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Agenda of this talk

: Discovery of SM Higgs-like particle at CERN LHC
Precision study, Higgs couplings, better fit ...
Use as a tool for new physics.
Could it be (say) Higgses predicted in SM
extensions ?
Higgs mixes with other scalars; How much mixing is allowed with present data 7

Cascade decay of new physics particles; we understand Higgs decay objects, use
the knowledge for BSM physics !

Higgs as a portal for DM sector.

Higgs: best "probe'" of new physics resonances !
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Decay width < 22 MeV [cms-Hic-14-002]

Does it behave as we expect in SM ?

[Phys. Lett. B 716, 1 (2012) (ATLAS), Phys. Lett. B 716, 30 (2012) (CMS)]
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Search Strategy

Direct search Indirect search

Direct production at LHC Measure Higgs couplings precisely
Cascade decay of new physics particles

Highly suppressed SM processes Differential distributions

e Many candidate new physics models e.g., SM+-singlet, 2HDM, MSSM,
NMSSM, Extra dimension models, ...

e Focus:

Impossible to cover all the results, Interesting subsets only !!
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Supersymmetry: An introduction

Bosonic state transforms to fermionic state, and vice versa:

Boson <—> Fermion

Every SM particles = its SUSY partners, called sparticles, differ by spin %

u v
’ 7uRadR7eR
(2), (),

quarks, leptons

W= 2890S
W, Z, photon, gluon
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SUSY has several attractive features: Stabilization the Higgs boson mass, predicts light Higgs
boson, , Gauge coupling unification, ...

Exact SUSY <= m. = m; < NOT REALIZED IN NATURE, = SUSY must be broken

Large number of free parameters (soft SUSY breaking) = pheno. rich

After SUSY breaking and EWSB,
Higgs: h, H, A H*

Neutralinos: %2, %3, X3, X3
Charginos: %f,)}%
Squarks/Sleptons: ?1’2751’2,?1’2,

Gluino: g
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MSSM Higgs sector

» Tree level: and

d . S 2 M2 +M?2 9 M2(M2—M?)
» Higgs mixing: 222‘; = <M§M§) OR, cos*(8 — a) = WT)

» Physical masses:

1
My = 5 [I\/If\ B \/(I\/If\ + M2)? — 4MZ M2 cos? 23
Mak | = N R

e Masses of A, H and H* can in principle be arbitrarily large !
= Wide mass spectrum

o At tree level: M, < Mz|cos 24|
(Enhancement due to large radiative corrections from stop loops)
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MSSM Higgs coupling

Tree level couplings

Gauge bosons

hZZ hWFW~=, ZHA, WEHFH,... « sin(8 - a)
HZZ, HW*+ W=, ZhA, WEHTh,... o« cos(B — a)

Fermions
huu  ~ Cs?nsg = sin(f8 — a) + cot fcos(5 — a),
Hutr ~ SN A Bl cor 2 e PR ey RS okl A e ~ el
sin 8 cos 3 cos 3

H*ud ~ [mgtan B(1 — ~s) + my cot B(1 + 7s)]
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Decoupling/Alignment limit

My = 500-600 GeV

Decoupling limit: L Mj = 400-500 GeV
o My = 300-400 GeV
Ma >> Mz : cos(B8—a) = 0= hVV ~ ' M, = 200-300 GeV

1, HVV ~ 0, hff — 1.

ONLY one light Higgs boson in the
theory and all other Higgses are very
heavy and degenerate

My ~ My+ ~ Mj.

™

Alignment limit: (5 —a) ~
One SM state with SM tree-level couplings
and self-couplings

[AC, B. bhattacherjee, A, Choudhury, PRD92, 093007 (2015)]

[arXiv: 1310.2248, 1507.00933]
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MSSM Higgs Branching Ratios (BR)

BR(h)
tang3 =3
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[Anatomy-Il by A. Djouadi (hep-ph/0503173)]
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ADDITIONAL HIGGSES

LIGHT HIGGS
(m < 100 GeV) HEAVY HIGGS

(m > 200 GeV)

\J
CHARGED HIGGS
(m > 100 GeV)

\j

WW, ZZ, gamma gamma, ... HH, ZH, ... Tautau, bb, mu mu, ...

(Plethora of studies at LHC with 7+8 and 13 TeV data)
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H — 777~ |ATLAS-CONF-2015-061]

Hrtr ~ s
ATt~ ~tanf

ébb ~ tan 3

Large Xsec, stronger

bounds

=

ATLAS Preliminary, (s=13 TeV, 3.2 fb™

@ ~ 11, gluon fusion
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ATLAS Preliminary, s=13 TeV, 3.2 fb™

@ - 11, b-associated production
—e— Observed
95% CL limits Expected
1o

0 xBR(¢- 11) [pb]

=
o
h

-2
10 200 300 400 500 600 700 800 900 1000 1100 1200
m, [GeV]

Higgs boson: Probe of new physics

Atleast one 7 decays
hadronically, 13 TeV
analysis

Upper limits: o x BR
for production of ¢
decaying to 77.
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ATLAS Preliminary, s=13 TeV, 3.2 fbt

mod+ . _
MSSM m, ™ scenario, M_ . =1 TeV

H/A - 11, 95% CL limits

Lessons:

e High tan 8 and small My regions
are excluded !

—O—Observedi [ ] ].3 TeV |imitS are already
""" Expected comparable with 8 TeV data.

lo
20
—— ATLAS Run-I (Obs.)
200 300 400 500 600 700 800 900 1000 1100 1200
m, [GeV]

[ATLAS-CONF-2015-061]
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Combined Limits: Direct and Indirect searchs

/T Obs.. h couplings [k, k,, k] [ Obs., H- ZZ- 41,1 qg/bbivy

W Ho WW- v qg/iv

0 CMS Prefiminary <511b5" (7 TeV) + 19.71b" (8 TeV)
" e

mod+ GH =W

“MSSM m;

m,=126 GeV

Vs=7TeV, 4.5-4.7 fb*
Vs=8 TeV, 19.5-20.3 fb™

[ observed exclusion 95% cL
%4444 Expected exclusion 95% CL
500
H* = tv (arXiv:1508.07774) m, [GeV]
AH = bb (arXiv:1506.08329)
AH = (arXiv:1508.01437)

[ Amm = w (HIG-14-028)
H — WW/ZZ (arXiv:1504.00936) MA ~/ 4 350 Gev: tz Stlldy !

300 400 500 1000

m, [GeV] Di-Higgs: 250 - 350 GeV, already b
H— ZZ, A— Zh
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Sensitivity @HL-LHC
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Regions with tan 5 > 20 are already excluded by LHC-8 data.
Up to tan 8 ~ 8 can be probed at the HL-LHC.

[AC, B. bhattacherjee, A, Choudhury, PRD92, 093007 (2015)]
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Charged Higgs

Light H*: top decay, t — bH™.

Heavy H*: Associated production with a top and bottom quark

HEud ~ [mgtan 5(1 — 7s5) + my cot B(1 + 7s)]

M,=100 GeV

BR(H —tv)

K3
B
)
£
=
S
£
o
o

50 200 250 300 350 400 450 500
m(H’) [GeV]

Decay: Tv,, ¢5 and tb, depends on tan 3 regime.
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Charged Higgs: 1412.6663 (CMS), 1508.07774 (ATLAS)

-
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Charged Higgs: 13 TeV [arxiv:1603:09203]

ATLAS
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Already compareable with 8 TeV results, even better for large tan 5 !
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Light Scalars
» After LHC Run-1:

[CMS-PAS-HIG-15-002, ATLAS-CONF-2015-044 (ATLAS)]

» Room to fit ‘Exotic’ Higgs decays !

» Example: NMSSM, 2HDM+S, ...

24127 - 1505.01609 (ATLAS), CMS-PAS-HIG-15-011
2b24 - CMS-PAS-HIG-14-041 (CMS)

44 - CMS PAS HIG-13-010 (CMS)

47 - 1510.06534, CMS-PAS-HIG-14-022 (CMS)

4 - 1509.05051 (ATLAS)

[\\[o]4=F
» FS with p: stringent limits

» Fully hadronic: QCD dominated, weak bounds
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Higgs decaying through 2b2p/ 272p: CMS 8 TeV

e Mass region: 20 - 62.5 GeV i
e Upper limit on ozer x BR(h — bbr"77) = 4 - 12 fb.
e Upper limit on % x BR(h — aa) x BR(a — 7'*7*)2 =5 - 20%.

19.7 fb” (8TeV)

Expected + 20 CMS : —+— Observed
Expected

. [ + 1o Expected,

Combined [ 1% 2c Expected

CMsS

== Expected + 1o Preliminary Preliminary

—*— Observed

SM)

95% CL on (c(h)/c
o
o
(3]

o
=]
-]

[CMS-PAS-HIG-14-041, CMS-PAS-HIG-15-011]
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CMS-PAS-HIG-15-011

CMS

Preliminary

2HDM+S h—aa searches
h—aa—ppat, HIG-15-011
—— h—aa—1111, HIG-14-019
h—aa—trrt, HIG-14-022
——— h—aa-pppp, HIG-13-010

° Light scalar via M UT T [CERN-PH-EP-2015-057 (ATLAS)]
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98-125 GeV Higgs scenario

95 GeV < my, < 101 GeV,
124 GeV <lim i< 12t GEtl

0.1 < sin?(8 — a) < 0.25
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LHC combined Higgs signal strengths

Flavour data Br(b — sv),
Br(Bs — utu™).

CMS + ATLAS ¢
(a)
160 180
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[AC, B. bhattacherjee, M. chakraborti, U. chattopadhyay, D. K. Ghosh, PRD93, 075004 (2016)]
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Probing the 98-125 GeV

CMS-8TeV
5-8TeV
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Note:

Direct detection at LHC is extremely challenging !

Indirect detection: Precise Higgs coupling measurements

Extremely heavy sparticle spectrum: ample parameter space

[AC, B. bhattacherjee, M. chakraborti, U. chattopadhyay, D. K. Ghosh, PRD93, 075004 (2016)]
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Single b—tag with y b:} 1
1500 : 1500
[ Double b-tag
- withn, =1
1000 |

-
]
S
=
=
o

M(h,) [GeV]

Used default BDRS Higgs tagger
Model independent analysis
For M ~ 20 — 100 GeV and p7 ~ 100 — 500 GeV: efficiency 5 - 20%.

[AC, B. bhattacherjee, D. K. Ghosh, S. Raychaudhuri PRD86, 075012 (2012)]
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Search for a light NMSSM Higgs boson produced in supersymmetric cascades and
decaying into a b-quark pair [cms pas HiG-14-030]

19.7 o' (8 TeV)

CMS

Preliminary

c
2
o
°

[
@
w

Selection:
Two leading non b-jets are pr > 200 and 100 GeV.

Ht > 600 GeV.
Higgs boson: Probe of new physics
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CMS Preliminary 19.7 o' (8 TeV)
NMSSM P4 (theory)
—s— observed upper 95% CL limit
Bound on . —— expected upper 95% CL limit h— bb
U(PP A8 hl A X) X BR(hl I bb) . expected upper 95% CL limit (1)

expected upper 95% CL limit (25)

No indication of a signal is observed.

Near 60 GeV: transition from the
region where hy — hyh; is allowed or

not.

80 90 100
m,, (GeV)

“The measured spectrum is found to be in very good agreement with the expected
SM background within statistical and systematic uncertainties"
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Universal framework of highly collimated objects

[~C, A. M. lyer, T. S. Roy (in preparation)]

7
o
=L

the dominant SM backgrounds: +, electron, 7 and QCD
from Di-samples: di-photon, di-electron, di-tau, ...
Originates from both Light and/or Heavy resonances.
750 GeV: collimated photons faking single photon (R ~ i—’:) !

a

X(h,750) A
N

e - X

Y

One of the most challenging tasks: QCD vs di-tau discrimination

Earlier study “Ditau jets in Higgs searches" by Englart et. al. (Phys.Rev. D84 (2011) 075026)
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Universal framework of highly collimated objects

[, A. M. lyer, T. S. Roy (in preparation)]

Conventional
Number of charged tracks
m;/p’: angular scale
6,: measure of
hadronic energy

Calorimetry based

N-subjettiness: 21, 731, ...
Energy correlation
functions and their ratios:
R, R, G, G, ...

1 i
aly > pracmin {AR i, ARp, -+, ARN}
P

N R s
BCE(N, 8)= WD R OR]or. | 8l T e
h<ih<..<iy€Ej \a=1 b=1 c=b+1
4 REGEQUE 19 oot Ny

W T ’ N —
ECF(N, ) RY
[J. Thaler and K. Van Tilburg [JHEP03(2011)015]; A. J. Larkoski, G. P. Salam and J. Thaler [JHEP06(2013)108] ]
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Universal framework of highly collimated objects

[“©, A. M. lyer, T. S. Roy (in preparation)]

ROC Curves

Signal: h — a(77)a(77)

e
o

m, = 10 GeV, sufficient
boost

Background: QCD di-jet
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02},
PYTHIA + DELPHES Ny +Calorimetry
framework X 3 04 0.6 0.8

FP Rate (Background Acceptance)

Significant improvement in QCD-ditau discrimation using calorimetric variables
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Summary

» BIG question after the LHC Higgs discovery:
Is the observed Higgs has some connection with BSM physics ? How ?

» Plethora of BSM Higgs searches by ATLAS and CMS:
Only a small subset has been covered.

» Continuous effort with LHC run-2 data.

Thank You
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