preferred 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 — tbH™*

Where charged Higgs boson is search in
decay modes - 1 yandt + b



Experimental bounds on the charged Higgs
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CMS puts 95% Cl upper limits as: E,,, = 13 TeV and 12.9 fb~!

B(t — bHT) x B(H* — 7v) = 0.004 — 0.05 for mp+ ~ 80 — 160 GeV
o(pp — HEWbb) x B(HE — 7v) = 2 — 0.01 pbformp: ~ 180 GeV — 3 TeV

CMS-PAS-HIG-16-031

 ATLAS puts 95% Cl upper limits as: FE.,,, = 13 TeV and 3.2 fh—!
o(pp — thHE) x B(HT — 1v) = 1.9pb — 15fb for mp+ ~ 200 — 2000 GeV

PLB 759(2016)555-574



Experimental bounds on the Triplet charged Higgs

CMS 15.2 b7 (13 TeV)

—— Observed —
----- Expected
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« CMS puts 95% Cl upper limits on oy gr x (HE — WEZ) for 200 < my= < 2000 GeV

CMS-PAS-HIG-16-027/PRL119(2017)14180

e ATLAS puts 95% Cl upper limits at E.,,, = 8 TeV with 20.3fb™*
over X B(HT = ZW¥) ~ 31 — 1020 fb for 200 < my+ < 2000 GeV
PRL 114,23801(2015)

Doubly charged Higgs boson: E..,, = 13 TeV with 36.1 fb~*

Mmg++ > 770 — 870 GeV



Look for new production modes

* Multi-leptonic final states can probe the triplet mode

e 3¢+ 25, 3¢+ 2bfinal states can probe such triplet signature by
~100fb~t of integrated luminosity at the LHC@14 TeV

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

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



* |s it possible to distinguish different possible extensions ?

Wy = ApHy . TH, +AsSHy - Hy + ApsSTr[T?] + gsi”
Triplet
signature
D g

Existence of
light

Ak \ pseudoscalar
\

PB, Claudio Coriano, Antonio Costantini, Phys.Rev. D94 (2016) no.5, 055030



Status of triplet Y=0 charged Higgs boson

1
I I ST Ar : : :
N A ' o e Probing a; W™ and ZW* together is challenging
o [ : .-t o08 .
= o1 L * oyw* can be probed via 2b+ 27 + 1 +mj; ~ mw
T . . o o ;,.‘ 0.6 - —1
< 0001 ] at the LHC with 43 b
Q i | o
10 LN *:” 0.2
ol | s lan A e « ZW mode can be probed via 3¢+ 17 with54 b~
1072 107* 0.001 001 0.1 1
Br(hi->aW*)
T T o « Light pseudo scalar mass can probed with early data
I 1 —1
< 20000 . A h of 551b
< : o
“— 15000 " ok
T i |
£ 10000} | VV/VVV e Probing charged Higgs mass via reconstruction of Z
5 5000 and W will take around 712 fb™ ! of integrated luminosity
18} S s e e e ——————

e |tis possible to distinguish charged Higgs bosons from different representations of SU(2)

PB, Antonio Costantini, JHEP 1801 (2018) 067



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

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

* YV = +1invokes H¥* in the spectrum but constrained from p parameter

« Y = 41,0 can form custodial triplets known as Georgi-Machacek triplets which can
evade the constraints from P parameter

Y =+1,0
Y = +1 ’
GM._
1200 15007 N
i , . ay hs
i as 4 hy hy* 1000 -
1000 3 2 | . 1t L.
[ . s a, as hy hs h3 hy h5~
, a, hs hy 700 ¢
800 ’ N
S : > 500/ hs fy
5 * a h hy hi*
9/ 600 (\2 1 2 | 1
= 7 g 300
4007 a h hi hi* 200
i 150}
200: - hi2s
, 100"
O,

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



Conclusions

So far we have observed one Higgs boson at 125 GeV
All standard and non-standard modes are yet to be explored

Observation of Charged Higgs would be a direct proof of
extended Higgs sector.

Non-standard decay modes »* —aW* and »* - zw*are direct
proofs of higher representations of Higgs sectors.

t — b — hi coupling will also be good measure
Indirect searches can also give us some hints

We hope LHC bring some more discoveries






Some of them can evade
detection for earlier searches



Searches of the Higgs bosons

* Higgs bosons are searched via their decay modes

h — bb }
B Lepton and quark modes
— TT
— 77" } -
auge bosons
— WW*

— Y (di—photon)} Loop decay



e Add-mixture or possibility of other
HIgQgs bosons are not ruled out

* But other Higgs bosons may not be seen in
normal decay modes!

Triplets or Singlet type Higgs bosons
are hard to produce and find

e [here is possibility of lighter Higgs bosons
but not observed yet

Still longer run at the LHC has a good chance



 How about charged Higgs boson ?

* [sthere a charged Higgs boson In
nature 7

Do we really need them?



* |n the current form of Standard
Model we do not have any
charged Higgs boson



* |t is certainly a beyond Standard Model physics

» Necessary for Supersymmetric theories

* |[f they are there, how do we see them?

* They will leave charged track as their signature

v, t

T,b



ook for new production modes




Prospects at the LHC

e More data
e New resonance !

e New Discoveries !



