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e proton-proton collider ot CERN.

e 27 km of circumference.

e Several experiments:
o ATLAS & CMS: general purpose detectors.
o ALICE (studying heavy ion collisions),
o LHCb (flavour physics).

e Collisions energy: 7 TeV — 13.6 TeV
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Charged particles tracking at
the inner detector

Electromogneic aond hadronic
Calorimeters provide energy
meosurments

Muon spectrometer :
Trigger: hardware based Level 1

\ u‘ A ' (100 kHz) and software based
e 8 High-level (1-3 kHz)
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Standard Model of Elementary Particles

interactions / force carriers

three generations of matter
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Higgs boson in the SM

The Higgs boson in the Standard Model:
e Elementary particle
e Strength of interaction with other particles are
relative to their mass.
e Interacts with itself.
e SM does not predict mass.

o At the start of the LHC the Higgs mass was
the only missing SM parameter to predict
production and decay rates.

e Unique in the SM!

o Scalar (spin 0).

o |t makes the SM complete (i.e. explains mass
of particles)

Discovered by the ATLAS and CMS Collaborations in
2012 (see 10t year anniversary Scientific Symposium).



https://indico.cern.ch/event/1135177/timetable/
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Standard Model processes

Standard Model Total Production Cross Section Measurements

Status: June 2024
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

Higgs boson at the LHC

Main production mechanisms in pp collisions.

g

ooF ~88%
oluon-gluon fusion

W/Z

VH ~4%
vector boson
associated production
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Handbook of LHC Hiogs Cross Sections
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG#CERN_Reports_Handbook_of_LHC_Hig
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How do we choose which channels to search for?
e High branching ratio.
e Clean signature (good detector resolution).
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Higgs BR + Total Uncert
S =
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Higgs boson at the LHC

Main decay mechanisms: branching ratios dependant on the Higgs mass.

Haondbook of LHC Higgs Cross Sections
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG#CERN_Reports_Handbook_of_LHC_Hig

ATLAS discovery paper
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e Alarge search progrom in all decays channels from the

We found a Higgs!
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ATLAS
Preliminary

LHC Delivered
[ |ATLAS Recorded
. Good for Physics

2011, \s =7 TeV

Delivered: 5.46 fb™
Recorded: 5.08 fb™*
Physics: 4.57 fb”'

XS

start of the LHC Run 1.
e Main channels leading to the discovery:
o H-ZZ*-41 H-yy, H-WW-{vAv.

arelycg@cern.

ch

2012, \Js = 8 TeV
Delivered: 22.8 fb”

Recorded: 21.3fb™
Physics: 20.3 fb™'

Run 1: 7 TeV, ~5 fo!
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https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060

The LHC dataset now
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e Run1:Sfblat7TeV & 20 fb'at 8 TeV e Efficiency and resolution of objects
e Run 2:140 fo' at 13 TeV reconstruction requires more work.

e Run 3:~300 fo' at 13.6 TeV
o endingin 2026.
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NOT SURE IF HIGGS
BOSON

Characterising the Higgs boson

OR OTHER BOSON

Mass measurement

The mass is the only free parameter in the Higgs mechanism.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/

Characterising the new boson

Mass measurement

Phys. Rev. Lett. 131 (2023) 251802

e First precision measurement at the LHC!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/

Run 2: ATLAS-CONF-2025-06

Higgs Couplings

After more than 10 years: five main production channels and main decay channels

have been observed and are being used for measurements.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/

Run 2: ATLAS-CONF-2025-06

Higgs Couplings

After more than 10 years: five main production channels and main decay channels
have been observed and are being used for measurements.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/

nggs Couplings

Run 2: ATLAS-CONF-2025-06
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/

Run 2: ATLAS-CONF-2025-06
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-11/

arel

\[pb/GeV]

H
T

do/d(p

Theory/Data

We can go beyond...

We can also study kinematic distributions in Higgs production (beyond the measurements of total rates).
Physics beyond the Standard Model may be enhanced in the tails of these distributions.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-002/
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Trilinear Higgs Coupling
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7 el V = Vo + M2h% + \whd + Zwl -5
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)\SM ~ 0.13

17



arelycg@cern.ch

Trilinear Higgs Coupling
Hospaens V(@) = —p?d? + Ao
A

N 1
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4 4
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M gy
2 202

V(¢) we can probe this via
the HH production
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Higgs Potential
Howpoen V(@) = —u¢? + A

voree e mthe 1 A
e e V= Vo + AR 4+ Avh® + 2Rt — =
4 v4
1 W
m
V=W+ §m%{h2 | 2vgvh3 +

V(¢)

/

19



arelycg@cern.ch

Higgs Potential
M V(@) = —ple? + Ap*

ur universe lives in the 1 )\
7 el V = Vo + M2h% + \whd + Zwl -5
mass self.- v
1 5 5 m%[ 3
V:VO+§mHh | 2’02vh + ...
V(e) In the Standard
Model:
\SM My | kx = Agaa/Ntin
HHH = 5 o

Non-resonant HH production searches probe the shape of

the Higgs potential by measuring the Higgs self coupling:k,.
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Higgs Potential
M V(@) = —ple? + Ap*
A

N 1
e e e V =Vy+ MW2h% + MWwh’ + ARt — =
4 4

self-

W

Mass

1% V+1 2 h? s he +
— 0 —Tn | U ¢ o
9 202
V(e) In the Standard
Model:
SM My | kx = Auon/Ndin

ANHHH = 902

Non-resonant HH production searches probe the shape of
the Higgs potential by measuring the Higgs self coupling:k,.
K, # 1 could indicate beyond Standard Model physics.
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Higgs Potential
M V(@) = —ple? + Ap*
A

R 1
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Moreover, in the SM: H o+ e
H .“’A IIIII-:II":IIII-IllI
A3 = Ay R Mg,
He, H’o.
¢ We can use HHH searches to independently constrain i,
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Electroweak phase transition

Measurements of the Higgs self-coupling can give insight about our universel

V(9) V()
@ )

SM: 2" order phase transition. Continuous N
cross-over from one phase to the other. BSM: 15 order phase transition.

Baryogenesis requires a first order electroweak phase transition,
which would lead to a modification to the Higgs potential ...
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Stability of the Universe

Measurements of the Higgs self-coupling can give insight about our universel

Stable universe Metastable universe
e Current minimum is the absolute minimum. e Current minimum is a false vacuum.
e Higgs fields will remain like this forever. e Lifetime is larger than the age of the universe, but

eventually it will decay to the new minimum...

V(¢) V(¢)

= ~ ((/,7
/7@/-
current current~ ¢ g
minimum minimum <

24
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Stability of the Universe

Measurements of the Higgs self-coupling can give insight about our universel

Metastable universe

Precision on top mass is also fundamental e Current minimum is a false vacuum. -
to answer the question on the e Lifetimeis larger than the age of the universe, but
metastability of the universe. eventually it will decay to the new minimum...
arXiv:12095.6497
180 T ¥ ! T T T u »/'/ :‘//“/ y "1_010' V(¢)
> .—“'Meta;étéiaﬂ@ty_ -
8 175F "
S i ]
& . . ]
E B RE i — -
g 170 - :
5 {13 » -
= - Stability 1
165 %
n
115 120 125 130 135 currert~"2t,
Higgs mass Mj, in GeV minimum —~
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https://arxiv.org/pdf/1205.6497

Arbitrary units
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HH production

Search for non-resonant di-Higgs production allows us to probe the shape of the Higgs potential by
measuring the trilinear self-coupling k, of the Higgs boson.

g 2099999999999

g 2299999999999 ~
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ATLAS Simulation

/s =13 TeV
£ Kx=0,0=70.41b
e Kx=1,0=31.11b
- — K)=2,0=13.8"fb
X -== K\=5,0=9481b

III|||I|[II|III|III|IIIIIII
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III|III|[II|l|||||||l||||||

H g 2009999999999

H g 2009999999900

K¢

There is destructive interference between the box and triangle diagrams,

thus the cross section is suppressed (~10° times smaller than single Higgs x-section).

Deviations from SM can increase this cross section.

e m_, distribution depends onk,.

e Forvalues ofk, #1, x-section can be enhanced.
e Forlarge values of k, the triangle diagraom dominates.
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SM
AZ production
x1000

SM

Single Higgs
production
x1000

SM
Di-Higgs
production
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Standard Model Total Production Cross Section Measurements

Standard Model processes

Status: June 2024

5-1 1011 DSOO;zb 1
A—Q— . .
o 40 bt 80 ub™ ATLAS Preliminary - Theory
e
b 106 \/s=5,7,8,13,13.6 TeV LHC pp V5 =13.6 TeV
o Data 29.0 - 31.4fb
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5 Ao . =1
10 P B 0a2 32- 140
=Nak LHC pp V5 = 8 TeV
10% Data 20.2 - 20.3fb!
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o [O - BBl a2 0255-031b
10? - o B ia
O oo
=
g = B total"n - o
101
2 b 4o I
o VBF .
g
1 = i o o W
ZH yH A
o . ‘I
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() x02)g
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pp w z tt t Wt H ww wz zz t ttw  ttz tttt
wWwv
t-chan s-chan

tot.

ATLAS Public Results
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

Search channels

bb WW T 77
bb
wWWwW 4.6%
TT 7.3% 2.7%
ZZ 3.1%
YY 0.26%

arelycg@cern.ch

Channels with large decay fractions
may lead to challenging signatures.

Exploring a mixture of different higgs
decay channels to increase the
sensitivity.

Different analysis strategies developed.

Combination
is key in this search!
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Search channels

bb WW TT ZZ
. [
WW 25% 4.6%
TT 2.7% 0.39%
ZZ 3.1% 1.1% 0.33% | 0.069%
YY 0.10% | 0.028%

arelycg@cern.ch

[bbbb] Largest decay fraction, exploit
data driven techniques to estimate
dominant multijet background.

SERloliVElol  Phys. Rev. D 108 (2023) 052003

Boosted VBF Submitted to Phys. Lett. B

VHH Eur. Phys. J. C 83 (2023) 51

[bbtt] Medium decay fraction, good
signal selection purity.

JHEP 07 (2023) 040
Phys. Rev. D 110 (2024) 032012

[bbyy] Lower decay fraction, but
excellent m, mass resolution.

Phys. Rev. D 106 (2022) 052001

JHEP 01(2024) 066
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https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://arxiv.org/abs/2404.17193
https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y
https://link.springer.com/article/10.1007/JHEP07(2023)040
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

Search channels

e [bbll+ MET] Targeting multiple decay
fractions, with one Higgs not decaying
into bb (bbWW/bbtt/bbZ2).

JHEP 02 (2024) 037

o [(yy) multi-lepton] Covering multiple
decay modes, where both Higgs don't
decay into bb (and bbZZ(41)).

Submitted to JHEP

Combination!

CUY.CJl Phys. Rev. | ett. 133 (2024) 101801

PAS-HIG-20-011

#SpoilerAlert Stay tunned for next week at HIGGS2025 30
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https://link.springer.com/article/10.1007/JHEP02(2024)037
https://arxiv.org/abs/2405.20040
https://arxiv.org/abs/2406.09971
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
https://indico.cern.ch/event/1532417/

Run: 339535
Event: 996385095
2017-10-31 00:02:20 CEST
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2 0
BF HH categorisation BDT score

<

02 04 06 08 1

had Yhad

main challenges
MC modelling and statistics.

Tau-fakes estimation.
Categorisation is key:

and Tt

lepThod)'

Phys. Rev. D 110 (2024) 032012

o Trigger selection for different decay channels:

m H—)'r'r

n H_’Thdhd

o VBF and ggF signal separation:

m |neach channel a BDT is trained to separate VBF and ggF
o Signal-Background discrimination: train a BDT per category.

m QQF: define two low and high m_,
m VBF: single category.
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4 single-lepton (SLT) or lepton+tau (SLT+DLT) triggers,
combination of single-tau (STT) and di-tau triggers.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012

ATLAS

EXPERIMENT

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST

bbyy



HH — bbyy

Select 2 b-tagged PFlow jets and 2 high p; photons.

JHEP 01 (2024) 066

> 1 ' T ' T ' | ' T ——

o - ATLAS ¢ Data ] > 30—
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o - W ityy ] Ry - B aaaea Cont. background 3
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main challenges
Analysis limited by statistics.
Large impact of single Higgs production normalisation.
Events categorised into high and low m*bbW regions (low mass regions retain sensitivity for large «,).
For each mass category BDTs are trained (and further categories are defined based on BDT score).
Model signal and background m,, shapes with analytic functions. Final background prediction

comes from m__ fit.
v 34
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https://link.springer.com/article/10.1007/JHEP01(2024)066

ATLAS Combination

e ATLAS combination for searches of Higgs
boson pair production!

e Best expected sensitivity to date on HH
cross section:
o My <29(2.4 exp.)
o M, <29(44.3) for gof (VBF) production
o 0O,,<838(/1.1exp) fb

e HH theory cross section uncertainty
becomes relevant for the sensitivity.

arelycg@cern.ch

Phys. Rev. Lett. 133 (2024) 101801

—e— QObserved limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 b (4HH =0 hypothesis)
SgIJVIF+VBF(HH) _3281b [ Expected I!m!t 10
[ Expected limit +20
Obs. Exp.
bbig + Emiss * 10 14
Multilepton— * 17 11
bbbb|- 5.3 8.1
bbyy 4.0 5.0
bbttt |- 5.9 3.3
Combined— 2.9 2.4
0 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength gy 35


https://arxiv.org/abs/2406.09971

ATLAS Comblnotlon

< 8
L=
C\|I7

6

5

Most stringent expected
constraints to the Higgs boson 4
self-coupling
-1.2 <k, <72 (-1.6 <k, <72 exp)95%
CL 3

arelycg@cern.ch

Phys. Rev. Lett. 133 (2024) 101801

A TLAS

[ Vs =13 TeV, 126—140 fo'

- HH combination
— All other K fixed to SM

T 1
4

— QObs.:

I | | | | I | _I |
—— Combined —— bbyy
—— Multilepton —— bbbb
—— bbif + EMiss —— bbTtT"

95% CL [-1.2,7.2]
——- Exp. (SM): 95% CL[-1.6,7.2]
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https://arxiv.org/abs/2406.09971

ATLAS & CMS

PAS-HIG-20-011 CMS Preliminary 138 fb ™ (13 TeV) Phys. Rev. Lett. 133 (2024) 101801
K}»—Kt—‘cv—‘czv—1 | L ore
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https://arxiv.org/abs/2406.09971
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html

HH — bbyy

arXiv:250703495
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/

Run 2

Run 3

Combined

HH — bbyy

ATLAS
Vs =13/13.6TeV, 140/ 168 fb~1
HH - bbyy

—e— QObserved limit

o Expected limit (uyy =
JHEP 01 (2024) 066
Exp. Exp.

OBS: (i = 0) (g = 1)

arelycg@cern.ch
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50 (30) for observation (evidence) of the HH production!
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Towards LHC Run 3 and HL-LHC
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LHC Run 3

More dataq, better triggers, better taggers, better performancel
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2022-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-07/

LHC / HL-LHC Plan

LHC HL-LHC

136Tev  BER 13.6 - 14 TeV

13 TeV

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation HL-LH
7 TeV 8 TeV button collimators interaction : inner triplet C
— R2E project reglons Civil Eng. P1-P5 pilot beam radiation limit installation

51to 7.5 x nominal Lumi
ATLAS - CMS sy

experiment upgrade phase 1 ATLAS - CMS /

beam pipes 4 : ; ! HL upgrade
nominal Lumi w ALICE - LHCb : 2 x nominal Lumi :

75% nominal Lumi | /” upgrade ' !
'1 " o] 3000 fb!
2l 1901 m luminosity EEOIE{

What will be our sensitivity to observe From LHC
Di-Higgs production with the HL-LHC dotoset to HL-LHC
(i.e. to what precision will be measurek,?)

arelycg@cern.ch H/T N.Craig, R. Petrossian-Byrne 42
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UB-2025-014

ATLAS Higgs measurements at HL-LHC

We will soon be dominated by
theoretical uncertainties!

s =14 TeV, 3000 fb“

| Total ATLAS Preliminary
—— Statistical Extrapolation from Run 2
Experimental Baseline scenario

—— Theory Uncertainty [%]
2% 4% Tot Stat Exp Th
Ky =—. 22 08 1.4 16
Ky == 1.9 07 09 16
Ky = 1.9 08 08 15
Kg — 2.7 09 09 24
Ky | 3.7 1.1 13 33
Ly —— 4.0 14 16 34
K B 23 09 10 18
K, = 55 51 15 15
Kzy V== ‘ 8.7 80 25 23

0 0.02 0.04 0.06 0.08 0.1 0.12

Expected uncertainty

Statistically limited channels will profit immediately
profit from Run 3 results.

I This analysis ATLAS Preliminary
Nature 607 52 (2022) Run 2: Vs =13 TeV, 36.1 - 140 fo™'

Run 3: Vs = 13.6 TeV, 165 o'
I Run 3 + Run 2 combination

K =K,

14%

-18%

-26%

-15%

14%

-37%

-14%

7%

-48%

0 01 0.2 0.3 0.4 05 06
Expected uncertainty
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-014/

ATLAS + CMS HH at HL-LHC

ATL-PHYS-PUB-2025-018

=
N

Vs =14 TeV, 3 ab~! per experiment

10+ :
¢ SM HH production (k; = 1)
mmm bbbb
mmm bbyy
6L wm bbtT

B Combined

HH statistical significance
(00}

0
ppuU 20
cean-2019-007

K, is expected to be measured as 1.0

arelycg@cern.ch

ATLAS + CMS Projections ESPPU 2026

£gppU 2020

3ab ! (52) 3ab ! (S3)
ATLAS CMS ATLAS CMS
H H statistical significance
bor T 3.5 2.4 3.8 27
bbyy 2.4 247 2.61 2.6'
bbbb resolved 1.0 127 1.0 1.3f
bbbb boosted - 2.2} - 221
Multilepton 1.0' — 10" —
AV 0.5" = 0.57 =
Combination 4.3 4.2 4.5 4.5
ATLAS+CMS 72 7.6
k3 68% confidence interval

f&ﬁf;fym —27% | +31% —26% / +29%

A >50 observation will be possible already with 2000 fo
combining both experiments in the baseline scenario (S2).

o 3000 fbo' may allow a single-experiment observation.

Including 5% improvement in the b-tagging identification
and tau-identification (S3) will increase the precision by 5%.

+0.29
—0.26 -
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ATLAS + CMS HH at HL-LHC

ATLAS +CMS
- Projections ESPPU 2026
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ATL-PHYS-PUB-2025-018

Measuring the self-coupling can provide discrimination
between different scenarios, or different models.
See talk by Patrick Meade.

BSM scenarios where new heavy particles lie beyond a large

energy scale cut-off, so cannot be produced at the LHC. The
potential is then expressed as a defaomation of the SM EWSB
potential.

Scenarios considered are in the context of SMEFT (dim 6 and
8) and modifications of the low-energy SM Higgs potential by
small term (logarithmic or exponential).

These scenarios predict a strong first-order phase transition
in the early universe fork, >k _. .
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https://indico.cern.ch/event/1359386/#1-understanding-the-higgs-pote
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018

Final remarks

e We have a very broad and rich Higgs physics progrom in ATLAS!
o Very important precision measurements are being updated with the larger dataset of LHC Run 3.
o Rare decays and production processes are now becoming accessible: H-pu, H-Zy, etc.

e Of particular interest for our community is the di-Higgs production.
o Multiple searches are performed simultaneously: ultimate goal for the HH physics program is the
combination of all searches!

e For both single Higgs precision measurements and di-Higgs searches, there are many areas to
improve on (in addition to adding more data)"
o We can explore different signatures (e.g. boosted topologies).
o New triggers, object reconstruction and identification (e.g. improved taggers),
o novel analysis techniques (including broader use of machine learning).

e Great prospective for Higgs measurements and Di-Higgs searches at the LHC and HL-LHC.
o Important to reach this milestone HH discovery in these hadron accelerators.
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Other resources

e ATLAS Lectures

O

@)
@)
@)

Great resource for different topics of the work we do in ATLAS.
Chronicles of the Higgs boson by Haider Abidi.

Seeing double (Higgs bosons) by Katharine Leney.

Probing new physics with the Higgs boson by Tatjona Lenz.

e Physics reports (collecting latest measurements and searches from ATLAS Run 2):

@)
@)
@)

A detailed map of Higgs boson interactions by the ATLAS experiment ten vears after the discovery
Characterising the Higos boson with ATLAS data from Run 2 of the L HC
ATLAS searches for additional scalars and exotic Higgs boson decays with the L HC Run 2 daotaset

e More on HH:

@)
@)

LHC seminar: Revealing the Potential of the Higgs field by Rui Zhang.
ATLAS HH workshop invited talk: Understanding the Higgs potential by Patrick Meade.,

e Highlights of the HL-LHC physics projections by ATLAS and CMS

e 10%anniversary of the Higas boson discovery
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https://indico.cern.ch/category/17441/
https://indico.cern.ch/event/1418288/
https://indico.cern.ch/event/1389632
https://indico.cern.ch/event/1552231/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-15/
https://indico.cern.ch/event/1403072/
https://indico.cern.ch/event/1359386/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/
https://indico.cern.ch/event/1135177/timetable/
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SM problems

Problem?

e In SM without Higgs: mass term change
under symmetry rotation - SM can'’t

have massive bosons.

Problem?

e Diboson scattering: VV-VV violates

unitarity ot sqrt(s) ~1TeV .

o(VV — VV), no Higgs

=
|
=
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Higgs Mechanism

Electroweak symmetry breaking (EWSB):
e Higgs mechanism is necessary both for gauge boson and fermion masses!
e Assumption: A scalar field permeates the universe & couples to other particles
o Non-zero “vacuum expectation value" (VEV)
o Strength of particle interaction controls the particle mass
o Higgs boson is an “excitation” of this field.

Hompoema  V(9) = —pP@® + A
e 1 A
e minimom V= Vo + AvPh? 4+ Avh® + A=

14
V(¢) V(¢)

¢ y

EWSB: Changes the
potential minima to a
non zero value.
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Higgs Mechanism

Once we have introduced the Higgs boson to the SM:
e Addition of a fundamental scalar spin-0 boson - Mass of this particle is a free parameter

e New Feynman vertices that need to be included in calculations

Higgs - fermions coupling Higgs - vector boson coupling Higgs self-coupling
f H
v 4
\Y% " p
H 2 / 2
(v ) X . ()
f \
f Vv H

Multi Higgs and boson coupling

Wiu /// HO Z M ¥ / /I_IO HO\\\\ /// HO
( ’ X

W, \\HO Zv \\HO H?’/ \\HO

Note that all the couplings of the Higgs boson to Standard Model particles

(except itself) were known before the discovery.
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Higgs boson in the SM

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

*
John Ellis, Mary K. Gaillard ) and D.V. Nanopoulos +)

CERN «- Geneva

We should perhaps finish with an apology and a caution., We
apologize to experimentalists for having no idea what is the mass of the
Higgs boson, unlike the case with charm 3),4) and for not being sure of
its couplings to other particles, except that they are probably all very
small, For thece reasons we do not want to encourage big experimental
searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.

DON’T
PANIC

Nucl. Phys. B106 , 2 (1976) 292-340
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http://cds.cern.ch/ejournals.py?publication=Nucl.+Phys.+B&volume=106&year=1976&page=292

Higgs Solution!

Problem? Solution
e In SM without Higgs: mass term change e SM + Higgs Lagrangian is symmetric
under symmetry rotation - SM can'’t under SU(2)xU(1)
have massive bosons.
Problem? Solution

e Diboson scattering: VV-VV violates
unitarity ot sqrt(s) ~1TeV .

5 ! a(VV — VV), no Higgs

B \\
£ b
= ]
S 1l
g 14 \ >
S A} _Z
A \ P
- \ WAW- - 22 i
§ 0.5 CWAWE - WHWE : 2
= < S
§ s ) o e /,//
g e
) _ ..

0.2 WW- - Wtw-

o

3000
Vs [GeV]

e VV-VV unitarity violation is canceled by
new Feynman diagrams.

\ o(VV — VV) with my, = 120 GeV

L e, 0806.4145

o
—
|

0.01 — WYWT S WtWo

— W'W- > 2Z
Wtz -wtz

- - - WHWt Sswtwt

— ZZ - 27

Crross sections (in nanobarns)

0.001 —

0 1000 2000 3000
Vs [GeV]

This imposes an upper limit on the Higgs boson of ~1 TeV.
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https://arxiv.org/pdf/0806.4145

We found a Higgs!

e Alarge search progrom in all decays channels from the start

uonesqyEd vz/L

Month in Year
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https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060

HoZZM-A41

ATLAS discovery paper
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e Data

— [ Background zz"
- [ Background Z+jets,

Signal (m =125 GeV)

[ 7%/ Syst.Unc.
“is=7TeV:|Ldt=4.8 b
s =8TeV:[Ldt=5.8fb"

100 150
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200

« WATLAS

EXPERIMENT

The “golden channel”.
Relies on precise energy/momentum calibration of muons
and electrons.
Small backgrounds, mainly from nonresonant ZZ*
o MCis normalised to the data-driven background
estimations.
Small branching ratio, but excellent mass resolution (1-2%).
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https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060

H-yy

ATLAS discovery paper

-——7—————7—+——————7——+——7————— ® Relies on precise energy/momentum calibration of photons.
ATLAS ¢ Data e Large background: continuum yy background.
Sig+Bkg Fit (m =126.5 GeV) ° Useod.oto—dr.lven prediction. .
e Tiny branching ratio ~0.2% but great yy mass resolution (~1%).
-------- Bkg (4th order polynomial)
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https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060

H-WW-{viv

ATLAS discovery paper
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ATLAS
\s=8TeV, | Ldt=5.8fb"

(")
H-WW —evuv/uvev + 0/1 je

1 | 1 1
- Data
B ww
[+
B Z+jets

ts

“ SM (sys @ stat)
[ Wz/zz/Wy
[] Single Top

[ ] W+jets

[CJH[125 GeV]

300

3
[
®
=

Relies on precise energy/momentum calibration of
leptons.
Large signal yield (sizeable branching ratio).
Large background from non-resonant WW* and
ttbar

o MC normalised to data in control regions.
Smaller W+jets bkg estimated from data.
Recontriction/resolution is very challenging due to
neutrinos.
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https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060

Patience, the friend of new discoveries
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Characterising the new boson

Width

Phys. Lett. B 805 (2020) 135425

e TJotal Higgs natural width in SM is small — difficult to measure the width directly.
r,>M=4.07 MeV
e Direct measurement would be dependant on detector resolution.

o  Width too small to be measured experimentally from resonance shape, where the mass peak is reconstructed.

19.7 fb" (8 TeV) + 5.1 fb” (7 TeV)

><103:

35F

3
25
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+0.26
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=1
=124.70 + 0.34 GeV

S/(S+B) weighted sum
¢ Data

S+B fits (weighted sum)
B component
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B component subtracted
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https://link.springer.com/article/10.1140/epjc/s10052-014-3076-z

Characterising the new boson
Width

Rep. Proo. Phys. 88 (2025) 057803

e Indirect measurement from off-shell production.
e Higgs boson interferes negatively with the diboson continuum.

Assuming on-shell and off-shell coupling are equal:

g 4 J 4 Moff-shel I
= Hon-shell  L'sm
£ AtLAS E
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-14/

Characterising the new boson

Spin Eur. Phys. J. C 75 (2015) 476

Predicted to be zero in the SM — unique wrt other fundamental particles!

Production and decay angle depend

on the spin. Define a test statistics: . .
0*vs O Test multiple spin hypotheses.
'k: 0-1 4_ ' I I | I I I | I I I | I I I I I ] = T T T1T°T | L | T T 17T \l/SI T T | T T T | T 17T T4
D i ] g ]
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) Y —— J'=2" =0 > E o _ ‘ g 3 “SM+ H—- WW* - evuv
; - pT <125 GeV _ foot K:=2Kg - g - 0 /s =8TeV,20.3 6 - :- ggmigz s_8TeV. 20318
L i S 1091 . e Jiim H-yy
E 0.08E a < 10 E [ E B0 20 ls=7TeV, 451"
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-17/

We can go beyond... STXS

e STXS model provides a template for fine grained measurements from different channel and how to combine them
e We can study kinematics in all production processes in several kinematic regimes to maximise sensitivity to new
physics while limiting model dependence.
ATLAS Run 2 992 H]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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Trilinear Higgs Coupling
Hosmens V(@) = —p?¢® + Mg

S 1
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HH production

Search for non-resonant di-Higgs production allows us to probe the shape of the Higgs potential by
measuring the trilinear self-coupling k, of the Higgs boson.

9 8888888 H g 9999909090909 > ®---------- H
K¢ K\ ’
A S )\ I
9 9099999999999 7 g < ,i{_f ________ H
. . 212 3
H tential —_ °« o o
995 potentia V = Vo + A°h* 4+ Avh” +
mass term trilinear
coupling

kx = AagaH/ N H
SM predictsk, =1

There is however destructive interference between the box and triangle diagrams,
thus the cross section is suppressed (~10° times smaller than single Higgs cross section).

Deviations from SM can increase this cross section. 65
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HH production

Search for non-resonant di-Higgs production allows us to probe the shape of the Higgs potential by
measuring the trilinear self-coupling k, of the Higgs boson.

K¢

9 8888888 H 9 2999999900099 > Q®---------- H
IL‘lf h‘A ////
A e----- o
H . A \4
\\\ K
g 2999999999999 - H g 9999999999999 - ®---------- H

Other production mechanisms also allow us to probe different couplings: k., , K,,. h

E=1

Vector boson fusion

Associated production
VHH

q

VVHH coupling modifier
SM predictsk,, =1
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VVH coupling modifier
SM predictsk,, =1

V

h
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HH production
LHCHXGMG 209005

Production cross sections at 13 TeV for m, = 125 GeV

0 2190900000080 @ - Ho N Gluon fusion (NNLO)
Kt KA /,’/ 6(7
. el oopr = 31.05757% (scale + myop) + 3.0%(PDF + ;) fb
7 99999990 L H g i Trilinear self-coupling modifier: Ky

Vector boson fusion (N°LO)

ovgr = 17310 gig’ (scale) + 2.1(PDF + as) fb

VVHH coupling modifier Koy

Associated production, VHH (N?LO)
90, oty = 0.363732% (scale) £ 1.9(PDF + ) fb

VVH coupling modifier Ky

SM predictsk, =1,k,, =1,k =1 67
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https://cds.cern.ch/record/2690841/files/LHCHXSWG-2019-005.pdf

Higgs boson pair production

9gF most sensitive to probek,
10 3 : o(pp — HH + X) [fb] gg — HH (NNLOFTapprox)

g M,, = 125 GeV

i PDF4LHC15
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https://cds.cern.ch/record/2690841/files/LHCHXSWG-2019-005.pdf

Stability of the Universe

Measurements of the Higgs self-coupling can give insight about our universel

Phys. Rev. D 101, 075023 (2020

/\/A\/\/(\A u \\/\/

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

Measuring the self-coupling can provide discrimination between different scenarios, or different models.
See talk by Patrick Meade.

But, keep in mind that we will require to measure triple-Higgs production
to fully describe the shape of the Higgs potential.
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https://indico.cern.ch/event/1359386/#1-understanding-the-higgs-pote
https://arxiv.org/abs/1907.02078

ooF HH production
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ooF HH production
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m,,,, distribution depends on k.
e Forvaluesofk, #1, x-section can be enhanced.

e Forlarge values of k, the triangle diagram dominates.

arelycg@cern.ch

Oy (PP = HH) [pb]

10 E

1072

4
og Xy,

Ointerference X _)‘y

10 e

F S\ SM: Geer(pp—HH) =31.05fb _

[Tr T rrrrprrrT

T Vs=13TeV

- ggF (NNLO)

pa e s b by e bl sad e Lyl

-20 -15 -10 -5 10 15 20
Ky

3

/1



VBF HH production

(/)] 0.30_ —r r 1 r rr 1 r &7 T T T ]
o ~ ATLAS Simulation s 40,000 . £ 10°F
> - Vs=13TeV, 140 fb™" - = o F
= 025~ VBF HH bbbb S mees - =
o - Kov=1.5 . L L
S - ng=2.0 — . -
S 020 —— Kov=8.0 ] T @l
o B —+— Kxv=1.0(SM) J Q F
L — . =1 :
B - - ] b B
0.15_ + . —— . —
0.10 N - 105‘
B L) 2 -
I == N
0.05_— == = B
- B 1k
000 :__:* :|||n|||||||||||1||||||l||
500 1000 1500 2000 2500 3000 3500 -4 -2 0 2 4 6 §
mpynH [GeV] 2V

VBF production: k., # 1 (BSM)
e have larger cross-section,
e the decay production are more energetic.
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ATLAS

EXPERIMENT

bbbb

Run Number: 362619, Event Number: 524614423

Date: 2018-10-03 17:06:34 CEST



Select 4 b-tagged PFlow jets.
VBF selection requires two additional jets.
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Phys. Rev. D 108 (2023) 052003

main challenges

Background estimation: cannot rely on MC, fully
data driven approach.

o Train a NN to learn 2b-to-4b events kinematic

re-weighting.

o Systematic uncertainties on this method dominant.
New b-jet triggers for Run 3 to access lower m_,
Use event categorisation to improve sensitivity.
Discriminant varioble: m |
We rely on excellent b-tagging!
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Resonant X - HH

X — HH is a probe for beyond Standard Model physics.

Phys. Rev. L ett. 132 (2024) 231801
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e Non-resonant and resonant analysis
have a strong interplay.

e For searches of a new particle X—»HH, 101
different kinematic regimes can be
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explored with complementary topologies —s— bbyy
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Resonant X —- SH

e [wo additional scalars motivated by several theoretical models: % - AITLASI f
o e.9. N2HDM (extension of 2HDM), TRSM, NMSSM. S, B ]
. . : - ® 403 Vs=13TeV, 137-140 fb" -
e Different signatures can target different m, and mg regions. g 10°F ’ =
e Combination would require a model assumption - .
(or assuming SM Higgs mass-dependent BRs, as CMS has done). - .
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Combination would require a model assumption

Resonant X —- SH

(or assuming SM Higgs mass-dependent BRs, as CMS has done).

138 fb' (13 TeV)
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95% CL upper limit on

138 fb™' (13 TeV)

CMS

Narrow Width Approx.
Assumes SM H BF
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Higgs measurements at HL-LHC

For the more challenging (or stats limited) channels, important to improve our reconstruction and identification tools
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HL-LHC: bbtt
erpvs P06

— S L L L e e e Difficult to anticipate improvements in
O B aE reconstruction, identification and overall
2 ATLA_S Prellmlnary analysis strategies.
LO HH— bbt*t searches
o e Important to identify the areas of
® Eur. Phys. J. C 78 (2018) 1007 opportunity in each analysis.
T 10— A JHEP 07 (2023) 040 |
= i v Phys. Rev. D 110 (2024) 032012 | e Laotest projections are based in our legacy
c | TR e Luminosity-based scaling i results from Run 2 (input for the European
= Strategy Update 2025)
= - 7] o HH combination,
= B | o bbrr, bbyy, boosted VBF 4b, bbl{+MET,
O multi-lepton.
e . _
8 e Scenarios explored for the projections:
§<l 4 Ao, = o Stat-only (optimistic).
a oy e o Baseline: based on systematic
¥~ R uncertainties from Run 2 analysis (some
I N T ST B S B BT SRS BN B experimentOl uncertainties may scale
40 60 80 100 120 140 160 180 200 with sqrt{luminosity), theory
; ; -1 uncertainties halved).
Integrated Luminosity [fb"] o Run 2 systematic uncertainties

(pessimistic).
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HL-LHC: bbtt

Improving our b-quark and tau-lepton identification.

ATL-PHYS-PUB-2024-016
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HL-LHC: bbyy & boosted VBF 4b
iUz s on

Improving our b-quark identification.

ATL-PHYS-PUB-2025-005

Improving our boosted H-bb identification
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HL-LHC discovery potential

For 3000 fb™ at 14 TeV the discovery significance for the SM Higgs boson pair production is 4.30
(5.90 if systematics are neglected). k. is expected to be measured as

A L]
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HL-LHC discovery potential

For 3000 fb™ at 14 TeV the discovery significance for the SM Higgs boson pair production is 4.30
(5.90 if systematics are neglected). k, is expected to be measured as 1.0“:8:1223 .

ATL-PHYS-PUB-2025-006
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HL-LHC: ATLAS + CMS

ATL-PHYS-PUB-2025-018

=
N

ATLAS + CMS Projections ESPPU 2026
Vs =14 TeV, 3 ab~! per experiment

10+ :
¢ SM HH production (k; = 1)
mmm bbbb
mmm bbyy
6L wm bbtT

B Combined

HH statistical significance
(00}
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3ab ! (52) 3ab ! (S3)
ATLAS CMS ATLAS CMS
H H statistical significance
bbr T 3.5 2.4 3.8 27
bbyy 2.4 247 2.61 2.6'
bbbb resolved 1.0 127 1.0 1.3
bbbb boosted - 2.2} - 221
Multilepton 1.0' - 10" -
AV 0.5" = 0.57 =
Combination 4.3 4.2 4.5 4.5
ATLAS+CMS 7.2 7.6
k3 68% confidence interval

:ITCI;QZ;SMS —27% / +31% —26% / +29%

A >50 observation will be possible already with 2000 fo
combining both experiments in the baseline scenario (S2).

o 3000 fbo" may allow a single-experiment observation.

Including 5% improvement in the b-tagging identification
and tau-identification (S3) will increase the precision by 5%.
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HL-LHC: ATLAS + CMS
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L7 — bbbb S5l _
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S3: Baseline scenario + additional 5% improvement in b-tagging signal
efficiency and tau identification efficiency.
(equivalent to the DL1r - GN2 improvement or the expected with GNTau).

K, is expected to be measured as 1.0f8:%2. 138
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HL-LHC: ATLAS + CMS Ty

3 ab~! per experiment (14 TeV)
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ATLAS + CMS

- Projections ESPPU 2026
Vs =14TeV, S3, 3 ab~! per experiment
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HL-LHC: ATLAS + CMS

- SMEFT 6 HH-driven
20 Uncertainty 20 Uncertainty
SMEFT 6 HH-driven
i 1o Uncertainty 1o Uncertainty
0.6 0.8 1.0 1.2 1.4 1.6

Measuring the self-coupling can provide discrimination

between different scenarios, or different models.
See talk by Patrick Meade.

ATL-PHYS-PUB-2025-018

But, keep in mind that we will require to measure triple-Higgs
production to fully describe the shape of the Higgs potential.

BSM scenarios where new heavy particles lie beyond a large
energy scale cut-off, so cannot be produced at the LHC. The
potential is then expressed as a defaomation of the SM EWSB

potential.

Scenarios considered are in the context of SMEFT (dim 6 and
8) and modifications of the low-energy SM Higgs potential by

small term (logarithmic or exponential).

These scenarios predict a strong first-order phase transition

in the early universe fork, >k . .
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CMS Projections Preliminary

HL-LHC: CMS

Extrapolating their latest combination results.

(13-14 TeV)
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