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The Large Hadron Collider

* The Large Hadron Collider: the world’s highest energy particle accelerator
— protons are accelerated to 13—13.6 TeV

— kinetic energy is transformed to matter at the collision
e Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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* The Standard Model: so far, the best
theory to describe the most fundamental
blocks of the universe

— successfully explained most experimental
results

— precisely predicted a wide variety of
phenomena, including the Higgs boson
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Breakthrough physics

* The LHC experiments have a broad and ambitious physics program
probing various aspects of the Standard Model

— trying hard to find the cracks that would give us a hint of BSM physics
 We are doing Breakthrough Physics

The 2025 Breakthrough Prize in Fundamental G,
Physics was awarded to four LHC collaborations {5 S
for their “detailed measurements of Higgs ..
boson properties confirming the symmetry-
breaking mechanism of mass generation, the
discovery of new strongly interacting particles,
the study of rare processes and matter-
antimatter asymmetry, and the exploration of
nature at the shortest distances and most
extreme conditions at CERN’s Large Hadron
Collider”.

L.A., April 5, 2025
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https://www.home.cern/news/press-release/knowledge-sharing/lhc-experiment-collaborations-cern-receive-breakthrough-prize

Recent Higgs and SM highlights

* There are so many great physics results — no time to cover them all
— selection of topics: personal preference + most recent results were given a priority

» Topics (partially) covered in this talk
— Higgs boson production cross-section
— Higgs boson mass and width
— di-Higgs production
— jet cross-section and substructure
— physics with same-sign WW pairs
— Z mass
— SMEFT interpretations

e Topics (unfortunately) not covered in this talk
— top quark physics
— VV and VVV production cross-section
— heavy flavor jet substructure
— W mass
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Events

ggF+VBF H2>WW* (1)

 Measurement of gluon-gluon fusion
and vector-boson fusion using
H>WW*->Ivlv decays

— ATLAS Run 2, 140/fb
— arXiv:2504.07686

preselection: ¥~
/ b-veto: get rid of ttbar

/
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Improvements over earlier analysis:
adding ee, uu to ey; DNN-based S/B

discrimination; SMEFT interpretation

Signal regions:
Njets=0, Njset=1: ey, Ad(ll,miss)>m/2
Njets=2: ggF-enriched, VBF-enriched

Results are presented as total cross-
sections and in STXS categories

Standard Template cross-section categorization:
split the production modes into exclusive kinematic
fiducial regions relevant for theory interpretations
LHCHWG-INT-2025-001
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https://arxiv.org/abs/2504.07686
https://cds.cern.ch/record/2922392
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e Results: total cross-section
— OggrxB(HOWW*)=12.4+1.3-1.2 pb

—  Oygr¥B(H>WW*)=0.79+0.18-0.16 pb

— overall improvement w.r.t the previous result using
the same data (evuv only): 11% overall, up to 36% in
large p," STXS categories

— SMEFT interpretation compatible with SM prediction
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VH, H>WW* (1)

 Measurement of associated VH production W
using H2>WW*—2>|vlv decays

— ATLAS Run 2, 140/fb

o #*
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arXiv:2503.19420 W
Previous ATLAS measurement was for 36.1/fb
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https://arxiv.org/abs/2503.19420
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VH, HS>WW* (2)
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total cross-section do/dp;Y A STXS measurement
e Results: total cross-section
oy XB(H2>WW*)=0.44+0.10-0.09(stat)+0.06-0.05(syst) pb
Wy=0.92+0.21-0.20(stat)+0.13-0.12(syst)
— differential cross-sections in p;¥ and STXS categories
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Differential Higgs XS combination (1)

* Combination of differential Higgs XSinyy/ observables: p-H N j1
- P 'eslp ’ |y |I
Z7*->41 | WW*->evpv / Tt/ boosted Tt An |, m, T (the last three are new)
— CMSRun 2, 138/fb S

— arXiv:2504.13081 jet pT weighted by a function of its y: arXiv:1412.4792
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http://arxiv.org/abs/2504.13081
https://www.arxiv.org/pdf/1412.4792

Differential Higgs XS combination (2)

CMS 138 b (13 TeV) CMS 138 1! (13 TeV)
2.0 T T 10/
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T T
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Coupling modifiers: k; = S5
i *
y; is Higgs coupling to particle i Evo 10+

™ ; . :
M J Exp. Combination best fit
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Model: K-k,
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largest tension with SM: - -
EV5=2.71+1.33-1.39, =
dominated by WC c,,,(®)
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e Results:

L L L L
-15 -10 -5 0 5 10
Parameter value

— do/dp;" improved by 23% compared to yy alone

— total XS (yy+ZZ*—>4l): 6=53.4+2.9-2.9(stat)+1.9-1.8(syst) pb
— do/dp;" k-framework interpretation: K,-K , K,-K.-C,

— do/dp;™ SMEFT interpretation: 2D constraints on pairs of Wilson coefficients

first 10 eigenvalues
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Higgs mass and width with

On-shell measurement: precision mass

Higgs width ~4 MeV, can’t measure
it directly (need a muon collider)

on-shell . 8 Elg d

o l_H

L2 2
X Hp x 8p8a * Mpln

H*%ZZ/H%ZZ* (1)

 Measurement of Higgs mass and
width using on-shell H>7Z* > 4]
and off-shell H*>7Z—> 4l

— CMS Run 2, 138/fb
— arXiv:2409.13663

CMS: ,=3.2+2.4-1.7 MeV

(Nature Phys. 18 (2022) 1329)

s/2 GeV

]

ogg LTI
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Can do it by comparing on-shell and off-shell §..- ft
Higgs production (Phys. Rev. D 88, 054024): :

50§ ¢ s .
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e S T
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on-shell 4] channels:
4u, 4e, 2e2, 2u2e

This analysis: first width measurement with full 41 + 212v Run 2 data
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http://arxiv.org/abs/2409.13663
https://doi.org/10.1038/s41567-022-01682-0
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.054024

Higgs mass and width with

H*>ZZ/H>ZZ*

CcMS . . 138 fo~' (13 TeV)
Run 2: 138 fb™ (13 TeV) ~Total | |Stat. Only 50 T
Run 1: 5.1 fo'' (7 TeV) + 19.7 fb (8 TeV) ]

Total (Stat. Only) H 9229 4| + 45 b
a j 124.90 977 () GeV H> 773212y g
de 124.70 757 (1)) GeV
2e2u = 125.50 5% () GeV
2u2e ? 125.20 ?22; (f‘;’:;) GeV
Run 2 125.04 0,7 (1)) GeV
+0.46 ;+0. N .
Run 1 —_— 125.6015% (0F) GeV SM prediction
Run 1 + Run 2 i 125.08 57 () GeV
1 I Il 1 1 I 1 1 1 ‘ Il 1 1 | 1 1 1 I
122 124 126 128 130 ]
m,, (GeV) *%0 o5 10 15 20 25 a0
* Results: pghshe!

— mass from on-shell: m;=125.04+0.11(stat)+0.05(syst) GeV
* CL95 limit from on-shell production: ;<330 MeV
— observed(expected) width, H>7Z*2>4l|/H*>ZZ—> 4| combination:
[,=2.9+2.3-1.7 (4.1+4.0) MeV
e CL95 limit: [0.3,7.9] (<11.5) MeV
— observed(expected) width, H2>ZZ*2>4|/H*>Z7Z>4|/H*>Z77>2I2v
combination: I,=3.0+2.0-1.5 (4.1+3.5) MeV

e CL95 limit: [0.6,7.3] ([0.1,10.5]) MeV
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Higgs width with H*>WW/H->WW?* (1)

* Measurement of off-shell Higgs 9 W g auesen— W
production using H*2>WW-—=2Ivlv ::DH< v A
decays g o Y e —s W

— ATLAS Run 2, 140/fb q q
— arXiv:2504.07710 . W .
W

Larger statistics than H*—>Z7Z e

May differ from H*—>ZZ in presence of BSM ¢ v w

Can’t reconstruct Higgs mass, ggH a EW qqH ¢

need a proxy (Vs,) S/B separation: DNN fit to V5,

Events / GeV

Destructive interference: presence
of H* results in deficit of events
compared to background-only, leads
to a non-monotonic event yield vs
Wossher: likelihood fit is non-trivial

Data / Expected(l, €)
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https://arxiv.org/abs/2504.07710

Higgs width with H*>WW/H>WW* (2)

SM prediction

—d

S T T T T ] ST T e T
ws T ATLAS -~ Expected (68% CL) ] o4t ATLAS K -
"5°10F (5= 13Tev, 140 16" -~ Expected (95% CL) i Vs=13TeV, 140" g

e WWesiviv --- Observed (68% CL) - 12 ;I HoWWiviy a 7
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L i Ct gg— 1 PIvv 1
6 i * SM = g -- Expected E
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W S g ; — Observed -
r F & -~ Observed stat-only ]
ok 4F; e
- 2F e
[V 0 E | i
4 5
SM
M i-shel Ky =Ly/Ty

e Results: observed (expected)
— Wgfrche=0-3+0.9-0.3 (1.0+2.3-1.0), CL95 upper limit: 3.4(4.4)
e previous ATLAS result: 17.2(21.3)

— combined with on-shell H>WW#*, the result can be interpreted
in terms of the Higgs width: I'/T >M=_¢ o/ Honoshel

* assuming ;°M=4.1 MeV, I,=0.9+3.4-0.9 (4.1+8.3-3.8) MeV
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Events / 2.5 GeV

Data/MC

Events / 2.5 GeV

Data/MC

HH->bbyy (1)

* Study of Higgs pair production in the HH—>bbyy final state

— ATLAS Run 2+Part. Run3

— ATLAS-CONF-2025-005
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oo 1 ey | 2350 GeV) regi
o Zi s OW Mass (M*y,, eV) regions
2002— ey —i
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http://cds.cern.ch/record/2931909

Sum of weights / 2.5 GeV

HH—>bbyy (2)

5 o ——— .
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E HH— bb;"]’ = *-  Expected Limit (Lyy = 1) I HH = bbyy Xpecte: i
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3 log(1+Sg,/ B) weighted sum —_ = arXiv:2310.12301 i «  SM prediction
E =Y E Exp. Exp. 3 =
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2; é Run2- ; }o} 48 42 55 N l“ \ N
1.5E = gt I !
= 3 Run3- ! + 58 88 50 i /
1: E e -1 T
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Y

* Results: observed (expected)
— Myy=0.9+1.4-1.1 (1+1.3-1.0)

— CL95 limit: p,,<3.8

e x2 improvement compared to 140/fb result
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SM prediction

Constraints on coupling
modifiers K, K,y
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Jet track functions

 Measurement of track-based jet Track functions describe energy
substructure with track functions fraction carried out by charged
ATLAS Run 2, 140/fb particles from a fragmenting parton,
— arXiv:2502.02062 can be determined from distribution
of r -pT(charged)/pT(Jet)

SRR RARRS RARRS RARRN RARL AR LAY RARRE AR RRRR~ SARRE RARRS LARRS RARRE RARL AR LAY RARRE AR T
ol.o 45 « Data 3 4 « Data — _
Ul% = ATLAS 1 = Pythia ] gsE ATLAS 1 = Pythia 3 M * Data 800z
—|g 3.5F [s=13TeV, 140 fo Sherpa (AHADIC) 3 DL (5=13 TeV, 140 fb Sherpa (AHADIC) = g’-f‘sn TeV. 140 fh=t ¥ Dats uncertaintie )
3[-600 GeV < p, <800 GeV Sherpa (Lund) = 3600 GeV < p, < 800 GeV Sherpa (Lund) - o - ' 1 NLLpred(tiun &
zsicemra‘ﬂbin + Herwig (Ang. ord.) 3 2.5 Forward n bin +  Herwig (Ang. ord) 3 i Theory uncertainties 2
2; | . | _§ 22— Vot -
1.5E ] ] _z 1.5? ] ¥ = -10 600
i3 : = : E \
0.5 (] L 0.5 P . = i
o 12:“T'“HHI1I1I1!}!'1'{""}:1!1!1!1!}!IH{“"; 12;“'?'“?\‘!1!1I1!1!1l“w”\"“\‘ﬂHIHHJHHI“"; -20 I 500
2% e N O N N - oo Bl
g- o8 & i ¥ ERNY PR =
- HHHHHHHHHH - HHHHHHHHHH 400
E — Total -- Stat. Unfoldmg MC Model 3 E — Total -- Siat. Unfoldmg MC Model E -30
o 02 Exp. Conditions - Tracking — JES+JER = 0-2_ - Exp. Conditions - Tracking — JES+JER E
of O - - . R
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oo 0 >
o 8 E 3 K3
5 0.1f
B ST P P NI FEI P NI R N B T E PP I PP I IS I P s d d f I H h' b
0 0402703704705 06 07 08 08 1 0 01 02 03 04705 06 07 08 08 1 energy dependence of relationship between

pairs of r, cumulants is determined by non-
e Results: trivial renormalization group flows

— measurement of the differential cross-section 1/c do/drq
— measurement of r, momenta and cumulants —in good agreement with theory
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1/N dN/din(z )

MC/Data

Event shape variables

 Measurement of event shape

variables (ESV) inside jets ESVs: ratios of hadron momenta
— CMS Run 2, 138/fb or their combinations, sensitive
to energy flow. Examples:
— CMS-PAS-SMP-22-004 8y P
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* Results:
— measurement of the differential cross-section 1/c do/dx, for five ESVs

— various levels of data/MC agreement, e.g. Pythia 8 and Herwig 7 have good
agreement with data for t; but overestimate Y,
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https://cds.cern.ch/record/2929177/files/SMP-22-004-pas.pdf

Measurement of Lund jet plane (1)

* Measurement of Lund jet plane (LJP) in
hadronic decays of top quarks and W
bosons (R=1.0 jets with p;>350 GeV)

— ATLAS Run 2, 140/fb

— Eur. Phys. J. C 85 (2025) 416

ATLAS \s=13TeV, 140 1" ATLAS
Lund Jet Plane, unfolded data, top jets Lund Jet Plane,

(s =13TeV, 140 b’
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* Results: measurement of the LJP density 1/N.

Jets emlssmns

» LJP: representation of kinematics of radiation
that makes a jet

» Originally designed to observe quark and gluon
emissions inside the parton shower — can’t be
done experimentally

» Use charged particles to construct a LIP proxy

C-A clustering steps

N
IN(RIAR)

» Follow Cambridge-Aachen jet clustering

algorithm in reverse
For each pair of proto-jets, fill a point in LIP with

J
Pt
AR* = (vi — J’j)z + (i — ‘i’j)zp <=

/d In(R/AR) d In(1/2)

p" + pif_

* Compared to various MC generators, for tt, found p-value = 33% for Sherpa 2.2.10,

and <5% for Powheg+Herwig / Powheg+Pythia
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https://link.springer.com/article/10.1140/epjc/s10052-025-13924-5

Measurement of Lund jet plane (2)

e Measurement of LJP in inclusive
multijets (R=0.4 or 0.8 jets with
p:>700 GeV)

— CMS Run 2, 138/fb

In(k, /GeV)

— JHEP 05 (2024) 116

138 b (13 TeV)
T =

Emission density p(kw. AR)
(=]
(2]
I

T T T T T
AKS jets. ]
P > 700 GeV, |17 =
0.084 < Infk /GeV) < 0.584 .
1.09 <k, < 1.79 GeV .

e Data
—+— PYTHIAS CP2
—— PYTHIA8 CP5
—+#— PYTHIA8 Monash
PYTHIA8 CUEPSM1

F — = _-_-t: =
oaf et LI T
0.2 : 4
E . il P
© AT (ARRRN RRRANRRARE T o
-1 I
o 12f = E
5 f
21
[ e | 1 | | | 1 1
0 05 1 15 2 25 3 35 4 45
) In(BIAR)
0.8 10" 102

* Results: measurement of the LJP density 1/N
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— Compared to various MC generators, cluster-based showers (Herwig, Sherpa) do
better than string fragmentation (Pythia)
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http://dx.doi.org/10.1007/JHEP05(2024)116
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Measurement of Lund jet plane (3)

Measurement of LJP in light- and
beauty-jets (R=0.5, p:>20 GeV)

— LHCb Run 2, 5.4/fb
— arXiv:2505.23530

LHCb, pp {s=13TeV
B*-tagged jets + WTA
Anti-ky jets, R = 0‘5‘p1m >20GeV/e,25< Y = 4.0

LHCb, pp Vs =13 TeV
Z+jets
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dead-cone effect: suppression of
collinear radiation from heavy quarks
(hard fragmentation vs parton shower)
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e Results: first comparison of light-

R )
P [Gevie]

vs beauty-enriched jets

— direct observation of the dead-cone effect
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https://arxiv.org/abs/2505.23530

Normalized distribution

Double parton scattering

Measurement of double parton
scattering in same-sign W pairs

— ATLAS Run 2, 140/fb

— arXiv:2505.08313
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Signal regions: 0-jet, 1-jet

Results:

— fiducial DPS cross section oxB(W*W*)=4.59+0.64 fb
* excess of events over background: 8.8c

— DPS effective cross section o=10.6£1.8 mb
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Dominant backgrounds:
WZ: use DNN
non-prompt: data-driven
(fake factor)
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https://arxiv.org/abs/2505.08313

Data / SM

W polarization

. . .
* Evidence of lo tudinall
videnc ngitudain
larized W i ign W pai
ATLAS Run 2, 140/fb
.
— arXiv:2503.11317
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Dominant background: WZ+jj
Inclusive DNN: separate VBS WW

Dedicated signal DNNs: detect the polarized signal

e Results:
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W, to Higgs couplings
prevent the divergence of
tree-level VBS amplitudes
at high energies

figure polarization
from kinematics

— The first evidence (3.30) of VBS with longitudinally polarized, same-sign W pairs
— An observed (expected) 95% C.L. limit on doubly polarized W production (10%

of all cases) at 0.45 (0.70) fb
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/ Mmass

Measurement of the Z-boson mass

°
with Z2>uu
— LHCb Run 2, 1.7/fb
— arXiv:2505.15582
%300003 e li]—](‘:bll,',"fb-'_
Q [ 1
525000 ]
=)
220000 ]
2150005— E
9]
10000 .
t Daa
[ Fit result
5000 p mz=91.0 GeV
r mz=91.4 GeV
%6 58 %0 9 o 96

Dimuon mass [GeV]

Direct

Indirect
0 Determinations

Measurements

Total uncertainty
Statistical uncertainty

LEP combination

Phys. Rept. 427 (2006) 257

CDF

Science 376 (2022) 170

LHCb

LHCb-PAPER-2025-008
Electroweak fit (J. de Blas et al.)

PRD 106 (2022) 033003

| | | |

1150 91160 91170 91180 91190 91200 91210 91220

my [MeV]

Sample: 174k Z-bosons

main challenge: precise muon momentum measurement, AM/M ~ Ap/p
general purpose momentum calibration accuracy: 3x107*
improve it by dedicated Y=>up based calibration

e Results:

— The first dedicated Z-boson mass measurement at the LHC
— m,=91184.2+8.5(stat)+3.8(syst) MeV
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https://arxiv.org/abs/2505.15582

Combined H/V/top/multijet SMEFT

interpretation (1)

* Constraints on d=6 Wilson coefficients from H—2>vyy, tt—=2>I+jets, t(t)X (ttH,

ttll, ttlv, tllg, tHq, tttt), WW(Iviv), W(lv)y, Z->vv, inclusive multijets
— CMS Run 2, 36.3—-138/fb
— arXiv:2504.02958
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http://arxiv.org/abs/2504.02958
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constraints on individual WCs

* Results:
— Out of considered 129 operators, constrain 64 individual WCs
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and 42 linear combinations of WCs
* for the latter, the p-value for SM compatibility is 1.7%
* when excluding inclusive multijets, the p-value is 26%
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Summary

* Since the Higgs discovery in 2012, studying its
properties with increasing precision remains focus of
the physics programs of the LHC experiments

— revealing the mechanics of the SM
— looking for hints of deviations from the SM

 The experiments keep producing interesting physics
results

— most are on Run 2 (2015-18) data

— results on Run 2 + early Run 3 (2022-24) data begin to
arrive

e More to come!

6/9/2025 Recent SM & Higgs results from the LHC

27



