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The Higgs Particle : a Gift of Nature

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

i Higgs triumph opens up field of dreams

o Nature 487,147-148 (2012)
:2 e NS prel. 20 'S =7 Litd
0L —— ATLASPrel. [21] JLdt- 1
N ———— At the time of the discovery the Higgs boson mass was already known to be
8 1w’ = . iy @ .
- / 125 GeV at 0.5% precision (now it is known at less than one permil).
0 Y 's=7TeV Its mass is gift of nature (a Higgs boson mass maximising the number of channels in which
R SR to measure its coupling properties)
g;g: ~INN
/
o : “It is the first example we’ve seen of the
10 Council/ICHEP 07/2012 7 and 8 TeV
10 CMS Prel. [23] - i
N ol (22 JLet= 101" simplest possible type of elementar : :
ATLAS Prel. [22) JLet= 100 p P yP Y Francois Englert and Peter Higgs
particle. It has no spin, no charge, only v
mass, and this extreme simplicity makes e InteraCt'th W',:[h short range forces ana
2013 gcalar particles” [Announcement changed]

fanc.2. oY it theoretically perplexing.”

JLdt=25fb"

HCP/Council 2012 Nima Arkani Hamed

w CMS Prel. [24]
— ATLAS Prel. [23]
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https://www.nobelprize.org/prizes/physics/2013/summary/

Signatures of the discovery

Channels of the Discovery
Higgs boson decays to vector bosons (photons, Z and W)

Photon

THE BEH-MECHANISM,
INTERACTIONS WITH SHORT RANGLE FORCES
AND
Y SCALAR PARTICLES

H___

Massless gauge bosons (indirectly) Higgs Boson decays to massive gauge bosons




Higgs Condensate in the Universe

H—> 7Z7*% > Y1

Unambiguous observation of a coupling to
vector bosons

Dimensionally inconsistent requires an
additional components usually not shown

Proof of the existence of a condensate!




An Accurate Analogy

The universe Superconductivity
SC (BCS) Theory Higgs Mechanism

Cooper pair

Higgs field
condensate (No dynamic explanation)
Electrically
charged (2¢) Weak charge
Mass of the Mass of the W
photon and Z bosons

1950 - Landau and Ginzburg
JETP 20 (1950) 1064

1957 — Bardeen, Cooper and Schrieffer
Phys. Rev. 108 (1957) 1175

Further reading : L. Dixon, “From superconductors to supercolliders” - TPy
(http://www.slac.stanford.edu/pubs/beamline/26/1/26-1-dixon.pdf) Is the nggs boson composite:



The Coronation of the Standard Model

Two main outcomes of the LHC: The discovery of the Higgs boson and nothing else (so far)!

Standard Model: formidably simple (gauge) fundamental theory for phenomena at microscopic, astronomical, and cosmic scales!

Particle masses emerge from their interactions with the
j/ | s Higgs field condensate.
T r{*'-" = L Cij
st el il —1.]. ?
- + Y, 161*1 {/\%' c. + ALzL]HH
sl iz WV’P' (}) Beslciv .
2 4
N {jacfg( ~V{(s) +A*? +DM ?
Beauty: simplicity of these expressions, and Ugliness: number of free parameters (26 altogether)
interactions only 2 (EW) and 2 (QCD) parameters! not governed by symmetries
Open Questions
The strong CP problem Hierarchies Dark Sector ?
&s A pApy - Gauge Hierarchy (and Naturalness) What is the nature
T HY of DM and DE, is

- Flavour hierarchy (includes neutrino masses)
there a Dark

(9 < 10~ 10 From neutron electric dipole Why are masses so different? Yukawa Sector?
moment measurements couplings are set by hand!




First Precision Measurement at the LHC!

Higgs boson mass measurement

» Measurement done exclusively in the
diphoton and 4-leptons channel.

» Systematics dominated by experimental
uncertainties.

» Reached at Run 1 a precision of 0.2%.

* Precision reached 0.09% (below permil!)

[ I | | |

ATLAS

e Total

Runi: /s=7-8 TeV,25fb~!, Run 2: \/s =13 TeV, 140 fb—!

Run1 H — v~
Run1 H — 4/

Run 2 H — vy
Run2 H —» 4/

Run 1+2 H — vy
Run 142 H — 4¢
Run 1 Combined
Run 2 Combined
Run 1+2 Combined

I | | ] l |

——A

|

Stat. only | Combination

Total (Stat. only)

I  126.02 + 0.51 (+ 0.43) GeV
124.51 + 0.52 (+ 0.52) GeV
12517 + 0.14 (+ 0.11) GeV
124.99 + 0.19 (+ 0.18) GeV
125.22 + 0.14 (+ 0.11) GeV
124.94 + 0.18 (= 0.17) GeV
125.38 + 0.41 (+ 0.37) GeV
125.10 + 0.11 (+ 0.09) GeV
125.11 + 0.11 (+ 0.09) GeV

Precision foreseen at HL-LHC 10-20 MeV

123 124

| | |
127 128
my [GeV]

Similar precision by CMS



The (running) Higgs mass and the Naturalness Problem

Naturalness cannot be dismissed!

If the Higgs boson is an elementary scalar, loop

corrections to its mass are quadratically divergent, not an

issue per se (renormalisation) but if there is new physics at a m,
high scale a threshold in the running Higgs mass will GeV
appear implying a fine tuning of the mass at the high

scale!

Solutions explored:

-  Weakly coupled (SUSY)
- Strongly coupled (Composite)
- Warped extra dimensions

Having discovered the Higgs boson and nothing else remains a
paradox and further investigating the O(10 TeV) scale is more
not less important (after LHC 13 TeV results)!

2
( )" 10" - perfectly the high energy

107+

1014} Scale of new physics has
- to be extremely fine
tuned in order to cancel

scale natural parameters.

10% |

10° }

R. Barbieri !
Nobel Colloquium
lm NP | - | - Sdkititd NP | -
100 10° 10° 10" 10" 10" 10%

M/GeV

To be natural, solutions involve new physics
at close-by energy scales! Or invoke the
Anthropic principle...

One of the three naturalness problems mentioned
earlier (with Cosmological Constant and Strong CP)



Stability of the Universe

Vacuum (meta) stability
Running of the Higgs self coupling, assuming SM only up

. 0.10 [ | I | I I I [ I | I I
to high energy scale :
0 08 _ 30 bands 1n
i M, =173.1 £ 0.6 GeV (gray)
A7 5 | _ 3(M7z) = 0.1184 + 0.0007(red)
H th The of scavery of - The J“.w ~ 006} M), = 125.7 £ 0.3 GeV (blue)
o L =y !
( / . / '—L — -
(e the £id ine ia o BT, = o0
: ' J— ’ [ | _'Z' 8 R
We ha.\/{ a S = C»O(\S“E'Ten‘t J’;e.or‘7 % :
oo, 7 5 002]
| 44, S _
L,jn L <an be CLCT}P"(“‘JC &
T | 20 -
ezc?orz(ﬁuy f'L'ﬁf’?«er‘ ij’c—f- r 000 i
002  TT=adMz) =01l
Nima Arkani Hamed i
M, =174.9 GeV
—0.04 |- I A N R Y (R N (R N |
Near vanishing coupling at the Planck scale is a 102 104 10 10% 10 10'2 10'% 101 1018 1020

ay = '
Strlklng faCt. RGE scale u 1n GeV



Higgs and Precision EW Measurements

Precision measurements allow to make predictions!!
Assuming the SM

~e 10 3 U = The knowledge of the Higgs mass has large impact on
< 9 SHEEE  SERRRSheCiiLlLEl il - A 130 the precision of indirect measurements!
8 = ] SM fit w/o M"? meagsurements =
= SM fit w/o M, and M, measurements = o
= L - LEP [arXiv:13025415) - The current level .Of precision on the
= . s = Higgs mass has little impact on this.
6 ;  —= Tevatron [arXivi1204.0042] =
5 F . —@~ ATLAS [ERJC[8, 110 (2018)] =
I T s A 20
35 ,: i) LAch 80.354 £0.032 GeV
o - H - The tension between ATLAS
- , - 80.434 £0.009 GeV 3nd CDF W mass is of 40
] SN  S— S— — T 216 —e——
0 - ] ] | 15 I . IE i:l-"’l/‘ | | ] ] ] | ] ] ] - 1 1 1 | ] 1 1 Significant evidence Of
—o—f M,, [GeV] bias!
80.356 £ 0.007 GeV : EW fit :
—  e— ATLAS 80360+0.016 GeV Powerful probe of the Standard Model

———— cMS  R0.360 + 0.010 GeV with precision EW observables!



Matter-anti-matter Asymmetry and the Higgs

The origin of the matter-antimatter asymmetry in the Universe remains one of the outstanding open problems in
particle physics.

Sakharov conditions for baryogengesis: baryon number non-conservation, charge and charge-parity violation, and
non-equilibrium dynamics e.g. phase transition.

The electroweak transition (cross over in the Standard Model) takes place at the start or during inflation at 10—°° to
10-32s after the big bang!




Higgs and the Early Universe

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of

] ] 375,000 yrs. Galaxies, Planets, etc.
The mechanism responsible for

inflation is not known.
Inflation ’

The Higgs could In principle act
as the inflaton.

Not favoured scenario as it requires Quantum
a strong non-minimal coupling to Fluctuations

gravity.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years




A Scientific Mission for the 21st Century

HL-LHC (Runs 4-6)

;-Oljfzgg?é y 0029-2041 13.6 - 14 TeV and 2x
- € | Nominal Luminosity, PU 140 - 200
100% to 2x Nom. Lumi, PU 40 Int. Lumi. 3000 fb-1

Int. Lumi. 190 fb-1

LS2 CLIC 380 GeV- 3 TeV
2018-2022
Experiments Phase-| ILC 250 GeV -1 TeV

and accelerator DA
upgrades <@>
2010 2020 * 2030 2040 20390 2060 2010

DT D . T I I IS —...

LS3
I2-OS1-2|_2()4 2026-2029 HL-LHC FCC-ee 90 - 365 Gev FCC-hh 85 Tev
Consolidation of LHC installation and major exp.
interconnections Upgreaise CepC 90 - 360 GeV SppC
LHC Run 1
2009-2012 7-8 TeV LHC Run 3 :
75% Nom. Lumi. PU 30-40 2022-2026 13.6 TeV. Muon Collider
Int. Lumi. 30 fb-1 2x Nom. Lumi., PU 60
Int. Lumi. 450 fo- . = — - —
e LHC Ultimate Precision e*e Ultimate Energy (pp, x# 1 17)
The (LEP) LHC project LEP o
1980 1990 2000 2010 2020 * 2030 2040
I T —— > 4

Discussions Project Construction Operations HL-LHC



A Pivotal Moment for Particle Physics

Physics community called to make a strategic decision. Feasibility study report Link

European Strategy Process well underway with principal
goal to decide on the next flagship CERN project. e Armriereed i ioond

Ag

' 4 % G
We are herel < J
Council appointment Deadline forthe volmme 1 F Velume 3 Volume 2
ofthemembersofthe ~ Deadlineforthe 0 submission of final Submission of the draft £ Physics, Experiments, Detectors Civil Engineering, Implementation Accelerators, Technical Infrastructure
PPG and decision submission of Euralat ki nationalinputinadvance  strategy document to . : and Sustainability and Safety
on the venue for the maininputfrom yire of the ESG Strategy the Councll & -
Open Symposium the community Drafting Session 3 orr & - ..
End September2024 31 March 2025 23=27 June 2025 14 November 2025 End January 2026 ,

St s v s vy v Snnd AT | g s B Ao o Suimnsd o B D Pugans Rt YT o potet puttnmtomn of L S s,

l | I | O e g e e o o o S e o e e e o i Sl

Altogether 1,200 pages opus!

December 2024 26 May 2025 End September 2025 1-5December2025 Marchand June 2026
Council dacision on Deadline for the . Discussion of the drafl
lhe venue for the ESG  submission ofadditional ~ Submission of ESG Strategy strategy document
Strategy Drafting national inputin the 'B”rlefing Drafting by the Council and
Session advance of the Open Book”tothe ESG Session updating
Symposium of the Strategy The FCC integrated programme: a physics manifesto

Editors:
A. Blondel !, C. Grojean ?, P. Janot?, S. Rajagopalan,’, G. Wilkinson *°

! LPNHE-CNRS/IN2P3, Sorbonne University, Paris, France
and DPNC, University of Geneva, Switzerland,
2 Deutsches Elektronen-Synchrotron DESY, Hamburg and Humbolt-Universitiit zu Berlin, Germany,

] ’ f % CERN, Switzerland, * Brookhaven Laboratory, USA, ® University of Oxford, UK . .
263 inputs received! Physics manifesto!

on behalf of the Physics, Experiments and Detectors pillar of the FCC Project,

E urop %ga§;rat egy S-t r a-teg y Documents Link contributed to the FCC documents referenced herein

including those who signed the FCC Feasibility Study Report, and those who L - k



https://indico.cern.ch/event/1439855/contributions/
https://indico.cern.ch/event/1534205/
https://arxiv.org/pdf/2504.02634

The LHC a Marvel of Technology

The Large | |
Hadron Collider: Unrivalled at Energy Frontier

a marvel of technology 13.6 TeV (COM energy)

Second edition
Incuding the discovery of the higgs boson

edited by Lyndon Evans Outstanding at Intensity Frontier

Record Luminosity* 2.26 X 10°* cm =25~
*Close to SuperKEKB at 5.1 X 10°* em=2s~!

Link

So far the LHC has delivered:

- 15 Million Higgs bosons produced

- 600 Million top quarks produced

- 15 Billion Z bosons with 300 Million per lepton flavour
- 60 Billion W bosons (3 billion per lepton flavour) ——— protons
- 300 Trillion b quarks (approximately 2 Trillion for LHCDb) -

—] LD

Still 10 times more statistics expected at HL-LHC!

FLINACA

More than 20 times more luminosity with the LHCb upgrade I


https://cds.cern.ch/record/2645935/files/Evans2018.pdf

LHC Operations

A
We are here! <«

2024 - High availability operation,
Full mastery of considerable
m— inherent operational risks

| Rund-5_.

— 13.6 - 14 TeV

Dicdes Consolidalion
8 TeV sglice: conxalidalian cryolimit LIU Instaliation . _— HL-LHC
butt ollimat infsracnon intfe hip . ;

AL te installation

R2E project regcns Civil Eng. P1-P5 Ighgtlion liril
|||||@

ATLAS Online Luminosity
e 2011 pp {s=7TeV

N
o

ATLAS - CMS /———-—4 —— 2012pp {s=8TeV
ixperrr:em R AT..IiAuS 'm%:ﬂs X n.w'nrglt?lTﬁ 1 20 — 2015pp {s=13TeV
cam plpcs nominal Lumi 2 x nominal LLJJ_= ALICE - LHCb : 2 » nominel Lumi RS R gg:g gg E = :g ;:x
75% . i upgrade I =

5% nominel Lumi / — 2018 pp Vs =13 TeV
e — 2022 pp }E: 13.6 TeV
-1 -1 -1 infegrated . 2023 s=13.6 TeV
30 fb 190 fb 500 fb (e 4000 fb™ s 2024 gg {s =13.6 TeV

HL-LHC TECHNICAL EQUIPMENT:

0]
o

DESIGN STUDY a3 PROTOTYPES CONSTRUCTION | INSTALLATION & COMM. | PHYSICS

)]
o

Delivered Luminosity [fo ]
o
o

— . L . 4 .

- The Run 2 dataset surpassed the initial goal (in luminosity) of the LHC project ° :

and is a clean and well calibrated dataset of ~140 fb~! at 13 TeV 20 |
Most LHC results presented here are based on Run 2 data gaﬂ — P‘Ip( ol | ';?

Month in Y
- The Run 3 has now surpassed the Run 2 dataset ~180 fb~! at 13.6 TeV o TR
Even with the record luminosity in

2024 need more than 20 running

- Approximately x10 Luminosity at HL-LHC (in terms of results x20). Requires years to achieve HL-LHC luminosity!

major upgrades leading to the High Luminosity during LS3 now on the horizon!



The LHC Run 2 Physics Program

CMS Phys. Rep. Link

The Stairway to heaven

ATLAS Phys. Rep. Link

SUER o KB L3 T LS Forward to the collection
' Stairway to discovery: cross section measurements

. Climbing to the Top Review of top quark mass measurements

High density QCD

Searches for Higgs decays of heavy resonances

. Electroweak, QCD and flavour physics
. Characterising the Hihggs boson

. Exotic Jungle Beyond the Standard Model Dark sector searches

. Additional scalars and exotic decays Vector like quarks, leptons and heavy neutral leptons

N~ o oA W N -
© N O Ok~ 0 b=

. The quest to discover supersymmetry Searches through data scouting

A collection of 14 Physics Reports - an overview of the LHC Run 2 results
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https://www.sciencedirect.com/journal/physics-reports/vol/1116/suppl/C
https://www.sciencedirect.com/journal/physics-reports/vol/1115/suppl/C

The FCC in a nutshell

FCC-ee

Ultimate Precision Frontier

Goal Luminosity 144 X 10°* cm =251
One LEP every few minutes !!!

At the Z peak (per IP) - 4 IPs

Z, WW, ZH and tf COM energies
Continuous beams

No Pile Up

15 Years of running

Targets to deliver

——CDR baseline runs (4IPs)

_ 3 M|”|On nggs bOSOﬂS —— Additional opportunities ) e
T Z WW ZH tt integrated
- 2 M|”|On top quarks o[1) 0 125 40 30 19.2 5 10.8 0.4 2.7 "'T':O;“Y
- 240 Million WW events ————— . : } . =
12 l_l+l [ Energy
_ 6 X 10 Z bOSOnS 40 ... 60 88 91.2 o4 125 1575 - 1625 217 240 340 ... 350 365 (GeV)
i ] Z lineshape W mass and width
In terms of B hadrons ~current LHCDb statistic Lo . slectron N, fogemase  Miags couplings . pEWoomings
also 10 times the Belle Il design statistics sudes Yukawa e R oz Fvand Hags coupings improved)  highlights
dark sector flaveur (e.g. Veb)
o@cs) O(10¢) 0(2x10) Of2x109) #(:1:38

. . |
All these events in a much cleaner environment; “Quasi-total flexibility in the order of operation for all running points” !



The FCC in a nutshell

FCC-ee

Ultimate Precision Frontier

Goal Luminosity 144 X 10°* cm =251
One LEP every few minutes !!!
At the Z peak (per IP) - 4 IPs

Z, WW, ZH and tf COM energies

Continuous beams
No Pile Up
15 Years of running

Targets to deliver

- 3 Million Higgs bosons
- 2 Million top quarks
- 240 Million WW events

-6 X 10'? Z bosons

In terms of B hadrons ~current LHCb statistic
also 10 times the Belle Il design statistics

All these events in a much cleaner environment!

FCC-hh

Ultimate Energy Frontier

85 TeV (baseline COM energy)
Target luminosity 20ab~!

14 T Nb3Sn magnets
Luminosity 30 X 10** em 25!
PU / bunch crossing up to 1000!
25 Years of running

- 4 |Ps

Targets to deliver
extraordinary statistics

- Over 25 Bilion Higgs bosons
- 1 Billion ttH
- 36 Million HH

Except for very specific cases
the FCC-hh 85 TeV with more

luminosity has a similar reach
as the 100 TeV



Signatures of the Higgs Boson

Production rates so far Decay branching fractions
W,Z
9 25505557 Br(H - WW*) =22 %
| ) _I_{ B Gluon fusion process H ____
| ~13 M events produced Br(H — ZZ*%) =3 %
! W, Z*
q > > q -
Vector Boson Fusion
____ H Two forward jets and a large rapidity gap v, Z
q q ~1 M events produced Br(H — }/}/) =0.2%
H ____
Br(H —» Zy) = 0.2 %
Y
W and Z Associated Production
~650 k events produced
b, C, T, U Br(H — bE) =57 %
g ¢ . Br(H—> tt7) =63 %
| - | Top Assoc. Prod. Br(H - ¢cc) =3 %
) ~130 k evts produced b,C, T, Il
g < t

Br(H — u*u~) = 0.02%



Signatures of the Higgs Boson

Production rates so far Decay branching fractions
W,Z
9 o0 Br(H — WW*) = 22 %
| ) _[_{ B Gluon fusion process H ____
| ~13 M events produced Br(H — ZZ*) =3 %
! W, Z*
q___, " {q .
Vector Boson Fusion
7 § Process ggF HH ttH >yy) =0.2%
13 TeV /8 TeV 2.3 2.4 3.9 S Z)=02%
J 13.6 TeV / 13 TeV 7% 11% 13%
, |
W, & 14 TeV / 13.6 TeV 6% 7% 7%
q ) —
“hietg BHH - bb) = 57 %
q ¢ . Br(H - t™77) = 6.3 %
| & | Top Assoc. Prod. Br(H - ¢cc) =3 %

~130 Kk evt b.C.T. Il
v ‘ " 30 k evts produced b,c,7, i Br(H — utu~) = 0.02%




Main Higgs Analyses Channels at LHC

ggF VBF VH ttH
9 555550) q > > q q W,z g > t
Chann_el By >H % p W, Z L ____ o
categories | . )
9 65000 q__ « 4 q . H g — 1
~8 M vets produced ~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
" Y 0.2 % 4 4 4 4
)
é 77 3% v v v v
9 WW 22% v v v v
>
O TT 6.3 % v v v v
0O
O bb 55% v v v v
o Zy and yy:+ 0.2 % v v v v
Remaining to be
observed uu 0.02 % 4 v 4 4
Limits Invisible 0.1 % v’ (monojet) v v v

*N3LO



Very broad overview!

—3F— ATLAS (Tot. unc.) ATLAS Syst. [Nature 607, 52 (2022)] —3F— CMS (Tot. Unc.) [ CMS Syst. [Nature 607, 60 (2022)]
+0.10 I + 0.30 + 0.56 | I I
vy ATLAS 1.04 * 0. : ATLAS 1.36 * QX ATLAS 1.53 * 02, : : ATLAS 0.22+03 —ﬂ- ATLAS 0.90 *039
ATLAS . =1.09 = 0.09 CMS 1.08 *).12 : CMs 1.00 *0.3 CMS 1.43 *024 : w071 : + 0.34
CMS JZY =1.13 + 0.09 -h- -—I——- + CMS 119 %%, |"-" CMS  1.38 Ty

0.11

i ATLAS 05 1]

_*_ CMS 0.93 *Q.l4
|

I I ATLAS 1.14 *0.13
WW I I -0.13

ATLAS u_ =120 = 0.12 ! ' cms  0.90 *0
ww I 0.10
CMS Wy = 0.97 + 0.09

ATLAS 1.50 *1.17

0.52
ATLAS 1.33 * Y

$ -0.43
= coMs 03230

1.68
77 ATLAS 1.68 * 16

ATLAS u, = 1.04 + 0.09
CMS = 0.97 = 0.12

CMS  0.00 +073

f

ATLAS 2.86 +1:84

1.21
ATLAS 2.26 * +18

-1.02

ATLAS 1.64 +0:65

0.19
ATLAS 1.13 * +08!

-0.18

._*_. CMS 0.73 *):28

L

CMS 2.41 *J72

: CMS 1.76 *2
- 087 CMS 1.44 *032

&

!
!
ATLAS 0.90 *0:29 !

I
I
I
I
I
|I
I
_é_ ATLAS 1.00 *Q:21
I I
I
I

|
|
|
|
5 A ; , ; _$_. ATLAS 1.00 *%2 _$_. ATLAS 1.00 *0%2 _E_. ATLAS 1.37 *)86
ATLAS u_=0.96 = 0.12 | CMs 0.66 *02! l v 017 l 065 | voe | | + 048
CMS M.” - 0-85 + 0-10 | CMS 0-86 -0.:16 | _—_ CMS 1-89 -0.-56 _—_ CMS 1-33 _0.'57 ..—- | CMS 0-35 _0.537
| | | | | |
| | | | | |
| | | | | |
I I ATLAS 0.99*0:3 | |
. 0.28 0.25 0.34
bb | : _é_ _é. ATLAS 1.06 * 0% _é. ATLAS 1.00 1057 1= | ATLAS 0.35 * 23
ATLAS u_=0.91=0.14 | | | CMS 1.01*)> [ + 042 | vo36 | I + 046
CMS W =1.05 022 | ! - g OMS 1260, HE CMS 090705 | CMS 090 g4
| | | | | | |
0 0.5 1 1.5 0 05 1 15 005115 005115 005115
ggF+bbH VBF WH ZH ttH+tH
ATLAS u__=1.03 = 0.07 ATLAS u _=1.11:0.13 ATLAS pu  =1.15 = 0.23 ATLAS y_ =0.96 = 0.22 ATLAS y_ =0.74 = 0.24
CMS Mo = 0.97 = 0.08 CMS Woor = 0.80 = 0.12 CMS Mo = 1.49 + 0.26 CMS W, = 1.29 + 0.24 CMS Mo = 1.13 + 0.18




Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs
boson! A very predictive model!

Four lepton events can have s/b of up to ~30!
v
H 2ms, » | Thisterm
- = = (j> #)[ indicates
U 5 existence a vev
v
f
H f —
it Y. G+ L
V L% ( a (j ZI/\JCé -
f
H H H
- \ /
g > \ / o Proof of the existence of a condensate!
H g IMz; N IMmz; \/ P8
e { >< 5 (\ ¢
\ (0 /N v Current
N\ . ) / N\ . KW Z 6%
H H H ’




Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs

boson! A very predictive model!

v
H 2ms, 2 | Thisterm
- - - - #)[ Indicates
U ® existence a vev
v

f

H m ¢ e

W Hildytigtbe
?
) H H H

H . Sm%] . O 3m%{

Bl R . xR Vi)

Most precisely known
Higgs coupling tells us
how elementary the

T Higgs boson is!
] H ]
omj, mp, ]
S| ...or what its

~ 0.32 am effective size is!

~ 1.6am

Comparing the Compton radius of the Higgs 1/my; to its
effective radius 1/f;; through the higher order operator:

C 1 o 2 2epv? 1
H H

(as comparing the mass of the pion to that of the p meson)

Current precision f;; > 1 TeV

The Higgs could well be a pNGB as the pion!
SILH Giudice, Grojean, Pomarol, Rattazzi (See paper)


https://inspirehep.net/literature/746568

Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs

boson! A very predictive model!

v
H 2ms, 2 | Thisterm
- - - - #)[ Indicates
U ® existence a vev
v
< n

f
o] o
S 7 |
v Vil tip™ e
f
H H H
) \\ //
I—_I___ 4 Sm%] N\ / Sm%{
{\ (V) /><\ 2}2 \/(¢)
\ / \
\H H/ \H

Most precisely known
Higgs coupling tells us
how elementary the

T Higgs boson is!
] H ]
omj, mp, ]
S| ...or what its

~ 0.32 am effective size is!

~ 1.6am

Comparing the Compton radius of the Higgs 1/my; to its
effective radius 1/f;; through the higher order operator:

Current* HL-LHC* FCC (ee)
Kwz &% 1.6% 0.1%
*No BSM Br

x30 improvement on the most precise Higgs coupling
(under same hypotheses no BSM in branchings)

Will yield f; > 8 TeV
Nearly 50 x Higgs Compton radius!



Making the Impossible - the Higgs Width

Measuring the Higgs width with the Higgs as a propagator!

From J. Campbell

ab? + (b+ )y B al? + (d — ¢y (b+ d)ymE
10000 Lgg (= H) = W W = fupluy, Mpr=125GeV _ ;
| pp, s = 8TeV, standard cuts %
= 100 | - H|2—|-|cont|2
C _ —— |H+-cont|?
;é‘ 1 L - Hoffshell i
- ---- Hzwa
E L
3 .
8 0.0001 -
i Kauer-Passarino .
le-06 Caola-Menikov -
1e-08 e ESE

300 400 300
M WW [GeV]

CMS Result ATLAS Result Evidence for Off-Shell
Yy 133 production at more than
I'y=3. 2_1 7 MeV Ty =4575MeV 3,614 experiments

1.0
atHL-LHC [y = 4.17775

at FCC-ee

olete™ = HZ) x k%

FCC-ee simulation

1s 240 GeV, 108ab‘1
3000 | I | I | I | | | | I

%)
% i IDEA detector ]
01 [ =— 2(u u }H :
2500 | lww
i : : - zz _
[ ziv —ww, ot
2000_ -Rare(e (@), vt — ', tt} |
1500 _ ............ ......... e e e —
1000
500 =R ':. aff 7,7” ot Al "" E 3 .1,,.,.T ;_,.j ';,3:;:,‘ Rt s Lot o -,i, Filhas

P T T T s o e e

20 122 124 126 128

130 132 134 136 138 140
My (GeV)

olete” — HZ)

B(H — ZZ*)

Access to the ZH total cross section
through the recoil mass!

Also possible using the W
fusion Higgs production
process to reach outstanding
precision!

AT, = 0.78 %

30 times more precise!

Very important precise estimate
to access absolute couplings!


https://arxiv.org/pdf/1307.4935
https://inspirehep.net/literature/1119059

Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs
boson! A very predictive model!

T L
v e 13‘}
H H
AN /
3m2 \\ //
= X
U / \
/ AN
/ AN
H H

This term
Indicates
existence a vev

Probing new particles through loops
in production and decays!

g,yorZ
H - - __
gV
Current* | HL-LHC* FCC (ee) FCC (ee/hh)
K}/ 6% 1.8% 1.1% 0.3%
Kg 7% 2.4% 0.5% 0.4%
KZ}/ 30% 6.8% 4.3% 0.7%

*No BSM Br



Evidence for H — y*£ "¢~

Run: 331951 Run: 339387
Event: 334662243 | 5 Event: 812083095
2017-08-08 19:24:59 CEST | \

EXPERI M ENT 2017-10-28 09:47:43 CEST



Evidence for H — y*£ ¢~

s T Search initially made in this case in the
h | ot dimuon channel only (in the low di-lepton Phys. Lett. B 819 (2021) 136412
m< mass limit the shower of electrons merge). > 30;'""""'""""'_'_"B;k'é""""""""""""
O : -~ Bkg+H-—=vyy :
v ~1.7% of Br(yy) P 25 — Bkg+H—yy +Sig (4=1.5)
= '
o :
My+p— < 50 GeV 2 20:
| | | | N 15)
Key experimental challenge is to go to low dilepton mass this i
required a new reconstruction technique: 10t 3 x 3 categories
= ATLAS ; ]
. . . : i : BF, high pT
Merged electron reconstruction where a calorimeter (electron-like) cluster 5F (s=13TeV, 139 0™ . ggF | O\;\?pr
is associated to two tracks and conversions are carefully rejected! . In(1+Sa0/Buo) weighted sum : 4oF) ® (ee
oo e b v e by s by e by by v e Lo v by o a by ui gy
resolved, ee
ey i MR | rorrrrr ororrrmn o | = ()] AL L L L L L L L L e
% - ATLAS Simulation — Hoy'y—oeeyyield 216 2 X 4+ + E merged, pu)
g 0.5 B Vg =13 TeV, 139 fb_1 — II—)}/*;‘/—)'U,U.:/ YIeld _—14 ,,g | 2 :‘ + - -  Contributions
o = “qgé < = Or - : from J/y are
X 0.4F Z12 W ¢ ‘ -
8 [ Signal efficiencies: . N _2*|+|+|||||||— removedtWItha
%03: Aoy - 210 110115120125 130135140 145 150 155 160 mass cu
o V.o ¢ cey. a Hoae M*A-ﬂ’-k"'-&""iﬂ-k-‘}‘:;
3 i ¢ ee merged _8 ml[y [GeV]
<(1:) 0.2F v ee resolved B
R S - i
OO 00030’. - =
o o S = p=15+0.5=15+05 (stat.) *37 (syst)  Expected 2.1c
;P*H@;ﬂmmuﬂmmqu,&}g 2oov :
o-— o DO pcsn sl o ) . _ 0.2 rv 2
10° 102 10" 1 10 Pexp = 1.0+ 0.5 = 1.0 £ 0.5 (stat.) ¥ 7 (syst.) Observed 3.2¢0

Born-level m, [GeV]


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

Searches for the H — Zy Decay Mode

J{V\”V
-

_ 2 a ura
Z-photon |H*|W (., W h % pu ~ 2.3% of Br(yy)
Field tensor coupling not measured yet! 1‘3’\m<
Z/y* N g
Combined ATLAS and CMS mass spectrum!

CMS Prellmlnary 137 fb-1 (1 3 TeV) > ! 1 | AL L L DL > — I L I I I I | | I | | I | I | I | | I =
> L L L L L L L L LI . - _ -
& “CF Ho2zy m =12538 GeV ¢ Data | O gof ATLAS P G [ ATLAS and CMS Preliminary i
< 2000F _ — S+B (u=24) - - . Vs=13TeV,139 b ) Z 60 —
2 F Q/I:;f;%);;:te g B component ] g . All categories X %) -~ LHC Run?2 ¢ Data ]
L%J 6000 |- I +1o E g 701 In(1+S;4/Bgg) weighted sum _: § - — Signal + background -
B 5000 =20 . = - - o 20 ---- Background -
— - _ O — —
'S 4000 [N 60 - @ [ .
%isooo - ) -53 40— —
m - 50‘_ . () B ]
& 2000 5 . = __ —
51ooof - +D§ta : - 30: _

- 40— — Sig+EBkg Fit ] -

oH ' L oo Bkg - .

0 — | | e T e BT ISP B 20_— —
5'3200_ B component subtracted 3 g’ 4""]""! L L L T B

© . mi 2 = Q | | I | | | I _I—

0 o _

3 ' TN

- | | | | | | . _4 IR B PN T T T T S N T S A T 1_:"‘ -I(E i i * %-__

“110 120 130 140 150 160 170 115 120 125 130 135 r1'40[6'9;1/45 S - .

m +_Y (Gev) . _2 == I I I | | L1 1 1 I L1 L1 I L1 1 ] | L1 1 1 | L1 L1 | e

! “ 115 120 125 130 135 140 145

CMS Result ATLAS Result mzy [GeV]

ggF, VBF, VH and ttH enriched ggF and VBF enriched
Expected 1.2¢ Expected 1.26 Combined search yields 3.40 observed and | .60 expected

Observed 2.76 Observed 2 .26 (consistent with the SM expectation at the 1.90): First evidence!



Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs
boson! A very predictive model!

2m This term
EI— - {i - tD #){2 indicates
v existence a vev
v
f
H —
S s skl
< v g e
7
H H H
/ h N
H / 3m7; N 3m7;
- \ U / . \ 2}2 \/ (¢)
AN . ) /
H H H

Current” HL-LHC* FCC (ee) FCC (ee-hh)
K, 11% 3.4% 3.1% 0.7%
Kb 11% 3.6% 0.5% 0.5%
KT 8% 1.9% 0.5% 0.4%
K 20% 3.0% 3.3% 0.4%
s *No BSM Br

“We would not consider the theory of electromagnetism
established if we had only verified [...] to within 10%
accuracy.” (Salam et al., Nature)

Much came our of LEP: “LEP changed high-energy physics
from a 10% to a 1% science.” It was a major achievement!
(H. Schopper CERN Courier)

What about the other fermion generations?

Crucial to further improve ttH measurements at
the LHC - inaccessible until FCC-hh!

Also indirectly at FCC-ee!


https://cerncourier.com/a/lessons-from-lep/
https://www.nature.com/articles/s41586-022-04899-4

The Importance of Theory and Modelling

Update on Higgs couplings! Numbers are mostly unchanged (already previously dominated by TH
uncertainties) with two exceptions.
Vs = 14 TeV, 3000 fb"1 per experiment

(s =14 TeV, S2, 3 ab' per experiment

Total ATLAS and CMS = .T;)@, o ATLAS+CMS

: giaglesrtiﬁaelmm AL-LIC Projection : g;((ar;(:tlﬁaelmal Projections ESPPU 2026
—— Theory Uncertainty [%] —— Theory Uncertainty [%]
o= 17‘: ‘:’)t:t f";’ 1“; . 4 Tot Stat Exp Th
.' | 8 08 1.0 1. — 1.8 0.7 09 1.3
KW — 1.7 08 07 1.3 KW — 1.6 0.7 06 1.3
Ky, = 1.5 07 06 1.2 Ky, == 1.6 0.7 05 1.3
Kg B= 25 09 08 2.1 Kg — 24 08 0.7 22
K = 3.4 09 11 3.1 Kie= 3.4 08 09 32
Ky E,_ 37 13 1.3 3.2 Ky B 36 12 1.2 3.2
o 1.9 09 08 15 K &= 19 08 07 1.5
=il 4.3 38 1.0 1.7 Ky B | 3.0 27 09 1.0
M — 98 72 17 64 Kz, | 6859 16 30
0 002 004 006 008 01 012 014 0 002 004 006 008 01 012

Expected uncertainty Expected uncertainty



The Importance of Theory and Modelling

> The LHC Higgs (Cross Section) Working Group

H Igg s Played an essential role in the success of the entire Higgs physics program of the

LHC, uniting TH efforts and facilitating the communication between TH and EXP.

Working Group

CERN 2013 0M
26 July 2013
CERN-201| (@ CERN Yedluw Eexels Moaopsydo CERN-Z0 7002 M

17 Febuary 211 Velume 22017

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN EUROPEAN ORCANIZATION FOR NUCLEAR RESEARCH

~

201.3084v1 [hep-ph] 15 Jan 2012

Handbook of LHC Higgs cross seclioms:

4. Deciphering the nature of the Higgs sector
Handbook of LHC Higgs cross sections:

Handbeok of LHC Higgs cross sections: 3. Higgs Propertics Report of the LHC Higs Cross Section Working Group

1. Inclusive observables

Handhook of LHC Higgs cross sections:
2. Differential Distributions

Report of the LHC Higgs Cross Section Working Group

Report of the LIIC Iliggs Cross Section Warking Group Reporl of the LHC Higps Cruss Seclivn Working Group

Fdtars: 1) de Flenan

arXiv:1307.1347v2 [hep-ph] 29 Nov 2013
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The Importance of Theory and Modelling

Half a century of progress in Higgs production predictions

Predictions at hadron colliders are complex Vs =13 TeV | * From iHixs
reqUire higher Order hard processes’ parton LO* | 5 ;\I,II::?:\(IIK Gaillard, D.V. Nanopoulos, C.T . Sachrajda i 1977 - 1980
fragmentation, hadronization, parton distribution TRl o - acnacek B Nanopoulos ;

functions, etc... NLO - QCD* | : 1991 - 1995

S. Dawson
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas

The interpretability of our results relies on our NNLO+NNLL QCD - NLO EW o 2002 - 2012

ability to compute accurate and precise predictions! S Acts, G, Passarino, C. Sturm, 8. Uociratl | E
avindran, Smith van Nearvon :

N°LO - NLO EW | 2016
C. Anastasiou et al. .
Precision at the LHC would not be possible without the E
. . ATLAS Collaboration Run 2 :

efforts of precise TH and modelling. Nature 607, 2250 (2022) o T 2022

CMS Collaboration Run 2 i-

Predictions for m,= 125 GeV Nature 607, 60-68 (2022) :

Current State-Of-the-art (pp % H + X) ] ] I ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] I: | ] ] ] ]
10 20 30 40 50 6

‘ . G qor (PP — H+X) [pb]
Ecowm o d(theory) 6(PDF) §(cvs)
13 TeV  48.61 pb '5720p (*‘%"‘7?’) +0.89pb (4 1.85%) 1-24rb (ﬂ-’é?%)
S b ) ~t26ph {Z2.02% Room for improvement also in PDFs and q,

Stil linear sum of: using LHC data and/or future ep collider.

Missing beyond N3LO and EW,; finite quark masses beyond NLO;
mismatch in perturbative order of PDFs.



Top Yukawa Coupling at the LHC

36

ttH news from ATLAS!

Very complex final state Main
challenge: tt+bb background

ATLAS }e] Total Unc.  mm Syst. only Stat. only SM + Theory
Vs =13TeV, 140!, my=125.09GeV Total ( Stat. Syst.)

+ 0.69 + 052 +046
1.25 - 0.65 - 051 - 040

pi €[0,60) GeV

0.77 * 0.54 +041 +0.35

pt €[60, 120) GeV - 0.52 - 040 - 0.32

0.88 + 0.46 + 0.34 + 0.31

pH e[120, 200) GeV -0.43 - 033 - 0.28

pH €[200, 300) GeV 077 *0%44  +036 4026

pH €[300, 450) GeV i 027 %um ou - e

p_}]-_l e [450, OO) GeV +0.89 +0.76 +0.47

Inclusive

EXPERIMENT 5 L ' '
Run: 280950 est single ttH measurement!

Event: 2059211291 Overall uncertainty improved by
2015-10-04 07:25:29 CEST
factor 1.8, 4.60




Boosting the Higgs Boson!

138" (13 TeV) 138 1b ' (13 TeV)
% : .. % : I . . 1
@ - CMS Preliminary e Data [7]Bkg. Unc. O g0 S Fraiiminaty e Data [i|Bkg. Unc. 10 CMS Projection 3000 fb™' (13 TeV)
M~ B v — =
-~ 3000— DDB Pass _]QCD [ W - — DDB pass, ggF category ]QCD [|W N =
C B -w/ YR18 syst. uncert. (S2
£ ~  ggF category Z(qo) MZ(bb) £ 180 800 <p, <1200 GeV 01Z(qq) EZ(bb) % - Y (52) Ac(p™ > 600) / 250
& 2500 U [ Single | o N Bt [ Single t - T
C & vv - [Bkg. H 140 dvv [[]Bkg. H (\':) 1Fev—moevmy Aa(p:' >200) /120
_ ---ggF  —VBF il -=-ggF —VBF 0 - e Voo
120 H
2000 - O - Lm.%# AO(DT > 600) /250
100~ ~ 10 .
1500 — - L - =+ Combination V#*"' b
C 80 2— .
) —g T [
1000 80 B 10°E ¢ Hoob iswn
E 40 q - A H— yy
500_'_— - 10—3 —
- - v H—=ZZ TR
- = 2E" -
& g 15 1047/ aMC@NLO, NNLOPS
2 = 3 - " gy from CYRM-2017-002 i
é ;ﬂ g_0a51 .::= c 10_5—{—1111111 llllllllllllllillllll lllllllllllll
J = -
g -1 O 15 s 1.5¢
_ — | o o ' . N K A _2 ................ M B P .‘§ B
%o 60 30 1000 120 140 160 180 200 60 80 100 120 140 160 180 200 -8 - i W/// Wﬁr i L
msp [GeV] Mep (GeV] I e e 2 s g /:/ m pa
128 b 13 TeV) 9 i L 1
3 CMS Praliminay e Daa .uUae §
iy 'DDBPass) :(D)CDE]]&&U :.C-'QU 0.5_. L1 "I T T S N W A TR B B A IR T S N S TN S NN S I
2 \VBF czte Zic <
- mi . Ssoe — : s 0 15 30 45 80 120 200 350 600 =
o pp — H( — bb) + jets

| pt (GeV)
w7 4 Was thought to be completely impossible!
| It can play an important role in the measurements of the

VBF significance is 3.0 0 (0.9 o) inclusive production at high transverse momentum!

oW oL

(Dmta - Brglio,

ggF significance of 1.2 0 (0.9 o)

&W\‘-‘Qd

Extremely interesting for indirect NP constraints!




ATLAS

EXPERIMENT

Run: 283429
Event: 2254956594
2015-10-27 04:23:45 CEST

f
my = 124.0 GeV r Thad
p =237 GV /A
EHIISS
T

-
7-had

CP properties of the
tau Yukawa

through polarisation
correlations in

H — V1~ decay

Boosted H — 777~

candidate event


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/

Higgs Yukawa to taus CP Properties

Af o= -
The CKM sector CP violation is insufficient for baryogenesis, \/5 (/{f hwf wf T thy hwf W“L’f )
pseudoscalar coupling of the Higgs boson to fermions could
be an important source of CP violation! Non zero kf implies CP violation in the Yukawa
iInteraction

However indirect probes through electron (and neutron) EDM

—38
Very suppressed in the SM (where it arises at four loops) de/ e < 10 CIn

Larger if neutrinos are Majorana

A good probe for NP BSM!

Careful, constraints from eEDM are already strong! Frrom J. Brod., U. Haisch and J. Zupan 2013

de ~ ~
— X Gpme |Crkekt + CoKeky)
c ! The electron EDM constraint is weaker for taus ~, < 0.3
! <m_%> p First attempts to constrain this coupling using tau
JILA limit: | =1 < 4.1 x 10%m polarisation observables

Assuming electron Yukawa SM  k+ < 0.001



Higgs Yukawa to taus CP Properties

E L ATLASPlmnay gt . WG
L 10 ; {s=13 T:V,h139 fo =8ther backgrounds — E—nﬂ: Ecpr=g(°)))§
- - - - — TpaqThag HIO 77, Uncertainty —— H—=tt(g_=90° -
Use tau polarisation variables in tau C a0 oot VB o oE 1
decayS Of the nggS bOSOﬂ! Using Severa' 102 0o2® |
decay modes of .
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10 =
Boosted and
VBF (using a
Tau BDT) categories |
transverse 8
. al
Zero Momentum SPin 3
correlation g
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I e I LI L LI IR BN | T
£ 7E ATLAS Preliminary —— Observed: §* = 9:16° (68% CL)
B 65— s=13TeV, 139 fb" .._... Expected: § = = 0+28° (68% CL)_E
- st E Pure CP-Odd hypothesis
Lrarr =——k(COSP,TT +8In @, TiysT)H s E excluded at 3.4¢
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3 =
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-032

CMS Experiment at the LHC, CERN BT Cis Experiment at the LHC, CERN Y9 CMS Experiment at the LHC, CERN
Cala recorded: 2018-Aug-27 18:16:09.757504 GMT - Dala recorded: 2018-Jul-14 22:42 55 530432 GMT Dala recorded. 2016-Aug-05 11:38.36.758040 GMT
Run !/ Event/ LS: 321879 7 102476714 / 86 : Run/Event LS 310630/ 961085851 / 624/'\:: Run / Event/LS: 278240/ 2307764905 / 1215

CMS Fxperiment al the LHC, CFRN AL CMS Experiment at the LHC, CERN
Dala recordec: 2018-0Oci-03 01:19:17.3203¢3 GNIT Data recerded: 2018-Sep-30 16:00:48.744704 GMT
Run/Event/ LS: 323940 / 44997009 ! 65 Run/ Event/LS: 323755 /1382838897 [ 755




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 fo ' (13 TeV)
> Z_""I""I""I""l""I""l""l""_: = 7 UL S B B B S L B L L L B —=
8°F cms s Data : g 005 ATLAS + Data =
« 700F  All categories — S4B (u=1.19) - o 600= YVs=13TeV,139fb" —‘g)tal ngj f =
S | S/S+B)weighted ... Bkg. component P —~ . — Signa -
b = — +— h I
> 600 = 125.38 GoV ——p = 500_E H — pu, In(1 + S/B) weighted .. Bkg. pdf =
5 @D 400= =
= B = -
g g SOOE— —g
@ = — -
2 100= =
A | = 3
I a . e o o e o o oo LV A S T K S EFEF

N TN I I T T ST TR S g eeeemeeeeereeeessmeesmmeseeng e sssessegl ceee st oo e eeeeeeeme e st sesteseeet e resemesemeeeee e seessessmsemes s eetmeseeseeee]
c_, 5 L |+l LI I LI I{I | L I L I L I L I L l_: \
o + : ©
y 0
% g 5
O —5 | I | | I | I | I | | | I | I | I | I I | I | I .| I | I | l':

110 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150 155 160

m,,, (GeV) m,. [GeV]



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!

JHEP 01 (2021) 148 137 b (13 TeV) PLB 812
L L L L L | LA (LI U N N O R B SN B B (N S N N |
CMS Combined i = 1.19 73 ATLAS (s=13TeV, 139 fb" H - uu
_ —— Combined best fit p = — Fe4Total | |Stat. M@Syst. | sm Total Stat.  Syst.
VBF-cat 0= 136069 - - -- SM expectation
. 061 :
0 ——8=— 50 £35 ( £33, 11.
CMS Result i - 68% CL ~ VH and ttH categories 50 £35 ( £33, +1.1) ATLAS Result
95% CL , P
ggH-cat. u=0.63_+o.65 — B ggF 0-jet categories |——tet— -04 £16 ( £15, £0.3)
Expected 2.50 ost My = 125.98 GeV Expected 1.70
B 7 agF 1-jet categories b—e 24 +1.2 ( £1.2, £0.3)
Observed 3.0¢ Hcar | we23227 - : Observed 2.0c
' 195 agF 2-jet categories —8— 06 +12 ( +1.2, +0.3)
u = 1.19 £ 0.43 VHecat | u-5.4837 5 . , VEF categories —— 18 +1.0 ( +1.0, +0.2) H = 1.2+£0.6
— = GCombined HH 12 +06 ( £0.6, o5 )
I | | | | | | 1 | | | | | | | I | | | | l | | | | | | ! | I |
1 1 | I 1 1 1 [ 1 1 1 I | 1 1 I 1 1 1 I 1 _1 O _5 O 5 1 O 1 5 20
—4 -2 0 2 4 6 8 Signal strength
Best-fit u

Result dominated by statistical uncertainty, but watch systematics!


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

More Rare Decays and Production

Quarkonia-photon

S/
Potentially sensitive
H _ __ to charm Yukawa

_|_ —
MY
~100 x SM

/v . .
Potentially sensitive

o to strange Yukawa
_I_ —_
CKTK Ty
~200 x SM

S/
Potentially sensitive to

g light Yukawa

g} Ty

~50 x SM

Lepton flavor violating decays

Various decay
/ channels of the
t > < Higgs boson
N (diphoton, bb)

Single top associated production

q
. — Tree level
i %W o interference
W ~7 7 between W
b 7 ' R ; andtop
> /

Invisible decays

W
AVAVAVAV
A : m Y
I

A
PQI/ \ )
/
>

<
A

<11% @ 95% CL
HL-LHC 2.5%




The Higgs portal and Invisible Higgs Decays

Searches for invisible decays of the Higgs boson

& S =
£ 1 B,.,, <0.093
i ! = - ATLAS = Al limits at 90% CL
in several channels! 107 D iy are] Alimisa
© i \\ s= 8TeV, 20.3fb"  Higgs Portal WIMP:
To be precise: upper limit on the H—invisible L ouf < (5-13TeV, 1301" - Scalar
branching of 0.107 (0.077) at the 95% CL 5 ~ = Majorana
_: Vectorger
107% I Vector ~
> 1F | | | | | | = L “'f..‘_:.-_-‘--’-"""'"——— Jymodeh =02
S - - el 7 Other experiments:
T [ ==t T E00 eV e et e —
I 09 :_ ATLAS 1 — Observed _: 10—49 """""""""""""""""""""""""" = — Xenon‘]T-Mig
% O 8 = vg =7TeV. ATl Expected = coherent elastic neutrino-nucleus scattermg__ o DS50-MigNQ
2 - (s =8Tev,20.3 1t BERY ] oA 4 — - DS50-MigQF
E 0.7 E_ Vs = 13 TeV, 139 fb' |:|i26 _E 10—53 . 7 ‘ _: — - - - PandaX-4T
= 0.6 — - - - ' = - LUX-ZEPLIN
& oE E Higgs portal interpretation T
S VY =
o 04 = o Muwe [GEV]
2 03 : Should reach 2% level at
o VOF E t B v
> 0.2 i— —; H L_LHC' % 1074 MRPandaX
= = S — LUX
— = o WA ORL 1S 12T 0 26
> : | | | | | | | . - 107 s e et
O T P R 8 B OARWIN 200 oo
5@’\"@ x(’f‘ ‘i\"@ A\ & 2 "2,00 NP q,c’o = — HL-LHC, BR<2.6
Q%Q 1, < N Q\O(\ Q\\)(\ AX = 1 0-46 g PR, AN 16 83T
o FCC-ee will reach : = HLLHC+LHoC, BR<23
0 0 5 0 / § _E“E"Epc’?&"::f.’fé‘ BR0.3%
- o -&7 -_-___,--" Mg PG, WK IR0 4
Monojet ttH ZH 10 ] DARWIN-200 (proj.) § — FCC-ee/evhh. BR<0.025
o level and 10 e

-
- v

1<, 0.02% with FCC-hh L S

Direct searches, Majorana DM

g }
107 = Collider limits at 95% CL, direct detection limits at 90% CL 7\
M 2 3 2 33221 2 M P Er T | 2 2 s 2 22221
1 10 102 10° European Strategy,
m, [GeV]

In the SM the H—invisible branching of 0.1%



Pillars of Higgs Physics at Colliders

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery of the Higgs

boson! A very predictive model!

v
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Di-Higgs production and Higgs (trilinear) self-coupling! CMS Profiminary _______ 138%"(13TeV
K =K =1 —e— Observed ~  ----- Median expected ATLAS —e— QObserved limit (95% CL)
Ky =Koy =1 B8 68% oxpected  Expected limit (95% CL)
----- 95% expected VS =13 TeV. 126—140 b1 (1HH = 0 hypothesis)
| aM _ L] Expected limit +1¢
WW vy Ogor +ver(HH) = 32.8 To ) Expected limit £2¢
Expected: 52 CMS-PAS-HIG-21-014
Observed: 97 N ObS E)(p
(E));F;Z(:Z?j:: 113 CMS-PAS-HIG-21-005 | 01 4 E{—"ISS - ; 10 14
E)E;ezct%dﬁo Acc. by JHEP (2206.10657) Multilepton— : | 17 11
Observed: 32 E :
Multilepton & bbbb— i . 5.3 8.1
Expected: 19 Acc. by JHEP (2206.10268) . ;
Observed: 21 '
bb vy & N bbyy[— * : 4.0 5.0
EXptged: 5.5 JHEP 03 (2021) 257 :
Observed: 8.4 B bbbttt { 59 3.3
N bb T & T T
N \ii;g:;‘;; Expected: 5.2 Acc. by PLB (2206.09401) Gondined 29 24
. Observed: 3.3 — B . .
4b Candidate event — A A I T P P P PR
bb bb & 0 5 10 15 20 25 30 35 40
Expectod: 42 Nature 607 (2022) 60 85% CL upper limit on HH signal strength pyy
Incredibly small cross section ~1000 times smaller than Comp; o
. . Observed: 3.4
Higgs production! ~0 T 000
95% CL limit on o(pp — HH)/oTheory
Huge challenge! but still more than 100k event will be Observed limits start deviating from bkg. only expectation.

produced at HL-LHC! _ o _
Both experiments have ~10 sensitivity to a signal (Obs. ATLAS 0.4¢

~ i I
Multiple channels investigated: depending on the and CMS ~10) with Run 2!!

. . . _|_ —
both Higgs decays considering (bb, yy, 777, WW) Naive comb. ATLAS-CMS sensitivity with Run 3 close 2.5 ¢

More channels and more performant analyses! with improvements (and as much data as possible) aim at 30
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Di-Higgs production and Higgs (trilinear) self-coupling!
HL-LHC Projections

Include some already known performance improvements (S3)!

% ATLAS + CMS Projections ESPPU 2026
g 20l Vs =14 TeV, 53, 3 ab™! per experiment
o~ All other couplings fixed to SM
' 68% CL k3 € [0.74, 1.29]
15§
— Combination
— bbTtT"
—— bbyy
101 —— bbbb
Multilepton
4b Candidate event bbif
Incredibly small cross section ~1000 times smaller than

Higgs production!

Huge challenge! but still more than 100k event will be Both experiments reach ~4.5¢ sensitivity at HL-LHC
produced at HL-LHC! 7.60 In combination!

| . +29%
A combined measurements precision of | k; of _169%,

Multiple channels investigated: depending on the
both Higgs decays considering (bb, yy, 777, WW)

FCC-hh direct : 2-3%
More channels and more performant analyses! ’
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Presented this month at the LHCP conference in Taiwan

1 4 S o1 v/ O =S 4 L=

0.5EL Skt

| 1 I ] 1 1 1 | 1 1 1 ] I 1 1 1 1 I 1 1 1 1 | 1 1
0=—970 120 130 140 150

. — ] < 12 i bl I | I | I | I I | I | I L I Y i
New ATLAS result in the bbyy with Run 3 data at 13.6 TeV ! S [ ATLAS Preliminary - Expected '," ]
e " jol- vS=13/13.6TeV, 140/ 168 fb~ —— Observed [/ ]
5 L F i 5 _ !
g 4_5§_ ATLAS Preliminary _1 + Data E HH - bbyy, Koy = 1 Observed 1
a4 Vs=13/13.6TeV, 140/168 fb Cont. background = 68% CL: K € [-0.4, 5.1] I -
E = HH S bBYy T Total background 3 8 0 k- A Bl ] —
S 3'55 _ - Signal + background 3 95% CL: k) € [-1.7,6.6] H 7
g 3 log(1+Sg),/ B) weighted sum L o — Expected ! ~
— HH= 141 - / N
S 25 = 6 68% CL: k) € [-0.6, 5.4] ) —
= - - /
7 2;— —; 95% CL: K) € [-1.8,6.9] // :
1.5k = :

160 21

My [GeV] IR N B8%CL e _
%1.4 mi xpecte LI L1 | L1 |\\|\‘|~ —":’—l__—-l--l-_| L1 1 | L1 1 | L1 |__
M Rttt — o 03" 550 15 3 45 6 75 9
?’-8' Sensitivity already at level of ATLAS Run 2 combination!
CDO.G—
1.01 TR — +1.3
0.4- | 073 0.75 EXpeCted SenS|t|V|ty: //tHH — 100_10
02 — +1.3 0.6
. Observed: Koo — 0-9_1.0 (Stat) 05 (SySt)

Run 2 Run 3 Combined


https://indico.cern.ch/event/1419878/
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Loop level constraint on Higgs self coupling (assuming no

In th f of ific B
BSM physics in the loops) n the case of of a specific BSM model

_ _ points correspond to strong first-order phase transition in the early
Higgs cross section at 240, 350, at 365 GeV universe is possible within the scalar singlet model

1071}
0.04 -
5ab”" at 240 GeV
+0.2 ab™ ! at 350 GeV -1
0.02} +1.5 ab™! at 350 GeV |
............ o N
--------------- 52 1072
N ol T NGO NS N S5 r
B o e e N\ T Q
________________________ 3
~0.02 -
Ple—,e™) = (0,0) FCC-ee 1073} Strong FOPT
~0.04 ! l | 1 ! : K3 (53, 68%)
U6 ~4 ~2 0 2 4 6 Ky (S3, 95%)
Sk Kz (S2, 68%)
Kz (52, 95%)
Higgs self coupling precision ~30% - reduced 10“(‘) s 3o 1s > &
to ~20% with kappaZ = 1 from SM | ' ' K '
FCC-hh

Measurements at different energies will be very important. FCC will be decisive (also see that the most precisely known

coupling is setting stringent limits)


https://arxiv.org/pdf/1711.03978.pdf
https://arxiv.org/pdf/1711.03978.pdf

Improving Higgs Couplings at FCC-hh (and HL-LHC)

The precise measurement of the most precise coupling is also important to measure more precisely
other couplings.

4+ — Allows for a model independent
e"e” = hZ measurement of the top Yukawa

. L H L . L H . L L h .

0.15 T T T T T T T T T T T T T T T T T T T T T T Y

68% and 95% prob. regions 68% and 95% prob. regions

oaok 7 NeFCC-ee 0.6 - HL4+FCC-hh Oupanoyy
. > HL+FCC-ee-hh - HL+FCC-ee-hh
////' \‘\‘
0.05 ,f'// R ll
- g y .// ? ‘| s
wg // y /"/’—\ /‘/ wmc
< 0.00 Yy SN &
ﬁ ‘,,/ - //" / ",/ o
8 I'| tv / /// b
—0.05 ,. \_// ///,,.
\\. ,//-
-0.10
HEPIT
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 : . 0.10
M
EQue/ Oht OGht/ Frint

eTe™ — 1T FcC-eeat 365Gev  pp — HH FCC-hh (and HL-LHC)

The Ztt coupling can be used from 365 GeV FCC-ee data to Can then be normalised to ttH to further gain in
normalise the ttH to the ttZ reduce the systematic uncertainties. sensitivity.


https://arxiv.org/pdf/1711.03978.pdf
https://arxiv.org/pdf/1711.03978.pdf

Al Achievements in HEP

Huge success in jet tagging (H, W, Z, top,...)

Progress with Deep Learning Techniques

Array of ML opportunities beyond classification and

1500

outgoing particles
regression, in simulation, unfolding, anomaly detection, etc.
H 4
Particular success in flavour tagging J W
<]
A 4
2oF T T T T T T T T ] protonbeams/
- ATLAS Simulation Preliminary —2500 - (9
60 :_ \/_E =13 TeV GN2 :
- ttjets, ep = 70% 12000 Aw e
_5 505_ ; ] '% C collision event )—»Cjet reconstructionH jet tagging )
g 40‘_ ERUHSFGCO __1500 g)—).
I ; GN1 -
g.%0F - DL1d {1000 = lllustration from Particle Transformer
20C pLq T
|

2017 2018 2019 2020 2021 _ 2022 2023
Year

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

LOVES ML /Al 10 j
o: '

Similar trend for CMS Still more improvements

expected in flavour tagging techniques! Particle Net uses Dynamic Graph CNN



https://arxiv.org/pdf/1902.08570.pdf
https://arxiv.org/pdf/2202.03772.pdf

Making the Impossible - the Charm Yukawa

outgoing particles

Y
o,
collision point / %\
proton beams

An

jet reconstruction jet tagging

lllustration from Particle Transformer

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

-A log(L)

Making the Impossible - the Charm Yukawa

Charming the Higgs at the LHC?

Using new Flavour tagging in ATLAS and state-of-the-art
ML techniques Particle Net uses Dynamic Graph CNN

1381b (13 TeV)

4.5

LB AL L LR L LB B LB R i T T [| ' - - — — e ————(——————
: \‘;‘ ATLAS Preliminary_' ’;/ . % 4 OOOLéMS | " Otworved. -VH(H—oi), ymTT
) : \‘\- \V:: Ijliles\lléi; o .;'/ - : E SN % ftﬂ“ ‘ E;:::top E
3.5 \ ~— Observed, 95% Cl: [4.2, 4.2] J 3 g gop|— AN catagaries [ wwommen) 7] vziz—cd) —
. \‘\;‘ - = Expected, 5% Cl: [-4.1, 4.1] 6’ . % - SSBwelahted C:Z(z*:b’, ty B ve-e5) -
37 " ' _.: ; . ‘é-*’- S Bunoeriain _
- N sm S ra
- . ) - N
25 k| < 4.2 95% CL |3 : 4 -
20 95%. Gk B een e, F A - @ Y ]
= , b — i
150 \ /' ~ — ——— —e=Sai e
- \ / E -
E \ /
0.5,:._ < i/ X O U VY S — B subtractad _
0 \\u 1l _ e
- -6 2 4 6 8 i P S e =
500 e e e e e
. o 60 80 100 120 140 180 180 200
Kc < 8.5 In previous results Ke Higgs boson candidate mass [GeV]
Led to hugely improved
1.1 <kx.<5.5

performance of VH(cc) analyses

Yields a precision on k. of ~40% per experiment at HL-LHC

New perspective at the LHC!

Impressive new result fresh of the oven!

CERN

Seminar last week!

_2AIn(L)

CMS Preliminary 138 fb~ (13 TeV)
'|<c ﬁﬁs(g_,cé) < 3.0 @95% CL -~ ttH(H—-cC) — Observed]
7| k@, <3.5@95%CL -+ VH(H—cd) — Expected |
: -4 Comb. ! /

0.0 05 10 156 20 25 30 35
K¢

At the FCC-ee KC ~0.9%

X40 improvement, will also benefit from
iImprovements in taggers


https://arxiv.org/pdf/1902.08570.pdf
https://indico.cern.ch/event/1544797/attachments/3066145/5423589/SWuchterl_LHCSeminar_250513_ttHcc.pdf

Beyond the Impossible

Extremely challenging s-Channel Higgs and e-Yukawa Strange Yukawa coupling

1.- The production cross section is oglee - H) = 1.6 fb - DL tagging algorithm

require extremely large luminosities . e . . .
. y 1arg - Charged hadron particle identification (PID) is essential

2.- Given the Higgs width of 4.2 MeV, an extremely small (using number of ionisation clusters per unit length (dN/dx)
\/; spread is an advantage - monochromatization. in IDEA drift chamber or TOF)
FCC-ee Simulation (IDEA)
- Beam spread ~ 100 MeV (no visible resonance) requires L S e
beam monochromatisation ¥ . e~ ZH H=J) | i
.8 : i=u,d,s,c b, g > :
- Requires a prior knowledge of the Higgs boson mass of a 1 '
~Coup|e Of Mev a-t most! é 10 E— ............................................................................................................ ._g.
D - : .
- Energy spread: ) o’ Ey+ AE E,- AE E ] - Staggingvs.ud -
- —5=0 {0 v > < ‘ K i : =
05 - 8=4.1Mev " \\ (""; 7777777 gac E E - S 2 SR SSUR N AN S S S SRS s emreeseraerons RTINS SO —
[ T pmtamev R P >, et - > Ip <€ - e 107 ¢ ——"roPID -
= 04 5 =30 MeV / '\ E _AF . : —— dNidx | -
— 5 = 100 MeV / \ LI > < 8 i a — dNidx + to.f (0,=30 ps) _
~= 0.3 P\ NExS —— dNidx + tio.f (0,=3 ps)
Lof S N “ ‘L ; ----- ideal PID:
> 02 NG Y izati 0% 02" 04 06 08 1
N onochromatization : : 0. 08
s - ™. .. considered but never used jet tagging efficiency
S o ~ Opposite correlation between spatial _ S o
12499 124995 125 125005 12501 position and energy. First studies indicate a sensitivity of
s (GeV) o
~100% on strange Yukawa
First studies indicate a sensitivity of 0.4 for Kaon PID and Strange tagging can also be used for HF
ge tagging

a year in one detector measurements or top e.g. V, from rare t — Ws decay



Conclusions

The Higgs boson is at the heart of a large number of fundamental questions, and its detailed study
IS key to answer these questions.

Higgs physics has now become a field on its own, with outstanding TH predictions and measurements
that were thought to be inaccessible at the LHC.

Higgs physics also has center stage in shaping the future of the field and in determining what the net
flagship project for CERN will be, as it provides among the principal guaranteed deliverables for the
possible projects.

Collider projects from the HL-LHC to Multi-TeV machines offer a physics program for the 21st century
with immense opportunities in particular in Higgs physics.

Now is a pivotal moment for the future of High Energy

. )
Collider Physics! % OPEN SYMPOSIUM f"\) 4

§ European Strategy
g for Particle Physics

After the LHC, the FCC is the most ambitious and
the perfect flagship project for CERN!

- ck;‘\' » -
23-27JUNE 2025 %) INFN

—— - —

Open Symposium on the European Strategy for Particle Physics .




Backup

APred. ~7MeV  AMeas. ~ 10 MeV  APred. ~1.5X 107% AMeas. ~7 X 107" APred. ~1.3% AMeas. ~0.2%

—
o

' - . 10
' ) el fitter|s.):
g : 1 & 9 [ SM fit w/o m, measufements
D SM it wio MV:; megsurements l_l SM fit wio meas sensll@'e o smzﬁ"lr' :. [ SM fit w/o mt and M,, heasurements
SM fit w/o meas. enslth'!'e ] sin’(ﬂ'r..i andM_ me.aa @ m{(fn world average [arkiv:1403.4427] Pre Ci Si on EW fltS h ave (an d h ave
~@- LEP/SLD [Phys. Rgp. 427, 257 (2006)) . : HEH mkin DO measurement [3rXiv:1405.1756] ) )
8- Tevatron [arkiv:1504 03243, § orxivetzo7. had) a huge predictive power: top
: ~ mass, the Higgs boson mass, as
well as to some extent the absence

of BSM physics at the LHC!
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80.34 80.36  80.38 80.4 80.42 0 0212 02314 02316 0.2318
in2fil
My, [GeV] Sin“(Ugy)




LHC Outstanding Achievements in Precision

Measurements of sin” 6y,

Measuring the fully differential pp = Z — u*u~ cross

section yields the weak mixing angle (mainly through A )

SM 0.23155 = 0.00004
LEP A, ' = | 0.23099 = 0.00053
LEP P, B | 0.23159 + 0.00041
LEPAY | —— | 0.23221+ 0.00029
StDA’, | —— | 0.23098 = 0.00026
R e e D
D01.96TeV | . "1 0.23095 = 0.00040
O i e DR
LHCb 748 Tev| | 0.23142 = 0.00106
cMS8TeV | o | 0.23101+ 0.00053
N = i T 200008
0.229 0.23 0.231 0.232 0.233 0.234
sin“e.
ATLAS CMS LHCDb W.A. (w/o LHQ)
Precision
0.16% 0.13% 0.21% 0.07%

Precision approaching that of LEP A};B and SLD A, »

At FCC-ee

Precision 0.0007% (7 X 10_6)

200x improvement

pp
From AFB stat nd syst

(Dominated by beam
energy calibration) on par.

The least know coupling in the SM o

Inclusive Z transverse momentum

dO‘Z

o.dpy

~~/

27wy

resummed calculations

ATLAS ATEEC
CMS jets

W, Zinclusive
tHinclusive

QQ bound states
PDF fits

e'e’ jets and shapes
Electroweak fit

ATLASZp_8TeV

'-ﬂ 0.1179 + 0.0009
1 - 0.1183 £ 0.0009

g (p_l_) In MZ
Pl
Using Sudakof peak in pT, based on

T T T T
-®- Hadron Colliders

ATLAS -@- Category Averages PDG 2022

Preliminary -@- Lattice Average FLAG 2021
-@- World Average PDG 2022
-@®- ATLAS Z P, 8TeV

0.1185 + 0.0021
0.1170 £ 0.0019
- 0.1188 + 0.0016
0.1177 £ 0.0034
0.1178 £ 0.0019
0.1181 + 0.0037
& 0.1162 + 0.0020
L 0.1171 + 0.0031
& 0.1208 + 0.0028

0.115 0.12 0.125 0.13
aa(mz_)

At FCC-ee

Precision 0.1% (0.01% stat)

10X improvement

w
<

do'dp 2 [pb/GeV]

-
-
-
-
-
S
-

Q...
-

== a,(m,) =0.108

20—
- — a(m) = 0.118
r — = .(m,) = 0.128
9 12_:. PUNE SN S SN SN NHN UEN NN SN S
E t . e e
1 e -——
L =~ o T T e e e Sopres e S
08f——"
0 5 10 15

0.9% Precision on par
with lattice QCD and
world average!

From R%,T%, O'l?ad syst
dominated by TH
s )
[ o ™ eee

I'had = I'had, noQcD (1



W Mass - Measurements and Puzzle

Measurement
significantly different
from ATLAS (low PU),
was done with Run 2
2016 data with
sizeable PU, using
the muon pT only.

CMS on par with
current most
precise
measurement

1.0

Events/GeV

0.4

0.2

0.0

Data/Pred

0.8/

0.6}

1.0025¢}
1.0000}

0.9975/}

CMS Measurements
of W mass
CMS briefing

Also in ATLAS and LHCDb

«107 16.8 b~ (13 TeV)
R L L
lelndf= 35.4/30 Bl W= HV

| (p=23%)

B Nonprompt |
N ZIyE =S g/t
 WESs v

_—
== my+9.9MeV Model unc.

Electroweak fit
PRD 110 (2024) 030001

LEP combination
Phys. Rep. 532 (2013) 119

DO
PRL 108 (2012) 151804

CDF
Science 376 (2022) 6589

LHCDb
JHEP 01 (2022) 036

ATLAS

arXiv:2403.15085

CMS

This work

' I l I I
my in MeV
| 80353 +6
80376 + 33 e ——————
80375 + 23 —_—
80433.5+9.4 ——
80354 + 32 —_——
80366.5 + 15.9 ]
80360.2 + 9.9 f——
| I | I | I | I
80300 80350 80400 80450

my (MeV)

Large experimental tension between the CDF measurement

and other measurements.

The tension between LHC and CDF W mass is in
excess of 40 Significant evidence of measurement

systematic bias!

At FCC-ee

Precision 240 keV

40x improvement

From WW threshold stat and
syst on par (syst dominated by
beam energy)

See slide 35 for impact on new physics!


https://cms.cern/news/cms-delivers-best-precision-measurement-w-boson-mass-lhc

Z Mass Measurements at the LHC

Z mass from di-muon mass by CMS Z mass measurement by LHCb

Z — uu~ events are not used to determine the muon

momentum calibration can then be used to measure the Z mass!
Y(15) — up (calibration)

Z — utu~ events are not used to determine the muon
momentum calibration can then be used to measure the Z mass!

]/ = pp (cross check)

6 16.8 o' (13 TeV .
> 1.2 x‘l(')' L T T N l( A ) ;JOOOO' M 2; '<'44' ' . b .' o '_,‘ — Total uncertainty
8 10 i CMS + Data 8 M:gz ZT >'S GZV ' ‘ ERCh Exelimingy1:7 10 ‘ Statistical uncertainty
% | Postfit . Ziy - py §25000‘ B
S 08| x¥ndf=251/25 = _
>  (p=45%) $ 20000 |- g
LIJ 0 6 . 8 : LEP Cixnhination
. i I é 15000 u & " Phys. Repe. 427 (2006) 257 -
0.4 i N 8 : ] £ | COF
. i I i 7 o | 2 Science 37542022 170
0.2} ] Powerful validation 10000 R X 1 57| oty ‘
i [ —— Fit result | 1, [ HHehPARERZ020W
0.0 ! Of the muon 5000 "‘FJ" mz=91.0 GeV 4“0..‘; § Electroweak Fit (J, de Blas eral)
B 101k — ok ' | | ) momentum scale : mz=91.4 GeV 1 gE | oo emosns
o V' == mz+4.8MeV Model unc. ﬂ N S S T T S I+ 1 1
Q. J { N | , ] and thus the W mass 86 88 0 92D' 94 o V% o 91160 91180 91200 91220
% 1.00 B e O LR R ='=} measurement. imuon mass [GeV] m;, [MeV]
A | [ - First measurement at LHC! .
m,= 911842 + 9.5 MeV

R I T L
100 110 120

60 70 80 90 e (Gev) Soon challenge LEP measurements.
mbl — m,P¢ = —2.2 + 4.8 MeV AtFCC-ee

From Z line shape entirely
dominated by beam energy syst.

Precision 100 keV (4 keV stat)

Not a measurement! |
20x improvement w.r.t. LEP

Z are used, together with the PDG Z mass to define the

systematic uncertainties. Beam energy measurement with resonant depolarisation is key!



Flavour - The Quark Sector

Most precise individual direct top mass measurement At FCC-ee
x10° 36.3 fb” (13 TeV) Precision 4.2 MeV (stat) and 4.9 MeV (syst) !!
> Zgg'c'M's | -'g'co%rect o '-'a}r'lgltt'at' i
¢ 40F 7T Pl — oAt . From Ztt threshold, QCD
- ¢+ jets [ttunmatched mmZ+jets - . ment w.rt. LH . Bnd
w g5 TE G Daa - CoCDmdiet ] Measurement on partial >0x iImproveme © uncertainties are dominant
@ 30F % o 7 Run 2 dataset in the
- 25'_ 7 ""t =172.5 GeV - . T
g, E / |epton_JetS t0p0|09y_ 178)  68% prob. regions from EW fit AT
I 20 2™ > Current / /
X S V.
. —_— -ee 4 ;
o My, = 171.77 +0.37 GeV | oy y &
55 Direct determination / //
®) " f - Maus, 2024_mtpoc;,2oz4 // y
= 1.5 " HL-LHC 4
B 1__.__._._.”:;/ D A ;! 174} <> Fcc-ee ,
Q 100 200 300 400 s
fit Yy
m," [GeV] 172 / 7
Many more top mass measurements y :
y )
. 170} 4
LHC combination 4
4L 7
_ Vo .
My, = 172.52 +0.14 (stat) + 0.30 (syst) GeV Vi [HEP

Still slight tension with Tevatron measurements

80.33 80.34 80.35 80.36 80.37 80.38 80.39
Mw [GeV]

Tevatron combination:

174.34 + 0.37 (stat) -

- 0.52 (syst)



aem(mZ)

a,. at low energy is very precisely known:

a = 1/137.035999679(94) 10

Determined at low energy by electron anomalous
magnetic moment and quantum Hall effect

When taken at mZ, the extrapolation degrades the

precision to 10~*. To take full advantage of the Tera
Z program a more measurement is nhecessary!

| 2
Qo (M)
[ . | Erler, Ferro-H. [5]
I * { Jegerlehner [6]
=1 = — Davier ct.al. [8]
ey = . .
; ,f;j } . | Keshavarzi et.al. [9]
—_— PDG average [11]
g —— < 1% exp.d < 0.1% th.
E 2 f—o—1 A off-peak [14]
c| - .
. O H RP_— v Oﬂ:“ e‘dk
g O this work: fet 0P
Al = i R.- je+ on-peak
| | | 1 | | 1 | | | | | | 1 1 | 1 | | |
128.92 128.94 128.96 128.98 129.

First idea to take Alﬁfg off peak (P. Janot, 2016)

M. Riembau (link)

ole et e (0)+ X)
oleet = et (0)+ X)

72’6—/6+ (9) —

d(sin?0:Y) /sin®68 x 10°
-8 -6 -4 -2 0 2 1 6 8

T T T T T T ]
! L A
10+ W A% 8
: - Rf'_/,'t_ -6
5 : - ’R'e‘/('+ s 1
« - - L 0
- I Combination — S
= 12
i X
X i o
N 0 ™ — B N O d@
- S i )
| © i - =
4—92 1§
s :
yi 23
—5 |2
+ =6
~10! 1,
1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 || 1 1]

—20 —10 0 10 20
§(sin?07) % 10°

Provides a precision of below 107> statistical precision!


https://arxiv.org/pdf/2501.05508

ete~ Ultimate Precision Machine!!

Observable present FCC-ee FCC-ee Comment and

value + uncertainty Stat. Syst. leading uncertainty
myz (keV) 91187600 + 2000 4 100 From Z line shape scan Observable present . FCC-ee FCC-ee ) Comment _and
Beam energy calibration value =+ uncertainty Stat. Syst. leading uncertainty
'z (keV) 2495500 £+ 2300 4 12 From Z line shape scan 7 lifetime (fs) 2903 + 05 0.001  0.005 ISR, 7 mass
Beam encrgy calibration 7 mass (MeV) 177693 + 0.9 0.002 002  estimator bias, ISR, FSR

=2 nelf 6 ‘ HH

sin” By (x10°) 231,480 + 160 1.2 1.2 . From Ay, altf P:}ak 7 leptonic (uv,v) BR (%) 17.38 = 0.04 0.00007  0.003 PID, ¥ efficiency

eam energy calibration

, . 7 (MeV 80360.2 £+ 99 0.18 0.16 F WW threshold
1/aoen(m2) (x10%) 128952 + 14 39  small From AL off peak mw (MeV) Beam energy calibration
08  the QED epw o Ay on peak Tw (MeV) 2085 + 42 027 02  From WW threshold scan
: Beam energy calibration
2 3 : : ;
Ry (x10°) 20767 = 25 005 005 Rauoof et;?grn‘é’e‘sfg; }ggzgﬁz as(my) (x10%) 1010+ 270 2 2 Combined R," , I'\y fit
o2 4 : Z pZ 0 N, (x10%) 2920 + 50 0.5 small Ratio of invis. to leptonic
as(my) (x107%) 1196 + 30 0.1 1 Combined R, T, 04 fit in radiative 7 returns
op-4 (x10%) (nb) 414802 + 325 0.03 (0.8  Peak hadronic cross section T ,
had L uminogity measurement Miop (MeV) 172570 £+ 290 4.2 49 F&):rg gng:;sgg?uﬁg
3 : -

Ny(x10%) 29963 + 74 0.09 012 . Z peak cross sections Liap (MeV) 1420 + 190 10 6 From t{ threshold scan
uminosity measuremen QCD uncert. dominate
Ry, (x10°%) 216290 = 660 0.25 0.3 Ratio of bb to hadrons Atop/ Atsoh{,i 1.2 + 03 0.01S 0.015 From tt threshold scan
A,‘i,;o (x10%) 992 + 16 0.04 0.04 b-quark asymmetry at Z pole Q1 umceat. Gommate
From jet charge ttZ couplings +  30% 0.5-1.5 % small From /s = 365 GeV run

APRLT (x10%) 1498 4+ 49 0.07 0.2 7 polarisation asymmetry

T decay physics

FCC-ee is much, much more

Superb precision achieved and

uncertainties are dominated by

- x50-2000* Improvement on all EW observables

than a Higgs factory! - Up to x30-100 improvement on Higgs observables

systematic uncertainties!
*In the case of Rb!



What about the electron Yukawa?

The soft limit of the photon is covered by the H — e"e™ «10° HIGG-2018-58
decay channel, sensitive to the electron Yukawa. The E 100: ATLAS 'p'r'él'";;r;;r; =13 Tev. 139 o
Branching fraction in the SM: 7 ek .

BI’(H — €+6_) ~ 5 10_9 E — Background model

— Signal (H— ee BF=2%)

60— =

e A - :

h h 40— =
— - — _—— - A - -
e-l— < €+ 20__ -

Though one could hope that this would O_@.,,m.,-m.n :;i:

be large, it is suppressed by me2 = 500? + + I+ o _;
g KRS TI—
The limits obtained with a dimuon-like analysis yields a - -500# + H -
A 110 115 120 125 130 135 140 145 150 155 160
Br(H — ete™) < 3.410™ .. [GeV]
Probe large electron e-Yukawa coupling from Perhaps possible at eTe ™ collider in the s- Probes of light quark and electron Yukawas in

B — e"e™ (where B is a pseudo-scalar) which is channel ete™ — h (requires special run and  atomic physics (through isotopic shift

helicity suppressed from other contributions than monochromatization of beams to compensate SpPectroscopy in atomic clock transitions, which
the Higgs exchange (potentially sensitive to large for horizontal blow up from Bremstrahlung) are the most precise frequency measurements!)
Higgs contributions)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/
https://cds.cern.ch/record/2159683/files/CERN-ACC-2016-0077.pdf
https://arxiv.org/pdf/1503.04830.pdf
https://arxiv.org/pdf/1601.05087.pdf

More Decays with to Quarkonia and a Photon

Neubert et al., 2015

Br(J/W¥y) =2.95 107°

H _ _ _

Does not include the
subsequent branching
to muons (6%)

Br(¢y) = 2.31 107°

H _ _ _

No Kaon tagging based
on the ¢ mass only

Br(py) = 1.68 107>

J/Y

~

Current limits

> B | 'I""I""I""_ > =L L LA DAL LN DL DR DL DAL LR B~
) N ] ) - ¢ Dat -
g 60— é—z}é\ls 36.1 fb" — (uD) 100—_ 8= CB;ailcal:é;_rounczl_ fit £1o0 él}évs% AP
N : 4 Data - 2 - =zc|)=rg|:1matonc ) o T
£ 50 === Background fit 1o ] % _ %g((lr_‘ls) ?Pa(cgg)rgqua i
o N Combinatori ] c 80 = p(nS)y)=10 4 —
: . TR Ew(nS)lback;ound = 2 - OBZ=> w(nS)y)=10"} ]
Potentially sensitive : = ZFSR : weor ]
- [B(H—> y(nSy)=10° 601~ ~
M+ l/l/ T /y 20:_ _: 40— -
10f- - T Dbt
> 1.5 | — 215 o N }y -
~ 12F L T e 79 X t boptt + t E
A 2 Lt it
S 50 100 150 200 250 300 S 2 22242628 3 32343638 4 42
m,..., [GeV] m,..- [GeV]

Potentially sensitive _ _ _ _
to strange Yukawa Measu_rlng the Higgs decays to quarkonia and a photon do not give
exclusive access to the Yukawa

KTK Ty 1905.09360

Q ; Behavior of o x BR(H-J/y + y) along the flat direction

~200 x SM . <W\C © .

Potentially sensitive !

to light Yukawa 5lk.|Y2 — 1.04k.)% x 10710 GeV
4+ BR(H — J/Y +v) = (5]~ ) 5 SM
w70 fy (0.16]kc| + 0.03k2) x I';

~50 x SM Highly non trivial interpretation as a value of k. of ~100 .
~300  -200  —100 0 100 200 300

Paradoxically closest limit requires a k, ~ 20 i.e. a non perturbative top Yukawa! %
to SM sensitivity

o X BRH-ly + y) (Th)

0 .




More on the 2d Generation (charm) Yukawa Couplings

Very challenging, various ways to constrain

- VH(cc) direct detection, relies on ability to distinguish b and c jets, using charm

tagging (based on the charm decay length comprised between b jets and light jets) - ¢ W c - ---- H

based on deep neural network techniques.

- Differential cross sections (as discussed previously in lecture 1) ; hN o s,d — W-
S, A

- Charmonium-photon exclusive decays

- WH production charge asymmetry (PDFs) J(W’""h) B J(W’_h)

Based on d anti-d A
c(W'h) +o(W ™ h)

asymmetry in the PDFs

- Search for Hc production

Potentially sensitive

— T T T T T T = _05
é 10° ATLAS Simulati0||’1 N | ? to charm Yukawa o
8, - Vs=13TeV, tt T ﬁi:::§:§2§§ 2 110455 e HLALKC
2 ) = = =1 cefficiency 20% 7] 5 J/ RN S
_*c!l I o 41% efficiency WP | —0.4 o £ o
5 10° 0.35 © é :
- H _ _ _ 4+ — =
03 //L l/IJ /y g‘”ii :5‘?.1::1-:1:({!%;2}{?3!15!&1] uncertainty
102 0.25 S
g R[]
0.2 Also limits on N &
Upsilon-gamma 3
0 0.15 & J £ oss
é 4|- é é %é |1|O 20 30 01 Sensitivity to gamma_gamma* F Yu Direet Higgs width (CMS, Rur 1)
b-jet rejection (top loop) and interference e e
Run 2 . .
ATLAS and CMS HL-LHC HL-LHC Example of new idea in ratios where many TH
( an ) uncertainties will cancel, of course in this case
<26XSM <6xSM <15xSM sensitive to PDFs. 66

=

=== ==E**S:



Summary on Flavors

(at HL-LHC with comments on HE-LHC)

Includes (approximately)
projection from LHCb analysis

HLLHC gfojection 3000 b *
v | | gllob.dl (95'% cL) | First and Second generation Yukawas

[ direct search (95% ct.)
B kinematic (95% CL) - Extremely challenging at HL-LHC (most stringent constraint coming from
B width (off-shell, 6s% c1.) the couplings fit assuming no BSM width).
_ 2 width (int.. 95% cL)
O exclu%sive (95% CL) - For the charm Yukawa direct search (using charm tagging) is not far behind!
3.0 x 10°

- Then comes sensitivity to coupling combination through width offshell.

3.0 x 107

Hd Vet s SV
5 - Exclusive searches still only marginally sensitive.
1.4 x 10

- New emerging ideas to be explored with such large datasets.

2.9 % 10°

0% 100 10° 100 10 100 105 107
projected coupling limit
67



More rare decays and production Modes

Lepton flavor violating decays

Flavor changing neutral curent
decays of the top quark

Various decay
channels of the
N\ Higgs boson

N (diphoton, bb)

Single top associated production

Tree level interference between W and top

> / > /
§W A §W+_

b P b
” \/\t " \\t




Flavour Changing Neutral Currents

In the Standard Model the Yukawa couplings are diagonalised as the mass matrix: no flavour non-diagonal terms.

¢T¢ L — L —
Non diagonal terms can arise in dimension 6 operators in a SM EFT F ()\ij FiqbféR -+ )\z’j Fzz; §bcffcch)
m;; v
In this case the Yukawa-masses relation is broken, and di- and Y. ~ YJ | C;i
tri-Higgs terms will be generated! / (V) A2 /

As in 2HDMs unless carefully assuming that one Higgs doublet couples to a type of fermion at a time (Natural
Flavour Conservation rule - yielding types | - IV 2HDMSs)!

Not a necessary condition to match the Kaon, B and muon decays data

This Ansatz works well with most constraints (light quarks and leptons), but
for higher masses the Higgs data can be of interest (experimental goal).

Cheng and Sher Ansatz

\/mimj
)\ij ~ Going beyond this Ansatz requires fine tuning and this is thus called

U the « Naturalness Limit »

Defines a good experimental goal!



Lepton Flavor Violating Couplings

Simplest channel at the LHC is the ey but it is way The Naturalness Limit in the case of the tau and mu
more constrained by u — ey experiment (MEG) couplings is much larger corresponding to Br ~ 0.4 %
—13 .
BT(M+ — 6+’Y) < 4.2 10 Tu channel studied at Run 1 and Run 2 by ATLAS and CMS,
By ( 0 6#) <0 (1 0_8) Depending on assumptions on with analyses in both the hadronic and leptonic decay
the diagonal e and p Yukawa channels of the tau (with analyses similar to the H — 777~
> 700 channels).
o] - ATLAS Preliminary Vs=13Tev, 139" -
P 600:_ ® Data E
'% s00F- S _3*1 CMS 36.0 b (13 TeV)
- : —— Signal (H— en BF=0.05%) - _
400F = =
3 E > 10
. : CMS result with 36 o~
200 : ,
: : 1072
100/ % BI(H — T,LL) < 0.25%
60 ""I""I”"l""I""l""l""l""l"”l'”E -3
o 40 + + é 10
o AR YR -
g jg ﬂ+*++ ++* + +*+ ++ ++’ + + +$++% .................
—60F ., . 3 107%E « The raise and fall » of the
110115120125 130135140145 150155160 =
m,, [GeV] i T Cheng and Sher ansatz (see
A ' 0 : 105 b TR slides)
Limit on ey LFV Branching at 95%CL.: 10° 104 10° 102 10

Br < 6.1 10> Only factor ~10 from « naturalness » limit A


https://indico.cern.ch/event/780528/contributions/3315133/attachments/1851337/3039342/sher.pdf

Rare modes involving top quark

Flavor changing neutral current decays of the top quark
is strongly suppressed (by the GIM mechanism)

t b ¢

wEe 2
mp

| X TN ( )
| mw

'h

B(t — Hq)
SM Branching ~10-15

Therefore an excellent channel
to look for New Physics!

U, C

/ Various decay channels
t

of the Higgs boson

S (yy, bb, WW)
N - ]’L

Limits reached with 36 fb~! at 95% CL (without
charm tagging):
Br(t — Hc) < 0.11%

Tree level interference between top Yukawa and VVH
production: single-top and Higgs associated
production:

. q
‘§ B
b RO

x 3.3 X Ky — B.lKkw ke + 2.8K7

<
¥
-
~
I
| Y
|
|
-x

Allows to further constrain the relative sign of the

tOp YUkawa COUp|Ing Wrt hVV . CMS 35.9fb " (13TeV)
| PP H i - Expeciedlimt
. . . H—- WW/ZZ/77/bb/v4 .
CMS analysis in combination e 65% expaced
. 40 F Kv= LU, 4 = 1. 95‘::: expected
between the multi lepton, bb -=- oy % BR

35 r

Phys. Rev. D 99 (2019) 092005

and yy) channels

30 F

25

owi < BR [pb]

Excludes values of
kK, < —0.9at95% CL

The discrepancy between observed and expected limits
around is caused by the fact that the predicted ttH cross

section vanishes while the data favors larger than expected
yields for ttH.

Kt

Similar result from yesterday’s multi lepton analysis!




The Higgs and the Nucleon Masses

Neutron

Up quark ,/T\

Proton The proton and the neutron are the same

// . \\ particle (same strong isospin double)...
Iu . \

!
\

. ’
. '
\ //
- =
o

Down quark

The neutron-proton with a mass
difference of ~0.1%

S’
4705 MeV/c2 S

—0.3

939.56542052(54) MeV/c? 038.27208816(29) MeV/c?

95% of the mass of nucleons from quark condensates and confined quark and
gluon kinetic energies.

1% from electromagnetic effects (slightly larger for proton)

4% from its constituent quarks
’ b Other important fundamental

With even just slightly different masses, nuclei as we know them would not be stable... concepts borrowed from quark
condensates and the strong

This tiny diff i to the Hi ling t ks!
Is tiny difference is due to the Higgs coupling to quarks interaction. ..


https://en.wikipedia.org/wiki/Electronvolt#Mass
https://en.wikipedia.org/wiki/Electronvolt#Mass

