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Standard Model of Particle Physics

v Consists of all the known elementary particles till date (with - EKC_:"t
masses ranging over 14 orders of magnitude!) encapsulating 1005_ fg",vllspi:cetmrameter
everything we know so far about the nature R
v' Remarkably successful in predicting phenomena involving wide y 10_1:_
range of cross-sections [1073-10%! pb] and withstood many €8 =
detailed scrutiny over the past few decades of terrestrial < -
experiments! 5 107
v’ Discovery of the Higgs boson in 2012 of course opened up the £ F - Lerjonsv i
possibility for its property measurements; (so far) no deviations < 10_3__ j\—“—" ﬂ
from the SM observed — see Vivek Sharma’s presentation - zl z'n
v’ Yes, the SM is regarded an “effective theory” B gForCye Higgs:osm
Not predicted/answered by the SM R T
» Hierarchy problem — new physics at TeV scale or 1'4:
extremely fine-tuned Higgs mass? s 12F
» Dark matter — Universe has larger mass than visible! S . 03 ’ T oL % T
(see presentations by A. Roy & B. Gomber on collider searches) = f f - f
» Many more puzzling questions 0.8:—”“1__ R T T
» Matter/antimatter asymmetry 107 100 10! 102
> Non-zero neutrino mass Pagticie mass (Gel)
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=
~ LHC-B CERN
— ’?-Id’omt 8 = ATLAS ALICE
i ;| Point 1 -%Point 2

* Proton-proton (pp) collisions at
Vs=7-8 TeV (2010-12, Run 1); Vs=13
TeV (2015-18, Run 2); presently
operational at Vs=13.6 TeV (Run 3
since 2022)

* ATLAS & CMS are the two general
purpose particle physics
experiments.
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LHC Luminosity Accumulation

Ongoing Run 3 started in 2022 at Vs=13.6 TeV and LHC has been setting new record-breaking luminosity

Exceedingly well performance by the LHC with delivered luminosities increasing rapidly

Many precision measurements and rare processes studies have been plausible mostly due to the LHC
performance “beyond the design goal™.
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Al CMS
TE
A
=2
CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
" : P : Overall diameter : 15.0 Pixel (100x150 ym*) ~1 m* ~66M channels
Muon Detectors Tile Calorimeter Liquid Argon Calorimeter Overalllength 1287 m N},’.‘:m(smp’s e m) <200 m 5,60 channels
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
— Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
/=" Silicon strips ~16 m* ~137,000 channels
\

FORWARD CALORIMETER
~ Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

Toroid Magnets  Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker HADRON CALORIMETER (HCAY)
Brass + Plastic scintillator ~7,000 channels

+* multi-purpose detectors with tracker, calorimeter and muon systems with hermatic coverage
+* Both have undergone upgrades during the Long shutdown 1 (LS1) 1 and LS2 already
+* Major detector upgrade (Phase 2) to follow for the High-Luminosity operations (HL-LHC)
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~| Particle Detection/ldentification (CMS)

Légende: - Muon
Electron

Hadron chargé (ex.Pion)
— = = = Hadron neutre (ex. Neutron)
'''''' Photon

-------

===
=

i
Trajectographe mm
au silicium -

Calorimétre
électromagnetique

Calorimetre Solénocide
Y = hadronlaus superconducteur Culasse de retour de l'aimant I

avec des chambres @ muons dul -

om m m 3m 4m 5m 6m 7m

| 1 1 1 1 1 1 1

X
Muon Electron Charged hadron (e.g. pion)
- ==.Neutral hadron (e.g. neutron) ----. Photon
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CMS

The challenge @LHC

At the “standard” LHC luminosity:

c inelastic GHz L=1034 cm2s1 = 1019 Hz/b
D ~
~ (B:unch. Ginelastic(PP) ~ 70 mb
[  Crossing ) = 7 x 108 interactions
S __|.__bb U rate MHz
= o
< o
E -
V) m— LW kHz
o ) 7 storage rat
2 sl tt q'
= Il Hz
gg—>Hsm n
=
: i
Hsy—vy hesyy S mHz
o
O
ﬁ( :
i O |uHz . .
scalar LQ Events discarded by the trigger system are

50 100 200 500 1000 2000 lost forever
M [GeV]
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% Standard Model Total Production Cross Section Measurements Status: October 2023
L
A — ‘n_SOAO;zb’l
s Q107 ES % ATLAS Preliminary Theory i
ST Vs =5,7,8,13,13.6 TeV =
s
o LHC pp Vs =13 TeV .
10° R PO B Daeos2-140b 0 3
oo Liepp V=8Tev 3 <> Number of produced
104 A Data 20.2-20.3fb - 1
LHC pp V5 2 7 TeV i eventsfor 137 fb
103 o B Daw4s-ase ] <>W bosons 2.7x10%°
“o @ B o 02me 031t ] <~Z bosons 8x10°
2 < o -
10 » *o B ,a “oo <>Top quarks 1.3x108
il B fotal “oon ! . 6
10! o voll, ; <~Higgs 8x10
i VBF :
. WH & ]
1 Impressive Accuracy forSM £ & o o "G -
B - 3
Measurements where the o | :
10" F cross-sections vary over 8-9 “j M -
1o orders of magnitude! "R
t-chan s-chan e

tot.
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Events/GeV

ne»r-p

Measurement of inclusive isolated-photon cross section Direct process

in ATLAS (full Run 2)

» Important measurement for test of pQCD
» SHERPA 2.2.2: y + 0,1,2) @NLO + 3,4j@LO
» Fixed order predictions: JETPHOX (NLO) and NNLOJET

Events/GeV

(NNLO)
» Constraints on PDF (especially gluon)
3
9003<1IOIIITIVI lIIIlTITllIIIVlIIl|A
F ATLAS 7
800 fs=13TeV,139fb"
700F R=02 =
F « Data tight 3
600 - Data non-tight E
s00- f% 0000 e SHERPA tight =
E — SHERPA tight + ]
400 Data non-tight =
300 -
200" ]
100 .
050 10 20 30 40 50

(a) EI-?O [GeV]
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r ATLAS
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1071

Inclusive Photon Production

Fragmentation process

>

» Select isolated photons to
remove photons from jets

Cone-based isolation:
R=0.2/0.4

E T T T T T T T I Data' T E T T T T T T T I T
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E L g E s I,
3 - — 3¢ O g
B~ == NNLOJET - ke et E L o]
E (NNLO QCD, CT18) “#= —_ E “he -
E (PDF and a unc. from NLO JETPHOX) E e
F &= JETPHOX (u = Epz) F
3 (NLO QCD, MMHT2014) 2222 3 e
F % SHERPA § C S
E (ME+PS@NLO QCD, NNPDF3.0) E
C 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 I 1
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Y Y
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CMS

% Og uncertainty is ~1%

PDG: a; (m,) = 0.1179 + 0.0009

% Inclusive jets measurements to
obtain/extract PDF and o
simultaneously

% 13 TeV dataset with AK4/AK7 jets
with pT>97 GeV and |y|<2.0

< Improved precision of the
gluon at high x-values (NNLO)

Extracted ag(m;)=0.1166 + 0.0017
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Ratio to NNLO CT14®NP®EW

Ratio to NLO+NLL CT14®NP®EW

36.3 b (13 TeV)

1.4}

1.2

1

08}

Anti-k; (R = 0.4)

1.5<|y|<2.0

[ Tot. exp. unc. -- NNLO PDF unc. ¢
0.6 F ¢+ Data (stat unc.) —NNLO scale unc. — H; scale -
100 200 1000 100 200 1000 100 200 1000 100 200 7000
Jet pT (GeV)
CMS 36.3fb71 (13 TeV)
1.4} lyl < 0.5 05<|y|<1.0 + 1.0<ly|<1.5 1.5<y|<20
12} ” - . + -
1 = e ._.'.‘.‘Q..'w’-+’ e o oo 0.‘..‘0"'!.'.' .+-- * ¢ %o ® o0 t"";’n—‘ ~ 0_.—01‘:'.".‘_____“-
O 8 i . 1 -‘-‘-‘-"""l- i “‘--..._I_H-‘- —-—-—._._‘_I_I2
8T Antik; (R =0.4) L
O3 Tot. exp. unc. -~ NLO PDF unc. HERAPDF2.0 — ABMP16 ¢
0.6 } ¢+ Data (statunc.) — NLO scale unc. — NNPDF3.1 — MMHT2014
100 200 1000 100 200 1000 100 200 1000 100 200 7000
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CMS

QCD Strong Coupling constant (o)

CMS SM NNLO Hessian uncertainties
Cle—~ [ .5 |3TeV)
% Og uncertainty is ~1% 2 uf O100 Hy=my 5
o JEA
Z [ ~~ [N .
PDG: a, (m,) = 0.1179 £0.0009 | o g 4 [HCMS13TeVjets+HERA |
. R (&) — © - [ |
% Inclusive jets measurements to s % HERA el
. Z - B H
obtain/extract PDF and o z 08 60— +
simultaneously 5 06f - '
g 06[ -
100 40— 1?82\/)
# 13 TeV dataset with AK4/AK7 jets CI - 3TeV)
with pT>97 GeV and |y|<2.0 = 4l 20 0
< Improved precision of the % ol -
gluon at high x-values (NNLO) = | & Of B ———— ' —
o 1§, —— (HERA+CMS) / HERA —
3 o 1. S
& 08} A § 11 ;
,29 0.6 E‘ Tgé 0.9~ 14 ]
£ 100 I e 000
Extracted ag(m;)=0.1166 + 0.0017 ¢ 10 10° 102 e _(GeV)
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7 Measurement of a. from jet azimuthal correlation

CMS_PAS_SM P_22_005 -~ c . 134 fb [13Te\/- -~ : 134 b (13 TeV)
frro. == 2 Feoewms e Ffoms
m / qu 0.35:— Preliminary —: II< 0.35— Preliminary
Topologies with at least 3 jets (~ as®) (LO) N3 ER
0.25 3 0.25
Nyp ) . ] :
> jet™T NO (Ag pnbr_ ) S o
i=1 nbr*=%>£Tmin g
R (p ) — o1sf- —— ABMP16NIO (og(M)=0.1191) ONP @ EW ] 015 CT18nl0 (ag(M,)=0.118) © NP © EW
AP\F'T. N: ( ) F _ 3 2 _
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Inclusive jets (~ as2) (LO) ousf- R TR q cof EER T
E —1 o + "
z 1 z t E
8 13F - 8 13 3
g 1.2 - % 1.2 —;
CMS Preliminary e S 4 \f%
— LI T T T LI T T T L | T |_ E ; 7*;7*;:*7*;;; ::
g(’,, Theory at NLO a CMS Ry, 7 TeV : EPJC 73:2604 (2013) — 0 ————\—‘rj% 3
3 v CMS 3-Jet mass 7TeV : EPJC 15:186 (2015) ] o0.8E- 3 08 3
+ CMS incl. jets 7 TeV : EPJC 15:288 (2015) | N3 E - E
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CMS

Summary of W/Z cross-sections (5.02 & 13 TeV)

CMS-PAS-SMP-20-004 (Aug, 2023)

CMS Preliminary 298 pb™” (5.02 TeV) CMS Preliminary
m— 1 T T 1 LI Ll 1 T 1 1 T LI T I 1
e | I |
Y g “FNNPDF3.1 NNPDF4.0 Measured + unc foR + CMS, 201 pb 11(13 TeV)
easure 5| @ cMms 182pb’(8Tev) |
CTi8 = MSHT20 Theory + unc (NNPDF3.1) m 10 E O NS, 36 pb” (7 TeV) 3
X F & CMS, 298 pb” (5.02 TeV)
Woes 'y —p— 2476428, +47, b © [ % CMS,7.3ub7(2.76 TeV) W=
—o— 2476'% pb - £ CMS,5.4pb” (2.76 TeV) W+
I ERnnn e R e e e e TR E PP L PR 4 W CDF,72.0 pb™(1.96 TeV) W
W [T —a— 1525123mi55y5‘i29lum pb 10 E_ 0 DO, 84.5pb™ (1.8 TeV) =
—O—1 1519"5 pb A UA2,7.8pb"(0.63TeV)
------------------------------------------------------------------------------------- [V UA1,04pb’(0.63TeV)
W o —a— 40013, +10, 76, pb | Z
—o—i 3995%% pb
————————————————————————————————————————————————————————————————————————————————————— 3 L _
T —— 319.940.9,,%1.2,,,46.2, pb 10 g E
—o—i 319.57 pb i
W v | W s [ - 1.623J;o.10035ta;_r0.oo7syst i
HH 1.6317)21° 5
------------------------------------------------------------------------------------- 10° F E
Wi By /Zs I T - 12.5140.04,,,+0.03, F Theory: NNLO, DYTURBO and NNPDF 3.1 PDFs
e 1251012 -
1 1 | l L 1 | 1 1 1 O'12I | 1 | 1 - | I
0.9 1 1 -1 1 L 1 1 11 1 1 L 1 1 1 Ll 1 1 1
Theory / Measured Ratio of o4 .., 0.5 1 2 5 7 10 20
- Center-of-mass energy [TeV]

O Precision measurement with the Vector Boson production at ¥s=5.02 TeV ans 13 TeV in
agreement with NNLO pQCD calculations

O All other experimental results are summarized as the function of center-of mass energy
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" Observation of W*W-VBS at the LHC

Electroweak VBS it PLB 841 (2023) 137495

qa

QCD-induced

[ Precision measurement with the Vector Boson Scattering (VBS) processes are important for probing the
Higgs sectors and hence understanding the electroweak symmetry-breaking

) Oppositely charged leptons with two jets (having high pseudorapidity gap) to target for the WW+2 jets
events with the rejection for the QCD-induced processes and ttbar processes.

O Full Run 2 dataset with event selection for two Isolated leptons (electron/muon) with p> 25 (13) GeV,
and m;>50 GeV and 2 jets along with the Missing Transverse Energy p™s:> 20 GeV

At least two jets with pT>30 GeV, An;>2.5 and m;>300 GeV
J Further event categorization based on final state lepton flavors

ICHEPAP2023, SINP, Kolkata, Dec 11-15, 2023



Soncu

CMS

Observation of W*W-VBS at the LHC

Compact Wuon

. . . PLB 841 (2023) 137495
Signal enriched ep region

J Data-driven background

" CMS 138 fb' (13 TeV) . CMS 138 b (13 TeV) normalization using
F T T T rr T T T T T E T T T I L =
g 10° ;_ —+— Data Higgs Nonprompt _; "qc: E —4—Data Higgs Nonprompt E dedicated ContrOI
> E Multiboson  [] DY QCD-induced WW 3 > {0° Multiboson [ ] DY QCD-induced WW — . .
L o - | Wandft  —vVBS B = | Wandfi  —vVBS - regions for major
Zy<1 3 104E zs1 1 backgrounds-- Top, DY
3 N . _
107 10°E O Deep Neural Network
102 i . i training to identify
- — m— signal events
105 s 10 =
- e - 1 O W+W- VBS fiducial
1? E 1? E cross-section measured
0 o 1w0'E L o through simultaneous
% 1,5; z— DUnceﬁainties -l o _‘—+ ;k ﬂlﬁ%—; % 1,51 z— EjUnceﬁainties I ‘\ - —z flts Of DNN and Other
8 o5k T d Bosg & discriminating
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 .
DNN output DNN output observables:

Observed (expected) signal significance of 5.60 (5.20)
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CMS, /|

Compact Wuon

Wy+ 2 jets production at the LHC

PRD 105 (2022) 052003

Non-VBS Electroweak Electroweak VBS QCD-induced
L Precision measurement with the Vector Boson Scattering (VBS) processes are important for probing the
Higgs sectors and hence understanding the electroweak symmetry-breaking

[ Event selection optimized for the Vector Boson Scattering (VBS) signal (Wy+2 jets) with the rejection for the
non-VBS electroweak (EWK) and QCD-induced processes

O Isolated electron/muon p;> 35 GeV, a photon (p> 25 GeV) and 2 jets along with the Missing Transverse
Energy p™s:> 30 GeV

J Large pseudorapidity difference between the jets and azimuthal balancing between (jets, Wy) systems
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CMS, /|

Compact

Wy+ 2 jets Cross-section Measurements

J Event categorization based on the barrel/enadcap photons and in bins of m;, & m;;
0 Measurement of EWK-only and EWK+QCD fiducial and differential cross-sections in several
observables -- p;¥, p{, p/t, my, my, An; PRD 105 (2022) 052003 cus

138 fo' (13 TeV)

i’ = ]
. . . . G o8l —— Obs. result (stat.® syst.) |
(d Measurements are consistent with the SM predictions : g obs. sk ]
" " = ~ EW(LO) Wy MG5 ]
fid _ +4.0 fid _ +11. Tt : ]
Oew = 19.27"7 34fb & Ogwuqep' = 90 " yo fb S 04l ]
a L l —t— ]
CMS 138 fb! (13 TeV) CMS 138 fb™ (13 TeV) 02~ I PR ]
S1000— —e— Data I EW Wy in fiducial | ‘S 350— —e— Data B Ew Wy in fiducial T - E
@ C I Ew Wy out fiducial [l Top. WV, Zy @ - I Ew Wy out fiducial [l Top, WV, Zy ] o ]
g [ Pereiphowns QcD Wy MisID photon < 00|~ Endeap photons Qch Wy MisID photon o, : :
o 800— [ Double MisID MisID lepton T 250:_ [ Double MisID MisID lepton ] % 1 g ;
C Z E Z 1 8 08 |
C 77 Stat @ syst ] g 7/ Stat @ syst E g 04 I —'—
600 —m, <[30,80) GeV L < [80, 130) GeV Lm, £ [130, «) GeV — 200f—m; <30, 80) Gev L < [80, 130) GeV pm, £ [130, =) GeV — 0 [30 55] [55 80] [80 1 10] [1 10 ]
L 150F- i n' [GeVl
C n ; - a a a 5
400f : 5 Differential cross-section 138" (13Tev)
L 100:_ : % O 12 —— Obs. result (stat®syst) —
200 % » : . ; % r ]
50" ’%%% » %. = 1- Obs. result (syst.)
» : Ca ity 4 — gy C
I 0 P IO I S IS N S S S NS % 0.8 — ~ - EW(LO) Wy MG5
S 15 o 15 P 0.6 — —
X 13 X 13 | o
% 1.4 Yy (i 44 % 11 24 i % Y < o4
S o9 2 2 + — S 09 = I =
@ 0.7 T 07 [ Gl 7 e & ]
0 o0s 005 02 S 4
© KN =¥ % © KN ¥ 3T ©o K = 7% © N = % © KN ¥ 3T ©o ~ = 7% JRN——
S & N - © o N £ o o N -~ S & N - © o N £ o o N = [ —F
n © O 0 © 9, n © O n © 9O n © 9, n © O ]
s < s < s s s < s S s < . : : ‘
S [
m; [TeV] m; [TeV] R —— .
I 06 F RS .
8 ’0;21 L
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ICHEPAP2023, SINP, Kolkata, Dec 11-15, 2023 pz [GeV]



CMS

Cormpust Muon Sonod

vw—>WW/ZZ production at the LHC

JHEP 07(2023) 229

<> Aim to probe SM quartic coupling at tree level
<-BSM contributions (resonant and non-resonant) accessed through effective-field-theory (EFT) approach

< Events with in-tact protons in the forward region
< PPS can detects proton momenta ~200m from the CMS IP using the LHC magnets

< SM cross-sections: 50 fb (yy—=WW) & 0.5 fb (yy—Z22)

CMS
central detector Romap Pots

LHC sector 56 & ASE e

<= |_HC sector 45 219m
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CMS

Cormpust Muon Sonod

vw—>WW/ZZ production at the LHC

< Search for weak vector bosons in boosted and merged jets m; >1126 GeV

< Background estimated from the control regions
< Inverting the observables for jet topology and p-p matching

< Further discrimination between WW and ZZ events using sum of jet masses

JHEP 07(2023) 229

Both protons
matched

< Limits on fiducial cross-section considering myy>1 TeV and proton fractional charge <20%

< cross-section upper limit at 95%
< o (pp —pWWp) <67 fb
< o (pp—pZZp) <43 b

CMS 52.9 fb' (13 TeV)

%) I 2(|J1 8, acoplanlarity > 0.01
g 42018 data
S 10000 - [eleDs) -
4\9 W+jets
o Z+jets
o 5000 -4 |
tt
O .
1000 1500 2000 2500 3000

m(WW) [GeV]
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CMS

Summary of SM cross-section measurements

CMS preliminary 3 ub~!-138 fb~! (2.76,5.02,7,8,13,13.6 TeV)
- Jet 7 TeV PRD 90 (2014) 072006 oljet) = 42e+09fb  mw 5fbt
v 7Tev  PRD 84052011 (2011) oly) = 4e+07 fb  mimm 36 pb~!
w 2.76 eV PLB 715 (2012) 66 o(W) = 3.5e+07 fb =i 231 nb™*
w 5.02TeV SMP-20-004 o(W) = 6.8e+07 b | 298 pbt
w 77eV  JHEP 10 (2011) 132 (W) = 9.5e+07 b & 36 pg’l
w 8TeV  PRL112(2014) 191802 o(W) =1.1e+08fb i 18 pb~t
w 13TeV  SMP-20-004 o(W) = 1.9e+08fb i 201 pb~*
z 276 eV JHEP 03 (2015) 022 0(2) = 8.9e+06 fb 5 prl
z 5.02 eV SMP-20-004 0(2) =2e+07fb |} 5pb~t
z 7TeV  JHEP 10 (2011) 132 o0(Z) = 2.9e+07fb 4 36 pb~!
z 8TeV  PRL112(2014) 191802 0(2) = 3.4e+07 b 4§ 18 pb~*
z 13TeV  SMP-20-004 o(z) = 6e+07fb 4§ 201 pb~t
z 13.6 TeV SMP-22-017 o(z) = 6e+07fb I 5fb~t
wy 7TeV  PRD 89 (2014) 092005 o(Wy) = 3.4e+05 b wifl 5fb~t
wy 13Tev  PRL 126 252002 (2021) o(Wy) = 1.4e+05fb @ 137 fb~!
zy 7TeV  PRD 89 (2014) 092005 [] 5fbt
zy 8TeV  JHEP 04 (2015) 164 o(Zy) = 1.9e+05fb i 20 bt
ww 5.02 TeV PRL 127 (2021) 191801 o(WW) = 37e+04 b il 302 pb~*
ww 7 TeV EPJC 73 (2013) 2610 o(WW) =5.2e+04fo i 5 b1
ww 8TeV  EPIC 76 (2016) 401 O(WW) = 6e+04 fb 19 fb~*
ww 13TeV  PRD 102 092001 (2020) o(WW) = 1.2e+05fb i 36 bt
wz 5.02 eV PRL127 (2021) 191801 o(WZ) = 6.4e+03 b I 302 pb~t
wz 7TeV  EPIC77(2017) 236 o(Wz) = 2e+04 o 5fb~t
wz 8TeV EPJC 77 (2017) 236 0(WZ) = 2.4e+04 fb 20 fb~1
wz 13TeV  JHEP 07 (2022) 032 o(WZ) =5.1e+04fb § 137 fb~!
7z 5.02 TeV PRL 127 (2021) 191801 0(Zz) = 5.3e+03 fb. 302 pbt
2z 7 Tev JHEP 01 (2013) 063 0(22) = 6.2e+03 b ) 5fb1
2z 8TeV  PLB 740 (2015) 250 o(zz)=77e+03fb 20 fb~t
zz 13TeV  EPJC 81 (2021) 200 0(zz) = 17e+04fb 4 137 fb~!
Wi 13TeV  PRL 125 151802 (2020) (VW) = 1e+03fo [l 137 fb~?
www 13TeV  PRL125 151802 (2020) oWWW) = 5.9e+02 b el 137 fb~!
wwz 13TeV  PRL 125 151802 (2020) o(wwz) = 3e+02 fo (NN 137 fb!
e wzz 13TeV  PRL 125 151802 (2020) o(Wzz) = 2e+02 fo (N 137 fo~?
K] wvy 8TeV  PRD 90 032008 (2014) o(WVy) < 3.1e+02 fb 19 fo~!
= wwy 13TeV  SMP-22-006 awwy) =6 il 138 fb~?
= Wyy 8TeV  JHEP 10 (2017) 072 o(Wyy) = 4.9 fb 19 fb~t
Wyy 137TeV  JHEP 10 (2021) 174 oWyy) =141 e 137 fp~!
Zyy 8TeV  JHEP 10 (2017) 072 o(zyy)=13fo  mEm 19 fb~t
zyy 13TeV  JHEP 10 (2021) 174 ozyy) =541 i 137 fo~?
VBF W 8TeV  JHEP11(2016) 147 O(VBF W) = 42e+02fb  miffle 19 fb~*
VBF W 13TeV  EPJC 80 (2020) 43 O(VBF W) = 6.2e+03fb B 36 bt
VBF Z 7TeV  JHEP 10 (2013) 101 O(VBF ) = 1.5e+02 fo il 5fbt
VBF Z 8TeV  EPJC75(2015) 66 O(VBF 2) = 1.7e+02 fb 20 fo~!
VBF Z 13Tev  EPJC 78 (2018) 589 o(VBF Z) = 5.3e+02 fb 36 fb~t
EW WV 13TeV  PLB 834 (2022) 137438 O(EWWV) = 1.9e+03 b miilm 138 fb~!
ex.yy=WW 8TeV  JHEP 08 (2016) 119 olex. yy-Ww) =22 b SN 20 fb~!
EWqqWy 8 TeV JHEP 06 (2017) 106 O(EW qqWy) = 11 fb 20 fb!
o <> Many new measurements for rare SM process |
EWosWW 13TeV  PLB 841 (2023) 137495 o(EWoswWw) =101 sl 138 fb~!
EWssWW 8TeV  PRL114 051801 (2015) O(EW ss WW) = 4 fb 19 fb~t
EWssWW 13Tev  PLB 809 (2020) 135710 O(EW ss WW) = 4> meill) ¢ I k d'b d 1 137 fo~?
EWaaZy TV PLE770(2007) 380 olEW aaZr = 19 1 Rare electrowea Iboson production processes are  |3;i>
EWqqZy  13Tev  PRD 104 072001 (2021) o(EWqazy) =52 =i} . 137 fb~!
EWQQqWZ 13TeV  PLB 809 (2020) 135710 o(EW qaqW2) = 1.8 fb ObserVEd/eStathhEd 137 fb~?
EWqaZZ  13TeV  PLB 812 (2020) 135992 o(EW qqz2) =033 1o (NN 137 fb~!
L L L L L
1.0e+00 1.0e+02 1.0e+04 1.0e+06 1.0e+08
o [fb]

Measured cross sections and exclusion limits at 95% C.L.
See here for all cross section summary plots

ICHEPAP2023, SINP, Kolkata, Dec 11-15, 2023

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
, 8,13, 13.6 TeV, Black bars: theory prediction

Light to Dark colored bars: 2.76, 5.02,

August 2023






Top quark production modes at LHC

Other productions

Dominated by tt pairs productions .
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Top pair-production cross-section at Vs=13.6 TeV

x10* CMS 1.21 b~ (13.6 TeV)

8 t+jets channels  mm Z + jets M tt ]
I Singlet 772 Uncertaint ; o
JHEP 08 (2023) 204 . V\;”szts } Data nty Source - Uncertainty (%)
@ m QCD 1 Lepton ID efficiencies 1.6
) First measurement of g, Trigger efficiency 03
. . JES 0.6
palr prOdUCtlon Cross- 2 b tagging efficiency 1.1
section using 1.21 fb™! . — . Pileup reweighting 0.5
. g . . 3 1.3 / /V ME scale, tt 0.5
dataset in semi-leptonic S 4 ME scale, backgrounds 0.2
and di-leptonic modes 8oty ME/PS matching 01
. . Number of jets PS scales 0.3
O Event categorization PDF and ag 03
c ' 1.21 fb” (13.6 TeV) Top quark 0.5
based on the Iepton g :z F;osgtgg mi mSiglet  Wets tV\quackgrgsnd 0.7
flavor and number of b- & 5 o t-channel single-t background 0.4
iets ” Z+jets background 0.3
J 0 W +jets background <0.1
 Extraction of cross- 1 Diboson background 0.6
. o QCD multijet background 0.3
Sect|ons f|tt| ng the % :‘:__ee (1b) [ee (20) [ pu (1b) [up (2b)[en (0b) | en (1b) [en (2b) [e+jets (1b)]e+jets (2b) | u+jets (1b)[ u+jets (2b) Statistical uncer tainty 0.5
yie|ds in each Category 3 1}4%”{#*“”‘””5{”} S b e st Combined uncertainty 2.5
08 Integrated luminosity 2.3

Of eve nts 0.6 '—.c\nlc"J‘;,,+ Nlm‘v*' '—IN.UJI;,," N’zoI; '—‘NI(}", '—.c\nlwlé Nlm‘v* mlvlml{g m‘vlml(s m.vlm‘é' wlv‘mld_-';
Numberofets (1O neasured = 881 * 23 + 20 (lumi) pb
D GSM - 924 +32_40 pb
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Top pair-production cross-section at Vs=13.6 TeV

arXiv:2308.09529 (accepted by PLB)

Measure tt and Z cross-section simultaneously, 29 fb-
 ep channel for tt

 ee and ppu for Z - ' 010" . .
pp for Z cross-section £ " F ATLAS + Data Wz
. . 0107 E (o _ -1 - :
« ratio cancels lumi dependence G iy SeTev. 20T Of | MSingleTop tW-channl
(0P - Post-Fit /7 Uncertainty
Strategy Wk
» count b-tag multiplicity 10°F
- 5 L
« also extract b-tag efficiency 124
N1 = Loecu2e, (1 - Cpep) + Nll)kg, 10°
10
bk
Ny, = LO};Eequel% + N, £ 10
. 1
B2 s ]
x B4 A st ot of st f s @
Results %o _

Su 75 I Su 2 I e I Ay

. o, = 850 =+ 3 (stat.) + 18 (syst.) = 20 (lumi.) &
+ R, =1.145 % 0.003 (stat.) = 0.021 (syst.) = 0.002 (lumi.)
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Top pair-production cross-section at Vs=13.6 TeV

arXiv:2308.09529 (accepted by PLB)

Measure tt and Z cross-section simultaneously, 29 fb-1

° e channel for tf Category Uncertainty [%)]
H 10" e— Oyi O'ﬁ‘i Riiz
e ee and pp for Z cross-section 20— - — -zl o
o100 Vs tt tt parton shower/hadronisation 0.9 <02 09
* ratio cancels lumi dependence Y I 17 scale variations 04 <02 04
2 P tf normalisation - <0.2 -
10% Top quark pr reweighting 06 <02 06
St rategy 107 C V4 Z scale variations <02 04 0.3
o g Bkg. Single top modelling 06 <02 06
e count b—‘tag mu|t|pI|C|‘ty 10° = Diboson modelling <02 <02 02
.. 10° — tfV modelling <02 <02 <02
e also extract b‘tag eﬁ|C|ency - E Fake and non-prompt leptons 06 <02 06
Lept. Electron reconstruction 1.2 1.0 0.4
_ _ bkg 10° Muon reconstruction 14 14 0.3
Ny = LO'ttEe'u2€b (1 Cp Eb) + Nl > 102 Lepton trigger 0.4 0.4 0.4
bk Jets/taggi Jet tructi 0.4 - 0.4
Mo = LoweCog N o e emen S
1 PDFs 05 <02 05
B1.02} Pileup 07 08 <02
a1 Luminosity 2.3 2.2 03 -
Res u ItS ~0.98¢ Systematic uncertainty 3.2 2.8 1.8
©0.96—
w Statistical uncertainty 0.3 0.02 0.3
® th — 850 i 3 (Stat.) i 18 (SYSt.) i 20 (luml.) = Total uncertainty 32 2.8 1.9

« R;,=1.145%=0.003 (stat.) = 0.021 (syst.) = 0.002 (Jlumi.)
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Top pair-production cross-section at Vs=5.02 TeV

Summary of o,, measurements

LHC Top Working Group Combination (Nov, 2023)

| ATLAS+CMS Preliminary

LHCtopWG November 2023
NNLO+NNLL, PDF4LHC21 (pp)

—_
o
w

== \NLO+NNLL, PDF4LHC21 (pP)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
My, = 172.5 GeV, aS(MZ) =0.118 £ 0.001

Tevatron comb. (1.96 TeV, <8.8 fo™) [1]

ATLAS comb., ee, py, ey, l+jets (5.02 TeV, 257 fo) [2]
CMS comb., ey, I+jets (5.02 TeV, 27.4-302 fb™) [3]
LHC comb., LHCtopWG, eu (7 TeV, 5 fb'1) [4]

LHC comb., LHCtopWG, eu (8 TeV, 20 fb™) [4]
ATLAS, e (13 TeV, 140 fb™) [5]

CMS, e (13 TeV, 35.9 fb™) [6]

ATLAS, I+jets (13 TeV, 139 fb™) [7]

—_
o
N

CMS, l+jets (13 TeV, 137 fb™) [8]

L |
o]
o
R
ATLAS+CMS Preliminary c
LHCIOpWG o summary, s =5.02 TeV  November 2023 o
NNLO+NNLL PRL 110 (2013) 252004 "6’
"""" m,,. = 172.5 GeV, o (M) = 0.118+0.001
scale uncertainty z total stat S))
scale ® PDF @ o, uncertainty o, t (stat) * (syst) £ (lumi)
(7]
(7p]
O
ATLAS, (ee, up, ew) —a—iy T+45+16+1.
JHEP 06 (2023) 138, L_ =257 pb! 65.7+45+1.6+1.2pb o
=
ATLAS, |+jets [ 2+09+29+1.1 o
JHEP 06 (2023) 138, L, =257 pb'" 68 0.9 9 pb >
ATLAS combined ; = 67.5+09+23 +1.1pb =)
JHEP 06 (2023) 138, L, =257 pb’ S
C
CMS, l+jets H—e—H 9+65+6.1+1. —_
JHEP 03 (12018) 115, L =27.4 pb”! 68.9+6.5+6.1+1.6pb
CMS, eu TRPT +50+28+
JHEP 04 (2022) 144, L =302 pb’! 60.7+50+28+1.1pb
CMS combined [T | +41+
JHEP 04 (2022) 144, L =27.4-302pb”" 63.0 +4.1+3.0pb
PDF4LHC21 J.Phys.G 49 (2022) 080501
NNPDF4.0 EPJC 82 (2022) 428 c
20
MSHT20 EPJC 81 (2021) 341 o
CT18 PRD 103 (2021) 014013 &*B' 8
ool b b by by o
20 40 60 80 100 120
o, [pb]
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Observation of 4 top quarks £PIC 83 (2023) 496

nrr-p

»\Very rare (~14 fb) process sensitive to new physics models (2HDM, compositeness, SUSY)

Observation combining several channels

i
g
t « 2{SS and 3¢ channels
i * 8 control regions — ttW+ and ttW- are determined independently
J ¢ * non-prompt leptons determined from pr (3 lepton)
* employ Graph Neural Network, check distributions for GNN score > 0.6
. t « measure: o;,; = 22.57%% pb, 6.10 significance
Z/ ¢ g ATLL\S B o Datl':l I ”-Itflﬁl T E 100 ‘ATLAS o ' IID;“;I | I.tiﬁ o — 8 ATLAS ® Data Wit
Y - S’) 1S - 13 TeV, 140 fo" DWW EHEZ E © ch H? TeV, 140fb1EmW =Rt,|zat Conv. ] S 10'k (5-13TeV, 140 b Diw @iz =
t - CRHFe mu =m§g°”"- . ~ PostFi EHFe mLowm, £ SR Wi CamisiD -
g o 50 PostFit =F_|Fu Boters £ E'EtFp zStnr;r;aimy 1 o Post-Fit =AL/|:vtv rﬁonv. =:Ee ]
t S Ottt 77 Uncertainty ] L% <. Pre-Fit i w .Olhersy. = L
Lﬁ / = Pre-Fit 77 Uncertainty ---‘Pre-Fit_;

107"
; ° E T
35 Sy S ———— g{ 21 o + o 3
o & 7270 ) SRE RLIC TR W W
a 3 S 07F TeEEY LA L S A
© ] 8 o ;
g S o 01 02 03 04 05 06 07 08 09 1
a o 15 20 50
15 20 25 30 35 40 45 50 GNN score
[GeV]

p: [GeV]

ICHEPAP2023, SINP, Kolkata, Dec 11-15, 2023



Observation of 4 top quarks ChIC 83 (2023) 496

»\Very rare (~14 fb) process sensitive to new physics models (2HDM, compositeness, SUSY)

Observation combining several channels

’ 2£SS and 3¢ channels
8 control regions — ttW+ and ttW- are determined independently

-+
°

t
J ¢ * non-prompt leptons determined from pr (3 lepton)
* employ Graph Neural Network, check distributions for GNN score > 0.6
I . — +6.6 i i
g t » measure: o,;,; = 22.5722 pb, 6.10 significance
t @ :A_’\_LAS \ I I 1 o 100 | 1 1 >30,'|"s'|"'|"w"w"w"',
S F Data = ATLA ata tt L - ATLA Data it
Z/y _ :>J’ 40 (5 - 13 Tev, 140 fb" EHTV\; ;ﬁtzl E g 90 @=1§Tev,14o fior 5&\; =22 2 F s =13TeV, 140 fb" 5tf\/\; |=3t2 1
t 351_ GNN > 0.6 WtH [JQmisID A w 8o GNN>0.6 WtH [JQmisID = o5l GNN 0.6 WtH [JQmisID
g F Post-Fit [@Mat. Conv. [@HFe 7 Post-Fit @ Mat. Conv. [HF e ~ [ Post-Fit EMat. Conv. [@HFe
300 Eiowm,.  WHFp 70 Wiowm,.  EHFu 2 f Miowm,.  EHFp ]
t o [l Others [t 7 [ Others [t O 20 [ Others [ttt J
25F- 77 Uncertainty 3 60 7 Uncertainty i F 77 Uncertainty ]
- ] 50
40
30
- 3 % | é 3 !
o 13 2 o 13F 3 o »
S %//////////WW//% e ¥ 7 3 od "t
S 07F o 07F 3 S g E
8 o4t : : : : " 8 04t : : - . 8 o a0 0o 70 40 1800 7800
N Number of b-tagged jets Hy [GeV]
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CMS

. Observation of 4 top quarks

»\Very rare (~14 fb) process sensitive to new physics models (2HDM, compositeness, SUSY)

Z/y

[l

Observation combining several channels

e 24SS, 32 and 4%£ channels
°
[ ]
°
138 fo'' (13 TeV)
ﬂGO“'I"'I"'I"'I""
= Dat it
S CMS oz
0 SR-2/, ee W tH -Nonprompt
AN ttt class =x¥ Vym 83?(;?? misiD
o 40 Postfit ttt Total unc.
~
2]
[
O e
>
L
20
Re) : ——— .
o 0 i T T T T T
n 1.5 i
~ 1 4 f i
{805 ! 4"
m P I SR (T S S [ S S S SR
o o0 0.2 0.4 0.6 0.8 __1
BDT score ttit
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Events / 0.11 units

Data / Pred.

138 fb™" (13 TeV)
——————

60r

————

CMS
SR-2¢, ey
tttt class
Postfit

T

¢ Data mmtit

Wtw ttz

WttH 9 Nonprompt

W VV(V) ll Charge misID 7

Xy Other t
ttt Total unc.

04 06 08 1
BDT score tttt

improvements in lepton id, b-tagging, MVA analysis: 2 BDTs with 34 variables
expected significance 4.90 (ATLAS 4.30)
measure: o;; = 17.7737 pb, 5.60 significance

138 fb™ (13 TeV)
——————

40

Events / 0.25 units

cMs

SR-2/, pyp

tttt class

Postfit

¢ Data it
W tiz ]
W tH [ Nonprompt
WVV(V) Xy
Other t ttt

Total unc.

o

-
.01 O

-

Data / Pred.

o

P E N B B
0.4 0.6 0.8 1

BDT score ttit

PLB 847 (2023) 138290



CMS

Mo

Observation of 4 top quarks

»\Very rare (~14 fb) process sensitive to new physics models (2HDM, compositeness, SUSY)

Ly

[l

Observation combining several channels

Events / 0.2 units

Data / Pred.

120

100

80r

20SS, 32 and 4£ channels

improvements in lepton id, b-tagging, MVA analysis: 2 BDTs with 34 variables

expected significance 4.90 (ATLAS 4.30)

measure: o;; = 17.7737 pb, 5.60 significance

138 fb" (13 TeV)
ER AR s

N B
CMS

SR-3¢
tttt class
Postfit

¢ Data I titE
| iw ttz
[ liial [ Nonprompt |
HEVV(Y) Xy
Other t it
Total unc.
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08 1
BDT score tttt

P R
0.6

138 fo™ (13 TeV) CMS 138 fo ' (13 TeV)
_.@ L L B TTT T T T T T[T L L L I T[T [T T[T [T T[T ioTT
g 3r CMS *Iz)ata .tfﬁ é Expected
o SR-4¢ iz [l 47 : / 06 [l observed
o ttt class Wvvv) [ othert : 4 0.0
~ Postfit ttt Total unc. :
2 ol ’
q:) 37 —— 2.9
> H
it ; ol = 13.47131b ———
1k ! arXiv:2212.03259
iz 2/8S - 4.0
: — o
o 0= : n - Expected
o T T T " : e— —e- Observed
ol15 Combined ¥/, Observed upper limit X
(\6051 NN REEEE SRR RS RS RS R R IETE RRETY AETRA FTRTY RATTI ANARL AAT)
Q o0 02 04 06 08 1 0 8 > 6
BDT score titt

c../ ot
it

Significance (SDs)
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a|CMS
N Summary of rare top processes
[
4 top cross-section arXiv:2309.14442; submitted to JHEP
ATLAS+CMS Preliminary (s = 13 TeV, November 2023
LHCtopWG CMS 138 fb1 (13 TeV)
il T T T T — 1 [T 1
! 04 =12.073% (scale) fo [ o, = 13.4 |} (scale+PDF) fo  ——————— - Powheg+OL+_P8 tibb 4FS (up=1TIm{*, pr=1Lmy) | | = Dat
" JHEP 02 (2018) 031 X212 03959 tot. stat. - Powheg+P8tt_5FS (MRE=mMT) Syst. + stat. unc.
NLO(QCD+EW) NLO(QCD+EW)+NLL' + Powheg+H7 1t 5FS (R = mr) 11 Stat. unc.
Gy E 10t (+ stat. £syst) Obs. Sig. <+ Sherpa+OL ttbb 4FS (up=]m{*, ur=3Lmr) i
ATLAS, 1L/2LOS, 139 fb” B 0617 (+815) fh ' + MGS5_aMC+P8 tibb 4FS (umr=Lmy)
——— -
JHEP 11 (2021) 118 -5 (8 -1a) Vo + MG5_aMC+P8 ti+jets FxFx 5FS (W = Lmr)
ATLAS, comb., 139 fb™ : 75 : 1 : ]
JHEP 11 (2021) 118 o 245 (x4 1o 470 >5 jets: 2 3b|- , e e opg=2367:14310 | [, 4T 4 1
i [ v 1 1 v 1
CMS, 1L/2LOS/all-had, 138 fo™! i * 1| * ]
PLB 844 (2023) 138076 . e 36737 )b 390 >6 jets: >3b, >3 light| , :u Oa=1037£91fb | | 4 F :
M ., 138 fb™ : e i W * L 1t N * ]
CHS, comb., 138 fo - 1745 (+4 43)fb 400 26jets: 24bf Ly e Ora=291£37fb 4 b, T —a—
(2023) E i i ]
[ * 1 r * ]
] | >7 jets: >4b, >3 light[* e Org=147£25f o b4 ot — -
ATLAS, 2LSS/3L, 140 fb" i T o AT~ S = ;
, ) : 20 568 (+4.7 +4.6) fo 610 10 10 10 0.5 1.0
EPJC 83 (2023) 496 i -551\.43-34 ] pred b
CMS, 2L.SS/3L, 138 b o (0 Ota 1078
’ ’ 177443723y 560 _
PLB 847 (2023) 138290 4.0\ 35_1. - g . .
(2023) o-19 1bb difficult to model. Updated results, including
& differential cross-sections as input to improve
l 1 l:_él I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 l 1 prediCtIOnS
0 20 40 60 80 100 120 —
o, [fb] —important also for precise rttf |
. . . and ttH measurements ‘f
LHC Top Working Group Combination (Nov, 2023) |
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36.3 b (13 TeV) 36.3 b (13 TeV)
= UM BN BN A IR S3000F e T T
< CMS . pata—postitll 68% CL[] 95% CL1 < CMS .« pata—Post-fitll] 68% CL[] 95% CL
4000  + jets 1 e+ jets
2000+
2000+ q
1000( A
| IR 1 Mttt 4
1.05¢ 1.05

- *\+ ++\ *Il

150 200 250 300 350
mit[GeV]

o
©
a
P
o
©
a

Data/Post-fit
Data/Post-fit

L PRI L L L
150 200 250 30_0 350
m"[GeV]

EPJC 83 (2023) 963

Lepton+jets channel with kinematic fit and
profile likelihood method using up to five
observables

mtop=1 71 77 +/' 037 GeV
» 0.2% relative uncertainty
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Top Mmass measurement

LHC Top Working Group Combination (June, 2023)

ATLAS+CMS Preliminary
LHCtopWG

------- World comb. (Mar 2014) [2]
stat
total uncertainty

LHC comb. (Sep 2013) LHCtopwa
World comb. (Mar 2014)
ATLAS, l+jets

ATLAS, dilepton

ATLAS, all jets

Myp SUMmary, \s = 7-13 TeV

total stat

my, * total (stat + syst + recoil)

= 173.29 +0.95 (0.35 + 0.88)
= 173.34 + 0.76 (0.36 + 0.67)
———F 172.33 +1.27 (0.75 + 1.02)

173.79 £ 1.41 (0.54 +1.30)

f——a—"— 1751+ 18 (1.4£1.2)

ATLAS, single top k
ATLAS, dilepton
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Summary & Conclusions

<>Due to exceedingly well LHC performance, the SM measurements reached to an
unprecedented regime

<> No deviation from the SM have been observed so far

<> Extraordinary new measurements have been performed/completed with
the full/partial Run 2 dataset

<> Challenging to reduce systematics (theory and experiment)

<>Increased statistics allows the scope for differential cross-section
measurements in SM and Top quark processes

<>EWK VBS and rare top quarks processes have been observed/established

<>Run 3 statistics would improve the measurement precision further, although
with additional pile-up events deteriorating the detector performance

<>Scope for probing the BSM physics further
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Challenges ahead — pile-up
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HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS

<> Major data-taking (with the HL-LHC) 3 ab! is yet to be commence
<> However, typical pile-up is projected to be 140-200
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LLHC Performance

e LHC Run III started in 2022 at Vs=13.6 TeV and LHC has been setting new record-breaking luminosity

* Exceedingly well performance by the LHC with delivered luminosities increasing rapidly

* Many precision measurements and rare processes studies have been plausible mostly due to the LHC
performance “beyond the design goal”.
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