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Introduction

e Higgs boson completes the SM
e Describes < 5% of universe (YET)

e \arious models have been proposed to address the limitations of the SM,
which often require the existence of additional Higgs candidates or other
new particles

e This presentation, focuses on search for Beyond the Standard Model (BSM)
scalars
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2. VBF Ht/H# = WZ/\W\W/+

1. X—=HH/HY—Yyybb

1.H — aa — 4y (resolved) S
/ , v\ D 2 X—=HH—bbWW
2. H = aa — 4y (boosted) |

3.H — aa — 2u2b, 21'2b 1. b hadron decay: hy—$X
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3. X=HY—=71rbb

Inspired from Felix Frensch presentation
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Ref: Accepted JHEP
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‘e TWo bosons are reconstructed
as separate AK8 jets
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e To discriminate W-jet with
QCD: A mass-decorrelated
deep neural network
tagger was used

e 3D maximum likelihood fit of
signal and background
template to the data In the
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Scalar mass: 1.3 - 6 TeV
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X—HH—-bbWW

e Analysed both Semi-leptonic
(SL) and di-leptonic (DL) decay
of WW

e Explored both boosted and
resolved scenarios of H—=bb

e Separate parametrized DNN
training was done for SL and
DL channel

e To extract HH signal, max+mum
likelihood fit was donhe using
the DNN score for SL and DL 2D
fit of DNN output and the
Heavy Mass Estimator (HME)
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Ref: Accepted JHEP
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Ref: JHEP 03 (2022) 160

e Trigger on di-lepton decay of Z boson d Scalar mass (|_|_p) 15, 40 and

55 GeV
Mean life time: 1 - 1000 mm

e Display jet search, optimized for low pT jets

e Final state upto 4 fermion jets
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H Ref: JHEP 04 (2022) 062
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X = ZZ — 4|, 212q and 212y

e Projection of CMS to HL-LHC
e Target luminosity: 3000 fb-
e Both production mode ggF and VBF

e Assume the narrow width signal

Source Projection minimum uncertainty
Lepton selection efficiency 0.5%
Lepton ID 0.5%
Jet energy scale, resolution 1%
b-tagging 1%
Integrated luminosity 1%
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Events / 50 GeV

CMS Projection

Ref: CMS-PAS-FTR-18-040
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Summary

e The discovery of Higgs-like particle: Triggered
a significant increase in BSM Higgs searches

S —

S~ d.g

i
S

[ am hiding!

e CMS employed a comprehensive range of
analyses, covering various production and e
decay process including various physics s E};‘ .
scenarios 3 5 \/

e |f any new physics lies within the accessible
sensitivity range, we will find it &
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Thank you for Your tume

DONT TELL US YOU
LOST IT ALREADY.

TELL US ABOUT _..WAIT DIDN'T You ..OK TH5 19
YOUR PROPOSAL. ALREADY FIND ITA

./ |JE'RE. REQUESTING VEAR OR 0 A0
" $3RBWONNANONG | YESLELLOM.
T FiND THE HIGGS BOSON. /
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Backup
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--rotational velocity

Open questions
e Many unanswered questions: | T /\"\M__

e The hierarchy problem

100

. . . p . “":‘L"‘:;"-' .
o Gravity Is not Included i NN 50000 100000
T D - distance from center (light years)

e Neutrino masses are not included

5
e Anomalous magnetic moment of the muon

Pictorial representation of the rotational velocity of stars as a
function of distance from the center for three galaxies, the Milky

e Dark matter is not included Way, M31, and NGC 4258

e Dark energy is not included

Ram Krishna Sharma
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HIG-20-002 Low mass Higgs search using di-photons /
HIG-20-016 Scalar decay to W+W- to dileptons \/
HIG-21-001 qad/bbd — 77 v
HIG-21-011 H->h125h->ggbb

HIG-21-005 HH = bbWW v
B2G-20-009 heavy resonances decaying to WW, WZ, ZZ, WH, or ZH boson pairs

HIG-20-014 H -> hh -> TTbb X
EXO-20-014 long lived low mass scalars in decays of B hadrons, scouting analysis \/
EXO-20-003 SM higgs decaying to 2 scalars /
EXO-20-015 SM higgs decaying to 2 scalars, in forward region \/
HIG-21-010 Ht — HWx v
HIG-20-017 VBF charged Higgs boson \/
EXO-21-006 Scalar decaying to long lived bosons /
HIG-20-018 Scalar search in supersymmetric cascade x
FTR-18-040 H-> 27 \/
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Scalar (¢) mass: 125 GeV - 1 TeV
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Scalar LLP (X) mass: 20 - 350 GeV
Mean decay length: 3, 30 and 250 cm
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Reconstructed event classification:
1. Both muons use tracker and muons system: TMS-TMS category

2. Both muons use only muon system: STA-STA category

Ref: CMS-EX0-21-006

3. One muon with only muon system, another muon with both tracker & muon system: STA-TMS category

61.3fb" (13 TeV)
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H—-h:h—77bb

H mass: 240 - 3000 GeV

Ref: JHEP 11 (2021) 057
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' VBF requirements on AK4 jets

e Not overlapping with the AK8 jet

o | AR > 45

1\4;.}’(4 > 800 GeV

e —— — — — —
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Ref: Phy. Rev. Lett. 127 (2021) 261804

CMS Simulation Supplementary

H—SS—bbrz, bbdd

Ram Krishna Sharma
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b CMS Simulation Supplementary

First search at the LHC that uses a muon p g / -
detector as a sampling calorimeter to B o
identify showers produced by decays of LLPs T~oL
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K Requires two jets with large value of rapidity

Scalar mass: 200 - 3000 GeV

ﬂ—; Bbth singie and double charged Hiég:érgi H |

Machacek model

|  Final states: WW, WZ

e Leptonic decay modes for W and Z bosons |

gap and di-jet invariant mass
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Ref: Eur. Phys. J. C 81 (2021) 723
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Hq25—SS

Scalar mass: 15, 40 and 55 GeV
Mean life time: 1-1000 mm

P

Process deis =0 deis =1 deis > 2

q mg = 15GeV, erg = 20 mm 68.1 & 5.1 35.6 + 5.8 | 5.7+ 1.9

q mg = 55GeV, crg = 20 mm 45.4 + 3.4 41.0 + 6.7 | 16.8 & 5.5

s (. q Predicted background (2586.7 +2.6) x 10° | 4035 + 67 | 3.5 + 1.8
q Data 2 586 768 4038 3

I'Pfi]; cut 6% cut  @max cut
VS5, <120 < -15 2>045
VS, <120 < -15 <045
VS3 >1.20 < -15 <045
VS, <120 >-15 <045
VSs >1.20 < -15 2045
ViS¢ <120 >-15 2>0.45
VS, >1.25 >-15 >045
SigS  >1.25 >-15 <045
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Ref: JHEP 03 (2022) 160

o Jet Impact Parameter significance (ﬂ)gi%)‘ The median of the logarithm

(base 10) of the impact parameter significance (dxy/o4xy) of all the tracks

matched to the jet, with dxy being the track transverse impact

parameter and Ogyy its uncertainty

e Jet transverse angle (02"): the median logarithm (base 10) of the angle
between the track direction and the vector connecting its innermost hit
in the silicon tracker to the PV. Prompt jets have ®%” near zero as the
vector connecting the PV to the track’s innermost hit tends to be alighed
with the jet-axis.

e o :foreach PV candidate (vj), we define a as

track

Zv,.t racks P1
track

Zall tracks Pf
The a,,. variable corresponds to the maximum « value across all

reconstructed vertices

a(v;) =

LHCP 2023

23/05/2023
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H Ref: JHEP 04 (2022) 062
: hy—= X
b hadron decay: hy—>¢pX _ |
| ! CMS Supplementary 101 fb~! (13 TeV)
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101 fb' (13 TeV)

g " E_ CMS oD = h, = 6 X = 2uX . - Resonance | Mean mass [GeV] | ¢ [MeV] | Lower bourld [GeV] | Upper bound [GeV]
! = | B (mean —50) (mean +50)
2 - cty=t00mm - 8 Ks 0.46 5 0.43 0.49
< i B et 7 0.55 5 0.52 0.58
< 7 B 95% expected 4 / w 0.78 10 0.73 0.84
r = A ¢(1020) 1.02 10 0.96 1.08
x 100 \ ]/ 3.09 40 2.91 3.07
= ¥(25) 3.68 40 3.47 3.89
107 == \ Y(1S) 9.43 90 8.99 9.87
F Y(25) 10.00 80 9.61 10.39
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Ref: CMS-EX0-21-006

Reconstructed event classification:
1. Both muons use tracker and muons system: TMS-TMS category

2. Both muons use only muon system: STA-STA category

/’ 3. One muon with only muon system, another muon with both tracker & muon system: STA-TMS category

/ T

XL
O ------ ¢
LLP —
' X 7
\
\
\
Scalar (¢) mass: 125 GeV - 1 TeV ¢

Scalar LLP (X) mass: 20 - 350 GeV
Mean decay length: 3, 30 and 250 cm

LHCP 2023
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Events / GeV

Data - best-fit model

Expected SM-like Higgs boson signal yield (my = 90 GeV) Bkg. DY Bkg. Ref: CMS-PAS-HIG-20-002

X Event classes Total ggH VBF WH ZH ttH o4 iy (GeV™Y)  (GeV)
—> YY (%) (%) (%) (%) (%) (GeV) (GeV)
2016 0 130 719 15.6 62 36 26 1.12 1.00 271 12
36.3fb ! 1 304 874 6.6 36 21 03 1.25 1.07 3093 33
2 407 94.7 2.5 1.7 1.0 0.1 1.87 1.51 9190 193
Total 842  88.5 6.0 3.1 1.8 0.6 1.50 1.20 12554 239
2017 0 104 734 11.6 75 43 32 1.27 1.13 248 7
4151 1 347  88.5 5.6 35 21 03 140 1.24 3625 83
2 413 944 2.6 19 11 01 191 1.64 8169 244
VBF 26 456 518 1.0 05 1.0 1.33 1.15 29 1
Total 890 88.2 6.2 3.1 1.8 0.6 1.60 1.35 12071 338
2018 0 162 75.1 10.2 73 43 3.0 1.21 1.05 430 3
54.4fp~ ! 1 585 90.1 4.8 3.1 1.8 02 1.34 1.17 6445 378
2 473 944 2.5 19 12 01 2.01 1.73 10982 720
VBF 38 454 519 1.1 06 1.0 1.21 1.03 46 1
Total 1258 88.4 6.1 3.1 1.8 06 1.54 1.27 17902 1104
CMS Ppreiiminary 94.4 be (13TeV) CMS Ppreiiminary 24.4 be (13TeV)
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determination regions Ref: JHEP 11 (2021) 057

H—hsh—77bb Cwges  w
S TT A signal region QCD ~ Wdjets tt
h N [Jgenuine T, N : N : N :

P [O]jet>T, misident. : : :

H - : : :

A — — _< | | |

N I I |

N\ | | |

_|_|—=I | | [

hS N final discriminator T.-p, (GeV) : T,-p, (GeV) : T,-p, (GeV) :

hs: NMSSM Higgs N, = N, (data). F_ numerator

medium | //|I====?_|

. . QCD : W+jets
F=3 frac'-Fi ,[fe P PPy
{QCOW, 1 ! i ! s
1 lepton channel *+++++; Y 4+
B ) e o4 0
| Categories Sub-Categories TP (Ge) Py (GeV)
HH(GGF) Resolved 1b | Resolved 2b | Boosted || frac®®Wt (m_) denominator i
HH(VBF) Resolved 1b | Resolved 2b | Boosted || § N .
Top + Higgs Resolved Boosted |} :
m_ (GeV) [ — :
vwioose | application region KL TPr (GeV)
opposite sign same sign | |
I\Ib—tag > O |\Ib—tag = O
no add. leptons add. leptons
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h—W+W-

Preselection

1. Lepton pt > 30 GeV

2. Lepton pt > 20GeV
3. Lepton pt < 10GeV (if present)
Missing transverse momentum p>iss > 30 GeV

Dilepton transverse momentum prt; > 30 GeV

Dilepton mass my > 20 GeV

High mass selection

Angle ¢ between leptons ¢ > 2.0rad
Deviation in ¢ and # between back-to-back leptons < 3.0
Angle ¢ between either lepton and MET ¢, \jpr < 1.6 rad

my > 140 GeV

Scalar sum of the transverse momenta pry; + prip + pfrniss > 250 GeV

Category Opposite flavor

Same flavor

Signal region

Number of b-tagged jets N, 5 = 0

Transverse mass mr\vpr > 60 GeV

mr+MeT > 80 GeV
20GeV < my < 70GeV or my > 110 GeV

Transverse mass of leading Wboson mit11 4 pmpr > 60 GeV

pmiss > 40 GeV

Top control region

Nb—tag Z 1

mn+meT > 60GeV

mrn+mMeT > 80GeV
20GeV < my < 70 GeV or 1y > 110 GeV
MT11+MET =~ 60 GeV, p%uss > 40 GeV

DY control region Ny _tag =0
MTI4+MET < 60 GeV No cut on MT 11+ MET
my < 90 GeV 70GeV < mpy < 110 GeV
MT14+MET =~ 60 GeV, prlpiss > 40 GeV

Scenario Mass [GeV ] | ggF cross sec. [pb] | VBF cross sec. [pb] | Local signi. [o] | Global signi. [¢]
SM fygr 800 0.16 0.057 3.2 1.7+£0.2

fver =1 650 0.0 0.16 3.8 2.6+0.2

fvee =0 950 0.19 0.0 2.6 0.4+0.6
floating fypr | 650 2.9 x 107° 0.16 3.8 24402
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Ref: Eur. Phys. J. C 81 (2021) 723

137 b (13 TeV)
| | | | | | |

> — ]
VBF Ht/H — WZ/WiWi s | C¥S e
Q015" — H" > W'W" - v i

Variable WE=W= © :W "

Leptons 2 leptons, pr > 25/20GeV 3 leptons, pt > 25 /10/20 GeV g """ W= Wz =3w

p) >50/30 GeV >50/30 GeV S .4 ]

imyy — my| >15GeV (ee) <15 GeV % '

myy >20 GeV — 8

Mieee — >100 GeV <CEJ

pmiss >30GeV >30 GeV 005l HriiiEe

b jet veto Required Required Y A

Ty, veto Required Required

max(z;) <0.75 <1.0 i ]

i >500 GeV >500 GeV ol oo Back

. 1000 2000 3000
| At >2.5 >2.5 m, GeV]
1 137 b (13 TeV)
T T

Process WWSR  WZSR  NonpromptCR  tZqCR  ZZCR | CMS

HTE(500) — WEWE 666 +68  — 489+5.1 — — osf

H* (500) — WZ 192424 107411 1.740.2 80+£09 — [ oo anpoci
WTW* 230116 — 28.21+1.8 — — 0.6~ ;If’(i‘l’/‘;/e"('f’;")"ez1
Wz 67858 196=15 10.3 1.0 272124  — : T
Y4 0702 6420 0.1x0.1 1.1x=03 13.3x=4.0 0.4}
Nonprompt 26236 223x7.7 263 =21 84=31 02=x0.2
tVx 8419 17.7x3.3 28.8 = 5.6 6211 0.2=x0.1 0.2
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detector as a sampling calorimeter to
identify showers produced by decays of
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HIG-22-002 Scalar search decay to ep final state Pallabi
HIG-21-016 H =>aa =>4 photons (boosted final state, includes a new ML technique to Pallabi
HIG-21-011 H->h125h->ggbb

HIG-21-010 Ht = HWzt

HIG-21-005 IH - bbwWW

HIG-21-003 H => aa =>4 photons (resolved final state) Pallabi
HIG-21-001 ggop/bbd — 17

EXO-21-006 Scalar decaying to long lived bosons

HIG-20-018 Scalar search in supersymmetric cascade

HIG-20-017 VBF charged Higgs boson

HIG-20-016 Scalar decay to W+W- to dileptons

HIG-20-014 H -> hh -> tTbb

HIG-20-002 Low mass Higgs search using di-photons

EXO-20-014 long lived low mass scalars in decays of B hadrons, scouting analysis

EXO-20-003 SM higgs decaying to 2 scalars

EXO-20-015 SM higgs decaying to 2 scalars, in forward region

FTR-18-040 H-> 77
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