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The Discovery of the Higgs Boson
A 30 year-long experimental enterprise

GGl for Theoretical Physics e

Marumi Kado

“Hap p y b Irth day H Iggs B oSO ’ Sapienza (Roma), CERN and LAL (Orsay) s L v,



A Packed Week!
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Run 3 started at 13.6 TeV !!

¢

\

ictures from

yesterday at CERN

News and



https://home.cern/news/news/cern/third-run-large-hadron-collider-has-successfully-started
https://cernbox.cern.ch/index.php/s/EacPckkCMFcJ8ya

A Packed Week!

Theinternational journal of science /7 July 2022

Join CERN in a historic week for
particle physics

Tune in to celebrate ten years of Higgs research at the LHC with CERN on 3 and 4 July. If

your hunger for physics hasn’t been satiated, stay to witness the start of Run 3 at the
LHC on 5 July

nature portfolio

nature > collection
Collection 04 July 2022
The Higgs boson discovery turns ten

The discovery of the Higgs boson was announced ten years ago on the 4 of July 2012 — an
event that substantially advanced our understanding of the origin of elementary particles’
masses. In this collection of articles from Nature, Nature Physics and Nature Reviews Physics
we celebrate this groundbreaking discovery and reflect on what we have learned about the

Higgs boson over the intervening years.




Outline

Theinternational journal of science /7 July 2022

1.- Preamble

2.- A Marvel of Technology

3.- Performing well beyond expectations
4.- The Higgs discovery

5.- Status of Higgs Physics at LHC

6.- The Essential Role of TH Predictions
/.- Early evidences for Rare processes

8.- Making the Impossible Possible




Important References

50 years of hadron colliders at CERN symposium
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50 years 2\ )
of Hadron Colliders
at CERN
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Pre-register at https://indico.cern.ch/event/1068633/
Pre-registration does not guarantee entry.
Full details available on the Indico web site

Higgs 10 symposium at CERN

years

HIGGS boson

discovery


https://indico.cern.ch/event/1135177/timetable/
https://indico.cern.ch/event/1068633/timetable/

1.- Preamble




Four decades of Higgs Searches

No idea what the mass of the Higgs Boson should be except for VV scattering unitarity and triviality <1 TeV

- 0% — 0" transition in 1°0 or ?1*Po where A ¥ — A¢

K" — 7n%¢_ ,+,- and pion decays 7" — " ve

Kaon decays A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

—ete™?

*
John Ellis, Mary K. Gaillard ) and D.V. Nanopoulos +)
CERN -~ Geneva

- (g —2), and muonic atom transitions

- Neutron-Nucleus scattering (nPb) exclusion

- Pion-proton and photon-proton scattering

Tue Hicas

HuNTER’S
- Cosmological Constant considerations from the minimum of the potential after G
breaking UIDE

- Kaon decays K — 7@ ... also B and Y decays

- Microwave background observations

- Early pp colisions (ISR) then of course SpS, SppS, and the Tevatron...

John F. Gunion

- ete™ (low direct cross section) ACO, SPEAR, DORIS, PETRA and of course LEP1,2 Howard E. Haber
(Up to 209 GeV) Gordon Kane

Sally Dawson




Four decades of Higgs Searches

GFitter 2011
. N 20 | | | | i | | | | | | | | | =1l
LEP2 provided an absolute lower X TR |4 4P =
imit at 114.4 GeV/! 18 | / X :
& & / -
16 / ’/ """""" /:\/ """"""""""""""""""""""" — 40
The Tevatron had a good sensitivity 1al = E b s =
in the mas region around 160 GeV! | St -
12 '“l/ ]
| 10 | 3 ‘ —
After 30-40 years of searches, in = C - EEEEEEEEEEEEEEE L -l e 4130
2008 the tension was culminating! 8 —
6 [ —
. ' Pve | Pa Theory uncertainty =P
The low mass region (115-150 GeV) , — Fitincluding theory errors 1"
was clearly one not to be missed... 2 | ---- Fit excluding theory errors —
-------------------------------------------------------- 1 1o
| | l | | | | | | | | | | L
100 150 200 250 300

... and of course there was the “no-lose” theorem!


https://arxiv.org/pdf/1107.0975.pdf

2.- A Marvel of Technology




The LHC a « Marvel of Technology »

27 km tunnel originally built
for the LEP collider
at an average depth of
100m - lowest point 175m
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LHC facts sheet see:
LHC 27%km"

http://cds.cern.ch/record/2255762



http://cds.cern.ch/record/2255762

The LHC a « Marvel of Technology »

First mention of the LHC in 1977 by sir John Adams (former CERN director) as an option of a superconducting
hadron collider to be hosted in the LEP tunnel (requesting that the LEP be made large enough to host a proton collider
of at least 3 TeV beam energy). That was a period very busy with extremely important physics results.

- 1984-88:. CERN and ECFA workshop in Lausanne, LEP tunnel completed ‘it all started with the CERN — ECFA Workshop

(Europe’s largest civil engineering project prior to the channel tunnel). in Lausanne on the feasibility of a hadron
collider in the future LEP tunnel’ Peter Jenni
- 1990-92: workshop in Aachen (definition of the main discovery channels),

ATLAS and CMS letters of intent.

- 1993-94 Cancellation of 40 TeV SSC, 10m prototype magnet reached 8.73 T
and approval of the LHC

- 1997-98: ATLAS, CMS, LHCb and ALICE experiments approved.
- 2003-05: Caverns completed installation started.

- 2007-08: LHC dipoles installed in LHC (after having been stocked in parking
lots, individually checked at SM18), experiments installed...

10 September 2008 Start of the LHC

Since 2009: 12 years of successful operations and landmark results!



Immediately on to the next project: HL-LHC

--) LHC/HL-LHC Plan HL-LHC design study in 2010 and approved y the CERN Council in 2016!

LHC HL-LHC

—

Run 1 ‘ ‘ Run 2 ‘ ‘ Run 3

136 7oV 156 14 ToV

13 TeV ——— e — ————————— energy

Diodes Consolidation

8 TeV splice consolidation cryolimit LIU Installation _ _ HL-LHC
e button collimators interaction , inner triplet ) .
R2E project reg|ons Civil Eng. P1-P5 pilot beam radiation limit installation
l 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 "IIIIIM
510 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS —
beam pipes : : : : HL upgrade
nominal Lumi 2 x nominal LurrLI ALICE - LHCb | 2 x nominal Lumi

Yo nominal Lumi I /‘ upgrade
/
luminosity JEIR{ o3

|IC TECHNICAL EQUIPMENT:

DESIGN STUDY ":" PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

Major machine and detector upgrades have already started In
preparation of the high luminosity phase!



« The most ambitious scientific experiment in history »

Unrivalled at the Energy Frontier
13 TeV (centre-of-mass energy)

Outstanding at Intensity Frontier
Record Luminosity* of 2.14 X 10°* cm?s ™!

The LHC is « the most ambitious

scientific experiment in history »
An Zeptospace Odyssey G. Giudice

protons
antiprotons

electrons

LEIR

LINAC4

*Surpassed in June 2020 by SuperKEKB at 2.2 X 10°* cm?s~!



« The most ambitious scientific experiment in history »

Unrivalled at the Energy Frontier
13 TeV (centre-of-mass energy)

Outstanding at Intensity Frontier

Record Luminosity* of 2.14 X 10°* cm?

S—l

LHC nano fact sheet

-  Circumference of 27 km;

- 9300 Magnets (1232 bending dipoles) reaching 8.3T Alice””
with current of 11,400 A;

- Beams are made of trains of 2808 bunches containing
approximately 100 Billion protons each; Bunches are
separated within trains by 25ns (approximately 7m).

protons
antiprotons

Each proton has the kinetic energy of a mosquito and the ons
total energy of the beams is 350 MJ ~ 1 TGV a 150 km/h. e

LEIR

LINAC4

*Surpassed in June 2020 by SuperKEKB at 2.2 X 10°* cm?s~!



Construction and Commissioning of the LHC

LHC Operation challenge:
Unprecedented beam energy and luminosities
(for a hadron machine)

Main challenge : Stored beam energy 2
orders of magnitude higher than previous
machines... 350 MJ

Total stored energy in the magnets (11 GJ,
enough to melt 15 tons of copper)




Experiments: Vision of the Founders!

A very sumplifiedd summary:

detector accesstble
sSygnature. physics process
'/,(,i H>22 - .4 /at

Z'» e (95, 7)

compositeness
5, é (Airect decoys)
jet = roscopy
e, /4:/ Je‘s » /a;_ aclkl: 4 x rate H-»ZZ—»if_t
(ror -)rmagretic 2 x reate H>ZZ-»E8v9
cerntral part 2x rate =z, W’
(recduced +racking) g, (alsc cascade

olecays )
mass resoldonr

et

(-_E'? /af/ 3 t/ rers ol add: more. rectndanc:
Fedl mormertiom and cross-checks

arcl tradkdrg on above

H? |, susy—H,

hecyry floveer tczgs_”-

B

Leptor detection at LHC. (s
cruceal . Small rates care
expecteo| for many potential
sygrals

Muons cre relatwely eacy

to dlolentify but hadl o
weaswuwe. well

( precise. . mMEQELUreMerTts
miay mear; hwundreds of MC/-IF')

Electrons are relatwely easy
o measwe but harol 4o

lolmwishy b &S
( ractiaticr -tarel tnner—
6[2:6&4:‘.60/—)

Lepton (colation oriterta are.
alec triportast te reject back-
gr'aunds SFrom heavy Flavocer—

Aecays

Higgs, SUSY and more
scenarios provided a wide
breadth of possibilities...

... to design detectors with
broad capabilities!

It is thanks to the vision of the
founders in the mid-80’s that
the LHC physics program is
be so broad!

P. Jenni, Higgs10 symposium



15 Years of Design
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General Purpose Detectors: ATLAS

ATLAS nano fact sheet
- 25m Diameter and 44m length

- Qver 7000 tons

- 0O(100) Million readout channels

ell ) \\!,\"‘ "3:; )y )

i = NN N\
i" s ik o 3 K :'\ \
,(, ’,;-"’l e | \
/f 2\

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters

Muon chambers

Solenoid magnet | Transition radiation tracker
Semiconductor tracker

CMS nano fact sheet

- 15m Diameter and 21m length
- 14000 tons

- O(75) Million readout channels

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 ym?*) ~1 m* ~66M channels
Overall length :28.7m Microstrips (80-180 pm) ~200 m* ~9.6M 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

— N
CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)

~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA

Brass + Plastic scintillator ~7,000 channels



General Purpose Detectors: ATLAS

Sub System

Design

Magnet(s)

Solenoid (within EM Calo) 2T
3 Air-core Toroids

Solenoid 3.8T
Calorimeters Inside

Inner Tracking

Pixels, Si-strips, TRT
PID w/ TRT and dE/dx
Opp /PT ~ 5 X 10~ 4pp @ 0.01

Pixels and Si-strips
PID w/ dE/dx
Opr /DT ~ 1.5 X 10~ 4pr @ 0.005

EM Calorimeter

Lead-Larg Sampling
w/ longitudinal segmentation

og/E ~ 10%/VE & 0.007

Lead-Tungstate Crys. Homogeneous
w/0 longitudinal segmentation

og/E ~ 3%/VE & 0.5%

Hadronic Calorimeter

Fe-Scint. & Cu-Larg (fwd) = 11Ag
ocg/E ~ 50%/vVE @ 0.03

Brass-scint. > 7Ao & Tail Catcher
ocg/E ~ 100%/vE & 0.05

Muon Spectrometer System
Acc. ATLAS 2.7 & CMS 2.4

Instrumented Air Core (std. alone)

opp /PT ~4% (at 50 GeV)
~11% (at 1 TeV)

Instrumented Iron return yoke

opp/PT ~ 1% (at 50 GeV)
~ 10% (at 1 TeV)



10 Years of Construction
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Years of Construction
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Conditions for Approval

C. Llewllyn Smith CERN Director General 1994-1998
50 years of hadron colliders at CERN symposium

- Approval of the LHC depended on

- Robust scientific case (exploration of large new domain*, with good
reasons to expect discoveries)

- Unigueness
- Unanimous support of world particle physics community
- Technical success of CERN

- No budget bump (imposed)

*The breadth and diversity of the scientific program of the LHC not only in Higgs physics and well beyond
(require a series of seminars) is worth emphasising!


https://indico.cern.ch/event/1068633/timetable/

3.- Performing well beyond expectations



Not precisely the expected start...

% 1 September 2008 19 September 2008

End of the world due in nine days

... hot the end of the world, but 700 m damaged area with 39 dipoles and 14 quadrupoles and beam
vacuum affected over 2.7 km, 1 year repair and LS1 to consolidate interconnections!




Delivered Luminosity [fb™]

Recorded Luminosity [pb/0.1]

Performing well beyond expectations!

Record 2018

More than 60 fb™' collected by experiments

- DN W b~ OO O N o
o O O O o o o o

~  ATLAS Online Luminosity

— 2011 pp Vs=7TeV
— 2012 pp Vs =8 TeV
e 2015 pp Vs =13 TeV
—— 2016 pp Vs =13 TeV
—— 2017 pp Vs=13TeV

m— 2018 pp Vs =13 TeV

j

uoneIqIEd 8102 [eNu]

—

600

500

400

300

200

100

oct
Month in Year

IIII|IIII|IIII|IIII|IIII|IIIIL

10

20 30

40

ATLAS Online, 13 TeV ﬁ_dt=146.9 fo

50

2015: <u>=13.4
2016: <u>=25.1
2017: <u>=37.8
2018: <u> = 36.1
Total: <u> = 33.7

IIII|IIII|IIII|IIII|IIII|IIIIT

uoliieiqiied 61/¢

60 70 80

Mean Number of Interactions per Crossing

Run 1:7 and 8 TeV and of ~20 fb-1 Pile-Up ~30

However impressive, to get to
3000 fb™' would require
50 full years of running the LHC!

Parameter

Run 2 : 13 TeV ~140 fb~1 Pile Up of ~30-40

N flkyy

b

471'6*8]\[

Nominal

CoM Energy 7/ TeV 8 TeV 13 TeV 13 TeV 14 TeV 14 TeV

Np 1.1 101 1.6 1011 1.2 101 1.2 101 1.15 10M 2.2 1011
Bunches k 368 1380 2300 2500 2808 2760
Spacing 150 ns 50 ns 25 ns 25 ns 25 ns 25ns
€ (mm rad) 2.4-4 2.5 2.6 2.6 3.75 2.5
B* (m) 3.5 0.6 0.4 0.4 0.55 0.15

L (cm-2s-1) 2x1032 ~7x1033 1.5x10383 2x1034 1034 8x1034
PU ~2 ~30 ~30 ~50 ~25 ~130

LHC performed well beyond expectations!




Trigger, DAQ and Software Challenges

- Trigger Challenge : select ~400-1000 out of 20M events per |
second while keeping the interesting (including unknown) physics e CER Comptmg Center

e — -

= ;

h

..........

" bemmBa v Y / /

- Read out and reconstruct approximately O(100M) electronics _ | e Y
channels at ~1-2 kHz.  Raw event size ~1.5 MIB =

-  Computing Challenge : reconstruct, store and distribute 1000

complex events per second and the very large amount of simulation (over
750 PB disk and 1200 PB tape - Grid of 1M Cores).

- Analysis Challenge : Maintain high (and as much as possible stable)
reconstruction and identification efficiency.

- Deep Learning : Ideal environment to develop Machine Learning

techniques: in particular in areas such as trigger, reconstruction, object C _ id and .
identification, calibration and Pile up Mitigation. omputing grid and computing resources management

performed well beyond expectations!



Performance Achievements: Trigger

- Run 1 and Run 2: So far excellent trigger and object reconstruction performance in
increasing levels of PU. Trigger Thresholds kept relatively stable throughout.

- The gain in acceptance and in performance with new detectors (to improve PU
mitigation), new algorithms and new computing capabilities is expected to at least match
current experimental performance.

- Keeping Trigger thresholds at similar levels
- Object reconstruction performance (efficiency vs rejection and energy scale and resolution) at stable levels.

- Challenge to come: improve calibrations not only with more data to come but also improved strategies.

Menus at LHC and for HL-LHC

Signature Run 1 Run 2 HL-LHG - Increase readout rate 750-1000 kHz (currently 100 kHz).
Smgle e (isolated) 25 2/ 22/ 27 - Increased latency and higher granularity.
Single photon 120 140 120"
HT 700 700 375 / 350 - Enhanced data processing capabilities, storage rate up
MET 150 200 200 to 10 kHz (currently 1-2 kHz).

From A. Sfyrla LHCP 2018



Performance Achievements: Object Reconstruction

1fb1 (13 TeV)

> 1_2_! [ rrrryrrr oo T T ]
o i : B ] Q 1-2_1'"I""l""_l'."'l‘"'l""l""l""l""I"'r_
Electrons, photons and muons = 11_(2:0'\1"53ppdata|[:1|2224GeV ...... 1 e E ‘[{ms Prelminary ®Z-lty Datal7 -
- Multivariate methods used for identification (at many levels) IZN 1 5 T e ctoocev SZsIyMC
and calibration = £ F oWl<1s7,152< <237 E
- In-situ calibration using Z, W, J/Psi and Upsilons S osf =
’ ° VA el S S SO
= ' [i= O ’
Jets/MET 8 o7 E
els - Unconverted vy, FixedCutLoose .
0.6 . . =
- JES in situ uncertainty reach ~1% level already (central and - Withoutbkg sublraction - 2
intermediate pT range) — using Z, y and multi-jets. Q 104 ] 6:i G :r_l='-j_—
- PU mitigation using associated tracks (jets and soft term in go.gé & 00935‘"“
MET) A 096 w 10 15 20 25 30 35 40 45 50 55 u60
<u>
Number of vertices
Taus P 70_, LA I B s I B LI e B I B ,4?93, Rb,-1 I(1,3,T,e\,/_) b 1_4 rrr[yrrrryrrrr[prrrr [ rrrr o 7T
. . . . > - i = - : B
- 0 ~ o - CMS ¢ data, AKB PFCHS - o - ATLAS Preliminary OS ey events -
BDT and I.RNN.based identification (70% eff. and ~50 rej.) 8 gol Preiminary | e A8 P PUPPI S 12] 1s=13TeV, 431" thenriched sample -
- In-situ calibration based on Z events A, [ PTE100CeV.mI<13 ¢ MC,AK8 PFCHS - S | ]
E 50 ¢ MC, AK8 PF PUPPI _] E 1= B
Y : ¢ MC, AK8 PF SK ] f‘;‘ - Jetp>25GeV .~ o .« -
401 —— 2 0.8 b
B- and C-jets £ e > [ '
B [ T E B &
. G . . 30=—= P = E 06l -
- In-situ calibration of b-tag efficiency (using top events and/ e e b g s S — .
or diet events) 20|~ 4 D gl Het PR GeN =
- DL techniques from low level variables bring significant 10:_W|th LAl Bl MAsS and .MI:_F E : T P
- - become more stable vs. pileup! - e e ssmaea :
Improvements i camlivnyo Losselpmonliyesnlsceslomnd Jet p >100 GeV :
(v v b b b b by g g 1]
0 5 10 15 20 25 30 35 00 10 20 30 40 50 60

number of reconstructed vertices .
Pileup W)



Performance Achievements: Object Reconstruction

Electrons, photons and muons

- Multivariate methods used for identification (at many levels)
and calibration

- In-situ calibration using Z, W, J/Psi and Upsilons

Jets/MET

- JES in situ uncertainty reach ~1% level already (central and
intermediate pT range) — using Z, y and multi-jets.

- PU mitigation using associated tracks (jets and soft term in
MET)

Taus

- BDT and RNN based identification (70% eff. and ~50 rej.)
- In-situ calibration based on Z events

B- and C-jets

- In-situ calibration of b-tag efficiency (using top events and/
or diet events)

- DL techniques from low level variables bring significant
Improvements

Light jet rejection - b tagging efficiency ¢ = 70%

Initial tagger based on track impact parameter
ATLAS-CONF-2011-102

H JetProb 2010

Impact Parameter (IP) and Secondary Vertex (SV) tagger
ATLAS, JINST 11 (2016) P04008

H IP3D-JetFitter/SV1 2011-2012

Tagger combination based on MultiVariate method (MV)
ATLAS, JINST 11 (2016) P04008

H MV1 2014

MV tagger after IBL insertion at Run 2
ATLAS, JINST 13 T05008 (2018)

HMvzczo - IBL 2018

Deep Learning Neural Network tagger
ATLAS, Eur. Phys. J. C 79 (2019) 970, Eur. Phys. J. C 81 (2021) 1087

GN1 2021

Graph Neural Network tagger
ATL-PHYS-PUB-2022-027

H DL1r* 2019

* Variation in efficiency due to lower jet threshold and improved charm rejection

200 400 600 800 1000 1200 1400 1600
Light jet rejection factor

Reconstruction performance: Well calibrated, robust to PU
and... well exceeding expectations!



4.- The Higgs discovery




Evolution of Sensitivity

ATLAS CSC 2008

o 18
ATLAS TDR 1999 TLAS E—
® S b . 77" & 4
= r S L=10fb ”
© » 14
= | B H = yy o
S B
S A ttH (H — bb) g 12
LHC Workshop, Aachen, October 1990 = i . % 10
T r ¥ T -S) 102 A H — WW(.) % lvly 8
: _
| — Total significance
[ 6
&- 16 TeV d |
100 fb-" L [Ldt=30fb" 4
-3 v . | (no K-factors) o /i
= I Vs=14 TeV ol
3 100 200 300 400 500 600
4 o m,, (GeV)
g My~ 170 GeV
€0 evemns © 18
u.: e ATLAS — Combined
’%‘ e ¢ el . z"
s 2B i S| L=10M
= ‘_ Li\?"g/ g
g 12|
e 200 S 10 |
8 |
6 |
4 +
1 | | | 1 | | 2
100 200 .
my, (GeV) 100 120 140 160 180 200 220

m,, (GeV)



Bread and Butter Discovery Channels

Highlight features

- Excellent calibration and resolution
- 0~y Rejection, requires a
rejection of jets of ~10,000

ATLAS Preliminary ¢ Data
Vs =13 TeV, 139 fb" — Fit

Background

Events / GeV

©
-
>
O
| -
(@)
X
O
4V
m
Qv
e
QY]
O

150 160
m,, [GeV]




Bread and Butter Discovery Channels

Arbitrary Units

>
)
Q)
A
e,
(72)
e
-
)
>
L

H—>Z2Z*—4e Golden channel
m,, = 150 GeV/c®

Highlight

-~ lowest p_electron _ feature: Very low

— highest p_electron rate! Efficiency is
key, lowering pT
threshold on
trailing lepton!

80 100 120

pﬁ, [GeV/c]
137 fb' (13 TeV

¢ Data
[ 1 H(125)
C1a9—4Z4, Zy°
N gg—~Z7Z, Zy*
B EW
T Z+X
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Events /3 GeV

20
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The ZZ Channel Historical Perspective
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Event:
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4 muon event
with mass 124.4
GeV, one Z mass
of 89,3 GeV and
the lower mass of
33 GeV, one
electron, four jets,
lowest pT has
tight b-tagging.

s/b ~ 30




Discovery Channels

WW(lvlv) candidate event Run 2
GOoollllllllll'llll||||||||
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A Textbook and Timely Discovery

Summer 2011 EPS and Lepton-Photon:
Still focused on limits.

December 2011 CERN Council: First hints.

Summer 2012 CERN Council and ICHEP:
Discovery!

December 2012 CERN Council:
Beginning of a new eral!

v/ Strongly Motivated

v Significance increased with luminosity
to reach unambiguous levels

v Two experiments

v Several channels

10" Summer 07/2011 i
;g CMS Prel. [20] '8 =7 T?V
0L ATLAS Prel. [21] JLdt-1fo
10
Q.o 1 - -—--- m. - .-
- P R o
10™
- 10° /
10°
10°
10°
107
10" )
10" &
10" @ Spring 2012 .
‘0" CMS [25] Is=7TeV

2 1
“F  —— ATLAS Prel, 28] Jlot=5f

o Council/ICHEP 07/2012 7
and 8 TeV
CMS Prel. [23] ) ;
— ATLAS Prel, [22] Jidt-10fb

7 and 8 TeV

fldt- 250"

HCP/Council 2012
~ CMS Prel. [24]
~—— ATLAS Prel. [23] &

110 115 120 125 130 135 140 145 150

m. [GeV]

Higgs Discovery announcement July 4, 2012

“Understanding the mass of
subatomic particles” [full]

Francois Englert and Peter Higgs


https://www.nobelprize.org/prizes/physics/2013/summary/

5.- Status of Higgs Physics at LHC


https://pdg.lbl.gov/2022/reviews/contents_sports.html

HL-LHC is a Higgs Factory

Outcome of the 2013 European Strategy: HL-LHC!

European Strategy 2012-2013 Recommendations

HL-LHC is a Higgs factory ~160 M Higgs events

In comparison Future ee up to ~1.3 M Higgs Events, but much cleaner and « usable » events

Process ggF HH ttH
13 TeV / 8 TeV 2.3 2.4 3.9
13.6 TeV / 13 TeV 7% 11% 13%

14 TeV / 13.6 TeV 6% 7% 7%



https://indico.cern.ch/event/218030/contributions/450426/attachments/350864/489101/European-Strategy_EPS-ECFA.pdf

Higgs boson (main) Production Modes

Production rates at Run 2 (13 TeV) for ~150 fb~1 Decay branching fractions
W, Z
9 0000 Br(H - WW*) =22 %
I B _[_{ B Gluon fusion process H ____
~8 M events produced Br(H — ZZ%) = 3%
s W, Z*
X — g ‘ Vector Boson Fusion
I f Two forward jets and a large rapidity gap v, Z
q q ~600 k events produced Br(H - yy) =02 %
< < H o

Br(H —» Zy) = 0.2 %

W and Z Associated Production
~400 k events produced

b.c.t.u  Br(H — bb) = 57%

g R { . Br(H - t7t7)=63%
\ ___H Top Assoc. Prod. - Br(H — cc) =3 %
. 3 ~80 k evts produced b,c,T, [k Br(H — u*u~) = 0.02%




Nano Overview of Main Higgs Analyses at (HL) LHC

Most channels already covered at the Run 2 with only 5% (~150 fb-1) of full HL-LHC dataset!

Remaining to be
observed

Limits

Channel
categories

Br

ggF

9 00000
H
vt - - — -

9 0000

~8 M vets produced

q

q

VBF

q

. L.
> >
< é <
< <

- H
q

~600 k vets produced

~400 k vets produced

~80 k evts produced

Cross Section 13 TeV (8 TeV) 48.6 (21.4) pb* 3.8 (1.6) pb 2.3 (1.1) pb 0.5 (0.1) pb
A", 0.2 % v v v v
ZZ 3% 4 v v v
WW 22% v v 4 4
TT 6.3 % 4 v 4 v
bb 55% 4 v 4 v
Zy and yy- 0.2 % v v v v
U 0.02 % v v v v
Invisible 0.1 % V' (monojet) v v v

*N3LO




Precision Higgs Couplings Measurements

How elementary is the Higgs Boson?

ATLAS - CMS Run 1 ATLAS CMS Current . T .
combinationu Run 2 Run 2 precision Minimal Composite Higgs scenarios
2m?
__ V
gHVV = — \/1 —v?/ f?
K 119 1.05 + 0.06 1.02 +0.08 6%
W § . Amf > 9TeV
K7 11% 0.99 + 0.06 1.04 £ 0.07 6%
Nature 607, Nature 607,

52-59 (2022) 60-68 (2022)



Precision Higgs Couplings Measurements

How elementary is the Higgs Boson?

ATLAS - CMS Run 1 ATLAS CMS Current . . . .
o . o o orecision Minimal Composite Higgs scenarios
2m?
K, 13% 1.04 +0.06 1.10+008 6% gHVV = UV\/l —v?/f?
A f 2 9TeV
K 14% 0.95 = 0.07 0.92 + 0.08 7% |
g ° Probing new particles through loops
g,yorZ
H ____

87

KZ;/ i 1.38%5%, 1.65 £0.34 30%

Nature 607, Nature 607,

52-59 (2022) 60-68 (2022)



Precision Higgs Couplings Measurements

ATLAS - CMS Run 1
combination

Kt 30%
Ky, 26%
K. 15%
Kﬂ -

ATLAS
Run 2

0.94 £0.11
0.89 £0.11
0.93 £0.07

0.25
1.067 32

Nature 607,
52-59 (2022)

CMS
Run 2

1.01 £0.11

0.99 +£0.16
0.92 £ 0.08

1.12 +0.21

Nature 607,
60-68 (2022)

Current
precision

11%
11%
8%

20%

How elementary is the Higgs Boson?

Minimal Composite Higgs scenarios

2mé,
_ 1 — 2/ f2
gHVV = — \/ vi/f

A f 2 9TeV

Probing new particles through loops
g, yors

g7

Probing the Flavour Hierarchy
through the Yukawa couplings!



Precision Higgs Couplings Measurements

45

Vs = 14 TeV, 3000 fb' per experiment

Total ATLAS and CMS
ATLAS - CMS Run 1 ATLAS CMS Current 1) LI HC — Statistical HL-LHC Projection
combination Run 2 Run 2 precision —— Experimental
— Theory Uncertainty [%]
4% Tot Stat Exp Th
K}, 139%, 1.04 +0.06 1.10 + 0.08 6% 1.8% K, =] 1.8 08 1.0 1.3
Ky 1% 1.05 + 0.06 1024008 6% 1.7% Ky B=_| 17 08 07 13
K 119% 0.99 + 0.06 1.04 £ 0.07 6% 15% Kz E_| 15 07 06 12
K, 14% 0.95 % 0.07 0.92 +0.08 7% 2.5% Kg= Ly ub o A2
K, 30% 0.94 +0.11 1.01 +0.11 11% 3.4% KiE=_ 34 09 11 31
K}, 26% 0.89+0.11 0.99+0.16 1%  37% Keb=__ | 37 13 13 82
K, 15% 0.93 £ 0.07 0.92 +0.08 8% 1.9% K B=.| 19 09 08 15
K, - 1.06+023 1.12+0.21 20%  43% KnE=— 43 38 10 17
Kz, - 138031 1.65 + 0.34 30%  98% Kz 0.8 72 17 64
0 002 004 006 008 01 0.12 0.14
11% 0 .
Binv < 1% < 167 ° 297 Expected uncertainty
Nature 607, Nature 607, TH Uncertainties dominant

52-59 (2022)

60-68 (2022)

(assumed to be 1/2 of Run 2)




Measurement of the Higgs Boson Mass

Most precise measurement from CIMS: Latest measurement from ATLAS:
CMS
Run 1: 5.1 fb" (7 TeV) + 19.7 b (8 TeV) —— Total Stat. Onl
2016: 35.9 fb (13 TeV) y ATLAS* —.— ;‘t’;‘;‘" il
Total (Stat. Only) ‘(I-l — LL" — 4 P 1 Sys.- Only
Run 1 H—yy — 124.70 = 0.34 ( = 0.31) GeV S 13 TeV, 139 1b i
Run 1 He> ZZ— 4] ———%  125.50 = 0.46 ( = 0.42) GeV 4e i 2 ’ 124.51£0.73 (£0.73 Stat)
Run 1 Combined 125.07 = 0.28 ( = 0.26) GeV 2u2e : -a- 1 125.33 £ 0.50 (+ 0.49 Stat.)
2016 H—yy 125.78 + 0.26 ( = 0.18) GeV 2e2) —e— 125.01+0.29 (£ 0.29 Stat.)
2016 H— ZZ— 4| 125.26 = 0.21 ( = 0.19) GeV m — 124.93 + 0.29 (+ 0.28 Stat.)
i 125.46 = 0.16 ( = 0.13) GeV B ]
s 316_C(£bfd_ = _( L )_ e_ _ Combined —— 124.99 £ 0.19 (£ 0.18 Stat.)
Run 1 + 2016 125.38 + 0.14 (= 0.11) GeV Ittt il 1
Run1+2 —e— 124.94 +0.18 (+0.17 Stat.)
IIIIIIIIIIIIIIIIIIIIIIIIIII|IIII|IIII!II llllllllllllllllllLllLlllllllllllllllllllllllll
122 123 124 125 126 127 128 129 123 124 125 126 197

Systematic uncertainty (dominated by
muon momentum calibration) of 30 MeV!


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://arxiv.org/pdf/2207.00320.pdf

What have we Learned from Knowing its Mass?

47

Precision measurements allow to make predictions!! = AL M T T T [ B
- : — 68% and 95% CL contours 5
Assuming th.e SM, the top quark mass anq Higgs boson mass O, gos Y Fitwio M, and m measurements e -
were (approximately) known before being discovered! = L Fit w/o M,,, m and M, measurements ®0.50,,., GEV d
80.45 _ [ Direct M, and m, measurements ]
7 L y
Nx 10 - | | l', | | l | :‘I | I | I T I = g 80.4 :_ /,"/\T—
< oW Ry At 430 = 0 e -
8 — SM fit w/o M, ; megsurements = 2 80.35
= ~ SMfit w/o M, and M,, measurements 5 3 - .
7 L . - o 80.3— e
= »  —#F LEP [arXiv:1302,8415] = L .
6 ,  —# Tevatron [afXiv{1204.0042] = N N T
— 1 . = R W W W = -
5 . - ATLAS [ERJC['8, 110 (2018)] = A 1
= v : = 140 150 160 170 180 190
4 =\ ‘bbb P gy = 20 Predicted top quark mass m, [GeV]
35 ;. : LHCb 7 80.354 +£0.032 GeV
: H - CDF new
) = | E 80.434 + (0.009 GeV The knowledge of the Higgs mass has
1 C TN oo — e —1o —_— large impact on the precision of indirect
0-—— : VAR S B R, R R measurements!
80.34 : 80.36 80.38 80.4 80.42 80.44
5 o :, M,, [GeV] The current level of precision on the Higgs
E E W mass has little impact on this.

EWfit : 80.356 = 0.007 GeV



6.- The Essential Role of TH Predictions




Modelling and predictions - an overarching question!

The dominant systematic uncertainties in a very large number of analysis: modelling and TH
systematic uncertainties.

The level of precision reached so far relies on a number of TH breakthroughs

- The « Next-to... » revolutions, and novel tools for automated calculations at higher orders
- Reaching N3LO-QCD precision (ggF, VBF and VBF-HH)
-  NNLO Monte Carlos (requiring NNLO-PS matching!)

- Up to N3LL resummation matched to fixed order

- IR and Colinear safe fast Jet reconstruction algorithms

These are one of the most important pillars of precision at the LHC, and Higgs physics in particular.



The Importance of the Higgs Boson HO corrections

\/g =13 TeV * From iHixs
* F. Wilcek I
LO | J. Ellis, M.K. Gaillard, D.V. Nanopoulos, C.T . Sachrajda : 1977 - 1980
H. Georgi, S. Glashow, M. Machacek, D.V. Nanopoulos .
T. Rizzo :
NLO - QCD* !
S. Dawson | : 1 991 - 1 995
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas :
NNLO+NNLL QCD - NLO EW | : 2002 - 2012
S.Catani, D. de Florian, M. Grazzini and P. Nason :
S. Actis, G. Passarino, C. Sturm, S. Uccirati "
Harlander,Kilgore; Anastasiou, Melnikov :
Ravindran, Smith, van Neerven "
N°LO - NLO EW | 2016
C. Anastasiou et al. .
ATLAS Collaboration Run2 . 5
Nature 607, 52-59 (2022) : 2022
CMS Collaboration Run 2 -—i-—-
Predictions for m_= 125 GeV Nature 607, 60-68 (2022) :
| | | | | | | | | | | | | | | | | | | | | | : | | | | | | | |
10 20 30 40 50 6

Ogqr (PP — H+X) [pb]



The Importance of the Higgs Boson HO corrections

| | | | | | ¥ | | | | | | | | | | | | | | | | | | |
y

— ggF
—— VBF+VH
—— ttH
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| [
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- Inclusive Higgs production has large higher order corrections

- Transverse momentum and/or additional jets bring invaluable
additional signal-background discrimination (played an important
role in the discovery)

Differential di-photon Measurements!

Not only an

electromagnetic f@“ f@“

Process also non

trivial strong
. AVAVAVAVAV

dynamics! TP sl
: — | | | L | | | | | | L I | | | I =

: — —1 ]
5 - ATLAS  /s=13TeV, 139 fb Data —t—
O 1 : DIPHOX —— 3
= NNLOJET —— -
§10—1 SHERPA
2
o
©

10_3 = E
1074 & IE
16 E | | | E

© 1.4;— —;
s Tk | -
< 0.8 -
Q 0.6 =
— 0.4 =
0.2 =

0 Lo l 1 1 | R I 1 =

10 50 100 500

PTyy [GeV]

Importance of ancillary measurements!



Boosting the Higgs Boson!

137 tb™ (13 TeV) o
> 25000 I I A A L L L L L L T L ! 10 CMS Projectlon 3000 fb'1 (13 TeV)
8 - CMS W 1 S =w/ YR18 syst. uncert. (S2)
. - 450 <p_<1200GeV - Z . ) E Aa(p. > 600) / 250
; 20000-_ ;[:)eep' dOUb|?‘b tagger -;:}\tﬂultijet _ (\5 S T Ac(pl! >200) /120
= L. Rl s # Total background J e - ey Aa(p" > 600) / 250
(¢h)] - = H(bb), HH=3.7 - ~ 10_1 | L T
= e ¢ Data T T B o %
LI 15000 — - ¢ Combination v
L i % 107 ¢ H-bb A
10000 — D o[ 4 Hen
5000 — _ 107/ aMC@NLO, NNLOPS
3 ! " G, from CYRM-2017-002 - o
= BRcehmeswmeme: i3S i 10_5—i—lllllllllllllllllllllllllllllllllllllllll
ok S 1.5¢
2 4 B -
Tlg o I s s ' 3 i i
< SRR B b vt o e 2 :
O = 't-'g VI o P P P P P P I
4 o O 15 30 45 80 120 200 350 600
60 80 700 120 140 160 180 200 p! (GeV)
mg, (GeV)
Thought to be completely impossible! Yet can play an important role in the measurements of the

. . . . '
Expected H significance (ug =1) 0.70 inclusive production at high transverse momentum!

Observed H significance 250 Extremely interesting to for indirect NP constraints!



/.- Early evidences for Rare processes



CMS Experiment at the LHC, CERN
Data recorded: 2018-Aug-27 18:16:09.757504 GMT
Run / Event/LS: 321879 / 102476714 / 86

CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT
Run/ Event / LS: 323940 / 44997009 / 65

CMS Experiment at the LHC, CERN
Data recorded: 2018-Jul-14 22:42:55.530432 GMT
Run/Event/LS: 319639/ 961085861 / 624 '
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e l \

VBF

W
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CMS Experiment at the LHC, CERN
| Data recorded: 2016-Aug-05 11:38:36.759040 GMT
Run / Event/ LS: 278240/ 2307764905 / 1215

ttH

CMS Experiment at the LHC, CERN
Data recorded: 2018-Sep-30 16:00:48.744704 GMT
Run/ Event/ LS: 323755/ 1382838897 / 755
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Evidence for Second Generation Yukawa Coupling

Very challenging channel!

- Approximately 2k events produced but very small signal-to-noise
- Requires a very accurate description of the backgrounds.
- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Summary of all categories Estimate the background parameters through a fit of an analytical form!

137 b (13 TeV)

>  frrr I L ~> 4070 =R A N N N LA B BN
G *°F cms ¢ Data : o = ATLAS ¢ Data -
E 700 All categories — S+B (u=1.19) - o 600 ;— Vs =13 TeV, 139 b —'SI'_OtaI ?dfjf ;
o . [ S/S+B)weighted  ..... Bkg. component : P e : —olgnal p -
o — - -+
= eoo_ ™ = 125.38 GeV iy : = 500E H — pu, In(1 + S/B) weighted .- Bkg. pdf -
B 500 48 o : I 400 =
S 4nnk : g = =
2 400 g 300 -
Esooj— -2 2005_ -
g = - =
S 200 1005 =
“ 100F : | = -

O:IIlllllllllIIIIIlIIIIIIIIIIIIIIIIIlIIlI: %)
= 5 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_: |
S TERRNS - :
: _ N U L A i
D _5 IllllllllllIlI|llll|lIlllllllllllllllll_- T Y VY = Y Y P R I e ——

T P VT T ST yT e T 110 115 120 125 130 135 140 145 150 155 160
mw (GeV) muu [GGV]



Evidence for Second Generation Yukawa Coupling

Very challenging channel!

- Approximately 2k events produced but very small signal-to-noise
- Requires a very accurate description of the backgrounds.
- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Summary of all categories

CMS Result

Expected 2.5¢
Observed 3.0c

u=1.19 +0.43

Estimate the background parameters through a fit of an analytical form!

JHEP 01 (2021) 148

cMs
VBF-cat. I p=136"°
ggH-cat. I n=063""
fiH-cat. | 1=2327
VH-cat. | p=548"
I [ | .
SO 0

137 b (13 TeV) PLB 812
l I l l I I l Al I I l 0'44| ' I | | | | I | | | 1 I I | | | I | I | I | | | | I 1 | 1 1 I
Combined p =1.197, ATLAS {s=13TeV, 139 fb’ H — up
— Combined best fit p = — FedTotal | [Stat. [ Syst. | SM Total Stat. Syst.
_, -~~~ SM expectation
I 68% CL VH and ttH categories —+———1 5.0 +35 ( £33, +1.1)
95% CL N

’ ggF 0-jet categories —o—

ggF 1-jet categories o

ggF 2-jet categories o

04 +1.6 ( £15, +0.3)

06 +12 (+1.2, +0.3)

24 +12 (£1.2, £0.3)

- : VBF categories ] 1.8 +1.0 ( +1.0, £0.2)
= Combined e 12 £06 (£06, "g2)
| ] | ] | | ] l ] ] | | | 1 ] | | | | | | ] | ] | I ] ] ] ] |
..., —-10 -5 0 S 10 15 20
2 4 6 8 Signal strength
Best-fit 1

ATLAS Result

Expected 1.70
Observed 2.0c

u=12=x0.6

Result dominated by statistical uncertainty, but watch systematics!


http://www.apple.com/uk
https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

Evidence for H — yfﬂf‘

Run: 331951 Run: 339387
Event: 334662243 of e N Event: 812083095
2017-08-08 19:24:59 CEST PEAN B

E X P E R I M E N T 2017-10-28 09:47:43 CEST




Evidence for H — vy ¢~

NP Search initially made in this case in the

h 7 y+  dimuon channel only (in the low di-lepton
m< mass limit the shower of electrons merge).
Z/v" g ~1.7% of Br(yy)

Me+po— < 50 GeV

Key experimental challenge is to go to low dilepton mass this
required a new reconstruction technique:

Merged electron reconstruction where a calorimeter (electron-like) cluster
IS associated to two tracks and conversions are carefully rejected!

> i ' L | ! L | L | ' R ] E
% - ATLAS Simulation — Hoy*y—eeyyield 716 S
o 050 's=13TeV, 13910  — H—yy—uuy yield _314 2
5 | i
X 0'4;W —112 LJ>.J
3 I Signal efficiencies: ]
IR by —10
30'3__ + eey: NS AA“AAAAAAAA‘AAAA_ZB
§ I b ee merged g
< gof L ee resolved 16
% teg
[ -l. —14
0.1 3
i 2
02 s 50
107 i 10~ 1 10

Born-level m, [GeV]

Phys. Lett. B 819 (2021) 136412

30 TITIIIIllll]l]lll]l]lrl[lTllllllll‘l]lll]l'lfll
= --Bkg g

oL - Bkg+H—>yy 3
s . — Bkg+H—vyy + Sig (©u=1.5) il

20F

§\~

2 weights/ GeV

5 Vs=13TeV, 139 b o
- In(1+ Se/ By) Weighted sum i
-l 111 l 11 1 1 I | I I | I 11 1 1 I 1111 l | I T | I L1 1 1 I § I T | l L1 11 I 11 1 l-

D
|
——
|

Zw—Bkg
N O N

—r

10115 120125 130135 140145 150155 160
my, [GeV]

-0.1

3 X 3 categories
(VBF, high pT
ggF, low pT
ggF) & (ee
resolved, ee
merged, i)
Contributions

from J/y are
removed with a
mass cut

u=15+05=1.5+0.5 (stat.) *%2 (syst.) Expected 2.lo

Hexp = 1.0 £ 0.5 = 1.0 £ 0.5 (stat.) T (syst.) Observed 3.2¢

-0.1


https://arxiv.org/pdf/2103.10322.pdf

Searches for the H — Zy Decay Mode

Z-photon

HE W, W

Field tensor coupling not measured yet!

CMS Result

ggF, VBF, VH and ttH
enriched channels

Pz, =2.4%09

Expected 1.20
Observed 2.70

(S+B) weighted Events / GeV

S/

Data-B

N
o
o
o

N W
(= o
o o
o o

o

L -~
o o O
o O O O

To follow closely at Run 3 for first evidence!

Y
h . A ~ 2.3% of Br(yy)
Z/y* N g

CMS Preliminary 137 b (13 TeV)
il I T T T T I T T T T I T T T T I T T T T I T T T T I T T T I— > _l T | T | T T T T | T T T T | T T T T | T T T l_
- H—Zy m =125.38 GeV ¢ Data ; > C ATLAS .
L _ _ ] s < ]
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g_ E;Z . E _% 704 In(1+Sge/Bgg) Weighted sum _:
5 s :
5 1 I 60 E
2 E 50 =
3 . 40~ — Sig+Bkg Fit i
1 | . ol b b : _____ Bkg
SN T 'l""IB""I""bl"'d'_ et i L L L L i
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ATLAS Result

ggF and VBF enriched
channels

pz, =2.0£0.9

Expected 1.20
Observed 2.20



8.- Making the Impossible Possible



The Yukawa coupling to charm

61

outgoing particles

collision point _
proton beams /

An
jet reconstruction jet tagging

lllustration from Particle Transformer

Use of state-of-the-art ML techniques

Use “particle clouds” (with more info than only 3D
coordinates - 2D eta-phi, pT, charge, particle

Particle Net uses Dynamic Graph CNN



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
https://arxiv.org/pdf/1902.08570.pdf
https://arxiv.org/pdf/2202.03772.pdf

The challenging Yukawa coupling to charm

138 fb' (13 TeV)
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< 600 m s 13 e +20 -
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Boosted: 8.8 (exp) » 5 - T S e T
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Higgs boson candidate mass [GeV]

This result is very encouraging on the possibility of being sensitivity to this process at the LHC


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/

Off Shell HVV Couplings and Width

Higgs Boson width

Off Shell couplings

10000

100

do /dMyrwy [fb/GeV]

1le-06

1le-08

0.01

0.0001

g9 (= H) > W W+ — tolvy, Mp=125GeV |
 pp, /s = 8TeV, standard cuts _ %
- H|*+|cont|? -
—— |H+cont/?
- —— Hoffshell 1
—=== Ji7wa
— ]

300 400 500 600

Kauer-Passarino Mww [GeV]

Assumption of Standard Model and comparison to on shell allows for a
measurement of the width of the Higgs boson!

2 2 2 2
FH — Hoff shell X F%M (’ft ’{V)on shell — (’{t ’{V)off shell
Hon shell

Current measurement (CMS) PRD 99 (2019):

[y =3.2%7 MeV

Evidence for Off-Shell production at 3.60

F L 4 1 -+ 1.0 Preliminary HL-LHC results show that a reasonable
H — =*-L1_ 1.1 sensitivity can be obtained with 3 ab™’

at HL-LHC:

Remarkable result to follow closely at Run 3!
How much better can be done at HL-LHC?


https://inspirehep.net/literature/1119059
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-002/index.html

EXPERIMENT

SIATLAS

4b Candidate event



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/

HH Production and Higgs Self coupling

Higgs pair production through gluon fusion (and VBF) Multiple channels investigated: depending on the both Higgs
decays considering (bb, vy, tautau, WW) - All complex
topologies!!

ATLAS Preliminary ~— Observed limi
A Expected limit
Ogar + ver(HH) =32.7 fb = Expected limit +10
Expected limit +20
Obs. Exp
bbyy 4.2 5.7
bbttT~ 4.7 3.9
With the VBF production mode not only limits on «; also on k,y,
Bishara, Contino, Rojo - -
bbbb 5.4 8.1
Very similar analysis as the Off-shell Higgs couplings! Combined 5 4 X
F T BT B S BT SETEN A SN S A RS
Incredibly small cross section ~1000 times smaller than 0 5 10 15 20 25 30
Higgs production! but still more than 100k event will be 95% CL upper limit on HH signal strength

produced at HL-LHC!


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://inspirehep.net/literature/1497735
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/

HH Production and Higgs Self coupling

Higgs pair production through gluon fusion (and VBF) Multiple channels investigated: depending on the both Higgs
decays considering (bb, vy, tautau, WW) - All complex

topologies!!

NN R B N I R RN RN AN B N RN RN RN R N B

| | | I | |
ATLAS Pre]iminary = QObserved limit (95% CL)
Expected limit (95% CL)

Vs =13 TeV, 126—139 fbo- - (UxH = 0 hypothesis)

HH - bbt* T~ + bbyy + bbbb Expected limit 10

Expected limit £20

BE== Theory prediction
Y SM prediction

I

OggF + vBr(HH) [fb]
=

102F
With the VBF production mode not only limits on «; also on k,y,
Bishara, Contino, Rojo

Combined

1 S T T T Y TN A N B R T AT N TR SO N NN N B
n | | | s [ i 0 5 10 15
Very similar analysis as the Off-shell Higgs couplings! K
Incredibly small cross section ~1000 times smaller than Observed —04 < K, < 6.3
Higgs production! but still more than 100k event will be ATLAS

produced at HL-LHC! Expected  —1.9 < K; < 7.5


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://inspirehep.net/literature/1497735

HH Production and Higgs Self coupling

Higgs pair production through gluon fusion (and VBF) Multiple channels investigated: depending on the both Higgs
decays considering (bb, vy, tautau, WW) - All complex
topologies!!

At HL-LHC
ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)
12— ,
:‘C, : SM HH significance: 4o i Combination
Z 10 '-' 0.1<Kk1<2.3 [95% CL] : B
Y | 05<Kki<1.5[68% CL “=== bbyy
99.4%cL 8 i | . ' bbr
E A "~ bbbb
6}
P bbzzZ*(4l)
95% CL 4= _ 1} “= BVV(Iviv)
With the VBF production mode not only limits on k; also on k5, 25\
Bishara, Contino, Rojo 68% Gl I % _ E
0 —l Jiigug 1‘1?1‘1:;
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Very similar analysis as the Off-shell Higgs couplings! K
/ / 9 e Current estimates yield an observation of an HH signal at So

Incredibly small cross section ~1000 times smaller than 50% level constraints on the Higgs boson self coupling!
Higgs production! but still more than 100k event will be
produced at HL-LHC! 0.0 < k) <15


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://inspirehep.net/literature/1497735

HH Production and Higgs Self coupling

Higgs pair production through gluon fusion (and VBF) Multiple channels investigated: depending on the both Higgs
decays considering (bb, vy, tautau, WW) - All complex
topologies!!

CMS 138 fb™' (13 TeV)
JGPE™ * T * T ¥ & F T [ & FoF ¥ [ 0 k& [ & F & ] ¥ F & A
- K=K =K =1 —— Observed ~ ----- Median expected

~—— Theory prediction B¢ 68% expected
----- 95% expected
\
10° | E
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95% CL limit on o(pp — HH (incl.)) / fb

10}
With the VBF production mode not only limits on «; also on k,y, §
Bishara, Contino, Rojo §
\
1 | | 2 % i | |
. . . . -2 -1 0 1 2 3 4
Very similar analysis as the Off-shell Higgs couplings! Kisiy
2m?
Incredibly small cross section ~1000 times smaller than 0.67 < Ky < 1.38 JHHVV = 2V (1 —2v%/f?)
Higgs production! but still more than 100k event will be CMS v

produced at HL-LHC! Excludes «,,, = 0 at 6.6 standard deviations!!


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://inspirehep.net/literature/1497735

Conclusions

Beyond the celebrations, the 10th anniversary of the Higgs discovery is a good moment to reflect on
what has been achieved since and where we are going...

-  How have we achieved?

The machine, experiment designs, their construction, their commissioning, their calibration, the object

reconstruction, the software, the computing grid, the analyses as well as the theoretical predictions and
Monte Carlo simulations have performed well beyond expectations!

Progress fuelled with new ideas and allows us to dream beyond what was thought to be impossible!

The HL-LHC has a superb Higgs physics (and beyond) program, the Run 3 will provide exceptional
intermediate goals to push further the possible at HL-LHC!

- Beyond HL-LHC...



Outlook

What is the best machine that could be built after the LHC?

Kw K‘t Brin‘v
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FCC-ee/eh/hh also offers opportunity to few percent level measurement of trilinear coupling.

Fabiola, Higgs10 Symposium



Outlook

Approval of future major projects will require
v/ - Robust scientific case

v/ - Major discoveries at the LHC (The Higgs
discovery qualifies!)

- Unanimous support of world particle
physics community

v" - Continued technical success

v/ - ‘Reasonable’ budget envelope

v/ - Public support

C. Llewllyn Smith CERN Director General 1994-1998
50 years of hadron colliders at CERN symposium



https://indico.cern.ch/event/1068633/timetable/

