Electroweak and Higgs physics

Some disclaimers:

* A very biased introduction from an experimentalist!

* Will focus mostly on LHC physics, its already immense
successes and the great opportunities ahead

* Detailing only few specific but hopefully representative
examples, an overview of what has been accomplished
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The Standard Model (SM)

Reminder

= A successful model (from the experimental point of view) that describes the
interactions between known fundamental particles of matter
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Bosons

Leptons




The Standard Model (SM)

Reminder

= The particle physics world in 1975
= The local gauge symmetry that defines the SM is

QCD - » SU(3)x SU(2) x U(1) = Electro
weak

= The group representation determines the interaction form
= Leptons: SU(3) singlets — do not interact strongly
= Quarks: SU(3) triplets — interact with gluons Phys. Lett. B 126, 398 (1983).

Lo (a)

First Level Cuts

= Parity violation — Separation of the left and right SU(2) W Z—o>et+e o

representations: 20} }
= Left fermions: SU(2) doublets — interact weakly ol | :
= Right fermions: SU(2) singlets — not interact weakly ola . 1= T

= No mass terms for fermions v

Second Level Cuts
B 6 Events

1 h

Final Cuts
& Events

= Also, no mass terms for bosons W and Z

Number of events / & GeV

oNn oo oN &~ o
I

= In 1983 UA1 and UA2 experiments at SPS
. . . £ .
announced the discovery of a massive W boson 0 50 100 150

Uncorr ected invariant mass cluster pair (GeV/c?)



https://home.cern/about/updates/2013/01/carrying-weak-force-thirty-years-w-boson

The Standard Model (SM)

And the Higgs physics was born...

SM solution to the mass problem

¥ > o

Add scalar field with spontaneous Add Yukawa couplings
symmetry breaking I

. 2

W, Z boson masses

Fermion masses

= Separately in 1964 (Brout and Englert), (Higgs) and (Guralnik, Hagen and Kibble)
utilised the concept of symmetry breaking through the phase transition of a new scalar
field ¢, causing a non trivial Vacuum Expected Value (v.e.v. noted v)

= The great success of this theory is when linearising the field around this v.e.v. You

can get several terms:
= 3 massive gauge bosons — Wt (degenerate in mass) and Zwithm <m,

s 1 massless gauge boson — photon
s A new boson (now called Higgs boson) with unique properties: it can couple to itself !

= Mass is not an intrinsic property of particles, but results from an interaction with the
Higgs field that fills the space

- ABEGHHK'tH mechanism (known commonly as Higgs mechanism) proposed by three independent groups in 1964

« Yukawa interaction, was not formalized in f rst seminal papers (introduced by S. Weinberg) 4



The electroweak sector in a tiny nutshell

= Expanding a bit on the EWK sector:
SU2)x U(1) (from the Hifgs mechanism)

= The one-to-one relation between the couplings and the masses of gauge bosons (at
Tree level) introducing the week mixing angle (6, )!

gu
/ mw =
tan QW = g— : .
9 o g
2 cos Oy
m~ =0

= As a consequence, at tree level:
9 Mass of electroweak gauge bosons and interactions
myy strength predicted precisely from g, g', v. LHC offers

pP= "3

— m2 caa2 9W unique environment to test the EWK theory



The Standard Model (SM)

Global overview

1 IT ITT

Electroweak physics:

s Mostly related with
boson measurements:
W,Z,photons

Quarks

» Precise tool to probe
the gauge structure of
EWK sector in the SM:
diboson and triple gauge
couplings

Bosons

Leptons




The Higgs sector in a tiny nutshell

s Less elegant Higgs sector wrt the electroweak one
s Carries the largest number of parameters of the theory i F‘ F mv
T ‘mv

s Not governed by symmetries =

s But the Higgs mechanism is absolutely necessary 4+ ;E )&
both for gauge boson and fermion masses
s The Higgs mechanism also predicts the relation between the .
gauge boson masses and their couplings T )Lt %L) )Lj ¢ -|-L\‘<

s The Higgs mechanism also predicts the existence of a Higgs

Z
boson 'D l
A -V
Vv vV Vv v
4 v M = g2 (i)z s The presence of a Higgs
Mw boson also solves another
Vv vV Vv vV 174 Vv

important issue, the unitarity

womact SeEhanns! t-channel of the longitudinal vector
boson scattering (no loose
1% vV Vv % theorem)
H W ,( E \? *The preservation of the
o | M=—g (M—w) perturbative unitarity of the
v v YA, WW scattering, imposes an

_ , upper limit on the Higgs
i Hi
:-cgﬂ?:nnel t-cghgasnnel boson of ~O(1 TeV).




The Higgs sector in a tiny nutshell

s 7TM Higgs boson produced by LHC during Run-2 (2015-2018) and 18M per
experiment expect by the end of Run-3 (2022-2026)!
s LHC experiments are making the most of this dataset!

s Which production mode or/and decay is the best?
s There is an interplay between production and decay based on the backgrounds

Vector Boson

Gluon fusion (ggF) Fusion (VBF)
q q
“00(
g I
0=48.6 pb
W/Z associated Top associated
production (VH) production (ttH)

\W

0=2.2 pb




The Standard Model (SM)

Global overview

1 IT ITT

Electroweak physics:

s Mostly related with
boson measurements:
W,Z,photons

Quarks

s Precise tool to probe
the gauge structure of
EWK sector in the SM:
diboson and triple gauge
couplings

Bosons

Leptons

Higgs physics:

s |s the discovered particle the one predicted by the SM?
= |s the shape of the Higgs potential that predicted by
the Standard Model? 9



The Standard Model (SM)

Global overview
. Top physics:
QCD physics: = A special kind of quark
* Strong interaction s Decays before hadronizing t — Wb
s 8 gluons, 6 quarks
= Asymptotic freedom T TT TITITI

weakly interaction at
high E) and confinement
(strong at low E)

s |n experiment — jets Electroweak phySiCS:

s Mostly related with

Quarks

Flavour physics: ) boson measurements:
= Quark and lepton flavor & W,Z,photons
physics: mixings and 8
couplings, symmetry 0 O *Precise tool to probe
principles violation c M the gauge structure of
« Understanding the B EWK sector in the SM:
matter-antimatter 0, diboson and triple gauge
asymmetry .E'|j couplings

Neutrino physics:

= \Weak interaction Higgs physics:

« Tiny mass s |s the discovered particle the one predicted by the SM?

* Sources: solar, nuclear reactors = |s the shape of the Higgs potential that predicted by

and accelerators the Standard Model? 10



Question #1

Does the Higgs boson couple to photons?

1) Yes, the Higgs boson couples directly to all
gauge bosons

2) Yes, but only through quantum loops including
charged particles

3) No, photons are massless and do not couple
to Higgs bosons

11



Question #1

Does the Higgs boson couple to photons?

1) Yes, the Higgs boson couples directly to all
gauge bosons

2) Yes, but only through quantum loops including
charged particles

3) No, photons are massless and do not couple
to Higgs bosons

ho==- W

o

homm-

£ W

Since the photon's mass is zero, the
Higgs really ought not to decay to
photons at all. And indeed it does not,
directly. It has to go through a loop of
some other particle*, as in the cartoon
above.

This is fine. In quantum mechanics,
anything that can happen does.

12



» Some reminders:
» Fundamentals of hadron collision
= Luminosity and total cross section

= Electroweak measurements
= Measurements of SM parameters
= Investigation of EW gauge structure

= Higgs physics

= Couplings to other particles

= Other Higgs boson properties

= Higgs self-coupling

= Global fit of the Standard Model
= Searching for new physics BSM

» A brief outlook on future colliders

13



So how do we study all these particles?
The current tools: The Large Hadron Collider (LHC)

2T ' B PHE facts sheet see:
P o T ] = % s http: //cds{eﬁg/‘ecord/2255762




So how do we study all these particles?

The current tools: The Large Hadron Collider (LHC)

Few interesting facts
9300 Magnets (among which 1232 bending

dipoles) reaching 8.3T with current of 11,400 A. :
Ramped to 7.5 TeV in the LHC

The maximum number of bunches (2808) not
reached at Run 2 is limited by the injection kickers
(~1 ps) and by the beam dump extraction (~3 ps)

Beams are made of trains with a total

nominal number of bunches of 2808 each
containing approximately 100 Billion
protons. Bunches are separated within trains
by 25ns (approximately 7m).

SPS accelerates protons to 450 GeV,
bunches before injection in the LHC.

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

The booster accelerates
protons at 1.4 GeV.

Accelerated at 50 MeV in a LINAC

protons

Hydrogen (gas) is ionized in a ——— antiprotons
duoplasmotron.

First accelerated with a RF quadrupole \.
at 750 keV.

PS brings them to 26 GeV, it is in
the PS that bunches are formed
with a 25ns spacing.

LINAC4

15



So how do we study all these particles?
The particle detectors

10 years of construction




So how do we study all these particles?

The particle detectors

General purpose detectors

17



So how do we study all these particles?

The particle detectors

Specialized detectors

Flavour physics lecture by
Yasmine Amhis

Click here to learn about
other LHC specialized

detectors! 3


https://www.home.cern/science/experiments

So how do we study all these particles?

pp collisions phenomenology

This is an event at the
“truth particle” level!

Beam of partons

Radiation from incoming partons
Primary hard scatter

Radiation from outgoing partons
Typical proton-proton Hadronization

collision

Refer to B. Fuks lecture! 19



So how do we study all these particles?

The collisions

: 1000_ T T | T T T | T T T | T T T ]
; = ATLAS Online .
e = S00F 2011-12: (/. =18/14 E
r o5 = o = e My = .
z g ..-'..' es. "o =3 800 = 5=7.8TeV,2641b" —
“ay N @ b=l & ) 2 700F [ 2015-18:Gu/, . =34/29 =
e anlit ol - %\ . % @ -e . . w — -1 m
e g T a = {s=13TeV, 147 b .
S ." o “Q L ngh Luml = - 2022-24: Wiy, = 54/63 —
ey ! T4 )o@ = E = {5=136TeV, 183 b ]
3 e ' " ' *. | — —
il : ' R / ® e . . he} C .
*2-,.® \ - % T Ll By [ . —
B i high pileup & 400f -
- = & Fle - r Q — 1
- o WIS .. e Q i —
- £ "-._ :._7‘. a5 D - .
- _-_. L. B .-H‘-.\. 2 @t o F 3 S
"SRy T W v oess = =
T e ” WL — =
Yo, \ e = —s
KB Bl MY 4 o | o® = 18
e Y " e ad 0~ ~
R S o SR S 0 10 20 30 40 50 60 70 80
e = | o - . .
%L 5. Mean Number of Interactions per Crossing
- @t e "o
- re % 'Y
- L\l ally s 2 ¥4 CMS Experiment at the LHC, CERN
.. B0 E 4§ Data recorded: 2016-Sep-08 08:30:28.497920 GMT
.-, " Y= | Run/Event/tS: 280327 /55711771 /67
.te ey ’ f
2 de= . 86 reconstructed vertices
S K )
- \ o
.1. _‘_-_'..
e
"."o N
LR ;’
- .. = 1
- \

Impressive
detectors

20



Luminosity and event rates

- In LHC experiments: measure the rate of events of a defined type N__

= The rate of events can be predicted by:
s knowing the beam conditions g i T ot
s Estimating the (hard scattering) cross section A - O S
s Estimating the reconstruction (experimental) efficiency i

= The probability for a random particle A to collide with a random particle B yielding
the defined type of event is: 6/S

; : L dNevts o
- If N, and N_ particles crossing each other per second within dt: 5 = NANBg =of

s When beam collide with a revolution frequency f, the luminosity for two bunches

colliding (always the same)
s Oy and oy are the transverse dimensions of the beam at the interaction point

s At the LHC the beams are symmetric with a size of 16 pm

2
s For bunches with equal average number of protons per bunch (Np) r pr
= fis precisely known " Ano.o
s N _is known precisely through beam current measurements Y

21



Luminosity and event rates

= Therefore, luminosity is a pure machine parameter. Its measurement and monitoring
are crucial for all the physics we do at LHC
Nyunch = number of bunches = 2808
_ Nounch - N1 * Ny - finc N,, N, = number of protons = 10!!
i, finc = revolving frequency = ¢/26.7 km = 89 ps
X y .
0,0, = Gaussian beam profile ~ 50 pm

.,'T_' F T | T | T | T | T | T | T :
& 30 - ATLAS Online Luminosity /s =13.6 TeV -
£ LHC Stable Beams . Parameter 2010 2011 2012 2016 2017 2018 Nominal  HL-LHC
0 25 —  Peak Lumi: 23.0 x 10®¥ cm?2 s n CoM Energy 7 TeV 7 TeV 8 TeV 13 TeV 13 TeV 13 TeV 14 TeV 14 TeV
o - IR XU . N, 11100 | 1410n | reton | 1210 | 12100 | 1210n | 1asio0 | 2200m
= ool - b Bunchesk | 368 1380 1380 2300 2450 2500 2808 2760
i i ] Spacing 150 ns 50 ns 50 ns 25ns 25ns 25ns 25 ns 25ns
e ~ -
] = - (mm rad) 2.4-4 1.9-2.3 2.5 2.6 2.3 2.6 3.75
S 15| 1 =
> . . B (m) 3.5 1.5-1 0.6 0.4 0304 0.4 0.55
2 - 1 Liemssh) | 2x102 | 33108 [ -7xt0m | 15x10% | 20010 | 2xi0x 104 8103
€ 10 - - PU -2 -10 -30 -30 -50 -50 25 ~130
€ I ! 18
4 - 8
x o5r . g
: |
N N Ry R N B R Peak luminosity twice larger than LHC design
13/04 28/04 13/05 28/05 13/06 28/06 13/07 28/07 luminosity!
Day in 2025

22



So how do we study all these particles?

Integrating luminosity and pile-up

= The goal is to have the highest possible integrated luminosity in the best possible
conditions for experiments (not just the highest possible instantaneous luminosity).

ATLAS Online Luminosity
2011 pp is=7TeV

— 2012pp 4s=8TeV

—— 2015 pp $§=13T9V

—
.
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21401 -
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- |  —— 2024pp s B
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Month in Year

Outstanding performance over time!

uonesqyed 2,4

Luminosity comes at a cost for experiments: Pile-Up.

Pile Up: Number of inelastic interactions per bunch
crossings!

So far reached mean number of PU events of
approximately 40-60.

Future operations foresee scenarios with 200 PU
events.

— 1000 3
S g00E ATLAS Online =
g = 2011-12:(uy/u,_ =18/14 =
'cé 800 = {s=7,8TeV, 26.4?? =
2 7000 W 201518, =34/29 =
a = f5=13TeV, 147 b -
£ 600F MW 2022-24:{(uyp _ =54/63 —
g - {s=136TeV 13:-!“;'{:'\"{ g * O; 1
O 500 o = T
5 0% Wy =5— T
S 4001 bunch *JLHC
L% 300

200 :

1005

ok

0 10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing

fo" is a measure of the amount of data collected =~10"? proton-proton collisions. Used to translate o into a total number of
events. For the SM Vh with h—bb process, o~1305 fb — in 100/fb of collected data, we expect a total of 130500 events
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So how do we study all these particles?

15 years of the LHC

= The goal is to have the highest possible integrated luminosity in the best possible
conditions for experiments (not just the highest possible instantaneous luminosity).

LHC / HL-LHC Plan

EYETS Ls2 13.6 TeV | 1ss  [INRYPNY
13 TeV ———— ET1ETQY
Dlodes Consolidation
splice consolidation cryolimit LIU Installation .
7 TeV ﬂ button collimators \nrye_racﬁnn 7 inner triplet ) Hlt_ :_IHtC
R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
EEENEDED zos | 2019 | 2020 EEEIENEED mlllllllw
ATLAS - CMS
upgrade phase 1 5075
{:lxperlmlent Pg P ATHIT_AS -aC;MS '« nominal Lumi
cam pipes nominal Lumi mrEL_um_i‘ ALICE - LHCb I 2 x nominal Lumi Hpgrace

75% nominal Lumi upgrade

= eEee] 3000 fb!
m 190 fb m jurninosity EENLE

PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. | PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION suiLongs ~ cCOREs

Run 2 is now completed with approximately 150 fb-1 delivered to
each experiment

Future integrated luminosity goals:
= 500 /fb until mid-2026
= >3000 /fb at the end or the HL-LHC to start in 2030

24



Cross section measurements

= ¢ is a measure of the probability of a certain kind of event happening

= The detector can measure photons, charged leptons, hadrons, and missing
transverse momentum only within its detector/ trigger capabilities (limited in pseudo
rapidity and in transverse momentum/energy of the particles)

= How to derive the cross section from the counted number of events with specific

analysis selection criteria?

Total cross section

Ne*uts
Otot —
tot Axex [Ldt

A the acceptance of the process, defined by the
ratio of number of events produced in the fiducial
volume to the total number of events and usually
derived from simulation

* £ is experimental selection efficiency (objects,
kinematics, binning)

* L is the integrated luminosity

Fiducial cross section

Nevts
e x | Ldt

O fid =

« With a definition of the fiducial region, € should be
large and the fiducial cross section bear little model
dependence

25



Event rates at the LHC

= Total cross sections proton - (anti)proton cross sections

« ~1.6*10° /s (80 mb, 2*10%*cm2s™) "
10° A
= Bunch crossing rate of 40MHz 3 §
. Jets (E_* > 100 GeV) =17, | E
10° M
. ~40000 Hz E v Bl S
: Ji* 2 o
« W & Z bosons o Gjot(ETi"—g‘jsfgo) % / _ & 2 %
= : Im
» ~4000 Hz, ~1000 Hz B n }\ jo i g
“ Top quarks o o, (E"" > 100 Ge) - 10° é o
. 10 : - 10" 0 o
s ~20 HZ 102 ; . _;102 ‘2 v
- Jets (E > 650 GeV) ; 30’ g
10* “ : < 10*
= ~6 Hz . 4 10°
- Higgs bosons e kel
107 el Bl B g7
« ~1 Hz (50 pb, 2*10*cm?s™) " Ecws/TeV s
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What do we actually reconstruct from collisions?

= Energy and momenta of “stable” particles
s Electrons, positrons, muons, anti- muons, charged hadrons
s Photons, neutral hadrons
= |[dentify particle species
s |Including reconstruction of “unstable” particles from decay products

= Assign proton-proton collisions (pile-up removal)

- e la Ll ! e s RS
i T = £
A L T

g ¥ %
. = P < -
AL N v T Z
B SN > 3
; i ,;.; ) :'.
. ¥
. < -

7%




Data and analysis chain

Detector Trigger system: selection of rare events out

of high background. Realised in a multi-level
trigger, e.g.from 40 MHz to 100 kH to ~1 kH
for ATLAS

CMS (s=7TeV,L=5.1fb'(s=8TeV,L=5.3"'
Il|l| LI | L) j

-I T I
> N M
O & b, Unweighted
To) w1500}
1500 ~
W = 1000}

Collision Data \ / - @
w1000 e
2 m,, (GeV)

Calibration & alignment 5

o I
() ¢ Data
=< 500 — SeB Fi
—_ | s B Fit Component
? | C 10
[} | O zx20 ]
.'-\I-’ 0 11 I LA 4 ) I. |- I A1 1 1 l 1 ] 1 1 I 11
0 110 120 130 140 150

m,, (GeV)

Event reconstruction: tracking and clustering
+ combined reconstruction (jet f hding,

Calculation of physics processes electron/photon/muon identif cation)

including hadronization

Machine learning/Al permeating all different
steps in the chain!

28



Detector challenges

s Read out and reconstruct
approximately O(100M) electronics
channels at ~1 kHz

CERN Computing Center

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

= Computing Challenge : reconstruct,
store and distribute 1000 complex events
per second and the very large amount of
simulation (over 100 PB per experiment -
Several farms of over 200k Cores)

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

= Machine Learning : Ideal environment
to develop Machine Learning techniques:
in particular in areas such as trigger,
reconstruction, object identification,
calibration and pile up mitigation

29



Question #2

How many proton-proton collisions does the
LHC produce every 25 ns?

1) Between 40-60

2) Only one! That's more than enough

3) Around 200, what a challenge!

30



Question #2

How many proton-proton collisions does the
LHC produce every 25 ns?

1) Between 40-60

2) Only one! That's more than enough

3) Around 200, what a challenge!

1000:I T LI | LI T T | T T T | T T T
900: ATLAS Online
1 2011-12: (u)fuMPV =18/14
800 {s=7.8TeV,2641fb"
700 [ 2015-18: (u)fuMPV =34/29

fs=13TeV, 147 b
2022-24: (u)!uMPV =54/63
{s=13.6 TeV, 183t

Recorded Luminosity [pb "0.1]

uone.IqleD ¢/l

0 10 20 30 40 50 60 70

Mean Number of Interactions per Crossing

@
(=]
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Outline

» Some reminders:
» Fundamentals of hadron collision
= Luminosity and total cross section

— —r————73 8 pp—X

7 TeV, 20 ub™, Nat. Commun. 2 (2011) 463
8 TeV, 500 ub™', PLB 761 (2016) 158

13 TeV, 340 ub™!, EPJC 83 (2023) 441
Epp—>W T pp—Ziy*

2.76 TeV, 4 pb™ EPJC 79 (2019)

5 TeV, 255 pb™, arXiv:2404.06204

7TeV, 4.6 b, EPJC 77 (2017) 367
8TeV, 20.2 fb™!, JHEP 02 (2017) 117 (for 2)
8TeV, 20.2 fo™!, EPJC 79 (2019) 760 (for W)
13 TeV, 338 pb", arXiv:2404.06204

13.6 TeV, 29 1b", PLB 854 (2024) 138725
T pp—1tt

5TeV, 257 pb", JHEP 06 (2023) 138

7 & 8 TeV, EPJC 74 (2014) 3109

13 TeV, 140 fb'1, JHEP 07 (2023) 141

13.6 TeV, 29 1b", PLB 848 (2024) 138376
ipp—1g

7 TeV, 4.6 fb™', PRD 90, 112006 (2014)
8TeV, 20.3 fn", EPJC 77 (2017) 531

13 TeV, 3.2 o™, JHEP 1704 (2017) 086
Spp—H

7 & 8 TeV, EPJC 76 (2016) 6

13 TeV, 139 fb™!, JHEP 05 (2023) 028

13.6 TeV, 31.4 fb", EPJC 84 (2024) 78

3 pp - WwW

7 TeV, 4.6 b, PRD 87, 112001 (2013)

8 TeV, 20.3 o', JHEP 09 029 (2016)

13 TeV, 36.1 1b", EPJC 79 (2019) 884
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7TeV,4.6 fb", EPJC 72 (2012) 2173
8TeV, 20.3 fb™!, PRD 93, 092004 (2016)
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7 TeV, 4.6 fb™!, JHEP 03 (2013) 128
8TeV, 20.3 fo", JHEP 01 (2017) 099

-1
G [TeV] 13 TeV, 36.1 1b_‘, PRD 97 (2018) 032005
13.6 TeV, 20 fo”!, PLB 855 (2024) 138764

fhelorg; AR
% Measurement ATLAS Preliminary

11

= Electroweak measurements
= Measurements of SM parameters
= |nvestigation of EW gauge structure
= Higgs physics
= Couplings to other particles
= Other Higgs boson properties
= Higgs self-coupling 107
= Global fit of the Standard Model

10*
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Electroweak tests at LHC

The precision frontier
i.e. measurements of SM parameters

1

sin Oy,

— 1/2
s\WW boson mass atLO my =
V2Gy

s Radiative corrections modify propagators and
decay vertices

172
- b L0 S 1 1
w — .
V2Gr sinfy /1 — Ar
sin’ Oy — ks sin’ Oy = sin’ Qﬁﬁ

s Dominant radiative corrections:

fermion loops ~Aw Ar < m}

Higgs boson loops ot . Ar  In(my)
= Measurement of EW parameters (e.g. the W
boson mass) probes the radiative corrections
and the relation between the top quark, Higgs
boson and W boson masses

The energy frontier
i.e. investigation of EW gauge structure

104 T T T
gLLLL (@) weeeseenee
pb 10" - (b) ==een-
. ) - - i
107 1= a)+(b)+(¢) —— 3
10° "
106 — /’x, d N —
10-[ T,.,-"/ k 5 I -’ ______ —
ek b 4
100 | —\IEI =100 GeV |
| | ] |
200 500 1000 2000 5000 10000 \/E/GUV

from Nucl. Phys. B525 (1998) 27-50

= Tests of the electroweak theory through
delicate gauge cancellations at high energy

= Deviations can lead to potentially large effects
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W mass and width

s Observables | 0107 8rXiv2412.13872  16.8fb"! (13 TeV)
> A T T T T
Lepton transverse momentum & CMS Posiit 4 Dara |
) ) - 08F X /ndfO: 35.4/30 B W pv 7]
s Transverse missing energy g (p=23%) m Nonprompt ]
= Transverse mass & o - ZN* s pp/t
W= -
04 ™
i = 1 ast
0'0"‘\“"\""\"“\"“\"“
_81-0025? == mw+9.9MeV Model unc. 7
- Challenges = 1.0000f SHECE S
Experimental: lepton energy scale; So.075| {
missing transverse energy; pile-up T30 35 40 45 50 55
conditions cms =
= Theoretical: W transverse _ my in MeV
) Electroweak fit
momentum:; PDFs PRD 110 (2024) 030001 I" 80353+6

LEP combination | gga76 + 33 : . :
Phys. Rep. 532 (2013) 119

- Strategy (in hadron colliders) DO 106 2012 151804 | 2097523 —_—
Exploit lepton transverse momentum CDF 80433.5 + 9.4 ——l
Science 376 (2022) 6589
and transverse mass LHCb 8035432 | ,
JHEP 01 (2022) 036
Usually use templates to extract the ATLAS P—— P
W boson mass arXiv:2403.15085
CMS 80360.2 £ 9.9 ]
This work

! | | | | | ! |
80300 80350 80400 80450
my (MeV)
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W mass and width

= The strategy followed for the ATLAS m,, measurement, in particular the usage of
the m_ distribution, allows to also either determine | forfked m,, or (m, )
simultaneously

= With a dataset of only 4.6 fb™ at 7 TeV, approximately 15.5 M W* events and 10.4 M

W events (electrons and muons) with low pile-up, which is a favorable environment for
this kind of measurements!

e Ovenrview of T, measurements EPJC 84 (2024) 1309

T |
E;EH;!,-'L C 47 (2006) 309 A TLAS ; - - -
(s=7TeV, 46" :

0.12

L L T
ATLAS Simulation = Nominal
+ Amw=+60 MeV I, =2404 £ 173 MeV
Is=7 TeV, pp— W+X A =60 MeV o

---Al',,=+200 MeV —| Eur. Phys. J. C 47 (2006) 309
] I, = 1996 = 140 MeV
---Al"w=-200 MeV ]

0.1

0.08

L3
Eur. Phys. J. C 47 (2006) 309
I, =2180 + 142 MeV

0.06

Fraction of events

.04 ALEPH :
0.0 Eur. Phys. J. C 47 (2006) 300 ; ‘m @ =

I, =2140 = 108 MeV

0.02

a Combination : :
Ml Phys. Rep. 532 (2013) 119 : : = @& =
I, =2195 = 83 MeV i

Do

Qe e ] Phiys. Rev. Lott. 103 (2008) 231602
I I, = 2028 = 72 MeV

E ® Measurement
§ CDF [[stat. Unc.
8

Phys. Rev. Lett. 100 (2008) 071801
I, =2032 72 MeV .Total Unc.

Var./ Norm.

e g ATLAS I SM Prediction
5 This wark ;

65 70 75 80 8 80 95 100 W 1 -2V i =
my [GeV] 1500 2000 2500
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Measurement of the

*» Measurement of pp — I'I~ forward-
backward asymmetry can be used to
determine sin’@'__

s Once the reference frame is defined,
the forward backward asymmetry can

Effective Weak Mixing Angle

Z[y*

+ / .
Z rest frame £ Term coming from the I

Z/gamma* interference

be straightforwardly measured, do  4ma® [3 5 s B ———
. - = —— |5 A(1 + cos” ") +(B cos 87 Bx Apg=
however defining the reference frame  dcost* 35 |8 e oF + 05
and expressing the asymmetry in do
. . . . 2 2 2 2 2 n* *
terms of the effective mixing angle is T & ((oe + 9ae)(9us + 9a5) (1 + c08” 67) + 8gueGacGusgas cos67)
less straightforward but done
~ Total uncertainty
CMS_PAS_SMP_22_01 0 Statistical uncertainty
CMS Preliminary 59 fb' (2018, 13 TeV)
[aa] g : ! T : T : ' T > SLD, A
E(u_ Bilata ! PRL 86 (2001) 1162
Fit (CT182) L LEP combination, A?:
D _ Phys. Rept. 427 (2006) 257
0.2— o I ¥ ATLAS 7 TeV
§ = o R JHEP 09 (2015) 049
= - - & | LHCb 7 and 8 TeV
o - | o JHEP 11 (2015) 190
B .." -b‘ .. _0. .:0'. % » | Tevatron combination
0 lsessveess*" e - - « o | PRD 97 (2018) 112007
- e .‘,° “ | _Z| cMs8Tev
[~ oo ¢ T £ 2| _EPiC 78 (2018) 701
= il 1 2= I ATLAS 8 TeV preliminary
| 0.0-04 |0.4-08 |0.8-1.2 |1.2-16 |1.6-20 |2.0-2.4 | ATLAS-CONF-2018-037
. | ) | ) | CMS 13 TeV preliminary
CMS-PAS-SMP-22-010
o 0.05F | = i Mew,
L ; i 2 | Electroweak Fit (J. Hallerecal) '
! B R . o AT " S| EPICT78 (2018) 675
E 0 "“"'”“‘ *teceettt, +4 **ﬁ ”‘m ‘+++ +++*’+ +{ = g Electroweak Fit (J. de Blaset al) A
© ] £8 PRD 106 (2022) 033003
C‘—O 051 2 i | |
o 50 20 60 0.228 0.23 0.232
sin26‘£_fr
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Multiboson production: dibosons

s Large number of diboson processes cross-sections measured
s First measurements of diboson (WW, ZZ, WZ) processes in
run-3 data taken in 2022! arXiv:2406.05101, PLB 855 (2024)
138764 and CMS-PAS-SMP-24-005 q - tchamnel v,
= And used to put constraints on the theories beyond the
Standard Mode q vV,
= Anomalous couplings which lead to an excess in diboson
events at high m_or high p_

» Generally good agreement between experiment and theory

CMS Preliminary
" @ PLBB86T(2025) 139231 [
Theory prediction ©  PRD 102092001 (2020) o
WW| mem 136 TeV (L<62fb) “ FruoTe ot 401 "
v EPJC 73 (2013) 2610 \4
| Wem 13 TeV (L< 138fb~") 5 = PRL 127 (2021) 191801 | o
-1 & JHEP 04 (2025) 115 ¢
&l 8TeV(L<19.6fb7") o JHEP 07 (2022) 032 [}
Wz v 7TeV (L< 5fb_1) A EPJC 77 (2017) 236 A
_ \4 EPJC 77 (2017) 236 v
BEN 5.02 TeV (L <302pb 1) PRL 127 (2021) 191801 mom |
I v PRD 89 (2014) 092005 | I (v
Wy B PRL 126 252002 (2021) [}
. <] EPJC 81 (2021) 200 o
A PLB 740 (2015) 250 !
77 v JHEP 01 (2013) 063 v
[ = B PRL 127 (2021) 191801 I R -
v PRD 89 (2014) 092005 | v
Zy A JHEP 04 (2015) 164 A
L] . | | SMP-24-002 ‘ * ‘ ‘
103 10* 10° 1 2
Production cross section, o (fb) Data/Theory

q

s-channel V1
TGC ,J"f
0

vn\v

2
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Quartic Electroweak Couplings

s Quartic electroweak coupling

experimentally accessible in vector-

boson scattering and triboson

production

s Some of the rarest processes experimentally

accessible at LHC

= \Vector-boson scattering observed in

all major channels

s Exploiting characteristic signature

s |n agreement with theoretical predictions

= Triboson production experimentally

more difficult

ATL-PHYS-PUB-2024-011

VBF, VBS, and Triboson Cross Section Measurements Status: June 2024 Jeat
-1
T R B S na —T T - T (7]
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Triboson: recent observation of Wyy

Observation with 5.60 significance (Phys. Lett. B 848 (2024)/}384—00)‘

4
.

Muon p.: 43.6 GeV
Photon 1 Eq : 23.3 GeV
Photon 2 Eq: 22.7 GeV

E Miss; 35,7 GeV

EXPERIMENT

Run: 302300
Event: 1847159524
2016-06-17 15:08:25 CEST




A word on diboson polarisation

= Study of diboson polarization is an
important additional check of the EWSB

s Longitudinal polarisation generated by Goldstone
bosons in EWSB
= Unitarity of V V| scattering cross section at high

energies guaranteed by gauge asymmetry

- Experiments gaining sensitivity to V V|

production and starting to study energy
dependence of cross-section. Active field

on both theoretical and experimental side! PLB 812 (2020) 136018 137 167 (13 TeV

S  Fcoms | mOtherbkg. ¢ Data ]

. . ~ 404 - —W W W Bkg.unc. |

« E.g. Analysis of VBS W W _zjj and 277 F wowaw,w, W, W, ww =

L X s I W W._ mwz i

. B zz i

WLiWLiJJ by CMS t 10° - :\‘I’onprompt =

SECEEERNEN TN - X ]

s Three contributions in W+Wx channel: W *W *, 102 [E—— e |

= _\\\s\\‘\\Q\\ ;

+ + + + - . \\\\\\\‘\\\\\\;

WL WT ,and WT WT ol 5

s A BDT used, with polarisation sensitive variables ]
as inputs

s Significance of the WI_iWXi process (where at = “F E

least one of the W bosons is longitudinally s =

polarized) is 2.6 o observed E

. 1
BDT score 40



Global fit of the SM

s As mention before: at loop level all other 2 ,
fields enter the game through loop My, = ( H M ) .
corrections which can be parametrized. V2Gyp/ S0w/1-—Ar
Creating a relation between the top quark, , , ,
: 20y — 20, = sin’ @
Higgs boson and W boson masses! SIN- O = ke SIN- O = SIN- Goge
= A global fit of all relevant measurements can R N Ao 2
be then done to check the consistency of the CITMONIO0PS vt e T
Standard Model and predict parameters that L
are unknown: Higgs boson mass! . ,
Higgs boson loops i Ar o In(my,)
o, 10 T ] g E —rf ]
™ A il S 2l | 30
5 .4 - =
J: 5 5h E
- g { < Indirect measurement of the Higgs
6l | = boson mass through its quantum
5 .,Jr = effect on the precision observables.
Jeoiy 7 4% mH=91+30 GeV 23
3B 1 y [ Theory uncertainty e
) B | |f — :':‘“J:l‘:‘;gg';‘::f:;::;_ Before the discovery of the Higgs
AN /£ . - 1,, boson!
0 E By g i _J-(-":r. PR -f YRR TR AN TN TN TN N TR M W | ]
50 100 150 200 250 300

M, [GeV]
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Question #3

= The LHC is competing with previous machines in electroweak precision

= The LHC tests the electroweak theory at highest energies in multiboson
measurements and measurement of the SM EWK parameters

s Facilitated by large datasets, detailed understanding of the detectors, dedicated reconstruction
techniques and state-of-the-art theory predictions

= They are precision probes improving our understanding of EWSB!

Why is important to study triboson topologies?

{5:;#’ _ w::f"‘
1) To measure the top quark charge f & \
i1 7 )
2) To obtain the most precise W measurement ever | | o Y |
-‘:; ;E?: p— - ,--;5’:"!:;;:}
3) To test quartic electroweak couplings i e L
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» Some reminders:
» Fundamentals of hadron collision
= Luminosity and total cross section

= Electroweak measurements
= Measurements of SM parameters
= Investigation of EW gauge structure

= Higgs physics

s Couplings to other particles

= QOther Higgs boson properties

= Higgs self-coupling

= Global fit of the Standard Model
= Searching for new physics BSM

» A brief outlook on future colliders
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A Higgs boson was discovered in 2012

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

The Standard Model (SM)
And the Higgs physics was born...

= . — =

Standing ovation in the CERN auditorium at the end of the seminar announcing the discovery of the Higgs boson. (Image: Maximilien Brice, Laurent
Egli/CERN)



The road to discovery

And the Higgs physics was born...
1964 R. Brout, F. Englert, and,

independently, P. Higgs Search for the Higgs Particle
theoretical discovery of a

mechanism that contributes to our . .
understanding of the origin of |
mass of subatomic particles” |

T Ll I L) I I L) L) 1 L]
100 110 120 130 140 150 160 170 180 190 200 GeV/c?

= 1989 the search for the Higgs Higgs mass values
Boson started to gain momentum
at LEP

« 2001 the Tevatron at Fermilab
continued the search

= 2010 the LHC entered the game

= Very quickly ATLAS and CMS
excluded the existence of a SM
Higgs in a very large mass range,
spanning up to ~600 GeV... with
the exception of a very narrow
window ~125 GeV

- ] / = '3 Lo N o
a D I s cove ry I n 2 0 1 2 ! The buzz around the announcement was like that of a Lord of the Rings movie premiere, or the final Harry Potter book, with people queuing from the

early hours to guarantee their seat to witness history. The queue wound its way from the auditorium on the first floor, down the main building 46
staircase, through the cafeteria and out to the dining hall. (Image: Maximilien Brice/CERN)




Identifying the Higgs boson at the LHC: decay

Which production mode or/and decay is the best?

H— bb
 Dominant decay (~58% BR)
» Huge backgrounds from QCD jets

H— Z(*)Z
» Penalty from Z—|+l-
« BR very clean, fully H — bb
reconstructed
H t—

H— vy : —
« Very small BR H - yy
* Huge bkgs. from QCD
photons and jets H - 1T
* Fully reconstructed,
clean mass measurement
Ho W+W Ho T

o ) « Subdominant (~6%)
» Subdominant (~22%)  Incomplete reconstruction

» Incomplete reconstruction

There is an interplay between production and decay based on
the backgrounds 47



Identifying the Higgs boson at the LH

Interplay between production and decay

XD _._}; _
\,W H — bb
g b ~H
" L
q q
w/z "
— , ,
q : H - 1T p i
Mainly ggF o - ‘
q
H q q
y S —

9 .

- Slide from George Aad's JRJC 2014 talk




Question #4

What does “observation of a new particle” mean?

1) the background plus signal hypothesis agrees with
the data better than the hypothesis without new
particle (background only)

2) the background only hypothesis does not agree
with the data

3) the background hypothesis agrees with the data
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s Two independent experiments
s Two experimental signatures each
s Qverall consistent picture

s ZZ and yy were the first ones to be
observed! Now we are doing precision
measurements with them!

CMS

CMS G=7TeV.L=51mb" E=8TeV,L=53m"
= _.,...,...>,..,|'..|.'.|_
[ E 4 Data @ s} ]

16F Ky>05 3
O 19 mmz.x O 1
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— 14Oz 2z =k E
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5 '3 e ]
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L 10f 7
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Higgs precision measurements: its mass

Phys. Lett. B 847 (2023) 138315
Phys. Lett. B 843 (2023) 137880

s Leading precision channels for mass

measurements: Ewoo;—';ﬁgs‘ Sk —+—D[ata SRR 3

s« H—-ZZ—4l (e/p): Low statistics but clean final Z1800E e taTev, 10t e Background
state, high signal/bkg. Still dominated by S 1oogh M e
statistical uncertainties = 1000; e Al

s H—yy: High statistics and good m. resolution. = 800} L
Smoothly falling background inm . Large pi ) t
effort put to reduce uncertainties on photon i AT
energy Ca|lbratI0n 110 120 130 140 150 160

m,, [GeV]

« ATLAS uses a combination of both

channels N
. m_ =125.08 +0.10 (stat.) + 0.05 (syst.) GeV 5 '+ Data
, L H(125)
= Most precise measurement to date <l + od - 2Z,2y"
> L gy > ZZ, Zy* |
8 r BZ+ X ]
« CMS results comes from H—-ZZ—4l o 00 : i y
« M, =125.04 £ 0.11 (stat.) £ 0.12 (syst.) GeV 2 H .
(1)) B T
= Most precise single measurement (< 1%) o | '
50 4 ¢ o v
¢ .
[ g o +***++¢+++++ ! ++*++*¢**¢++++‘
070 80 90 100 110 120 130 140 150 160 170
m,, (GeV)
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Let's talk about the Higgs production

*» Most dominant production modes observed
(updated in 2022, 10" Higgs discovery anniversary)

. T A E CMS Nature 607 60-68 (2022) 138 fb~' (13 TeV)
s Results agree with SM prediction (no significant deviation)
® Observed +1 s.d. (stat)
s Upper limit on tH production 7xSM (15xSM expected) ——tisd (stat®syst) [l £1sd (sysh
— 12 s.d. (stat @ syst)
s |et's also take a look at more recents results
B Stat Syst
= 097 ot 3
5 Nature 607 52 (2022) B :
'_6' 10 = = :
[o} E i :
o p—— ATLAS Run 2 - Hver & 0.80:012 9% 3%
S L . :
g 10E E E
@ F s E i 14432 s 38
O [— o ]
© i —@— | B ‘
1§_ —— . ] _E Uz —-4—— Z : 12008 2 28
= _$ Data (Total uncertainty) T 2 : - |
- []Syst. uncertainty i B
107E" 18 sM prediction — ho | —— 09498 wors 1B
> 15_ % I F } j — :
@ 0 % ' _:10 i 2.66 206 +1.69
2 gl = % %, it 0 i —> 6053% e i
o = Z . ] i
.4: b ! - IlIIIIIIlIIlIIIllillllllll
T 05 | | | | T EET 0 05 10 15 20 25 30 35 40 45
ggF + bbH  VBF WH ZH ttH tH Parameter value

Production process

Signal strengths (u=0-BR/o-BR_ )



Very rare production processes: H(=yy)+c

= Proving the c-coupling via the production
= Analysis strategy:
s Exploits the clean decay of H —vyy
s Challenges: c-tagging, dominant contributions not
sensitive to x_(~99%) in particular ggH backgrounds

= Non-resonant bkg pp — yy + n is data-driven estimated

~
c h
,,,,,,,, S CIERNIEPIQOMJH CMS Preliminary CMS-PAS-HIG-23-010
%450_ = > SRELELELE I R L BN B BB N N
S - ] (05 E H—yy,m =125.38 GeV All Categories -
e} 400 - ~ 2500— u,,=-186 S/(S+B) weighted ]
= - g = Eo ¢ Data ]
. E S+B fit ]
g 350 = L% 000M% 0000 . Continuous background—|
Q 300 = - - ——— S fit compoment -
T - --- Signal (pre-fitx5) ] B e B-component E
= ----Resonant background (pre-fity ] £ - =3 ¢lo B
250 = =) C Dy ]
= ATLAS ----Non-resonant background (pre-fit) B o B —E .
2001 s=13TeV, 140fb"  _ Total background (post-fit) — E 1000 [~ =
150E- c-tag signal region — Total signal+background (post-fit) | EE_' r 1
L Uncertainty B ¢« 500 —
100 ¢ Data = & . |
= = 0 ! I 1 )
0/ s :
0 B ibaanedacritel 1 e I TS N
o . . . .
£ 11F
; ; bt o d
+
g hyt oyt ++++.} Lty
3 09 + |
©
a 120 121 122 123 124 125 126 127 128 129 130
m,, [GeV] "
s ATLAS target inclusive H+c s CMS target k -dependent part

s o(H+c)=52+3.0pb (SM: 29 pb), < 10.4 & p<243(355) = |k | < 38.1 (72.5) @ 95% CL
pb @ 95% CL

. -
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Very rare production processes: bbH(—WW/1T)

s bbH cross-section ~ ttH cross-section
= Sensitive to Higgs-b-quark and Higgs-
top coupling
s Quark loop dominates cross-section
+destructive interference

» Analysis strategy:

= Decays to pairs of tau leptons and pairs of
leptonically decaying W bosons are
considered

= BDT classifiers used in each of the
studied channels

= Main challenges: large backgrounds
from Z+jets, tt, jet —rhad mis-ID

« W <3.7 at95% CL (exp. 6.1)

Thth
Expected: 8.5
Observed: 7.8

nT
Expected: 12
Observed: 8.6

er,
Expected: 18
Observed: 10

ep
Expected: 19
Observed: 19

Combined
Expected: 6.1
Observed: 3.7

CMS CMS-HIG-23-003 138 fb' (13 TeV)

e LT I e e e e e —
—— Observed @ ----- Median expected

—— Theory prediction ----- 68% expected
----- 95% expected

1 HEE] T T T N T SR S N
0 10 20 30 40 50
95% CL upper limit on o(pp — be(yb,yt)) / O rheory
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Let's talk about the Higgs decays

= > 88% of potential SM decays observed and
measured with < 10-20% precision (updated in
2022, 10™ Higgs discovery anniversary)

s No observation of H—pp, cc, gg...
s Some recent results:
s VH, H— bb/cc, ATLAS Run-2 legacy [ATLAS-CONF-
2024-010]
s H—tt, ATLAS Run 2 legacy [HIGG-2022-07]. Total  ,»
cross-section values computed and agreeing with SM
- o Nature 607 52 (2022) ut
9 S E
I . ATLAS Run 2 3
§1 0 ;— = o
= = —a— =
Q Z - _
E B . ‘“TT
0102 3
- “§ Data (Total uncertainty) —— % i bb
10°° = ] Syst. uncertainty E !
E £ SM prediction f E
s [t t—+— ———
4p] 12? = 7 3
§ 0.8~ % ’ + 11 !
bb I ww | T zz | Yy Zy | uu
Decay mode

CMS Nature 607 60-68 (2022) 138 fb~! (13 TeV)
® Observed +1 s.d. (stat)
m— +1 5.d. (Stat ® syst) B +1sd. (syst)
— 12 s.d. (stat @ syst)
B i Stat  Syst
-}E- 1131009 006 3O
- 09751 ‘007 00s
—@l— 0.97:0.09 1005 +0.08
—@-i— 0.85:0.10 0.06 0.08
C—— 10503 w015 438
L S— = +0. +0.42 +0.17
_‘_-l'-,é,_— 12158 0% 0de
e — 250708 03 032
111 1 I Ll bl i L1 1 1 I 11 1 1 [ L1 1
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Parameter value



A challenging channel: H—bb/cc

= H — bb largest Higgs decay BR (58%) and H—cc probes
coupling to 2" generation quark

o “} OQ. ¥ “4
- Analysis strategy for VH, H—bb: S SN ®» X%

2, 4 b s
« Boosted (pTV > 250 GeV) and resolved topologies > b % B“ ‘g 5

= Split signal according to number of leptons \V ,
= Challenges: poor kinematic resolution, high backgrounds rates H
(V+jets and top) and requires excellent performance for the b-jets ID

Phys. Rev. Lett. 131, 061801

« Observation of H—bb in 2018, now in full diffe

138 fb' (13 TeV)
1 L]

. . CM]S I —--IObserv:ed I Median expected
measurements mode. Results compatible witl — st
arXiv:2410.19611 Combined || }
a E = Expected 7.60
é E ATLAS VH, V - leptons, H— bb cross-sections E D .9
ﬁ 103 E E=1 3 Tev 140 fbi ® Observed == Tot. unc. Stat. unc. -= 2‘:2;?‘2:23;
:ED E ' == Theory (SM) [} Theo. unc. = Observed 169 | | |
b4 102 :E" V=W - V=2 E: ?'iio‘:eg‘{jei
s E. = : 3 _ 5 Observed 13.9
m 10 _E v - e E_ E-I:_pectec 1286
X E T E Observed 183 | | _
b_ 1 E_ —#—— gultoecteﬂ 115
— | First observation of bb (5.30) - 3 R b -
107~ | Probe p ¥ spectrim uplto 600 GeV - e B
= T 3 Observed 20.4 : .
oF T Ei o 5 3 35 a0
C% =¥ z 'y - # E 5 ¥ '-%- — j 95% CL limit on Bt e
f=. oF ' - = 2
o -k = N 3 s Includes boosted H—cc (p_" > 300 GeV)
s Soon, S0, o, o B B, "o o, oo BN L} o
e Bt R QM ok N6y R, TSekr et R gy s P<14(8)xSM obs.(exp.) @95% CL and 1.1<|K |
7 G@i;& 50, a o, Ger g 5. G %, “eu

oL, Yo Gy o "G, Go, Gy <a.5
s First observation of Z—cc in hadronic collisions



On the search side: HH production

« Another way of probing the EWSB

mechanism: making progress towards wq S _ memmenintpier—— e .
testing the shape of the Higgs potential ..o+ destructive | !
through the Higgs self-coupling - % (lerisrencs . )
s Rare process in SM: o(gg—HH)
=0.1%*0(gg—H)
s | HC has generated ~7.5 million Higgs boson . ) =% 1 . ]
but only 4500 Higgs-boson pairs in Run-2 Vg --H V(,j: B
V,_._L “~-H VLA H
» Access the triple Higgs boson coupling (k) - .
= Probe the shape of the Higgs potential
= Also access to other interactions, e.g. An attemative
VVHH (KZV) potential
Standa_n'd Model
potential 1 mﬁ,

=Vo + -mEgh*H —=vh’ ...
V 0 + QmH + 2{02?)’ +
/ Higgs boson

Vi)

Higgs field value ( :
in our Universe Higgs boson mass: self interaction
/ Current know to 0.2%
experimental
knowledge
0 \;)Z = v =246 GeV

s No golden channel, therefore a combination is
important to increase sensitivity!

= Existing results
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On the search side: HH production

Phys. Rev. Lett. 133, 101801

« ATLAS Run-2 HH combination (bbTT + ATLAS T ooy
bbyy + bbbb + multileptons + bbll+MET) o) =2an B Eecedimk 1o
= Best (exp.) upper limit on a(ggF HH): < 2.9 s ew
(2.4) X SM @950/0 CL bbtt + EP's |- } 10 14
= Similar result obtained by CMS [Nature i} - 53
607 (2022) 60] with same channels oot [} 0 50
. Observed limits on « : NEs I T
s ATLAS: [-1.2, 7.2] L Tl O .. Py
¥ GS: 1124, Buadl] _,CMS Prelminary 1381 (13 TeV)
» Hierarchy of channels depends on many F :C D =rienilt
things — not the same in ATLAS/CMS & J | e
) NSRRI TemallBR
- Current constraints on K : |
- ATLAS: [0.6, 1.5] Phys. Rev. Lett. 133, 101801 AL A . H %
= CMS: [0.67, 1.38] Nature 607 (2022) 60 M358 8RR kiR sz oo o2 2En SARE
s Dominated by bbbb ] S
= The following aspects are key to progress
towards HH evidence:

s Good detector performance

» |Improvements of analysis and object
performance technique

= Exploring new channels 58



Analyzing the Run-3 data

s Comparing 13.6 TeV measurements with *» Run 3 HH—bbyy: First ATLAS result using
Run-1 and Run-2 results: good agreement 308 fb' data! 140 fb™' Run 2 data (2015-2018,

with SM predictions! Expected trend Vs = 13 TeV) and 168 fb™' Run 3 data (2022-
predicted by the SM 2024, Vs = 13.6 TeV)
ATLAS-CONF-2025-005

=) 100 SR IR B BRI B R B R B A S > 5:' L e e
& gof ATLAS — SMo(ppsH,m,=12509Gev) 1 @ 45F ATLAS Preliminary ¢ Data E
1 F ¥ Hoyy 4 H—ZZ*-4l QCD scale uncertainty - 0 - . -
b& 80F 4 CombinedH—syy + H—4l Total uncertainty (scale ® PDF+ct,) | — N Vs=13/13.6TeV, 140/ 168 b Cont. background =
E o - = uum Total background -
70F £ 3.5 HH—bbyy . :
E © . — Signal + background I
60F © 3 log(1+Sg),/ B) weighted sum 4 -
- 2 E by, = 097 e
50 o 25K —
s £ - =
40F H @ 2F E
30F 1 1.5F 3
g \s=7TeV, 45f5' ] s =
20 {s=8TeV, 20.3 18" 3 1 :
3 Vs =13 TeV, 139 5’ 3 S .
105 Vs = 13.6 TeV, 29.0-31.4 fb' ] 0'5;_ ‘4 o ' # ] - + =
P (U U U N [T SR ST U S ST S [ U SR [ TR S S S [ S S S RS N T C PR R T N SN TR N T NN TR SO S e

07 ="% "9 0 11 12 13 14 0 120 150 160
Vs [TeV] m,, [GeV]

Observed significance of SM HH:
0.80



Ratio to SM

CMS 138 fb (13 TeV)
; | I S SR g
s m,=125.38 GeV W Z.'.‘.l' :
—.’ ]
107F E
b -
2L t & J
10 e i
$ Vector bosons

10_3 s & i 3" generation fermions |
' ¢ 2™ generation fermions

-+ SM Higgs boson
10-4 :_I.JJ J] L L J.JJ L L L Ll 1 lJI _:.
1.4 L I AL ]
1.2F } 1.05F ﬂ 3
1 .0 i_.‘ ------------------------ *-1;+ AAAAAAAAAAAAAAAAAAAA 1 m---- - .I.A*A -_TE
O.B L 0.95| -
0.6 i J '

Everything looking SM-like?

10 10
Particle mass (GeV)

; [ T T T T | T T T T | T T T T I: T T T | T T T T T I,_
8 ~ 68% and 95% CL contours i m ::nlbi ;—’2127 ey .
= 80.5 — M Fitw/o M, and m measurements EE e o= 0.46 GeV /,»’ —
EE L Fit wio M,,, m and M, measurements il — G =046 ®0.50, GV a
B Direct M,, and m_measurements EE ol ]
80.45 — i p —]
80.4 — i
e oo - L |
- M, comb. + 15 £
80.35 — Mx =180.379 + 0.013 GeV . a
80.3 — A e ) -
- 3 o RS -
80.25 — .97 N S S i £
IS " o ok €] fitter|suf:
0 R R AR TR SR N £ I T S N S S M N S
140 150 160 170 180 190
m, [GeV]

Knowing the Higgs boson mass has a large
impact on global analysis



And a few more SM measurements

Standard Model Production Cross Section Measurements

ATL-PHYS-PUB-2024-011
Status: June 2024

—
_Q DAQ total (x2) -
O 101 g e ATLAS Preliminary Theory
Rl incl
or =100 Gév'
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106 pr > 70 GeV 7
= o :
E o ]
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5 dijets T . ) -
On 25 GeV 2 1 -
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= v .
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Is there something else beyond the SM?

P

24 MeV I 1.3 GeV I?UEE"."
Y

4.8 MeV § 104 MeV § 4.2 GeY ﬂ
. d|lsl| b
=22V §<0.2 MeV <16 MeV E ‘
80 GeV
vo | v. | V.
W

05MeV § 16 MeV § 1.8 Gel 126 GeV
I eln]ltlg I
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New physics portals?

= Many extended Higgs theories Tentative answers Image from H. Pacey

H i 1 will solve
have over parts of their parameter to big questions - E
space a lightest Higgs scalar with

properties very similar to those of
the SM Higgs boson

= Beyond measuring SM particle
properties with precision, we can
look for new particles, e.g.
additional Higgs bosons Higgs
boson decays to new particles

=

NG cavy/RH Neutral Leptons (HNLS)|
r

Unification /

/
Vector-Like Fermions (VLQs/VLLs)
New Forces?

Leptoquarks (LQs)

Heavy Vector Bosons

BSM Model types
Questions they could

solve Grand Unified Theories (GUTs)

Direct searches: new resonances Indirect searches: beyond LHC reacn can still
™ leave measurable fingerprints

AN ELne

Mvive

Mvivz Mx> ELnc




New physics portals?

= A huge BSM program at LHC!

s Exploiting the strengths of our particle physics community to ensure deep but focused
coverage of well-motivated models,

s And also broad but shallow coverage for more speculative models, exploiting extra data and
instrumental/tools/methods developments

Overview of CMS EXO results

CMSs preliminary March 2024
" w90 . * 0, . P -
: Sstsinzone vy ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
. Status: March 2023 f[ dt = (3.6 - 139) bt V5=13TeV
. - miss [, = -
: : s o Model ty Jetst ET™ [Latfip] Limit Reference
. WBLEOUS 5456401908+ 1.
o T — T — T ——
" av20is at
. Sa017 e+ prer 7 ADD Guk +2/q Oepry 1-4] Yes 139 [Wig TH2TeV n=2 210210874
: o §  ADD non-resonant yy 2y - - 867 [Ms 86TeV  n=3HLZNLO 170704147
" dcn )
N stas s i ) £ ADDQBH - 2j - 139 My 94TeV| =6 1910,08447
T ADD BH multijet - 23j - 36 M 9.55 TeV Mp = 3TeV, rot BH 151202586
P ©  RS1Gk -y 2y - - 139 | Gkkmass 45TeV 01 210213405
p I a3 £ BukRS Gkx — WW/ZZ  multichannel 364 | Grxmass 23TeV 1= 10 1808.02380
§ " W BukRS gk — tt Teu 2102102 Yes 861 |8k mass 38TeV —15% 180410823
) 2UED / RPP leu 22b23] Yes 361 |Kkmass 1.8 TeV Tier (11), B(AMY) — ¢t) =1 1803.09678
. SSM 2/ (€ 2eu - - 139 |Zfmass 51TeV 1908.06248
" s SSMZ' - 11 27 - - 361 |Z'mass 2.42TeV 1709.07242
. o o )
. S0 L aT e hpe 2 Leptophobic 2/ — bb - 2b - 361 |Z'mass 2.1TeV 1805.09299
. ead EXR @ Leptophobic Z/ — tt Oep 215220 Yes 139 |Z'mass 41TeV Tim=12% 2005.05138
. el E——— e 8 ssMw o Ten - Yes 139 | W/mass 6.0 TeV 1906.05609
: . 21071302 (2 7 1010 ©  SSMW -1y 1 - Yes 139 | Wmass 50TeV ATLAS-CONF-2021-025
i " ) S ssMw -t - 21b>1J - 139 [ W mass 4.4TeV ATLAS-CONF-2021-043
i . & | HVT W' — WZ model B 02ep 2j/1J  Yes 139 | W mass 43TeV v =3 200414636
" O HVTW - WZ- vt modelC Seu 2](VBF) Yes 139 [Wemass 340 GeV guen =1,g =0 2207.03925
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. 002008 —  Clétgq 2ep - - 139 | A 358TeV . 2006.12946
O Cleebs 2e b - 139 |A 18TeV 3 2105.13847
e Cluybs 2 1b - 139 |A 2.0TeV g1 2105.13847
: inotos Cleett >leq  21b>1] Yes 361 [A 257 TeV. Cul = 47 181102305
aroomss. Axial-vector med. (Dirac DM) - 2j - 139 | 38TeV =025, g=1, m()=10TeV  |ATL-PHYS-PUB-2022036
S Pseudoscalarmed. (DiracDM) Oe,r,y  1-4]  Yes 139 | Mimea 376 GeV. =1, g=1, m(y)=1 GeV 210210874
9 Vectormed. Z-2HDM (Dirac DM) O e, 2b Yes 139 |mz 30TeV 8 2108.13391
Pseudo-scalar med. 2HDM+a  muli-channel 139 |ms 800 GeV/ ATLAS-CONF-2021-036
Scalar LQ 1% gen 22j Yes 139 |LQmass 1.8 TeV 2006.05872
1 Scalar LQ 2 gen >2j Yes 139 |LQmass 1.7 TeV. 2006.05872
Scalar LQ 3" gen 2b Yes 139 [ LQgmass 1.49 TeV. 2303.01294
i Q  ScalarLQ 3 gen 22j,22b Yes 139 (LQymass 1.24TeV. 2004.14060
H Scalar LQ 3" gen - 133 |LOfmass 143TeV 210111562
Scalar LQ 3" gen Yes 139 LQ@ mass 1.26 TeV 2101.12527
Vector LQ mix gen Yes 139 LO@ mass. 20TeV ATLAS-CONF-2022-052
B76 Vector LQ 3" gen e, T Yes 139 | LQY mass 1.96 TeV BLQY — br) = 1, Y-M coupl. 2303.01294
FECS
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3104 220676 £ 1 320 2,4 4227410 e S E Excitedquark ¢’ - qy 1y 1j - 367 |g'mass 53TeV only o and o, A = m(q") 170910440
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L| T — T s 102100 A Type Il Seesaw 234en  22]  Yes 139 |NUmass 910 Gev 220202009
. MNSERRN 59450002103 2 E—— A LRSM Majorana » 2 2] - 361 |Nemass 327TeV m(Wr) = 41TeV. g1 = g 180911105
. asa 15110300 s §  Higgstriplet H** » W=W* 23,4 u(SS) various  Yes 139 | HE mass 350 GeV DY production 210111961
. SERERRS 5051031 U I Ee S Higgs triplet H** — ¢ 234eu(SS) - - 139 | H% mass 1.08 eV DY production 221107505
2
i . ey S Multi-charged particles - - ~ 139 | multicharged particle mass 1.59 TeV DY production, g = 5e ATLAS-CONF-2022-034
r ~ %3; :'; Magnetic monopoles - - - 34.4 | monopole mass 237TeV DY production, g| = 1gp, spin 1/2 1905.10130
i . 176 V5=13TeV  y5=13TeV 1 1 L
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Question #5

What is the most promising observation channel
for HH?

1) HH — bbbb

2) Difficult to say, should pursue a combination

3) HH — bbyy
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The near future: High luminosity (HL-) LHC

LHC / HL-LHC Plan ‘Hilumi Y

LARGE HADRON COLLIDER -

LHC HL-LHC

[ st | 13 Tey A LS2 metev Ban TN 13.6 - 14 TeV

energy
Diodes Consolidation
splice consolidation eryolimit LIU Installation =
7 TeV ﬂ button collimators inTeraction - inner triplet HL-LHC
— RZE project regions Civil Eng. P1-P5 pilot beam radiation limit installation
= mmmlmw
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
e i nominal Lumi _2_"3’”_"‘1%"4 ALICE - LHCb I 2 x nominal.Lumi i s
L
75% nominal Lumi upgrade

300" 190 b

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY

PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. ””

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

‘ < >
next 15 years

first 15 years
you are here

it is halftime!



The near future: High luminosity (HL-) LHC

s« HL-LHC will dramatically expand the ATL-PHYS-PUB-2022-018
Higgs phySiCS reach | | I?§=14 TeV, 3000 lb"pergxperime:nt
= 170M Higgs bosons - 120k HH pairs for ;’fi' . ATLAS and CMS
—— Statistica ; _—
3000/fb - —_ Experimental HL-LHC Projection
= But also challenging! —— Theory Uncertainty (%
= More pile-up, beam induced cavern Lhegenmsndllie
P P, N Ky B 1.8 08 1.0 13
background, radiation to detectors e
= Big challenges for computing and data W == 708 0T s
storage given the larger dataset Kz = 1.5 07 06 1.2
Ke = 25 09 08 2.1
- Rqulres |m_provements for K, = a4 05 11 a0
experiments in all areas 5 [ N
= Detectors, trigger, software and computing ° B
00T 71— 71 17— 110 K: = 1.9 09 08 15
E [ ATLAS Preliminary e igf*f‘ 1
ﬁ, | V5 =14 TeV, 3000 fb-! Mu}::epton ] Y —— 4.3 38 10 17
8~ Baseline s pRbE -8 K
| All other k fixed to SM = bbEt I+ ES | Zy — . . | 9.8 7_2. 1.7 6.4I
Significanc%‘_4.3o _Combif‘ed 16 0 002 004 006 008 01 0.12 0.14
ATL-PHYS-FEUB-ZOZZ"}O 3 ,’: ;"j o Expected uncertaun?y
i 1 fosnbl, = 2-4% precision for many of the Higgs
NS couplings. Theory uncertainty remains the
LN A largest component for most measurements
f \ 68 CL] » Different uncertainties scenarios
B A i iyl B considered in these studies




Further along in time?

LCF, CLIC Circular Electron Positron Collider (CEPC)

FCC-hh, Muon Collider (3, 10 TeV) 5 R&D e*e” with improved acceleration technologies
baseline 85 TeV (2 120 TeV) it s v LCF, C3 (2 1 TeV), CLIC (1.5 TeV), HALHF, ...
Suggest to check the ECFA session at EPS-HEP 2025 m

European Strategy



https://indico.in2p3.fr/event/33627/contributions/156476/attachments/95306/145903/ESPP_EPS_Marseille_2025.07.10.pdf

Thanks

Material/inspiration from lectures by Markus Klute,
Tatjana Lenz, Katharine Leney and Marumi Kado
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So how do we study all these particles?

How do we detect the particles?
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So how do we study all these particles?

How do we detect the particles?

1 11 111

1.3 GeV || 170 GeV

c t

4,8 MeV J| 104 MeV § 4.2 GeV

<2.2eV §<0.2 MeV]] <16 MeV
b1 i

Quarks

0.5MeV § 16 MeV | 1.8 GeV

Leptons

e

Bosons

Simplified Detector Transverse View
Muon Spectrometer
Toroids

TRT

= Bare quarks,isolated gluons are colored objects and can't be observed isolated
= Radiate, eventually reconnect to the rest of the event evolve to create colorless final states
s end fragmenting to a directed flow of hadrons  jet



So how do we study all these particles?

How do we detect the particles?

a8 1 D W e

1.3 GeV || 170 GeV

4.8 MeV | 104 MeV || 4.2 GeV
<0.2 MeV] <16 MeV

° Simplified Detector Transverse View
Muon Spectrometer
Toroids

Quarks

Bosons

Leptons

TRT

Particle | Calorimeter
| |

Parton

P EE _‘__ o Egzp « Different algorithms used to combine inputs and

- Underiying event  F€CONStruct jets, eg. anti-kT, soft-drop
&% (muiparioninteractions) & [nputs can be from truth level, calorimeter, inner tracker o

and calorimeter+inner tracker (eg. PFlow)




So how do we study all these particles?

Some of them are harder to identify/measure

Jets from b-quarks: b-
hadrons fly before decaying
this allow us to define
advanced identification
algorithms

Tau leptons decay to
hadrons and form jets:
usually narrower jets with
less tracks

Displaced
Tracks

Secondary
Vertex

Jét

T decay Anastasia will discuss about

Jet ways of identifying hard scatter
jets in the forward region of the
detector!



So how do we study all these particles?

How do we detect the particles?

T IT ITT
24 Hel 170 &=l £
TR
4.8 Mey § 104 Helf ﬂ
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Simplified Detector Transverse View
Muon Spectrometer
Toroids

Quarks

TRT

Leptons

In the transverse plane:

> pr=0



Evolving Landscape

—O O O
2015 2018 2022
/ HH—-bbyy N ®
Significance: 1.30
-1.3 < kr < 8.7 (95% ClI)
ATL-PHYS-PUB-2014-019

K Simulation-based analysis )
" HHobbrr )

Muu < 4.3 x SM
-4 <k, <12 (95% CI)

womiomins )

\ Simulation-based analysis

12th May 2025 Katharine Leney 12 4




Evolving Landscape

T

p

2018

LA L L L L I LN L L BN L B B

- ATLAS Preliminary —+- bbbb
- Simulation and Projections from Run 2 data —e— bbtr
C Vs =14 TeV, 3000 fb”, x, = 1 _

I Systematics uncertainties included —=- bbyy

12th May 2025

- Combination

Significance: 3.00
-0.2 < k) < 2.5 (68% CI)

I‘I\Illl\l\llll\lill

ATL-PHYS-PUB-2018-053

Extrapolations based on
partial Run 2 analyses

Katharine Leney



Evolving Landscape

TTYf T T T T T T T T T T T T T T T T T T T T T T T T T T TT T @ITT
| [ I | | I I I

ATLAS Preliminary
Vs =14 TeV, 3000 fb-!
Non-resonant HH

In(L_ /

Asimov data (kx = 1)

l\ILIIII\JLIIII\J'IIIIIIHI

Significance: 3.40

-0.5 <k < 1.6 (68% CI)

\][IIII\I[IIII\][IIII\]'IIII]ll

ATL-PHYS-PUB-2022-053

m fos)

Extrapolations based on
first full Run 2 analyses

>

12th May 2025 Katharine Leney
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Evolving Landscape
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Nano Overview of Main Higgs Analyses at (HL) LHC

Most channels already covered at the Run 2 with only 3% (80 fb-1) of full HL-LHC dataset!
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Portrait of the Higgs Boson 10 Years after its Discovery

138 fb™ (13 TeV)

u{ —— Observed +1 SD | w combined 1 SD
y 002 ! Loas R T . PR MY T
vy FJ‘OS-G r .."._1'00 032 | BR143 oy _;._1194.32 :._._1'38-023
W' =1.13 009 H H . :
1 1 I ]
+0.14 +0.48 1.55 +6.59 +0.73
ZZ 209855 1032 i | 000" (12.24 25g ' 0.00
2 209728 : F : :
] 1 L i
0 +0.28 y 0.72 : 0.75 g
WW d 0.90 1% 10735z 1] 24157 ] 176 Ser i 1442032
W = 0.97 + 0,09 d d : :
] 1 I )
0.7 10,61 0,65 ' 044
T 0.66 = 0.21 ; 0.86 51g _5._1,33 S i 1.80 0% : 0.35 55
p" =0.85+010 ' ] [ '
(] 1 I L}
297 d w0.42 g 40.36 : +0.46
bb 59125 H —oll090 53 i 090 54
e 105 ! : !
. . '
40.74 | +0,86 +3.04 I 263
wia |, 9.3 0% 1 1.56 098 J 6.63755 o7 |
u' = 1217008 ' 0o . 2 4 6 8 .
: 1 L 1 L ! L '
.30 " 82
i 3.86 ", -4.43 Ty
W =2.5~3"‘£’ i :
a0 1 L L 1 1 : L L 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 il 1
0 05 1 15 2 25 1 2 3 0 1 2 3 4 0 1 2 3 4 005 115 2 25 3
ggH VBF WH ZH ttH+tH
+0.26 2 N
n =097 2008 Mg = 0.80 2 0.12 W = 1:49 05 My = 129705 . w1180




Portrait of the Higgs Boson 10 Years after its Discovery .

ATLAS - CMS Run 1
combination

30%
26%
15%

ATLAS
Run 2

0.94 +0.11

0.89 +£0.11
0.93 +£0.07

10693

Nature 607,
52-59 (2022)

CMS
Run 2

1.01 £0.11

099 £0.16
0.92+0.08

1202l

Nature 607,
60-68 (2022)

Current
precision

11%
11%
8%

20%

How elementary is the Higgs Boson?

Minimal Composite Higgs scenarios

2m?
gHVV = —vv l—~m2 f*
4w f 2 9'TeV

Probing new particles through loops

g yorZ

i
Y,

.
- &Y

Probing the Flavour Hierarchy
through the Yukawa couplings!



Backup



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84

