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Performance of the LHC machine

Demonstrated reliable operation with upto 6.8 TeV proton beams (Vs = 13.6 TeV)
Reached fast the design value of instantaneous luminosity L = 10** cm?s™ (at ATLAS and CMS interaction points)
... and delivered collisions at a much higher rate [eg., 2023: 3452 bunches, 1.6 X10" protons/bunch]

2 serious problems shortened the pp operation in 2023; data corr. to integrated lumi (L)~ 31 fb™.
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CMS = 2010,7TeV, 45,0 po™
— 2011,7 TeV, 6.1 fb~'
— 2012, 8 TeV, 23.3 fb~'
— 2015, 13 TeV, 4.3 fb™!

2016, 13 TeV, 41.6 fb™!

— 2017, 13 TeV, 49.8 fb™'
— 2018, 13 TeV, 67.9 fb™
— 2022, 13.6 TeV, 42.0 fb~'
— 2023, 13.6 TeV, 31.4 fb~!
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Run 2: 164 fb

Heavy ion operation in 2023: L= 10%" cm2s™"
data: £~ 2/nb
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Run 3: 73 fb!

High Luminosity (HL) LHC =

° Nominal L =5X10*cm?3s! =
~130 events/crossing (pile up)

e Ultimate inst. lumi: 7.5X10%* cm3s™
(PU ~200)

e Expected total data vol. £~ 3000 fb™"

e In preparation, experiments are being
upgraded in significant way.

+2 more full years to go ®  India playing significant role in the

Expected total ~ 200 fb"'

upgrade of several subsystems of CMS
detector.
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HL-LHC era - indicative timeline Start of HL-LHC
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2039 2040 2041 Updated European strategy:
JIFMAMILI AISIGNCL FMA ”AS"W‘"”‘S"“" The full physics potential of the LHC and the HL-LHC,
LHC LSS [ Rune ] I including the study of flavour physics and the quark-gluon
plasma, should be exploited.
3 I | Far future for CERN: Future Circular Collider ??
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Next generation colliders on the plate JHEP 01 (2020) 139

Data = significant gap between electroweak (EW) scale and the scale of New Physics (NP)
— use precision Higgs measurements as a tool to probe NP indirectly.

1% uncertainty in Higgs properties = 1 TeV scale of NP causing such a deviation = probe 10 TeV region
— go for exploratory hadron collider: 100 TeV FCC-hh!

e European Strategy Group, Jan.,2020: strengthen R&D in high-field superconducting magnets at high temp.
— strong inclination for supporting FCC; decision in 2026.

e However in not very far future: mass-produce Higgs bosons in clean collisions (e+e- collider) = need a

linear collider
Energy/Lum upgraded e+e- Note:Higgs factory is limited by lumi:
can’t probe rare H decays.

| ] (Branching fractions vary over many

LHC followed by HL LHC orders of magnitude unlike for Z)

Today 2040 ~2050-55 Time

e Japan, 2023: increased support for addressing International Linear Collider technical issues.

e  US HEPAP recommendations ,8.12.23. HL-LHC + off-shore Higgs factory + ...


https://link.springer.com/article/10.1007/JHEP01(2020)139

Timelines in Snowmass Energy Frontier summary X301 0658

B proton collider B Construction/Transformation NeW faCiIity in ~ 1.5 decade?

B Electron collider :

B Nion coider Preparation / R&D
International linear collider

2038 start physics

ILC: 250 GeV 500 GeV 1TeV
5 years 20km tunnel 2 ab? 4 ab?! =4-5.4 ab"

Japan

31km tunnel 40 km tunnel

2035 start physics Chinese e-p collider

CepC: 90/160/240 Gev - Super p-p collider
100km tunnel JETRYRRINEE SppC: 75-125 TeV, 10-20 ab

China
=y

LHC HL-LHC (14TeV, 3 ab™")

(13.6TeV, 450 ")

2048 start physics

FCC-0e: 90/160/250 GoV
~150/10/% an '

100km tunnel, Installation installation

FCC hh: 100 TeV = 30 ab™

CERN

CERN linear collider

CLIC: 380 GeV
1.5 ab?

holding 11 km tunnel

29 km tunnel 50 km tunnel
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https://arxiv.org/abs/2301.06581
https://arxiv.org/abs/2301.06581

Back to present: physics performance at the LHC

Huge amount pp collision data (~100 PB) already collected by each of the LHC experiments [ATLAS, CMS : ~ 100 paper/year]
This talk: only an effort to exemplify the span of interesting physics at the LHC under the aegis of Standard physics

e Physics program encompasses searches, measurements, rare Direct search Indirect search
decays, and more. }»/ / w
e No direct evidence for physics beyond SM. ; ; e
7
e Precision era of LHC reached very fast. /LW\NM Particles //@\
from the collision? b S
Strategy: i
Anp O(1 — 100) TeV
e Study processes which are suppressed / forbidden in SM. -
New Physics interactions potentially enhance the rate. Rare decays (A1 1) _
e Access higher mass scales in terms of virtual contribution. P L
e New physics, unreachable directly, = can effectively modify the vis)
couplings in various types of interactions
Couplingyp(x) c

= effective field theory (EFT) interpretation.

e Direct & indirect searches continue (including novelties)— Talk by A.Nayak



Effective field theories

e EFT describes possible pattern of deviations introduced by new physics & also constrain the deviations.
e Does not assume the SM structure of the couplings.

e Using global fit construct a sensitive but theoretically consistent framework.
e Put constraints simultaneously as many parameters as possible.

(/K operators invariant under SM

1 1 1 1
Leg = Lsm+ —Ls5 + ‘_256 L1 ,—357 + _458 158 Egi= Z cgd)Ogd) c; real, dimensionless Wilson

A A A A ; coefficients (parameters)

> 3 : *

3 40 ATLAS

o Vs=13TeV, 139 fb™

g 10 Some of the challenges at present:

o 10 e Integration of Higgs measurements in the

10 global fit along with EW observables.
e Dat
= Bl e Large no of parameters.
ey s T D e Expand the range of parameter space after

- =+ Generic signal at 3 TeV,['/m = 0%

10" . taking into account correlations.
" Precise predictions in SMEFT.
Matching between different EFT models.

3x10? 10° 2x10°
mee [(GeV]
m In pictures: new physics can be described by
dim-6 EFT below some cut-off scale A
m Will break down at some (unknown!) point 7




Collectively achieve more than anticipated!

e Diversity of efforts, based on diversity of data taking strategies = operating the o5
ultimate multipurpose detectors performing over the expectations. 50 F NNLO
} NLO . s s
e Enormous progress in computing capabilities combined with advances in machine 40 b - 42
learning techniques. - l z

e Precision theoretical description of the dominant SM processes.

e Extensive understanding of the performance of the experiments.

Precision in the prediction for Higgs boson production cross section

We cannot afford to miss a discovery!

prediction

LHC data ~

BSM/SMEFT

Theory uncertainty
5 times higher

LHC data

prediction

o)

ggF

LO

.

10 | -7
e 8= 13 TeV

o(pp — H) [pb]

0

(theory) = 48.68 + 3.9 (scales) + 1.9 (PDF) + 2.6(ag) pb

higher order quantum corrections in perturbative calc.
i) upto next-to-next-to-next-to leading order (N3LO) of
QCD coupling (ay)

ii) Electroweak corrections

iii) finite quark mass effects

PDF uncertainty
Uncertainty due to ag



Electroweak physics

Milestones reached by 2023
e Neutral currents: 50 yrs
e W, Zturn 40
e Top:28
e Higgs: 11

SM input parameters
e W Mass
e Top Mass
e Higgs Mass
[

M,, [GeV]

= LHC measurements crucial

LHC unraveling in productions of
e Multi-bosons
e Four Top quarks
[

200

805 T T T T T T a
I [l 68% and 95% CL fit contours ‘ 2
[ w/o M,, and m, measurements 7
80.45 — 8% and 95% CLfit contours —
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Note: more than 80 years back, D.M.Bose and Bibha Choudhary first used track
counting in emulsion plates to analyse nature of cosmic ray interactions.




Production Cross Section, o [pb]

Standard M.oldel Ccross sections CMS Preliminary

o FR I - - B R 2.76, 5.02 TeV CMS measurement (L s 231 nb™)
R MM 7 TeV CMS measurement (L < 5.0 fo™)
[ 8 TeV CMS measurement (L < 19.6 fb™)
[ 13 TeV CMS measurement (L < 138 fb)
[ 13.6 TeV CMS measurement (L <5 fb™)
Theory prediction
e ko o CMS 95%CL limits at 7, 8 and 13 TeV
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EW,Zyy,Wyy: fiducial with W—shv, Z—1l, I=e,u R 10

All results at: http://cern.ch/go/pNj7



SM cross sections with Run 3 data, Vs = 13.6 TeV

5.04 fb*(13.6 TeV)
%’ -c.Ms,-v-- LI S e B S S S S e e e
9 10° Preliminary $ Ovserved
2 107 —my
—ra
Ll-l 100 .ll
10°
10°
10° k
10° F
81-83 Taryrue
oy H% *“e----.‘#- H
2]
go.98 t LIS
0.96
_ zl . . v . .
S 0 Lh—-—-——-—\-l'l—.-lhiu-hr
., i
60 70 80 90 100 110 120
m, (GeV)
PAS-SMP-22-017

10°

Inclusive tf cross-section Cq [pb]

10°

llIIIII

ATLAS
* eu + b-tagged jets
4 |1+ b-tagged jets
Y I +jets

= combined .
Ys=136TeV, 29"

Ys=13TeV, 140"
Ys=8TeV, 202"
\s=7TeV,46fb"
\s=502TeV,0.26 "

=== NNLO+NNLL (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
m=172.5 GeV, PDF+ «_ uncertainties from PDF4LHC21
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Observation of WWy and search for Hy process arXiv:2310.05164

g T 9 i h
NTITT & e T AN Y
e Direct measurement of gauge boson self-couplings— probes the non-abelian gauge structure of SM.
e Anomalous coupling between the Higgs boson and the quarks can increase the cross section at high energies.
CMS result: first observation
e Measured fiducial cross section for WW+y process: 6.0 £ 1.2 fb
e Upper limits for H production and derived limits on Yukawa couplings of the light quarks.
e Note recent constraint on anomalous Hcc coupling 1.1|k _|<5.5  PRL 131 (2023) 061801
Process o upper limits obs. (exp.) [fb] Kq limits obs. (exp.) at 95% CL Kq limits obs. (exp.) at 95% CL
utt — H+ 7 — euvv,y 85 (67) |x,| < 16000 (13000) %,| <7.5(6.1)
dd = H+1v = euvv,y 72 (58) lxq| < 17000 (14000) %y < 16.6 (14.7)
ss > H+v 2 epv,v,y 68 (49) |k | < 1700 (1300) K| <32.8(25.2)
@ =+ H+7 — epvy,y 87 (67) k.| <200 (110) %.| < 45.4 (25.0)
12




-t it __ EPJC 83 (2023) 496
Four tOP q uarks e, G ¢ gum o PLB847 (2023) 138290
N ) zZ/v* E } _______ ¥
e Heaviest final state at the LHC W B i B e ¥ N
e Rare process: o~ 12 fb Mol T

* Expectabout 2k events @13 TeV Cross section sensitive to top Yukawa coupling, its CP properties.

e Many possible BSM physics predicts enhancement: eg.,Gluino pair,
scalar gluon, associated production of a heavy scalar, heavy pseudo
scalar in 2HDM, compositeness, ....

Example of typical analysis strategy: e EFT: constrain on 4-fermion interactions, oblique parameters, etc.

i) categorize events to increase signal
sensitivity!
ii) Define signal and control regions (SR, CR).

[ same-sign 2¢ channel ] 3¢ channel [ 4¢ channel ]

Observed (expected) significance

!
[ >2j, >1b, Hy>200 GeV ] [ >2j, >1b, TT>200GCV l ] [ J >2j, >1b ] 6.1 (4.7)0 :ATLAS

I 1 T T
[ >4j, >2b, Hy>280 GeV ] fails one of [ =0 Z candidate ] [ =17 caud.] [ =07 mud.] [:l Z c:\ud.]
I | >4j, >2b, I | I 5.6 (49)0' CMS
Ht1>280 GeV
[?ﬁi or >3b] [ <6j, <3b ] [ >3j, >2b ] [-<3j or <2b] [ S0 i ]
T ! ¥
{ SR-2¢ ] [(:R-Qf-45i2b] [CR-?[’-?S]ID] SR-3¢ CR-3(-2j1b CR-3¢-Z [ SR-4¢ ‘ ‘ CR-4(-Z W)

13



Measurement of W mass

e M, important input parameter of SM — provides sensitive
test for the consistency of the model.

e Precision prediction for electroweak observables = unending
efforts to reduce AM,,

Ar =1 — = :
) Z \/65(;“ jkd;%/ (:1 - %;;%f:)

e 80376 + 33 MeV :LEP [Phys. Rep 532 (2013) 119]

e 80370 + 19 MeV :ATLAS [EPJC 78 (2018) 110]

e 80354 + 32 MeV : LHCb [JHEP 01 (2022) 036]

o 80443.5+9.4 MeV :CDF Il [Science 378 (2022) 170]

e Average of all measurements except CDF Il = 80369.2 + 13.3 MeV

LHC EW WG: This average and the published CDF result
considered on equal footing but statistically incompatible.

e Future: ~ 3-4 MeV

T
—— Total uncertainty

Stat. uncertainty

LEP combination

Phys. Rept. 532 (2013) 119
Tevatron I combination
PRD 70 (2004) 092008
DOII

PRL 108 (2012) 151804
CDF II

Science 376 (2022) 170
ATLAS

EPJC 78 (2018) 110
ATLAS-CONF-2023-004 (reanalysis)

LHCb
JHEP 01 (2022) 036

Electroweak Fit (J. Haller et al.)
EPJC 78 (2018) 675 bl

Electroweak Fit (J. de Blas et al.)
PRD 106 (2022) 033003 -

80100 80200 80300

80400

LHC-TeV MWWG

80500
my, [MeV]

7 c —— CT18
¥ MMHT2014 e MSHTZ0 o NNPDF

ATLAS 3

Uncertainty in
parton density
function:
AM,, ~ 5 MeV

80300 80350 80400 80450
m,, [MeV]
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Top quark mass

The most massive fundamental particle in SM.
Mass/Yukawa coupling is free parameter to be measured.

Abundant production at the LHC (in Run 2 ~108) with unique experimental signatures.

ATLAS & CMS combination using Run1 data (Vs =7 and 8 TeV) uses top pair and single top productions:

m, =172.52 + 0.33 [0.14 (stat), 0.33(syst)] GeV — precision of 0.18% !

ATLAS-CONF-023-066, CMS-PAS-TOP-022-001

EP 202
Currently, the best measurement in a single channel: m =171.77 £ 0.37 GeV JC 83(2029) 963

Issue: difference of ~ 0.5 GeV between direct measurement of mt'\"C (parameter in event generation tool) and
indirect measurement from cross section corr. to mtpoIe (top-mass renormalization scheme in field-theory).

arXiv: 2004.01915
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Higgs boson mass

e Afree parameter in SM.

e Important ingredient for predictions of SM
eg.,couplings — production and decay
rates of Higgs.

e Mass best measured in high resolution
channels: H — yy and H— 2Z* — 4.

ATLAS
Combined Run 1 + Run 2 (4{ + py):

125.11 £ 0.11 (stat.: £ 0.09) GeV

Best to-date precision of m: 0.09%

CMS

Run 2: H—4(: 125.04 £ 0.12 (stat.) + 0.05 (syst.) GeV
Best single channel measurement

arXiv 2308.07216, 2308.04775

LU S S L A S LA S e

F Vs=13Tev,140fb" = Background

—¢— Data

= Signal + Background _:

All categories

In(1+ SP/BY) weighted sum —;

pop T ke g o Aol e N e s
130 140 150 160
m,, [GeV]

- - N o

o a =3 a

S S S S
I T T

Events /2 GeV

90 80 90 100 110 120 130 140 150 160 17‘0

CMS PAS-HIG-21-019

CMS Preliminary 138 fb' (13 TeV

¢ Data
H(125)
} M 99—-27*, Zy*
q@-22%, 2y
W z+x

i

t

4t

R I +++ .
SRR YRS LWL
M

m,, (GeV)

e Combination of Run1 + Run2 results
still statistically limited.

e Future of Am,;:
HL-LHC: ~ 20 MeV arXiv:1902.00134
ILC: ~ 14 MeV PRD103 (2021) 099903
Fcc-ee ~ 10 MeV

Combined Run 1 + Run 2 (4{+ py): 125.08 + 0.12 GeV ( stat.: = 0.09)
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https://arxiv.org/abs/2308.07216
https://arxiv.org/abs/2308.04775
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/

Standard Model Higgs Physics

g q q wiz th b_ ot
g \‘A\ s \//
wiz Wiz 7{
————— . H (W H
wiz N g
. e ——
9 H th 9 q

e Total no. of Higgs bosons already produced at each interaction point ~10’

e Higgs signal strength measured with ~ 6% precision, uncertainty still dominated by statistics.

. .. . . . First round of Run 3 Higgs
Evolution in interpretation of data for Higgs physics measurements are out!

ATLAS HIGG-2022-012

. Model dependence o
5 100prrrrrr . ]
&I go:_ ATLAS — SMa (pp—H,m,, = 125.09 GeV)
e e 1 E Y Hoyy h H=ZZ4—4l QCD scale uncertainty
‘ Statistically limited ¢ Jetect oot o& 80F b Comrb)ine; Hopy +Hott ™ Total uncertainty (scale® PoF+,) |
etector effects : 3
T A — unfolded for the 70?
st At Fiducial Cross Settions  figucial phase space 60F
defined at the 50F
\ generator level. 40F
0 f5=7Tev, 451"
. . E = , 4510 3
e  Essential to establish a channel. 20F {;:sTZV. 203 16* 3
_ ) . . . . . : {5 =13Tev, 139 ft* 3
e  But only the Higgs boson production more mformatlrcf)n| tthan :pdcllthwefcn;ois secc’;|olns 10p R e, 3
; i - — more powerful to validate or falsify models N Y PN S SN WA S
tltmg_s gecay branching fraction can be p y o 8 9 10 1 1T
studied.


http://cds.cern.ch/record/2862412/files/ANA-HIGG-2022-12-PAPER.pdf
http://cds.cern.ch/record/2862412/files/ANA-HIGG-2022-12-PAPER.pdf

Decay width of the Higgs boson

1, ~ 1.6 x 107%* sec = the natural width, T, =4.14 + 0.02 MeV in SM.

Indirect estimate of I';,: compare on-shell and off-shell productions,

assuming SM couplings and no new signal, other than possible
enhancement of off-shell H contribution .

g9 — H — ZZ:

2 2
p—H-77 oy gH.l.’H gHZZ G o
onshell myCy offshell

x 'y

2 42 s
oo &1 nshell
pp—H—2Z 8Hgg 8H7Z onse

offshell

M, — my

° 15% of Higgs production x-sec. in
HZZ is for large off-shell masses.

e “xNegative interference

CMS: T, =2.9*23

. — 3.3
ATLAS: T, =4.5"3

MeV CMS PAS-HIG-21-019
-1.7

Direct measurement using the on-shell
width or lifetime.

But experimental resolution: ~ 1 GeV

Shall peak
i1 -l ¢

ey
;.ijﬁ | og— J}\eH
;E a'> ; (.or\h-mJUm
i NEer
KEE i

€ U,

0 a5 150 500 bason mass

! 2 < . H#{/n :S GV

AT, ~20% @ HL-LHC

: 1-5% at future colliders arXiv 2209.07510

ArXiv2304.01530 Extracted value of H width consistent with SM.
MeV : .

—Z
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/
https://arxiv.org/abs/2304.01532

Higgs boson production modes

Couplings of H .

Yukawa couplings of fermions —

2
L =21 . .
gv=12 v o v a new interaction of Nature d

e  Current precision in measurements allows for anomalous couplings.

e Describe possible deviations with the scale factors «;

— the cross section or the partial decay width scales with xiz when
compared to the SM prediction.

e Assume event kinematics to be unaltered.

e k-framework can accommodate
any non-SM invisible or
undetected component.

H--- t.b

k2rSM o _
(O'iXBf) - kiZUiSM 2 fSM then U[I)?’pe>r Iémltfhon Bizv1con3|dered
kHFH g “TEEOTEE as free, u- wi KW,Z_
% - 280 TR, MG AE LT W
[ K. =1 — SM g -nann0nr” : :
i By freassasesansesnninsaisnd 1
* K, #1 —BSM resolve loops  effective couplings 0 0.05 0.1 0.15 . C‘z-l? . 19
Yo imi




Reduced coupling modifiers of H to bosons and fermions

e m, value allows variety of decays to be measured!

v

ATLAS .

. . E + Observed best fit |>
E M Observed 68% CL 2
e The coupling modifier 1155 o obseveassw oL Nature 607 (2022) 52
framework parametrizes ot = M SH B .
the production and decay ok ¢ls
modes inclusively. : <
1.00 —
0.953—
0.903—
Assuming no invisible or 0.85
decays to BSM particles 080}~
contributing to total width. T I T T T T TR T
V 2
d Same sign coupling of H I
d . .0
m . _ﬁ ~with Wand Z (x,, and x,) £
MV established with
S ) SSKH

) significance > 8¢
_\ x B

u

ATLAS-CONF-2023-057

Data follows the pattern expected in SM.

Nature 607 (2022) 7917

CMs 138 fb™' (13 TeV)
AR Fig— g
m,, = 125.38 GeV WZ_."“
."’ ]
1e-yalue: 37.5% ]
b .
2 A 2 4
10 ‘.“.
fVector bosons

f Third-generation fermions
10%Fp ) . E
*Second~generat|on fermions 3

--- SM Higgs boson

1] 2 T T T L7 TS R T
L :
12F * 1.05F ﬂ E
1.0 drereeererreneininiininnige. + ................. 1.00f--}}-4 -3+
08f ¢ 095F ' ;

06" o 1 10 102

Particle mass (GeV)

Similar plot by ATLAS Collaboration
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https://www.nature.com/nature/volumes/607/issues/7917
https://www.nature.com/articles/s41586-022-04893-w
https://cds.cern.ch/record/2870224/files/ATLAS-CONF-2023-057.pdf
https://www.nature.com/articles/s41586-022-04893-w

H decays to 2nd generation fermions

e Br(H-uu): ~0.02%

e CMS: evidence in Run 2
e CMS/ATLAS observation with Run 3 data expected

e Br(H—cc): ~2.9%

e CMS upper limit: gain from particle net methodology
of identification of charm jets.

Obsd. 6(VH) *Br(H— cc) < 0.94 pb = 14.4 * SM
PRL 131 (2023) 061801

e ILC, FCC: expect coupling uncertainty ~ 1%

e Br(H—ss)<10? — outof reach at (HL-)LHC.
e Best expectation from CEPC: <3 X SM

JHEP 01 (2021) 148

Background efficiency

? anti-k; R=1.5 jets
E P, > 300 GeV, |n| < 2.4

(13 TeV)
E CMS DeepAK15
[ Simulation - ParticleNet

----- H-»CT vs H-»bb
— H-»cC vs V+jets

I BT LOE S | [ DR Rt
0.6 0.8 1
Signal efficiency

PRD 101 (2020) 056019

arXiv:2310.03440

S/(S+B) weighted events

CMS Experiment at the LHC, CERN
4| Data recorded: 2018-Aug-05 09:43:33.747957 GMT

Run/\Event / LS: 320854 / 196048575 / 115

T
1000p= CMS
- Merged-jet

800|— All categories

|- si(s+B) weighted [[Jvzz-os) [l veps-ob)

138 b (13 TeV)
4 Ion«vvedl [} :m(u x.E).I u=77 ]
[ zsjets I wejets

El tt - Single top ]
Ewemey  [Dve-a ]

#5528 uncertainty

-
B subtracted

ot s .
' +

60 80

100 120 140 160 180 200
Higgs boson candidate mass [GeV]


https://doi.org/10.1103/PhysRevD.101.056019
https://doi.org/10.1007/JHEP01%282021%29148

SM:

Br(H— Zy) = (1.54(7) + 0.09 )X 10 for m_ = 125.09 (38) GeV

BSM particles and couplings can be present in the quantum loops.

Difference between H—Zy and H— yy/ZZ decay sensitive to NP.

H— Zy process observed:
Signal significance: 3.40
Signal strength: 2.2 £ 0.7,
Result within 1.96 of SM.

ATLAS+ CMS combination:arXiv:2309.03501
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https://arxiv.org/pdf/2309.03501.pdf

Self-coupling of the Higgs boson
H-potential: V(6) = 1|62 @

before electroweak sym. breaking:

after EWSB:

® =v+h

ViR)'= %7713{]12 + Agvh?® + %/\412.4, with /\§'\I 4

—_

Z
— )\SM _ MH

Qu2

A, and A, may be different in BSM

e Determination of Higgs self-coupling A: presently THE most
important mandate to understand the nature or shape of the

potential near the minimum
— related to the evolution of the universe at the EW scale.

e Inclusive Higgs pair production at the LHC (ggF and VBF) q
— direct access to HHH and VVHH vertices — «, k,,,

o(pp—HH+X) ~ 31 b ~ 1/10% * G(pp—H+X) p

do
dmun

V)

Higgs field value

in our Universe

An alternative
potential

Standard Model
potential

Current
experimental
knowledge

e Interference among relevant diagrams —cross section dependency on ks.

ATLAS-CONF-2022-050

Nature 607 (2022) 60-68
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https://cds.cern.ch/record/2816332/files/ATLAS-CONF-2022-050.pdf
https://www.nature.com/articles/s41586-022-04892-x

Limits on trilinear self-coupling and quartic couplings

Oggr + var(HH) [fb]

T
ATLAS w— Observed limit (95% CL)

PLB 843 (2023) 137745

Y-

T eeamiesnoy 1 ONe-loop single Higgs production ;
psing 99s p / 150000) ” ATLAS-CONF-2022-050

Expected limit (95% CL)

VE=13TeV.126—139 16~ == ("0 nypotness) also involves k, at higher orders,
104 HH-bBT* T~ +bbyy+bbbb [ Expected imit 10 A
£ Expected imi +20 = better constraints on x, and

Bl Theory prediction

1 | O T Y | Joie g 3 g ¢ 3 | g9 -3 4
)15 = OSMé 10 15

Observed (expected) best limit on HH cross section by ATLAS:
My <2.4(2.9)*SM and -0.4 <k, <6.3 @95% CL

K,, = 0 excluded by CMS with a 6.6c
significance.

Allowed range of k,,, by ATLAS: [0.1, 2.0]

other couplings. 700000 —

_ Nature 607 (2022) 60-68

Current LHC — HL-LHC

HL-LHC (Snowmass 2022) projections for SM HH:

* ATLAS yybb & bbTtt combination: 3.20

* CMS simple-minded combination of pybb, yyWW, pp11
& ttHH(bbbb) assures 5¢ significance observation.
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https://cds.cern.ch/record/2816332/files/ATLAS-CONF-2022-050.pdf
https://www.nature.com/articles/s41586-022-04892-x

Fiducial cross section in dedicated regions of phase space

CMS 137fb~"' (13TeV) - . . -
101 1 — vy %#% MADGRAPH5 aMC@NLO, NNLOPS ggH + HX o 50— ATLAS . 1
Fu" Phase Space %44 MADGRAPH5_aMC@NLO ggH + HX _D-‘ : H=2ZZ.H—= l"! ; : o f :
###% POWHEG ggH + HX - g A58 .
10! —  HX = MADGRAPH5 aMC@NLO VBF+VH+ttH 40 - VE-13TeV, 1391 ¢  Combination =
= + Data, stat@syst unc. - [ systematic Uncertainty =)
% oIy, syst unc. - Total Uncertainty -
g 10 + p-value(nominal SM): 0.236 N B MG5 FxFx K=1.47, +XH g
. £ 30— » isis NNLOPS K=1.1. +XH —
Analysis acceptance T C SN XH-VBF+VH+{TH+bbH+tH
g - - ]
& H 20— —
< 102 g - : * 2
- h:' 2
10-3 L 10— | Al
| - | » ]
- i + bwcto. 4.
Shape of pTW spectrum: ——— s gm\m
. J oy . 2 © 15F d y d
i) low p; region sensitive to light quark §§ =L——=1=£_“_ 8 | — RO - g
Yukawa couplings. 39 | > '
0 _§ 0.5k
. . . . . 100 200 300 400 500 = N =0 N =1 N_.=2 N._,.23
ii) high p region sensitive to effective P(Ce) . . . ™ Nis

coupling to gluon.

No sensitivity of p_. to HVV couplings in SM.

JHEP 05 (2023) 058
CMS (H —pp) | 0y = 73. 4+5 (stat)+24 (syst) fb = 73. 4+ fb.\ JHEP 03 (2023) 091
| SM prediction: 75.4 £ 4.1 fb | 25
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https://arxiv.org/pdf/2207.08615.pdf
https://doi.org/10.1007/JHEP07%282023%29091

CP properties of the Higgs boson & effective field theory

e Higgs boson in SM is CP even: J ®P = 0**

e CP-odd H complements other known sources — indication of BSM physics.

e Pure CP-odd Higgs excluded at > 99% CL by Run 1 data

e Strong theoretical motivation to search for CP-violating effects in the couplings of Higgs with fermions

e Search for CPV in the shapes of various optimal observables (rate measurement is not sensitive to CPV)

e Fermionic couplings (Hff) modelled as : - — - :
L = Kfyfgbz//f(cos a + iys sin @)y

— tree-level effect prominent in 3rd generation; eg., ttH production, H— 7z decay processes.

e Bosonic couplings (HVV): higher order operators suppressed by BSM scale A :

— pure CPV effects in interference term

Ci  w
4 - (1
vvH = Zsu T A2 PVLV + PRD 108 (2023) 038013

e EFT= look for “low energy” deviations of “high energy” BSM physics. a.k.: to be determined
from data

VV, 2 4 . VV,2
I A AL B s Y I R VV #(1) cx(2)pv a, CPV
A(HVV) a; + (AYV)Z my1€vi€va +az " fuv ' f f: gauge boson field

strength tensors 26




PRD 28 (2023) 032013

CP violation in HVV coupling using H —> 1T PRD 26 (2023) 032¢

Effectively, estimate constraints on the fractional contribution of the
anomalous couplings to the Higgs boson cross sections

Effective cross sections measured in terms of ratios, like,

2
|a;|”o; sgn (&\

ﬁu‘=
2 2 2 2 Zr12 Z
la; "0y + |ay| "0y + |az | " 03 + | k) | "o + | K7 |“04]

138 fb™ (13 TeV)

£ 5
w VBF Category =~ —#— Observation
» ut —— ggH SM H (125)x50
= h —— ggH MM H (125)x50
. . . . . . [ [ 7t bkg.
Matrix element calculations — discriminating variables o ) jet—t, misD
Other
3 -U;cinainty
D _ PSM(Q)
BSM — = =\
Psm(€2) + Ppam(€2)
assoc __ {QVBF QVBF p+VBF &VBF &VBF 2, VBF _2VBF
Q = {6;%,0,°,0*V°F, ®VEE, @Y, g0 ,q7 )
B e ]
Combination of H — 7, H— ZZ* —4l, H—yp = higher sensitivity R = 05 0 05 Dggg
cP
27

towards EFT parameters.


https://doi.org/10.1103/PhysRevD.108.032013
https://doi.org/10.1007/JHEP06%282022%29012

CP invariance in H— ZZ* — 4|

SMEFT Lagrangian:

Ci 6
Lsmerr = Lsm + Z A—lz(),( :
i

O/®: CP-odd dimension-6 operators

¢, : constrain them assuming a single Higgs CP-odd BSM coupling under different

assumptions.
Expected: Stat+Sys
A TLAS —&— Observed: Stat+Sys - this result
H—> ZZ* - 4] —&— Observed: STXS

Vs=13TeV, 139 fb™

SMEFT CP-odd couplings

—¥— Observed: Hyy
—k— Observed: Hyy + Htt
@ Observed: CMS

A=1TeV BestFit  68%CL
’ [ 008 [-042,031]
A 000  [-0.37,037]
o 2006  [-022,009]
i poi o
i 000  [-0.69,0.69]
° ! 025 [-082,031]
o T
o L £060  [-150,1.50]
. — 026  [-0.15,0.67]
o 023 [075028]
- x10 2000 [-0.02,0.01]
. ‘I“_ . x 10 001, [-001,003]
-1 0 1 2 3 4

Parameter value

CP-odd HVV coupling

ATLAS CONF-023-057

Couplings scale as 1/A2
Some couplings relevant for
production, some at decay,
some for both.

Using H—yy

e  Optimum Observable N
depends on CP-odd
interference term of SM
and BSM amplitudes.

PRL 131 (2023) 061802

In(1+S/B) weighted events / 1.0

Data - bkg.

E TT+TL+LT
50 4 pata
VBF (SM)
40E" mm Total bkg.
20 WY Syst. Uncer.
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Operator Structure Coupling
Warsaw Basis
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-057/

Spin entanglement (observed at the highest energy so far)

e Spin correlation explored typically in low energy regime in various context.
e LHC: a pair of quarks available at relativistic energies.

1 1 1 my

“ ” . . —_ < JR— < < s

e Top: the only “bare” quark, decays before hadronization mg I Aqep A2
= spin information transferred to decay products. production  lifetime  hadrongation  SPIR—HiP
10727 107% s 10-24 g 102 g

e  Study two-qubit states of ttbar at production threshold (mostly singlet) with

well-specified fiducial phase-space — correlated or entangled! ATLAS-CONF-023-069

e observable dependent on the angle between the charged leptons in the rest frame of their parents.

1 do 1+B*- 4. -B -4_—-da.-C-q_ || B:top polarization -o.1f ATLAS Preliminary ¢
i - 9+ (!’ 9+ q C: spin correlation matrix /s=13TeV, 140 fo"
o dQ,dQ_ (4m)- Tr[C] < -1 02 *
o ..
Tr [C] 1 Ef -0.3
)= 3 =D« -3 Measured D= -0.547 + 0.002 (stat) £ 0.020 (syst) PR
g -0.4 - i
Significance more than 5¢ compared to null hypothesis of @ i ol
no-entanglement 0s ; @ oua
@ Powheg + Pythia8 (hvg)
CMS: similar result PAS-TOP-23-001 _ .. il
340 <m(tl) <380 380 <m(tl) <500 m(tt) > 500

Invariant Mass Range [GeV) 29



Amplitude analysis of B® — K%*u" decays at LHCb

Last few years: several anomalies in various measurements in heavy flavour

sector (quark transitions observed in B hadron decays).

Main issue: lower rate for b— s u*u

Interpretation not straightforward due to hadronic uncertainties in SM predictions
(form-factors, decay constant etc.).

in decays of B_, B®, B

Also non-perturbative effects. Including long-distance charm loops.

4Gk
Ko =——

/’ [\

Wilson coefficients
(effective couplings)

Z (CS\[+ AC\P)(

]

L [ocal

operators

LHCb-2023-032

)

D= 16 1672

mbbRU MVE,,s%,
Ogy = —b LYstlyul,

O104 = 5[’27"5}17’7;4751 ’

photon

vector

axial-vector

First g?-unbinned (model-dependent fit) amplitude analysis of B® — K%%*u
Estimation of non-local hadronic contributions (incl.charm loop) from data (with certain assumptions).

Result consistent with anomalies observed in b — s y*u” studies:

1.80 in C4 and 1.40 global deviation in data from SM.
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https://indico.cern.ch/event/1312648/attachments/2751715/4789962/CERN_seminar_Kstmumu_unbinned.pdf

Conclusion

e Inthe first 12 years since the start up, the LHC machine has operated beyond expectation.

e Though it has delivered only a few percent of the total data volume expected in the next 2 decades,
a plethora of interesting physics results, beyond expectation has been derived already.

e The measurements, within uncertainties, indicate that the standard model is doing well in the TeV energy
scale.

e There is no significant indication in data about physics of higher energy scale.

e Presented only a small (and with personal bias) sample of recent experimental results to showcase the vast
expanse of extremely interesting standard physics at the LHC.

Stay tuned with LHC physics!

Thank you
31
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Vector boson fusion process: novel tool for BSM search

PRL 131 (2023) 011803

? ¢ ¢ q)
W Wt i 138" (13 TeV)
778 F yu o (‘[i I—IP— 'fl* : 3
N ‘:V“
Vind g 8
W W
q2 7 q2 > 01 o
5 i 3
e Same sign dilepton in central region of detector in o -~
VBF-like event topology | A ssmcLuppertimn
==> |epton number violation - /i —— Observed
0.01 | o s - -~ Expected ; -
. . . . E Vi / I 68% expecte: g
i) Heavy, Majorana neutrino (N) production E 95% expected
E gl T CMS same-sign dilepton
. . ) ) ) - N/ ~77 JHEP 01(2019)122
i) Process mediated by Weinberg operator (dim-5) with - N - -
flavour-dependent coefficients . AT G e i
100 10° 10
my (GeV)

e Best limit on mixing element |Vlezso far: m > 650 GeV

o [Effective Majorana mass associated with W-operator excluded : 10.8 GeV
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Electroweak production of di/tribosons Wy , Wyy

® First observation of Wy at 13 TeV

e Anomalous aTGC, aQGC couplings
—access to dim-8 operators

PRD 108 (2023) 032017

, . ‘ N e Wyy process: 5.6 ¢ observation
) % %“L\?:: e Muon channel rate: ~12.2+ 2 fb
, ? All measurements match SM

ATLAS-CONF-2023-005
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Projected data volume in future colliders

0.5/ab

ILC 250 GeV
5.6/ab
CEPC 240 GeV
1.0/ab

cLc 380 GeV
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WZgamma observation

VAAAAVA

7 ——\\AAAN 7 7 § ——
W
7 5
W 4
g ——
w ¢ W ——

Triple, quartic gauge boson vertices

Fiducial cross section measured with 6 sd significance: 2 fb (SM expected ~ 1.5 fb, 5 sd)

AVAYAVAVAVAR [Tg

ATLAS:2305.16994
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Simplified template cross section: STXS

e Cross sections for each production mode with specific final states, in bins of kinematic variables (eg. pTH N.

m.) in
exclusive regions of phase space. Specific bins have increased sensitivity to BSM. !

jets ’

e  Granular measurement of the cross section for each production mode — allows kinematics-dependent interpretations.

e Provide a common set of definitions for the combination of the measurements — inclusive over the Higgs decays

y . )
e Analyses presently most sensitive to ggH. CMorsmey BT

u tot stat syst
2
strategy _
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[ |
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CMS-PAS-HIG-19-011
JHEP 07 (2023) 088



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/
https://doi.org/10.1007/JHEP07%282023%29088

Statistical treatment

The combined results are obtained from a likelihood function defined as the product of the likelihoods of each input
measurement.

The observed yield in each category of reconstructed events follows a Poisson distribution the parameter of which is the
sum of the expected signal and background contributions.

The number of signal events in any category k is split into the different production and decay modes:

nzignal = Lk Z Z(O'le)(Ae)ff
A

the sum indexed by i runs either over the production processes (ggF, VBF, WH, ZH, ttH, tH) or over the set of the measured
production kinematic regions, and the sum indexed by f runs over the decay final states (ZzZ, WW, yy, Zy, bb, cc, ', u*u").
.C,( . integrated luminosity of the dataset used in category k.

(Ae)kl. . acceptance times selection efficiency factor for production process i and decay mode fin category k.

38



