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Disclaimer

- I’ll try to focus on the main experimental achievements giving you the
overall picture, | cannot cover analysis details: a single LHC analysis could
cover a one-hour seminar (to get more info you can read the cited papers)

- | have a deeper knowledge of ATLAS techniques so in some cases | refer
them, though | tried to cover both experiments (ATLAS + CMS) in terms of
results

- | rely on the other excellent lectures to cover:

- Higgs theory: Marco Bonetti

- Higgs at Future Colliders: Christophe Grojean

- Modern technique in Higgs analysis: Sergio Sanchez Cruz

- Statistical techniques in Higgs boson analysis: Hongtao Yang




Outline

- Lecture 1:
- Short introduction
- Pre LHC era
- The discovery at the LHC
- Higgs boson production and decay at the LHC
- Mass and spin measurements
- Cross-section measurements (focusing on principles and combinations)

 Lecture 2:
- Rare Higgs boson decays: H=>uu and “invisible”
- Higgs boson pair production
- Higgs boson total width from off-shell measurements
- Interpretation of the results:
- The k framework
- The EFT approach (if time allows it)
- CP studies in HVV and Hff interactions (if time allows it)
- Prospects at HL-LHC (if time allows it)




Useful Reviews:

A historical profile of the Higgs boson _J. Ellis, M. K. Gaillard, D. V. Nanopoulos

The Higgs boson implications and prospects for future discoveries S. Bass, A De Roeck, M. Kado

The profile of the Higgs boson: status and prospects K Jakobs and G. Zanderighi
Higgs Boson Couplings: Present and Future. F. Cerutti and R.Salerno
PDG review on Higgs Boson physics



https://www.worldscientific.com/doi/pdf/10.1142/9878#page=268
https://www.worldscientific.com/doi/pdf/10.1142/9878#page=268
https://www.worldscientific.com/doi/pdf/10.1142/9878#page=268
https://www.nature.com/articles/s42254-021-00341-2
https://www.nature.com/articles/s42254-021-00341-2
https://www.nature.com/articles/s42254-021-00341-2
https://www.nature.com/articles/s42254-021-00341-2
https://royalsocietypublishing.org/doi/full/10.1098/rsta.2023.0087
https://royalsocietypublishing.org/doi/full/10.1098/rsta.2023.0087
https://royalsocietypublishing.org/doi/full/10.1098/rsta.2023.0087
https://royalsocietypublishing.org/doi/full/10.1098/rsta.2023.0087
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-100824-022222
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-100824-022222
https://pdg.lbl.gov/2026/reviews/contents_sports.html
https://pdg.lbl.gov/2026/reviews/contents_sports.html
https://pdg.lbl.gov/2026/reviews/contents_sports.html
https://pdg.lbl.gov/2026/reviews/contents_sports.html

Short Introduction




The Higgs boson and BEH mechanism

SMis a quantum field theory that describes
interactions between elementary particles arising from
local gauge symmetries: SU(3)qcp X SU(2), x U(1)y

- Gauge invariance forbids masses for EW bosons and
chiral fermion: Brout-Englert-Higgs mechanism
generates masses via spontaneous symmetry breaking:
SU(2)xU(1)y symmetry broken to U(1),,, via the vacuum
expectation value of the Higgs field v

- SSB: Symmetry “restored” at high energy: SM remains
well behaved (renormalizable) and predictive theory =
TESTABLE

- The BEH mechanism links elementary particle masses
to their interaction strengths with the Higgs boson: key
feature experimentally testable
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https://pdg.lbl.gov/2026/reviews/contents_sports.html

The Higgs boson and BEH mechanism

- The SM has many “free” parameters: 15 of the 19
fundamental SM parameters (ignoring 7 related to L

neutrinos) are related to Higgs boson interactions (9 F = + By

masses + 4 flavor CKM, 2 Higgs sector mass and VEV) ’ :Iégljt/?@h

- Despite passing many experimental tests, the SMis
thought to be the low energy approximation of a more
complete UV theory: smallness of Higgs boson mass
(hierarchy problem), smallness of v masses,
indications from cosmology (dark matter if not of
gravitational origin, inflation, Q-gravity) and more
generally the abundance of free parameters ...

- Athorough experimental test of the SM Higgs boson
sector is of paramount importance: the (HL-)LHC is an
ideal machine to do that myy =
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The Large Hadron Collider
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The LHC ring (27km) collides protons at a centre-of-mass energy (up to) 13.6 TeV,
~3000 bunches each containing ~ 1.6 x 10"" protons

Collision rate ~40MHz (30 MHz of filled bunches)

Instantaneous Luminosity achieved at LHC ~2 x 103* cm™= s

4 Experiments of which 2 are general purpose experiments playing a leading role in
Higgs boson physics: ATLAS and CMS
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The LHC
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ATLAS and CMS detectors

SCT tracker pixel detector TR1 tracker

toroid magnets
solenoid magnet

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating Pb(WO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

. . . . . CMS DETECTOR STEEL RETURN YOKE
muon detectors tile calorimeter  liquid-argon calorimeter Total weight 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0 m Pixel (100x150 ym) ~1m?* ~66M channels
Overalllength  :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field :3.8T

/

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
~ Silicon strips ~16m? ~137,000 channels

. FORWARD CALORIMETER
 Steel + Quartz fibres ~2,000 Channels

- ATLAS and CMS are two general purpose detectors at the LHC. They have similar structure with some

differences that make them complementary
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ATLAS and CMS detectors
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- Inner Tracker for charged particles immersed in a solenoidal magnetic field: (~2T ATLAS and ~4T CMS) charge,
momentum, impact parameters, decay vertices

- Electromagnetic calorimeter: identify and measure electron and y energies (including pointing capabilities)
- Hadronic calorimeter: measure energy of “stable” hadrons: «t, K, n, K, %, p, etc.

« Muon detector: identify and measure momentum of ulls

Trigger system: use all detector elements to select “interesting” events to be recorded, two-level structure:
- L1: hardware-based (muon detectors and calorimeters) 40 MHz - ~100kHz
- HLT: software-based (all detectors) ~100KHz - ~10-15kHz



Pre LHC era...




Pre LHC era: LEP

- Higgs boson direct searches at LEP
- e*e 2> ZH > jjbb, vvbb, #bb
my>114 GeV @95% CL

« Indirect constraint from EW observables
LEP+SLC (ALEPH+DELPHI+L3+OPAL+SLD)

H
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- Radiative corrections sensitive to Higgs
boson mass ~ log(my?/ M,?)

my =129 +74_,.GeV (68%CL)
my, < 287 GeV @95% CL
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https://arxiv.org/abs/hep-ex/0509008v3

Pre-LHC era: Tevatron

- Higgs boson direct searches at Tevatron:
- ~10fb™" of p-pbar collisions

« Main search channels around 125 GeV :
VH—->bb and H>WW*

- Expected to exclude SM-like Higgs boson over
a large range of possible masses (~90-180
GeV), though sensitivity slightly below 2 in
120-140 GeV mass range

« Achieved ~3c evidence (expected SM M,=125
GeV =2 1.90) in 2013 inthe range m~120-130
GeV BUT this was after Higgs boson
discovery at the LHC
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https://arxiv.org/pdf/1303.6346

The Higgs boson discovery In
2012




The Higgs boson discovery at LHC

F. Gianotti - ATLAS J.Incandela - CMS
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« On 4 July 2012 the discovery of a new boson was announced in a joint
ATLAS+CMS special seminar at CERN: Agenda with video

- Driving channels H-> yyand H - ZZ* - 4-leptons (lepton = e or u), though
also other decay channels were shown (H2>WW?*, t1)



https://indico.cern.ch/event/197461/

The Higgs boson discovery at LHC

YT Y —————————————— Y CMS
" 10°F ATLAS Profiminary | 2011 +2012 Data ,Z Characterization of excess near 125 GeV
10°F — Obs E=7TeV: [Ldt= 464810
10 Exp (B=8ToV. [Lot«5859® 1
1‘ .................................. - (‘)a %101 : ‘ = adding high sensitivity, but
3 NN——"7 12 5
10 (4] S > .2
e - ﬁlg-s ..... \\. /. lowmassresolutionWW
10? g Expccfcd . 3 §10:: \\\7/ 140
104 Lr‘om SM . L \ / 1. comb. significance:|5.1 C
1 5 lggsat 140 S 10'7-v s o 1
136 ; ‘/ given my, | ek . lant
107 S0 110‘_{;";;2_,‘_’,’ ey 17 expected significance
10° ¢ w0 Zl0h emwiisse | forSMHiggs: 5.2 O
TS W— | | “TrEEEZES
110 115 120 125 130 135 140 145 150
m, (GeV] |

F. Gianotti - ATLAS

Y
L A © 2012-2026 CERN

17



The Higgs boson discovery at LHC

CMS
o _prrp re - . , C .
- 10°y ATLAS Preliminary 2011 + 2012 Data ,Z Characterization of excess near 125 GeV
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- Mass around 125 GeV (uncertainty ~600 MeV),

 Signal strength (commonly used for Higgs boson results) i == ¢,/og,
. ATLASpu=1.240.3
. CMS pu=0.840.2

- Decay into two on-shelly excluded spin 1 resonance by Landau-Yang theorem
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The SM Higgs boson at the
LHC




Higgs boson production at the LHC

g ocvoooe—— 1

g “vooooe——— 1T

All updated Higgs boson ¢ and BR: LHCHXSWG

Cross-section in pb (10-3¢ cm?) at 13.6 TeV m=125.09 GeV

goF VBF WH ZH ttH Total HH
51.66 4.109 1.464 0.947 0.592 59.45+/-4.5%  0.0377

5 main production modes: ggF (loop-induced process), VBF, WH, ZH, ttH
Very rare HH process sensitive to Higgs boson self coupling (Lecture 2)

Total >25M Higgs bosons/experiment produced at the LHC

H Production rate at Run 3 peak luminosity ~2x10"3*cm=?s™ (20 nb's) ~1 Hz



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG

Higgs boson decay

T 4?:\ HEE 58.1%
g | ; ZZ j% T 6.3%
%’10.1:_11 gb _:"I‘ m 0.022%
0 r : 1 |l cc 2.9%
7 l 1 ww 21.5%
| ; |1 zz* 2.6%
10%¢ | EN 8.2%
y % Zy Y 0.23% -
/ . 1l zy 0.15% <
10° T4 T80 T80 300 | 27> Al=en) 0.0125%
v Gev] | W bV (e ) 1.06%

Many decay modes accessible for m~125 GeV
Total width I'y = 4.1 MeV (+1.4%), not directly accessible at the LHC

Loop-induced decays sensitive to BSM
1stand 2"Y generation fermions accessible




Higgs boson Mass and Spin




Mass measurement

Phys. Lett. B 847 (2023) 138315 CMS PRD111(2025) 092014 138 fb" (13 TeV)
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- Before the Higgs boson discovery, 1 fundamental SM parameter was missing: my,
- Measurement performed from a fit to the invariant mass spectra of H>yy and H>ZZ*—>4l decays

- In four-lepton channel the precision is dominated by final states containing muons, mass constraint
applied to the lepton-pair compatible with the on-shell Z decay



http://dx.doi.org/10.1103/PhysRevD.111.092014
https://www.sciencedirect.com/science/article/pii/S0370269323006494

Mass measurement

Phys. Lett. B 847 (2023) 138315 0.22
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- Measurement performed from a fit to the invariant mass spectra of H=2>yy and H>ZZ*—>4l
decays
- Signal: double-sided crystal ball (Gaussian core + power-law tails)
- Background analytic function fit to data (yy) or MC template (ZZ*->4l)
- Use categories to enhance S/B and select region with better mass resolution



https://www.sciencedirect.com/science/article/pii/S0370269323006494

Mass measurement: u P scale calibration

6 Eur. Phys.J. C 83 (2023) 686 6
> 18 ‘ ' ' > | ‘ ' ] Achieved precision on the pn
s ATLAS ¢ Data = 6~ ATLAS ¢ Data —
9 16— {s=13TeV, 139 b’ B sackground S {s=13TeV, 139 b’ [ Eackground ] momentum scale
-~ © -
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@ 12 5 -
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10 L ]
3 | B Tamas T LT
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) . 14 _.
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S ol - 095 - 08956
2.9 3 3.1 3.2 3.3 34 75 80 85 90 95 100 105 Phys.Rev. D90(2014) 052004 M of the leading muon
my, [GeV] my, [GeV]

- Muon momentum scale calibrated mainly from Z= puu events Z mass known at ~20 ppm (2 MeV /91 GeV from
LEP)and J/Y 2 up, Y 2 up

- Parameterize M, as a function of several corrections to make data and MC mass scales coincide charge
dependent corrections (“sagitta” biases only to data) «<qxp?, linear corrections &p (magnetic field) and
constant offset (energy loss, typically negligible)
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https://link.springer.com/article/10.1140/epjc/s10052-023-11584-x
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004

Mass measurement: v E scale calibration

3
.5 5X1,0, R — T = Systematic category Photon energy scale uncertainty x10°
4 %TL‘??TeV 401" = Il < 1.37 1.52 < |n| < 2.37
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2 —i Z — ee calib. 0.49 0.49 1.10 1.10
1 = Cell energy non-linearity 0.99 0.31 1.22 0.35
- Layer (presampler, E1/E2, scintillator) calibration 0.83 0.08 3.09 0.71
0 ID material 0.31 0.20 121 0.86
-1 = Other material 0.91 0.07 1.39 0.12
_o o = Conversion reconstruction 0.06 1.40 0.59 1.04
3 — E:)es-tf-I;itc 22%?238?;33& = Lateral shower shape modelling 0.31 0.68 2.51 0.82
¢ Z — eedata E Total 1.71 1.68 4.72 2.09
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E. [GeV] Achieved precision on the y energy scale ~60 GeV ~0.2%
T

- Difficult to calibrate photon energy scale atthe LHC: need to extrapolate electrons from Z decay to
higher energy photons - dedicated calibration for Higgs boson mass measurement considering energy
and pseudo-rapidity dependence using “standard candles” Z and J/\Y - e*e


https://iopscience.iop.org/article/10.1088/1748-0221/19/02/P02009

Mass measurement

arXiv:2607.28396

511" (7 TeV) + 19.7 f5' (8 TeV) + 138 ' (13 TeV)

CMS e Total Stat Syst
Tot Stat Syst
ATLASH—4/ 7 +8+13TeV ——i 124,94+ 0.18 (+ 0.1740.03 )[GeV
Phys. Lett. B 843 (2023) 137880
CMSH—-4/ 7+8+13TeV e 125.08+ 0.12 (+ 0.1040.05 )| GeV
Phys. Rev. D 111 (2025) 092014
ATLAS H-yy 7+8+13TeV Fe— 125.22+0.14 (+0.1140.09 )|GeV
Phys. Lett. B 847 (2023) 138315
CMSH—yy 7+8+13TeV =y 125.06+ 0.14 (+ 0.0940.11 ){GeV
This Work
1 1 1 1 | 1 1 1 L I 1 | 1 | I Il 'l 1 I 1 1 1 1
122 123 124 125 126 127 128
m,, (GeV)

Main limiting factors: small statistics for H>772*—> 41 (BR~0.0125%)

Calibration of the up momentum scale easier: large Z and J/psi = ptu~ samples available

Expected precision legacy Run 2 ATLAS+CMS combination ~70 MeV (~0.6 per mill)
Most sensitive observable is BR(H2>ZZ*) dm,~100 MeV - 6BR/BR~0.9%
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http://arxiv.org/abs/2607.28396

Spin determination

Eur. Phys. J. C 75(2015) 476
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- The spin (=0) of the Higgs boson was established shortly after its discovery using the kinematic properties of its
decay into ZZ*—2>4l, WW*=>lvlv and vy final states

- HVYV interactions used to test SM (0*) vs several alternative spin®F hypotheses
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https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1

Spin determination
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[ ]0°'SM+t3c 's=8TeV,20.3 fb'
- JPt1o H - ’Y’Y
P
-jpfg" s=7TeV, 45
+30c
- 's=8TeV, 20.3 fb'
40 ; ; ;
30F |
© SM=0*
20¢ :
10 :
° 'I
10} |
20f Au=P 1
-30F | | :
JP=0 JP=0 JP=20 JP=2 JP=20 JP=20 P2
Kg=Kg Kq=0 Kq=0 |cﬂ=2|ctz |cq=2|cg
pT<3m) GeV pT<125 GeV pT<300 GeV pT<125 GeV

Spin=0 of the Higgs boson established; the tested Spin 1 and 2 benchmark models excluded at >95% CL using LHC Run 1 data (~25fb™)

Pure CP-odd interactions (0°) between Higgs boson and vector bosons also excluded >95%CL



http://dx.doi.org/10.1103/PhysRevD.89.092007
https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1

Production x decay
measurements




Cross-section measurements at the LHC

- The core of the LHC Higgs program consists of measuring cross-sections for different decay modes:

Nsignal(i?H21) = [c(i2H2>1)] X [Acceptance x Efficiency] X Luminosity

Physics compared with SM Reconstructed in the detector (MC)  Machine performance

S(iDHDf) ~o; % Ir,f = Ngignali>H>F) / [A X Eff x L]

T
- From data we extract Ng using discriminating variables to disentangle signal processes from background

events

- Since we cannot measure directly [',,, we always measure the product oxBR of a given production for a
specific decay: need assumptions to extract information on Higgs couplings from our measurements

- Categorize events to target different production modes, kinematic phase space, decay properties, etc.
- Two main complementary approaches:

- Fiducial cross-section
- Cross sections targeting production modes and Simplified Template Cross Sections (STXS)

32



Observed production and decay modes

Observed Run 1
Observed Run 1

VBF Observed Run 1

L= Observed Run 1
VH Observed Run 2

WW* Observed Run 1
ttH Observed Run 2

bb Observed Run 2
tH Not observed yet

TT Observed Run 1
HH Not observed yet

Zy Evidence Run 2/3

LU Evidence Run 2/3

cC Not observed yet

« Current situation in terms of “observed” (>5c significance relative to its absence)
production and decay modes:




Fiducial Cross-sections




Fiducial cross-sections

« Match (as much as possible) the measured phase space with the acceptance of the
detector to reduce (almost eliminate) model dependence of the measurement

- Particularly suited when the final state is fully reconstructed (e.g., H=2>vyy, H>ZZ*>4l)

« The measured yields are corrected for detector effects (P/E resolution, efficiency) and
out-of-acceptance contributions = unfolding procedure

« These measurements can be directly compared with theory predictions at particle level

- They can also be “binned” in specific kinematic variables (e.g., Higgs pI, pseudo-
rapidity, number of accompanying jets, etc.)

« Disadvantages:
« Typically, inclusive in production mode (dominated by ggF)

- Some final states have large “detector and acceptance” corrections so model
dependence is reintroduced as a systematic uncertainty of the unfolding
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Fiducial cross sections

JHEP 08 (2022) 027 Object

particle-level

detector-level

Photons

Er > 0.35/0.25 X m,,
Inl €[0,1.37]1 U [1.52,2.37]

Ef°(AR < 0.2, pr > 1GeV, charged) < 0.05Et

< same

«— same

tight identification (shower shapes)

E—i;O, track(AR <0.2,pr > 1GeV) < 0.05E7
Ejlfo’ calO(AR <0.2) <0.065E7

Leptons

dressed with photons in AR < 0.1

pr > 15GeV
e: || €[0,1.371U[1.52,2.47]
W Inl €10,2.7]

|zo sinf| < 0.5 mm A |dy/o(dy)| < 5(e)/3(w)
« same

«— same

« same

medium identification requirements
calorimeter and track-based isolation

Jets

anti-k; R = 0.4 (excluding v, £, X « H)
pr > 30GeV
ly] < 4.4

anti-k;, R = 0.4 particle-flow

< same

< same

tight-JVT for jets with |n| < 2.5 and pr < 60 GeV

b-jets

jets with || < 2.5 and b-hadron of pr > 5GeV

within AR < 0.4

jets passing the DL 1r b-tagging at 70% efliciency

miss
ET

>, pr of neutrinos not from hadrons

— >, pr of selected vy, £, jets + soft tracks from
primary vertex

- Example of fiducial vs detector for H=>vyy from ATLAS: Minimize extrapolation
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Fiducial cross sections H2>yy

Detector

Fiducial Acceptance (%)
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(GeV)

reca GeV

140.0 < p! T“" GeV
170.0 < pie°(GeV) < 200.0
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S/(S+B) Weighted Events / GeV

137 fb (13 TeV)
T T T =

+ Data
— S+Bfit

«== B component
[P ERN E
[J*2¢ 3

T T T T

T T T T
B component subtracted -

Split events into pT(yy) bi

Ratio to

102.

CMS

137fb~" (13 TeV)

H— vy

MADGRAPHS5 amc@NLO, NNLOPS ggH + HX
MADGRAPH5_aMC@NLO ggH + HX
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Differential fiducial cross-sections: H—2> 4-leptons

arXiv:2605.19016
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- Detailed study of kinematic properties, p-values for agreement with state-of-the-art SM predictions
reported: no significant deviations found up to now
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Cross-section per
production mode and STXS




Measurement of the cross-sections per production mode

- The richness of production modes available at LHC makes it particularly interesting to
measure them individually:

- ggF: loop-induced, hence sensitive to BSM physics. The SM prediction is very
challenging, but theory uncertainty today reduced to about 5% (N3LO in QCD x NLO
EW)

- VBF: test of V-H interaction, can be predicted with good accuracy (~2%). Can be
used to test V-H CP interaction

- ZH/WH: sensitive to V-H interaction. Used to observe H—>bb thanks to leptonic Z
and W decays

 ttH: directly sensitive to top Yukawa coupling (in natural unit of order 1!), can be
used to test CP nature of top-Higgs interaction

- tH: Sensitive to relative sign of top-H vs W-H couplings and top-H CP
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Cross-sections per production and decay

rXiv:2608.07332 | | | | | CMS Rep. Prog. Phys. 89 (2026) 087801 138 fb~1 (13 TeV)
_I_I_I_I_l_l_l_l_l_ 1 T 1 UL LI L LI 1T T 1 1 T 1
ATLAS e Total Stat. mmmSyst. | SM o Observed [ 68% CL (stat)
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ZH == 100 0 (iom, 0%y i 1004 ue 0.84:510 068 ooy 06
: bb +0.16  +0.10 +0.09 +0.08
ttH }-EE'l I 0.€|53 +0.13 | (010, +009) I +0.10 H 102015 Zo10  “oos 007
0 0.5 1 1.5 2 2.5 3 35 4 pHH | | 1.15:34 ltg;gs B B |
T T T T T - 71 T 11 1 [ T T N T [ S R T R R
. T TR E 0.5 1.0 15 2.0 2.5 3.0 3.5
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A A R B R PR S |..IZY _—ﬂi 2.45:093 108 R kT
-5 0 5 10 15 20 25 oo e e e e e b
Cross-section normalized to SM value 1 2 3 4 5 6 7 8
Parameter value

« Several measurements can be combined to extract more inclusive information

- Forthis kind of interpretation some assumptions are always needed:

Combine production modes (assume SM BR)
- Combine BR (assume SM production modes)


http://arxiv.org/abs/2602.18611
https://arxiv.org/abs/2608.07332
https://arxiv.org/abs/2608.07332
http://dx.doi.org/10.1088/1361-6633/ae72c4

Cross-sections per production and decay
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« The full grid of measurements [production x decay] (signal strengthp=c/ogy)

p-values SM computed using the global Likelihood:
v2(Ndof) = [-2NLL(all u float)] - [-2NLL(all u=1)]
N-dof =number of independent POI’s in the fit

Use asymptotic approximation (-2NLL ~ y?)

See Hongtao Yang lecture

- Legacy Run 2 results do not show significant deviations from SM (all p-values > 3%)
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The STXS approach

-« The SM Higgs boson is a scalar with a narrow width; the production and decay factorize
to very good approximation in the narrow-width approximation. We can measure

properties of the production processes combining different decay channels with mild
model assumptions

- The basic idea is to target measurements of the different production modes in
kinematic regions that are particularly sensitive to BSM effects: (e.g., high-py):
Simplified Template Cross-Section (STXS) approach

« The granularity of the region splits (bins) is a compromise between maximal BSM
sensitivity and available experimental precision:

- Proposed by the LHC Higgs cross section WG (see NOTE)
- Several ”stages” implemented: 1.1 usedinRun 1, 1.2in Run 2 and 1.3in Run 3

- Bettertreatment of theory uncertainties: distinguish uncertainties on total cross-
sections from migrations between kinematic regions
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STXS phase-space definition

Stage 1.2
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This isthe Stage 1.2 used by ATLAS and CMS in Run 2 (1.3 proposed for Run 3)


https://cds.cern.ch/record/2803606
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGFiducialAndSTXS#Recommended_binning_Stage_1_2

Strategy

o(STXS-bin-j) = Subtract

Match specific
STXS bin

Category i

Select events (typically based Match specific
on the Higgs boson decay) STXS bin

\ 4

- Define categories /i using final state objects: Higgs boson decay products +
accompanying jets: optimized to disentangle the different “STXS regions”

- Typically use an MVA approach to get optimal/ = j match for signal events and to
improve signal-to-background ratio

background and correct for Acc.
and Eff., divide by L
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Example Measurements in the yy final state

- This channel is particularly powerful:
- Reasonable BR (~0.23%)
- Fully reconstructed final state

- Signal extracted with an analytic fit to the yy invariant mass
- Continuum background with a smoothly falling spectrum, signal peak with mass resolution ~1.5-2%

- Differenttechniques adopted by the two experiments to assess the background-
modeling systematic uncertainty:
- CMS: discrete profiling of the background functions (chosen among a few families)

- ATLAS: the ”spurious signals” method performs an S+B fit to the background-only templates (no
signal present) = fitted signal is considered as a background systematic uncertainty
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STXS H—>yy

JHEP 07 (2023) 088
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- Different decay channels can be combined, normalize to BR(H=>ZZ*) to reduce model dependence
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Search for H>upu and
Invisible decays




2"d-generation fermionH =2

Phys. Rev. Lett. 135 (2025) 231802 Category Data S B S/NB  S/B[%]
tFH-High 12 19207 155423 049 125
E 2200 " g ' ' ' ' ¢ Data = (FH-Medium 117 39+14 115+7 0.36 3.4
2000 - § — Total pdf = VHA4L 11 0.78+0.29 122+18 022 6.4
N ygoo |- V5=13/13.6TeV, 140/165 o _ Signafpdf = VH3L-High 25 1.4+05 174429 033 8.0
2 1600 & H—W_” . ---- Backaround bdf 3 VH3L-Medium 143 3.7+14 136£10  0.31 2.7
© 4400 Es Inclusive, In(1+S/B) weighted g a3 VH2L-High 19 1.0:04 18.3+29 023 5.3
2 1200 = VH2L-Medium 30 0.38+0.14 31731 0.07 1.2
£ 1000 E VBF High 9 43:16 105£18 134 412
5 500 E VBF Medium 28 53+20 258427 104 205
2 600 3 VBF Low 69 7.2+27 62+4 091 116
i VBF Very Low 217 11x4 22548 0.76 5.1
400 E 2-jet High 1399 3112 136725  0.84 23
200 - 2-jet Medium 5657 6926 5560+£50 092 1.2
0 , . 2-jet Low 17684  110+40 1730070  0.87 0.7
5 10 ' ' ' ' TS 2-jet Very Low 35147  110£40 351604140  0.59 0.3
23 - N 1-jet High 708 176 710416 0.65 2.4
. E f ] 1-jet Medium 7166 8030 714070  0.95 1.1
g3 0 ¢ L L T BB s 1-jet Low 31761 180+70  31510£120 1.0 0.6
gty ¢ . 1-jet Very Low 73578  200+80 73330+£200 0.75 0.3
- P P R S S 0-jet High 19445  120+50 19260490  0.89 0.6
110 115 120 125 130 135 140 145 150 155 160 0—;et Mofium 50742 200080  S0830.190 090 04
m,, [GeV] 0-jet Low 94032  240+90 93770 £210  0.78 0.3
O-jet Very Low 136762 170£60  136510£290  0.47 0.1

Best chance to test coupling to 2"9-generation fermions
Signal extracted from analytic S+B fit to invariant mass distribution
Similar strategy to H=> yy BUT: BR and S/B (DY lepton pair-production) 1 order of magnitude smaller (~10-%): B modeling is crucial

Categorize events to enhance S/B based on production mode and kinematics, while exploiting categories with better mass resolutior%2



https://journals.aps.org/prl/abstract/10.1103/gzdh-p159

H 2> up example: ATLAS analysis

Signal extracted via an analytical fit to m spectra 03 AT AS Smuation
C Vs=13.6TeV
0'25_—/./_”,”’l 4 -

Fraction of events

Signal modeling: Double-Sided crystal ball from calibrated MC

o VBF Categories

0.2 0-jet Categories
C Gcg = 3.10 GeV

Gg = 2.76 GeV

llllllllllll]ll

Bkg. Modeling: based on Core x Empirical analytic function s ioiCaingoris =, i Celopores
- Core DY same for all categories (no free DOF) 01_ i gt
- Empirical: flexible enough to adapt to mass distortions caused by o0sf- ]
selection, between 1 and 4 free shape parameters depending on NES — T

category plus normalization extracted from fit to data M (Gev]

Choice of the bkg. function:

[ ATLAS Simulation ¢ Simulation

- Required good quality fit on: MC, data SB: prob(y?) > 1% for all § oF Simuaton -
samples/categories i b e " Goro

. . . o . o . Li F i ategor —— Signal pdf B

. Spurious Signals: defined as signal yields obtained from a fit to the o or Han Cateaory matort ]

oL x( ) = 34% E

pxz = % —

background-only MC spectra = require to be below 20% stat.
uncertainty

- Choose the functions with smaller DOF that passes the criteria - R
described above (see next slide for list of functions) R PApes+s

s}
o) OOOO

© 0 B
o o _
o000 0o © Empirical pdf

HixPowerQ
tn

Background modeling uncertainty from the Spurious Signals
measured in each category

CMS uses a similar approach based on “core-PDF method” and
“discrete prOﬁling” T BRI T BT R T R F R PTU R TR T M TR T

m,, [GeV]

Sim. / Bkg. fit




H - uu most recent results

Phys. Rev. Lett. 135 (2025) 231802 JHEP 01 (2021) 148
N 1CMS 137 b (13 TeV)
ATLAS Run2:V=13TeV, 140f6"  Run3:\s=13.6 TeV, 165" % AN REAE LA ML AL B R AL L
H—pp ~e—Total  Stat. W Syst. |SM Total Stat. Syst. C_;i :

Run 3 fiH categories e —— 1.3 +35 (+34,+1.1) a i 1
Run 3 VH categories | T 31+43 (+41,+13) = g e
Run 3 VBF categories 4i 03 +09 (£0.9,+0.2) § 107! 3 E
Run 3 2-jet categories ’ —— 33+13 (£12,408) - .
Run 3 1-jet categories —_— 1.3 +£1.2 (£1.2,+04) : ________________________ ‘_ _________ : 26
HunSOJetcategones — - 20 13 (£1.2,+05)

© Run 2+ Run 3 fiH categories —— S " fgg (fg ' ,+08),,, 1072 - -
Run 2 + Run 3 VH categories *_._.76()*2; (x31, 114 - ]
Run 2 + Run 3 VBF categories T 1.0 £0.7 (+0.7, *3:12 ) i ]
Run 2 + Run 3 2-jet categories ~ —e— 1600 (209, '08) - .
Run 2 + Run 3 1-jet categories }—W 1909 (© *09 tgg ) 1073 __ ------------------------------------ ---------------------------- __ 3o
Run2.+Run 3 0jet categories  —ak— 09:10 (03, +gg) - — Combined — VBF-cat. ]

" Gombined Run 2 L - 12406 (+06, ,+g,$,,),,, . Observed — ggH-(:';at_ ttH-cat. .
 Combined Run3 F 1606 (108, +02) I —_ VH-CE:i’[. ]
Combined Run 2 + Run 3 i 14 £04 ( £04, £0.1) —4||\|||\|||||||||||||||||||.||||||||||1|||\|||\|||\
'_1'0""15"“3"";" ST T 10420 121 122 123 124 125 126 127 128 129 130

Signal strength mH (GeV)

- Both ATLAS and CMS reached >3c evidence for this process (expected SM sensitivity ~2.5 for both, see next slide)
- Measured signal strengths p compatible with unity (SM): 1.440.4 ATLAS and 1.2+0.4 CMS

- A future ATLAS+CMS combination including Run 3 + Run 2 data should lead to an observation if SM is correct



https://journals.aps.org/prl/abstract/10.1103/gzdh-p159
http://dx.doi.org/10.1007/JHEP01(2021)148

H -2 uu Comparison ATLAS vs CMS

T T T T T T T T T T T T T T T T T T T T T T T T (1 3 Tev)
-lg 0.3_-—-ATLASISim Iati r: l I —_.- 3' 0.1:| | LI | T 13 | LI l T 1T I T T 1 T 1T I T 17T I . I P ) | LI I ‘:
o i uiatio . © . F CMS Simulation ]
° - Vs=13.6 TeV i 0.09 g
2 025~ H 5up 4 ] - Category: Category:
-% - q ] [ ggH-catt ggH-cat4 ]
:L‘g 0.2+ 0O-jet Categories o VBF Categories — 0.07F =
i Geg = 2.76 GeV Gep = 3.10 GeV 7 £ Signal simulation ¢ Signal simulation
I~ 7 3 g . 0.06 :_ ]
0.15— 1-jet Categories o VH Categories F —— Parametric Model —— Parametric Model
A G.p = 2.86 GeV Gcp = 3.21 GeV o} 0,055 e
- 4 2-jet Categories A fiH Categories ] - HWHM =212 Gev HWHM = 1.47 GeV 4
0.1 — O = 3.00 GeV g = 3.24 GeV — 0.04F .
- . 0.03F 3
0.05— — .
- ] 0.02F -
1 1 PR ST SR (N T S T S SR SN SR N S 1 17$ — 001 :_ _:
Pro 115 120 125 130 135 140 : :
0 =STSSCoiiess "".- I R BYEE AT | “-‘:::ET"%;E;;;;;;;;:;-:V
m,, [GeV] 116 118 120 122 124 126 128 130 132 134
m,, (GeV)

- Muons from H decays are moderate P;~40-100 GeV and central: mass resolution for best category:
- CMS ~ 1.2GeV
- ATLAS ~ 2.6 GeV

- The mainreason is that CMS solenoidal field ~2 stronger than ATLAS

- Sensitivity ~S/V/Bin iZG(mW) range = about 40% more sensitivity for CMS




Higgs to “invisible” decay

Phys. Lett. B 842 (2023) 137963

The irreducible SM invisible decay is BR(H2>ZZ*—>4v)~0.1%, well below
current experimental sensitivity = an observation at the LHC would imply
BSM physics

Search for decays to weakly interacting neutral particles that are invisible to

the LHC detectors (e.g., H=>% %" Neutralino Dark matter candidate)

Need additional objects to trigger and select the event, typically use
associated production:

. ggF+high pTjet, VBF, Z(l)H, ttH, ...
Presence of invisible decay detected indirectly via missing transverse
energy: contrary to e*e” colliders, at LHC the p, of the primary collision is
not known in the LAB frame (spread of longitudinal momenta of proton

constituents), momentum balance only in the transverse plane (pT spread
of proton constituents negligible relative to experimental sensitivity)

In case of the discovery of a signal, will need a study of ¢ for different
signatures to interpret it as Higgs invisible decay

Current BR(H-> inv) upper limits @95% CL:
<11% ATLAS, <15% CMS

95% CL upper limiton B, ;..

1
0.9
0.8
0.7
0.6

I T T I I T T

E— ATLAS — Observed
E Vs=7TeV,47f6" ... Expected
= Vs=8TeV,20.3 1 ER
= Vs =13 TeV, 139 fb’ [(J+t2

Eur. Phys. J. C 83 (2023) 933

O e ! agy(H)

B(H — inv)

4.9 fb'(7 TeV), 19.7 o' (8 TeV), 140 fb ' (13 TeV)
F | | I I B

0_95_ CMS 95% CL upper limits
F —®— Observed ]

0.8 :— - ©- Median expected {
r - 68% expected

0.7 :_ I:l 95% expected _:

06 :_ 0.26 (0.30) 0.49 (0.32_);

0.5F ———

0.4

r 0.21 (0.18)
0.3
0.18 (0.10)

0.2

0.1

Combined
VBF-tag
VH-tag
ttH-tag
ggH-tag
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https://www.sciencedirect.com/science/article/pii/S0370269323002976
http://dx.doi.org/10.1140/epjc/s10052-023-11952-7

Higgs boson pair-production




Search for HH production

LHCHWG di-Higgs white paper

daldmy [fo/GeV]

0.2

o
—

o
o

|
o
N

_0.2!

// ‘\\ 14 TeV
————— box
----- - triangle
interference 1
—— sum
300 400 500 600 700
muy [GeV]

2
the SM by the parameter 1 = (zm—h) =

_ (mfGr)

V2

2

box- and self-interacting diagrams
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If A different from SM, total yield and kinematic (e.g., M,) are both affected

Extremely rare but also extremely important process: it probes the Higgs boson self-coupling , determined in

Main production mechanisms ggFHH (c=34.1fb at 13.6 TeV) characterized by negative interference between



https://arxiv.org/abs/1910.00012
https://arxiv.org/abs/1910.00012
https://arxiv.org/abs/1910.00012

Search for Higgs —pair production

LHCHWG di-Higgs white paper

g — —q q - ——q - H
W,Z A g
_____ H H //
VBFHH W, Z - - & ~1.9fb
____H \\
q - —q q . - g ~H

q
VHH
~1.0fb
q
g TEETO——— ¢ g TETTE————t - H
"_ _____ H A )‘ ///
ttHH e « ~0.9fb
______ H "“\\
g TETO——— © g TTTOO t TN H

- Other production mechanisms are VBFHH, VHH, ttHH with smaller cross-sections
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HH measurements at the LHC

- Given the smallness of the cross-section, the strategy is to cover as
many final states as possible ‘

Most relevant channels at the LHC are:

- HH->bbyy
« Small BR (~0.3%)
Favorable S/B
- The non-resonant background can be determined in situ (fitto m,,)

- HH->bb1r
« Larger BR (7.3%) 010%  0028% 0012%  0.0005%
Intermediate S/B

Need advanced techniques to keep B under control (good B modeling
forirreducible B and data-driven techniques for reducible B)

- HH—>Dbbbb
Largest BR(~34%)
- Very small S/B (~10 after simple preselection)

Dominant B is pp->bbbb multijet production, no reliable simulation,
need to fully rely on data-driven techniques

1.1% 0.33% 0.D6%%
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HH measurements at the LHC

arxiv:2602.23991 Accepted by PRL

_I T T I T T I T I I T T I I T I T T I T T I T | I T I ! | I T T 1
—— ATLAS
— CMS
— Combined

—— Obs. 95% CL: [-0.71,6.1]
-—- Exp. 95% CL:[-1.3,6.7]
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68% CL 1

< 8
ATLAS and CMS —e— Observed c | ATLAS and CMS
---- Expected (ufiii™® =0) o
LHC Run 2 [ Expected 10 c\Il 7- LHC Run 2
Vs =13 TeV 1 Expected +20 - VS =13 TeV
-+- Expected (uAsirnnv =1) . )
off; +0\Ff =328 b i SF Al other k fixed to SM
Obs o " .
T (MY =0) (g™ =1) -
i ST
! | [ |
i I
CMS| ; 35 2.6 36 E o
! o S
I B [ |
i B [ |
i ﬁ \‘ \\ \
: 3__ \\ \\‘ \‘
ATLAS|- ! 2.9 2.4 35 E LY
| <l
Combined- | ¢4 2.5 17 28 ] — \
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95% CL upper limit on HH signal strength pyy

L1 1| I
10

Ki

- Legacy Run 2 combination from ATLAS and CMS:

« Uyy (oyy/ogm) =0.8 702 1 observed significance 1.1c (expected SM 1.30)

« Limiton k, (A/Agy) @95% CL excluded outside the range [-0.71,6.1]
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Phys. Lett. B 876 (2026) 140280

HH in bbyy Run 3 ;

ATLAS ¢ Data

4.5
. : : ; 4F Vs=13/13.6TeV, 140/168fo" =" Cont. background
LHC experiments are investing a lot of hard work and NP Total background

ingenuity to improve the HH search
- Measurement combining Run 2 + Run 3 - Total 308 fb-"

) - Signal + background
log(1+Sgy/ B) weighted sum 4
L’LHH = 09—11

Sum of weights / 2.5 GeV
w
[¢)]

w
TTTT |III|||\I|III\||III|HII|IIII|III\

_.—
LIBTILL] IlIl|IIII|IHIlIlIJ|IIII|[IlI|IIII|IIH

2
- Improvements on HH sensitivity relative to Run 2 analysis: 15
- Additional data: 50% 15
. 0.5;— | 1
- New flavor tag algorithm GN2: 20% b IRIRINK AN IE
140 150 160
- Analysis preoptimization: 10% my, [GeV]
« my, kinematic fit : 5% I R
C | ATLAS Preliminary JHEP 11 (2018) 040
. . . . ) . HH - bb h A } . 1
- Signal extracted by a fit to m,, In 7 BDT categories s Ui : JP:sIIEsP Ig‘lev(2|(3)214(;60(626022) 052001
T ---- Luminosity-based scaling
. — +1.4 I -
Observed puyy =0.9 "4 _4 4 gzo ATL-PHYS-PUB-2025-001
- 0.8 o significance (1.0 expected) 5
.« Uy <3.7 @95% CL 8 10 |
- Every update, the analysis improvements surpass the | Run 2
simple 1/4/L extrapolation (analysis limited by data A T
Sample Slze) I Improved Run 2
40 60 80 100 120 140 160 180 200
Luminosity [fo™]
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Higgs boson width from off-
shell measurement




[, from off-shell Higgs production

Kauer - Passarino
Caola - Melnikov

« Due to large couplings to top, W and Z bosons, the SM predicts a
sizeable ggF off-shell H cross-section,~10% the on-shell onein
VV final state (enhancements above VV and tt thresholds)

- The off-shell contribution is independent of I

gg—H*—VV (§)
Ay — _ off-shell _ A 2 ~
Hoft-shenl () = 99> H SV (o = Kg,oﬁ‘-shell(s) * Kyoff-shett (5)
O off-shell, SM \°
gg—H-VV K2 .
_ on-shell _ g,on-shell V,on-shell
Hon-shell = — 5~ yy = r,,/TSM
o-on-shell, SM HIt g

- Assuming k are the same on- and off-shell one can constrain '

using the ratio of the two measurements

 |Inthe SMthereis a destructive interference between the H* and

the box contributions

- Channels used to measure off-shell productions are ZZ*—>4l,
Z7*>212v (the most sensitive) and WW*—=2> v lv - most sensitive

region is at very high m,,,- major background is

V q \N\[\f\’ %
H*
- - @ A q \ i
B eSS ;
; 10'1 g T T T T T | T T T | T T T | T T T g
8 - ATLAS Simulation \s=8TeV
é 2 _- g9 — ZZ — 2e2n T
= 10 I 99— H* — 77 (8) E
S Hi ", . 9922 () ]
9 HE %5, — - gg— (H'—>) 2Z i
-8 1 0-3 g] .I H-. ‘--l - B gg_) (H*_)) 2z (uoff—shell=10) =
ol ",
ol "|.E " ]
10'4 g e ' _
1065 E
- Eur. Phys. J. C 75 (2015) 33 N
10'6 1 | | 1 1 | | 1 1 | | 1 1 | | 1 TIJ
200 400 600 800 1000

m, [GeV] |,



https://link.springer.com/article/10.1140/epjc/s10052-015-3542-2
https://link.springer.com/article/10.1007/JHEP08(2012)116
https://link.springer.com/article/10.1007/JHEP08(2012)116
https://link.springer.com/article/10.1007/JHEP08(2012)116
http://ournals.aps.org/prd/abstract/10.1103/PhysRevD.88.054024
http://ournals.aps.org/prd/abstract/10.1103/PhysRevD.88.054024
http://ournals.aps.org/prd/abstract/10.1103/PhysRevD.88.054024

[, from off-shell Higgs production

Phys. Lett. B 846 (2023) 138223 103 QIMS] | | | | [ ?8 flbf1 (:] 3 Te\Q
 of s T - 40,206 5
g [ZZZ77] Systematic uncertainties L E Observed 7]
] \s=13TeV,139.016" [ qg—2z L i

5
10 ggF Signal Region £ wz 5 » Total, no off-shell
10° — it - 10°% 7] gg+EW SM total =
3 — (Z):IjgrsBackgmunds 3 _g n ’ rt—L {' I:I Other SM ]
10 ] qu > (H* ) 2242] = y %w = i
1=0.02 (95% CL lower limit) = @ s
1 02 =0 (no-Higgs-boson hypothesis) c 10 E LP | -
n=2.3 (95% CL upper limit) 0>9 E i ]
10 3_ woor e i
E - 1 i
1
1= —
1 3 E Nat. Phys. 18 (2022) 1329 ]
107 E ]
Q‘ 15 i S I I E L | | ] ] ]
w ~E |#—“—'
= E * = 2F ' E
© - 3 S 3 3
0 500 1000 1500 2000 2500 3000 XU) o d . T [
2 [GeV] 220 400 600 800
m, (GeV)

- ZZ*>4l full kinematic reconstruction of the final state, use of MVA (NN for ATLAS) to enhance sensitivity,
absence of H* contribution, limiting factor is the low available statistics

« Z7*>212v larger BR (Z21~6.6%, Z->vv~20%) but more challenging experimentally (vv==MET)

Lorrshe=0 Will increase the yields (because of destructive interference)



https://www.sciencedirect.com/science/article/pii/S0370269323005579
http://dx.doi.org/10.1038/s41567-022-01682-0

[, from off-shell Higgs production

Phys. Lett. B 846 (2023) 138223 . SNat- Phys. 18 (2022) 751’29
M <140 fo' (13 TeV
_ TTTT ‘ T TT | TTTT | T T T ‘ TTTT | T T 71T ‘ T TTT | TTTT = I I I ‘ | I 1 I ‘ | I I( I ‘ 2
S 20 ATLAS — - Obs-Statonly 14 — 2I12v+4l off-shell + 41 on-shell
C ’ N L
™ 18 — Obs-Sys ] - — 2I2v off-shell + 41 on-shell
| oz oAy B saay 12— 41 off-shell + 41 on-shell
1613 TeV, 139 fb” —EXPSVS . -
Obs-Stat. only: 1. 1*Ds Exp-Stat. only: 1 0 E | i
14| obs-Sys: 1. 1+°7 " Exp-Sys: 1. 0+09 °e -] 10} Observed .
] I Expected
12 : 2 P
10 N <
- Al
8 =
6 =
A 5D 4
4\ - 95% CL
28 E 2
O L | - ‘ L1 11 | L1 11 ‘ L1 11 | L1 1 I_ 680/0 CL
0 05 1 15 2 25 3 35 4 o
Moff-shell

Channels used to measure off-shell production are ZZ*>4l, ZZ*-> 212v (most sensitive) and WW*—> v lv
Both ATLAS and CMS achieved evidence (>3c) for H off-shell production
- Extracted I'; by combining off-shell + on-shell measurements:

CMST, =3.2*24 _MeV - ATLAST,=3.6"21_ MeV (arXiv:2608.07332) - SMT,=4.1 MeV


https://arxiv.org/abs/2608.07332
http://dx.doi.org/10.1038/s41567-022-01682-0
https://www.sciencedirect.com/science/article/pii/S0370269323005579

Other methods to infer [

CMS 138 b (13 TeV
> I B B L B B B DAL B [T E‘I’OOOD: A",'LAS T T T T = 0.7[]1T] |||||||||||||||||||| |1|Ti([mle1)
3 C [ i . & 35000E- ¢ Data 3 F ]
O C ATLAS Slmulg:uon ] P 35000; Vs=13TeV, 140 fb”! — Sig. + Int. + Bkg. 3 r
g 500— Vs =13 TeV, ;;’1‘-0 fb — sig, pf <30 GeV — £ 30000 H-yy, p:_}’ <30GeV = wmess Bkg. only — 0.6 _]

[ = . > 3 i 8
= C Hoyy =Ty ----- Sig.+Int,p <30GeV ] W 25000F = - I On-shell I', fit
£ 400 —— Sig., pl’ 30 GeV 7 SO000E E [
o r --=== Sig. + Int, p!" 2 30 GeV 3 3 0.5 7
L 3002 15000 =
o 10000F - - .
C - E 1 0.4 PRD 111 (2025) 092014 —
2000 = 5000 = @) C ]
- oF E |
‘ g F —
100— ] 'E 500 =
0.-‘|‘.H|‘...| ............ T |..._‘_|'T‘.‘_ - OE ¢ E
> F y ' g ‘ ' S T -500=—75 120 730 740 150 T60
((15) 1 0; — Int, p, < 30 GeV = ) ‘ . . .
To) E — Int, p] = 30 GeV 4 £ === Sig. + Int, T}, = 307 MeV E
S oF i 5005 _____ X :
2 4ok g of -
[= = . L . . . , A . . E = E
© 120 121 122 123 124 125 126 127 128 129 130 SO=HET e a0 T2 124 1% 128 180 192 144
& m,, [GeV] m,, [GeV]

« There are other methods used atthe LHC to constrain [ :

- Interference between gg—>vy and gg—>H->vy on-shell: affects the mass shape, but the effect is
small relative to experimental precision:

ATLAS (arXiv:2609.19948): ', <307 MeV (258 MeV) @95% CL dominated by modeling and photon energy scale uncert.
CMS (arXiv:2609.01385): I'y<92 MeV (138 MeV) @95% CL
- Direct study of H=>4l on-shell mass spectrum (CMS) I';< 330 MeV @95% CL

« They are complementary to the off-shell method (less model dependent)
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Measurements interpretation:
the k—framework




“Coupling” inference in the k formalism

- Measuring the couplings of the Higgs boson is a strong test of the BEH

mechanism: interaction strength«—— particle mass

- Asimple, leading-order inspired approach to extract coupling information is the

so-called k-framework

- It assumes the narrow-width approximation (allowing production and decay to
factorize) and tensor structure of couplings as in SM (CP-even scalar)

- We cannot directly measure the total width I',;, so we have a degeneracy when
linking our measurements o xBR;to the jand f couplings

- SM passes the test if K is compatible with 1

o; Xx BR(H — f|) =

2.2

Hriﬁf

2

R tot

X O;sM X

L'y
I'sar

K2 K¢
¢ f
2
1/6% 1ot
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“Coupling” inference in the k formalism

- |t can provide a meaningful test of specific sectors of the SM allowing the
combination of different measurements: easy interpretation in terms of
Higgs-SM-Particle couplings

- Easyway to benchmark performance between different experiments and
between different colliders (see C. Grojeans lecture)

« Limitations of k formalism:

- Having a « significantly different from unity does not provide information on the
BSM theory that caused that since this model is not a computable extension of the
SM

« In addition, itis mainly sensitive to inclusive effects, and it does not catch the
possible kinematic dependence of BSM physics (e.g., BSM effects that modify the
high transverse-momentum regime of Higgs boson production)
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K formalism

- Particularly interesting are the interactions that
are loop-level in the SM (absent at tree level)
- 88F H>vy, Zy

« Comparing resolved vs effective parameterizations can
reveal BSM effects

- Processes that involve interference provide
information on the relative sign (phase) of
couplings (e.g. H=> yy = top-W)

- Total width can be modified by adding invisible
and/or undetectable BRs (e.g., H->qq at LHC)

- Need additional assumptions to constrain the [},
in the fit:
« No BSM contributions to Higgs boson decay
« Ky <1 motivated by 2HDMs and some other BSM models
« Use off-shell measurement (constrain ')

- +Useinvisible decay constraints: Constrain BR,,,and
BR

undet

- Best sensitivity by combining all measurements

Production Loops Main Effective Resolved modifier F
interference || modifier rom LHCHWG YR4
o(gg — H) v t-b K 1.040 k7 +0.002 k3, — 0.038 ke kp — 0.005 Kk
ol(gg’ — ggq'H) - 0.733 x%‘, +0.267 x%.,
o(qqZH) - K
2.456 k2 +0.456 k7 — 1.903 xz &
o(ggZH) v t-Z K(ggZH)
=0.011 kzkp +0.003 ki kp
o (WH) - Ky
a(ttH) - k2
o (tHW) -W 2.909 k7 + 2.310 k2, — 4.220 k,ky
o(tHg) t-W 2633 k7 +3.578 k3, — 5.211 Ky
o (bbH) - r:;
Partial decay width
ree _ "‘i
rvw - - Ky
rsg v 1-b Kz L111k7 +0.012 x5 = 0.1 x4k
re- _ _ Kf-
rZz _ é
ree : 2 (=)
1.589 ky, + 0.072 k7 — 0.674 ki,
r v +-W K +0.009 kwkr + 0.008 kwkp
=0.002 krkp — 0,002 k-
rr v =W Kiz,y L1845y —0.125 kwk; +0.004 k7 + 0.003 kw s
re - K5 (= x3)
| N - "i
Total width (BRinv. = BRusger = 0)
0.581«2 +0.215 %, +0.082 42
+0.063 &% + 0.026 k2, + 0.029 &2
Tu v - Ky +0.0023 k5, + 0.0015 k7,

+0.0004 5 + 0.00022 x,



https://arxiv.org/abs/1610.07922

“Coupling

» 3
|

nference: k formalism

(a) Biny. =B,=0

(b) Biny. free, B, > 0, kw .z <1

Nature 607 52 (2022)
ATLAS Run?2 |e Data (Total uncertainty) Syst. uncertainty I sM prediction
| I 1 | I I | I | _Is (I, ? 1|0 | | | |
i o e | o5 i
e 1 1 | | 1
2 1 T T
ttH o
ggF+bbH ]
H§H
VBF o o]
WH @I A = i
=
w|  ® 52— 8
L 1 L1 ! ! L ! L ! L1
0o 1 2 1 2 3 4 0o 1 2 1 2 3 0 1 2 0123 4
bb ww TT zZZ 144 ol

¢ x B normalized to SM prediction

Kz

Kw

Binv.

By

0.06
0.99%0 ¢

0.06
1.05% 06

0.11
0.94%0 13

0.8975 1)

0.0
0.93J_r0_0—‘.:,

0.25
1.06%5%

0.07
0957

0.06
1.01%5 06

0.31
138031

0.02
0.98% 05

1.00_g.02

0.11
0.94%11

0.09
0. 82t0.08

+0.07
0.91_0_06

0.23
1.04%550

0.07
0 ’94t0.06

0.05
0.98% 03

0.29
135102

<0.13

<0.12

- Fit oxBR in different final states — Can compute compatibility with SM (all k¥’s =1) p-value 61%
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“Coupling” inference: BEH mechanism at work

CMS  arXiv:2602.18611 138 fb~! (13 TeV) arXiv:2608.07332
> ||| T ! ||||||| I I ||""| ! ! """l ! TTTT] T T T T TITT] T T T T TTIT] T T T T T
= |> 100 = O Observed . t 4 §|§ 1TE- ATLAS 3
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N U - u S - 7 = =
- Vell Vol ve || U n- ]
3 i Vy Ve d C |- ] - c . _
10-9}, N : O oa:E
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[ W (v) -
Ll L . S —— . L LLLLLl . L L L _I 11 1 1 I I| 1 1 1 1111 I| 1 1 1 111 II| 1 1
1.5 I ) I IIII]II I I II]IIII I I II]IIII I > 1.4_ |IIL T T ||I|II| T T Illllll T T ||||||| I__.
- 1.1 1 f‘_‘ c T t |
= i - | o 12 .
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2 i 1
—— | | 1 —_ L .
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- Scale k by fermions or vector boson masses m¢/v or (m,/v)? to explicitly show expected mass dependence
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“Coupling” |

nference: combination single-H and HH

The ggHH process is sensitive to combinations of «, and «,

But single-H production (and decay) is also sensitive to the Higgs
boson self-coupling via EW corrections (in SM ~1-2%)

It is possible to perform a “consistent” k parameterization of all H
and HH measurements including

- Increasing sensitivity to i,

- Relaxing assumptions on other couplings

§ 107 %\ T I LI | LI ‘ L ‘ L I LI \glgll.ll
< F o(pp — H(H)+X) — aaH
"§ 106§—V§=13 TeV — ZH =
3 —HH
a B tHq ]
2 105 ggHH |
(@) g qqHH
104;— 3
e S —
102/ |
10 E
17\ || ] I 1 1 | | | 1 1 | | ‘ 11 1 | ‘ |1 ] 1 I | I 1 1 | | | 1 1 | \7
-20 -15 -10 -5 0 5 10 15 20
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“Coupling

»
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-2InA\

nference: combination single-H and HH

8 ' ¥ J I J L L) 1 J v v 1 ¥ v ' I J J L) T J ' v 1 ¥ J J T J L) v q 8 _' l ' l I I ] ' T ‘ I I I ' ' I ‘ ‘ I I T ' l ‘ I ' ' ]
- ] c L ATLAS = H K, only .
- ATLAS Internal — H K, onl = — - _ A .
7E V5=13TeV, 126-140 fb™! — HH oily = J 7 vezisTey ’ca1e2\,?-|1y4(|) Ib215 —— HH «; only E
C my=125.00 GeV, |yu| < 2.5 Ha HH o onl . N  lyml<2. —— H+HH Kyonly -
~  Observed A oy ] - EXpecte m— H+ HH K; generic —
6 = H+HH k, generic 61— + e -
- arXiv:2608.07332 . - ]
5 submitted to ROPP — S :_ _:
4 — 4=\ N M ___;950/ CL
~r= VAPV W | WS — Y Y Y & 95% CL - 495%
31— - 3 —
2 — 2 —
TN\ S —68% CL L . G T e —68% CL
0C . ob — .
-6 -4 -2 0 2 4 6 8 10 -5 -2.5 0 2.5 5 7.5 10
Kx KA

ATLAS legacy Run 2 couplings combination uses all H (STXS) and HH measurements
Fit with only «, floating (others fixed) but also with i« ¥, k, and k,, floating (generic)
First scenario, =1.3*310 _ .,

Similar constraints on k, also inthe “generic” scenario
A
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Measurements interpretations:
Effective Field Theory




Eleni Vrynidou talk @LHCP 2026

Standard Model |
JEffective Field Theory

s [ LR N Ry
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https://indico.cern.ch/event/1537360/contributions/6833628/attachments/3279497/5860159/Vryonidou_LHCP2026.pdf

The EFT approach

d=6

Lrrr = Lsm + Z

6
Ci A6
A2 O, + ...

« Under the assumption Aggy >> E| o, We can extend the SM Lagrangian with effective terms based on SM
particle fields, respecting basic symmetries (Poincaré invariance, Gauge symmetries), this approach is like the
Fermitheory describing weak interactions at E << M,y

- Series expansion in terms of 1/A, dimension d means term of order 1/A(@4)
- The d=5 (e.g., Weinberg operator) violates L-number (can provide v masses)
- In general, consider first terms of d=6

* Pros:
- Provides a more general and formally correct approach
- Can catch BSM impact on kinematics (e.g. distortions of the spectra at high energies)

Suitable to combine measurements of different physics processes (EW precision, top, Higgs, ...)

- Cons:

If kept generalthere are 2499 independent d=6 operators (B and L conserving, 3 fermion families), many of them have degenerate
impact on measurable observables

« Nice description of EFT for Higgs in: LHCHXSWG Yellow Report 4
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SNz E 228z, TN EZ
Tttt ottt T ZEZ T3 CMS 138 fb™' (13 TeV)
Interpretation pgp L T T T T T T » » ¥ =& ¥ I T T O SupplMat T T T T T T T T T
Signal strength (inclusive) 1 v ¢ v v v v v ¥ v v o Best-fit = 68% CL (stat & syst) B Linear (observed)
Signal strength (production) 6 v v 7 v v ¢ v v v ¥ | SM expected — 95% CL (stat & syst) Linear (expected)
Signal strength (decay) 7 v v v v VY v v Y Expected 95% CL (stat & syst) my =125.38 GeV  Profile other EV, pey = 0.11
Signal strength (production-times-decay) 31 v v v viovv v ooV
EV[) x 1000 e ———
Cross section (STXS stage 0) 7 v v v v v v vy v
Cross section (STXS stage 1.2) 32 v v v v v v v EVi x 1000
Cross section with branching fraction ratios (STXS stage 0) 13 v v v v oY v v EV> x 100
Cross section with branching fraction ratios (STXS stage 1.2) 36 v ooy v v v v v )
EV3; x 10 S
Signal strength (STXS stage 0) 7 v v v v v v v v EV, x 10
4 <
Signal strength (STXS stage 1.2) 32 v ooV v v v v v
Signal strength with branching fraction ratios (STXS stage 0) 13 v v v viovov A A v EVsx 10
Signal strength with branching fraction ratios (STXS stage 1.2) 36 v v v v v v v v EVs x 10
Signal strength with STXS times branching fraction 97 v ooy v v v v EV .
. L
Resolved coupling modifiers 6 v v v v v v v v EV .
Effective coupling modifiers (Bpgy = 0) 9 v ooV v v v v ovovov . )
Effective coupling modifiers (Biyy., Bunger. floating) 1n v v v v v v v VY v Y EVg —p——— 1
Off-shell coupling model (B, , Bynge. floating) 11 v v v v v v v v v EVio ——
Ratios of coupling modifiers 8 v ooy v v oY v vV v
Ratios of coupling modifiers, symmetry of fermion couplings 3 v v v v v v Y EVi4 N [—
Higgs self-coupling, k, (xy and & fixed) 1 v vV v v oY v v EVi2 ——— ——— I —
Higgs self-coupling, x, (xy and &y floating) 3 v ooy v v v oo EVys x 0.1 -
Higgs self-coupling, «k,-vs-xy (2D) 2 v v v v v v v vV
Higgs self-coupling, x,-vs-x; (2D) 2 VYV v ¥ VY EVi4x 0.1 Sl f—
UV-complete extensions to SM (2ZHDM and hMSSM) 2 v vy v v v v v EVi5 x 0.1 oy [—
SMEFT, one-POI-at-a-time, linear 1(x43) v v v v v v v oY EVie x 0.1 | | | A L [ ) L ) )
SMEFT, one-POl-at-a-time, lin+quad 1(x43) v v v ¥ v v v v v 75 50 25 00 25 50 75 10" 10° 10'
SMEFT, multiple POIs (PCA), linear 17 v v v v Parameter value Probed scale A\ at 95% CL (TeV)

- The extraction of the EFT (Wilson) coefficients is done via a fit to experimental observables (STXS, ¢ inclusive, fiducial, etc.)
- For d=6the measured ¢ can be written as: 6,,; = Ggm + Ginterr.(C//A?) + Gggm (C2/A?) (the last term is same orderin 1/A as d=8 interference)

- Toresolve degeneracy, constrain linear combinations of EFT operators to which experimental observables provide sensitivity: EigenValues
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Search for CP Violation in the
Higgs boson interactions




Higgs CP interactions

- The SM Higgs boson is CP-even, and its leading interactions are also CP-even
(CKM-induced CP-violating effects in Higgs interactions are tiny)

- Higgs boson field has been established to have spin 0, however CP-odd
contributions to its interactions are still possible and subject to studies

- HV interactions:

- Use VBF and VH associated production using accompanying jets
- Use kinematics in the decay H=>VV* (and H=>yy)

- Usually CP-odd interactions parameterized using EFT approach only appearing at d=6 so
expected to be suppressed by (E/A)? (at least)

- HF interactions:

- Can be described phenomenologically described with d=4 operators
- H—>711 using measurement of the tau’s polarizations
- ttH kinematic to study H-top
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CP interactions: H-V

Phys. Rev. Lett. 137 (2026) 021801

LA L L I LB B B B LA ALY LN B A B BN B B
- ATLAS Simulation

- {5=13.6TeV
- VBFH — vy
03—

0.4
—c; =00 (SM)

Event fraction

- g =+3.17

wg =317 -

- Kinematics of jets coming from accompanying quarks of VBF and VH systems are sensitive to CP-odd
interactions: three possible CP-odd operators |Cjw, Clywp and Oy

« For decays H>WW* and H—>ZZ* final-state kinematics sensitive to CP-odd interactions

- Define CP-odd observables that have the property CP(0) = -0, CP invariance implies <0>=0 over the full
phase space

- Frequently used are the Optimal Observables defined as 00 = 2RE (Mg Mo paa)/ | Msu |?

- They can be defined using production and/or decay particles
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CP interactions: H-V

" ATLAS | | | Expectred ]

5 - E
- 1 12 ATLAS ) 2 ) _ 1
C = -1 1 1= N ey = (4T N =1 E cyy = 0.01
- \/Ig— 13 TeV, 140 fb —e— Observed | = V5 =13 TeV, 140 fo-' HW = (41) HI HIV i
- Linear-only 1 1o 102 : =
B /\ — 1 Tev "59. Llnear'ﬂnly ;
- 95% confidence level BestFit 5% CL 1 13 i
i est Fi 1 13 209 Tev
I , ’ F 10 127 TeV 12.8Tev 146 Tev SEETER T E
* i i ] Q . 3
H— ZZ (prod.+decay)| —e 0.51 {-?-29,1 15-?] 1 I~ 1
i | -1.9, 1. I 1
- i ] o 1.67Tev =
VBF H - WW" (prod.)I - 015 (1088 | [T T EEEE 1.01 Tev 1.02Tev 1.16 Tev razTey .
i [-0.83, 0.85]
VBF H - yy (prod.)|- 0.29 E:g.gg, :Jlg]S]i 10 _— e s107ey 012 TeV 0.14 Tev 7oy |
WH, H — bb (prod.) —— 0.10  [-0.63,0.84] o2 ]
i | [-0.59, 0.59] 5
r H-Zzz" H- ww+ H-yy WH,H - bb Combined
VBF H - 11 (prod.)[- — 0.21 [-0.22, 0.67]
. [-0.41, 0.43]
Combined| _.._ 0.17 [-0.14, 0.49]— Phys. Rev. Lett. 137 (2026) 021801
B [-0.28, 0.29] ]
-1 0 1 2 3 4

CHW

- Recent result from ATLAS combining several measurements (this case only considers the SM +
interference terms “linear only”)

- Interesting to convert C into a BSM scale A (assumption on possible coupling): for large values of the
coupling, testing scale A up to 21 TeV, but for weak coupling (0.01) range is ~outside EFT validity (A ~ E)
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CP interactions H-Fermion

L )\f(ﬁlfH’l;f'lpf + i%fﬂqﬁf’)ﬁ’)w}“)

Mixing angle

tan (ay) = Ry/Ky

- Particularly interesting to study CP in H-Fermion = Unlike H-V interactions (CP-odd operators only
possible at d=6 suppressed by 1/A?), for Fermions d=4 CP-odd terms are possible, SM corresponds to

o~0 and k=1 - Pure CP-odd 0,=90°

 Possible in H>tt decays and ttH/tH production
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CP interactions H-t lepton

CMS Simulation 13 TeV
> L l T T T I LI T T 7T | T 1T T 1 | L T_
5 [ — CPeven <--- CPodd ) JHEP 06 (2022) 012
0.9 = CP mix - Z —
i e il
: A 5
0.08— . . R dr B T
I Ea (H—171t7) ~1—=b(EY)(E™) = cos(¢pcp — 24777)
I d¢ 16
[, CP
0.06—+ -
;: -" --------------------------------- - i
[ —— ¥ Tt ct(t )~90um
0.04 — -
- Point of minimal distance
0.02— |
ottt — ' o p;::;S GeV LAB frame
B L1 11 | | I | I | I | ‘ | I | | | | L1 11 i
0 60 120 180 240 300 360
q)cp(degrees)

- Angle between the t—lepton decay planes in the Higgs rest frame is sensitive to CP mixing angle o
« Ocpisthe angle between the t leptons decay planes in the H rest frame

- Functions b(E) encode the correlation between decay particles’ energy and tau polarization (chiral structure of
Weak interactions), different for t = lep, &, p(n*n’) and a,(n* n~ =", ntn’ n%) + v decays

- 4 different methods employed to reconstruct ¢, depending on the t decay products. For example, for t>ntv
use the impact-parameter method: plane defined by the t direction and its impact parameter vector 96


http://dx.doi.org/10.1007/JHEP06(2022)012

CP interactions H-t lepton

JHEP 06 (2022) 012
—1

CMS 137 fo (13 TeV) Q 12 oM 17 (3TeV)

-E : T T T | T T T T | T T T T T T T T | T T T T | T T T T : - . /\HTT o ° o -
o0 _ — Observed: & = —-1+19°(68.3% CL -

8_ 1.4—_—+— Obs. — Bkg pp + fﬂ:p + up + ep = ke i Igbs. ( ) i
@ [ [ Bkg.unc ] Q10+ - Expected: &0 = 0+21°(68.3% CL) —
§ 10— aH’ct =0 1 (TI ]
(1)) T aH‘ct =90° e B
o S -
L T e i
S 08l — i
Clg) : — I—ﬂ— L e | —_
= 064 o —_— I i
T C
@ 0.4 —
> C
<C

o
N
TTTT

ilJ_LLllllllIII|IllIlII|IIlJ

o
BN

0 1 1 1 60 1 1 1 1 120 L L L 1 180 1 1 1 1 240 1 1 1 I300 L L L 360
degrees
0, (degrees)

Several 1t decay channels combined
Measured CP angle a™ =-1+19°, recently updated in arXiv:2606.03510 to o** = 74+16°
Full CP-odd interaction excluded at ~3 standard deviations (CL 99.7%)

For HL-LHC projected precision a** ~+3°

a7 (degrees)
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http://dx.doi.org/10.1007/JHEP06(2022)012

CP interactions H-top quark

- The study of the ttH and tH processes is sensitive
to the CP structure of top-Higgs interaction

- A pure CP-odd term with the same Yukawa
coupling strength as in the SM would significantly
alter ttH, tH production rates (and also ggF and
H=>vy)

- Very stringent constraints on the CP-odd coupling
can also be derived from the EDM, but they
assume SM-like interactions between the Higgs
boson and the 15-generation fermions

- ltis also interesting to study CP-odd terms being
agnostic on production yields and interactions
with other SM particles relying mainly on the final
state kinematics

L= gk [cos(@) +isin(a)ys] g} H

Phys. Rev. Lett. 125 (2020) 061802

Prediction normalized to SM

10

T I L T | T T T

T | T T T T

ATLAS Simulation

—ttH inc.

—tHjbinc. -
—tWH inc.

T T | T T T T [ T T T T I T T
{s=13TeV, 139" _

ggF

N IR B
-150 -100

N
-50

0

coa b e b by
50 100 150
CP mixing angle o [deg.]

88


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802

CP interactions H-top quark

A nice example is from the ttH/tH with H>yy from FH tHjb WH
ATLAS using Run 3 data e 8 T ,
Four-stage categorization strategy based on Graph :i'{ ;%‘\ b%”
Neural Networks (GNN) g - 171

1) Leptonic vs hadronic top decays = 2 categories
2)  GNN to classify ttH, tHb, tHW - 3 categories

)
)

3) GNN to classify CP-even vs CP-odd
)

4) GNN to classify Higgs signals from bkg. o, Lepionic &H ,, Hadronic 7H
. . . H L
This results in 32 categories oo — . 071
. . 0.31 0.55
In each category, fit to m,, to extract ttH, tH signal I . M L |
yields and a IR TH— L NP iy
e o H L
S 062 g oe7
Q. a
. 0.44 0.58
GNN inputs Q Q ", i
miss Q 0.00 : Q 0.00 “
Feature Jet I e ¥ Ey : tHjb tHib
1.00 T T T T 1.00 T T g
pPr Pr Pt pr/m by pPr H M L
Kinematic g Z :t]r Z 2 0.68 o | 0.67 p |
pr x coshy  ppxcoshy ppxcoshy pp/me, xcoshny  pr 0.49 057
b-tagging PCBT bin 0 0 0 0 H M L
Charge 0 41 +1 0 0 0.00 L 0.00 ' - N
Node Type 0 1 9 3 1 00 01 02 03 04 05 0.0 0.04 0.08 012 05
p(bkg) p(bkg)
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CP interactions H-top quark

- Simultaneous measurements of ttH and tH signal
strengths

- Constraints on a agnostic on production rates (ttH
and tH signal strengths “profiled”):

. o] < 38° @95% CL

arXiv:2606.04855
7 ; . .
T | ATLAS Ang
gl Vs=13TeV, 140fb- Run3
_ 1 Combined
\/g =13.6 TBV, 164fb —=== (alibrated 95% CL upper limit
ﬂ‘"-‘\\‘
-~ % Y ___’—_1
xh_‘
O~ =25 0 25 80 75
CP-mixing angle o [deg.]

S - . . - . =
< 1251 ATLAS -==- Exp.68% CL _|
 Vs=13.6TeV, 164 fb! R ObnlE
10.0 ; ttH/tH, H- Yy Obs. 95% CL 7:
- Best fit .
50 —
251 -
0.0 —
-25(- —
-5.0 05 10 15 2.0 25
HuH
ie}
© ATLAS — ttH +tH a=0°
>30r \/5- 136TeV, 164101 - tiH o=45"
e i 1 4 Data - Bkg. a=90"
= Weighted In(1+S/B), S = tiH + tH
0N 251
20+ l
15} [
10+
50 S
0 CP-even CP-mix CP-odd
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https://arxiv.org/abs/2606.04855

The High Luminosity LHC




The Phase |l upgrade program

- ATLAS and CMS are working on an ambitious Phase Il upgrade aimed at maintaining the detector
performance, and in some cases improving it, in the harsh high-luminosity LHC running conditions

- Designed to cope with up to 200 interactions per bunch crossing to reach 3 ab™ good for physics

— i 3500
e | 3000
Al [ORONONORY, '
£ 6 - 4 2,
FvSO 5 . ’ 1 2500 4(%‘
200 interactions / BC © 1 2000 o
170 interactions / BC g 4 5 I=
B ~ 3
S 3 - 1 1500 =
£ ] 2
5 2 11000 ®
: o)
g 1 . 1900 =
o o :
0 - 0

2010 2015 2020 2025 2030 2035 2040
Year




The ultimate HL-LHC precision

ATL-PHYS-PUB-2025-018/CMS-HIG-25-002

« Precision on coupling modifiers « :
- ~1.6-3.0% precision assuming no BSM contribution to
Higgs boson width (using ratio of couplings we can
relax this assumption with similar performance)
- Statistical uncertainties ~0.7-1.2%
- Experimental uncertainties comparable to stat. ones Ky
(most of them scale as 1/VL) Ky
- Theory-prediction uncertainties are an important Kz
limiting component for several coupling modifiers: in Kq
this plot a factor 2 improvement relative to current »
precision is assumed t
- Very challenging for ggF (dominant production) o
that is already computed at N3LO in QCD Ky
perturbative order K,
Kz

Vs =14 TeV, S2, 3 ab' per experiment

| Total
—— Statistical

—— Theory

—— Experimental

ATLAS+CMS
Projections ESPPU 2026

Uncertainty [%]
Tot Stat Exp Th
18 0.7 09 1.3

1.6 0.7 06 1.3
16 0.7 05 13
24 08 0.7 22
34 08 09 32
36 1.2 1.2 32
19 08 0.7 1.5

3.0 27 09 1.0

008 0.1 0.12
Expected uncertainty
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HH and Higgs self-coupling at HL-LHC ...

_1 .
ATL-PHYS-PUB-2025-018/CMS-HIG-25-002 . 3 ab™" per experiment (14 TeV)
0 12 : : < | ATLAS+CMS d
c ATLAS +CMS Pprojections ESPPU 2026 ;| Projections ESPPU 2026 g 1
3 lol V5=14TeV, 3ab™" per experiment 6l 52 i !
E SM HH production (k) =1) i
=y 51 § L
(73] . - ] L
= 8 mem bbbb 4 | {
g _ 3| ik
2 mam bbyy ol I I !
£ 6t wa bbTT .
[ mmm Combined 1"""_"""""]' _______________________________________________ i
T 0 .
T "
-1 gt i 95%Cl
_2|| f 68%Cl 1
3510 1 2 3 4 5 6 7 8
L3 |
6 I EERE | R
ESP\"UZO2 ',,,-Og Ll ' I I I I l L _
e e ]
2 1 0 1 2 3 4 5 6 17 8
Ktrue
3

One of the main physics goals of the HL-LHC program is the observation of the HH process and the measurement of the

Higgs boson self-coupling with a 30% precision = we will need 3ab™ good for physics per experiment to achieve it
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Summary

- There is a before and an after in Higgs boson physics: 4 July 2012 marked the beginning of an
extremely challenging and interesting era focused on the measurements of the properties of
the Higgs boson

- Very rich LHC experimental program: fiducial cross-sections, STXS, rare decays, HH, CP
properties, extreme kinematic regime, ... | tried to give you a quick, partial (and biased)
overview

- Improvements in experimental techniques and in physics-object reconstruction (mainly based
on ML but not only) are having a huge impact on the sensitivity of the experimental studies:
precision improving more than 1/4/L!

- The HL-LHC (adding ~5 times today’s data) will challenge the SM in the Higgs boson sector at
the 102 level and will hopefully allow us to shed more light on the Higgs boson potential

- The future looks bright for young and brilliant HEP physicists ... | look forward to seeing how you
will benefit from the great opportunities offered by the current experimental programme!
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ATLAS and CMS detectors

muon detectors tile calorimeter  liquid-argon calorimeter

s SCT tracker pixel detector TRT tracker

solenoid magnet

momentum, impact parameters, decay vertices

CMS DETECTOR STEEL RETURN YOKE

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

Overall diameter :15.0m Pixel (100x150 ym) ~1m? ~66M channels
Overall lgngth :28.7m Microstrips (80x180 um) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: $40 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
~ licon strips ~16m? ~137,000 channels

\ FORWARD CALORIMETER
" Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

- Electromagnetic calorimeter: identify and measure electron and y energies

- Hadronic calorimeter: measure energy of “stable” hadrons: «, K, n, K%, p, etc.

« Muon detector: identify and measure momentum of u

- L1 (hardware-based) 40 MHz - ~100kHz
- HLT (software-based) ~100KHz - ~10-15kHz

Trigger system: use all detector elements to select “interesting” events to be recorded, 2 level structure:
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®
X
5 i
oe Alram v
The dashed tracks Tracker
'—‘— d are invisible to ' N
LAl the detector Electromagnetic
Calerimeter
Hadren
Calorimeter Superconducting
Solenoid Iren return yolke intersparsad
with muen chambers
Pixel/SCT detect .
PO Muon Electron Charged hadron (e.g. pion)
- =« Neutral hadron (e.g. neutron)  «c... Photon

- They measure the particles produced in the pp LHC interactions:
- |ldentify: e, U, T, v, non-interacting particles (v) via missing transverse energy,
clusters of particles (jets) including their “flavor”
- Measure their energy, momentum, charge, lifetime (viaimpact parameters and
decay vertices)



Standard Model Production Cross Section Measurements

Status: July 2026

‘8_ 10 B % ATLAS Preliminary Theory
b 100 V5=5,7,8,13,13.6 TeV
<
. 40 LHC pp +5 =13 TeV
10 & . . _ e S WA
< 0
ﬁav Not Onl-y nggs eee LHCPP '\-F—ETI.""'U"
1[]4 - Data 2
LHCpp Vs=7 TeV
- Data 4.5-4
1[]3 oo _
*. O v
2 - HO- W W
10 v “0 8 |ol —
¥ & a &
g tot. Cop
10° ”
aVEF ° I a
g g
1 .}HE% a o IE_I“ ';'.lzl_-o:
VH B o
107! o w8
:EHI WZ 20
2 wi. % -
10_ DPS-W=W=
]
o] w z t t Wit H wWw Wz F 4 t W iz titt
v
t-chan s-chan

Large variety of SM
processes with
measured G’s spanning
over 13 orders of
magnitude

- pp-QCD~100mb

« V~200-60 nb

. VV~100-20 pb

« H~60pb

- 4-top~15fb
Production rates at
2x1034cm=2s7 (20nb's™)

e V~4-1.2 KHz

« VW~2-0.4Hz

e« H~1Hz
LHC was a “factory” for
many SM processes

At the HL-LHC these
rates will increase by
about a factor of 3
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Pt-Higgs

puH: @ major probe for Higgs physics

measurement | i, ] oo
0 20 ::,,[G:?I] 80 100 § UL e M \\\\
. Low py Bulk of the distribution Boosted
Light Yukawas... Highest precision ggH vs ul, EFT...
/
T STTETOY tb.c,
4 Q00000

- Higgs Pt spectrum dominated by gluon fusion production (ggF) - not true at very high Pt
- Full range sensitive to several BSM effects:

- Higgs couplings to charm, bottom, top, BSM Top partners (A.Banfi, A.Martin, V.Sanz ‘13) , EFT operators, ...

07/31/19
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https://arxiv.org/pdf/1308.4771

Inference of [

from off-shell Higgs production

Process Uncertainty Final State  Value (%)
ggF Signal Region
qq — ZZ QCD Scale 202v 4-40
qq — ZZ+2j QCD Scale 4¢ 21-28
qq — ZZ+2j QCD Scale 202y 22-37
qq — ZZ+2j Parton Shower  2£2v 1-67
gg — H* — ZZ  Parton Shower 4( 27
gg — H* — ZZ  Parton Shower  2{2v 8-45
gg 2 Z7Z Parton Shower  4( 38
gg > Z7Z Parton Shower — 2{2v 643
WZ +0j QCD Scale 202y 1-54
I-jet Signal Region
gg - H" — ZZ  Parton Shower 4{ 27
gg - H"— ZZ QCD Scale 202v 13-18
gge o ZZ Parton Shower 40 38
gg = 27 QCD Scale 202v 18-20
qq — ZZ (EW)  QCD Scale 202v 7-18
2-jet Signal Region
qq — ZZ +2j QCD Scale 4¢ 18-26
qq — ZZ+2j QCD Scale 202y 8-32
gg — H* — ZZ  Parton Shower 4( 27
gg — Z7Z Parton Shower  4f 38
88 — 27 QCD Scale 202v 18-20
WZ+2j QCD Scale 202v 20-22
qq — ZZ Control Regions
qq — ZZ+2j QCD Scale 4¢ 26
Three-lepton Control Regions
WZ +2j QCD Scale 202v 28

-2In(A)

20
18
16
14
12
10

- ATLAS

- Obs-Stat. only: 1.1fg':
— Obs-Sys: 1.1" .

‘[_ITI|7I1TII

- —— Obs-Sys

- On + Off-shell combined — - Exp-Stat. only
- 13 TeV, 139 fb! — Bxp-Sys

- +0.8

— - Obs-Stat. only

Exp-Stat. only: 1.0

. ‘oo 09
Exp-Sys:1.0_ '

/ 20
/ ---------------------------

15 2 25 3 35 4

SM
ryre

- Measurement is still statistically limited, but systematic uncertainties start to play a significant role,
dominated by modeling uncertainties on the signal (gg—=2>(H")2>VV) and background (qq—=2>VV) processes
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H 2> up example ATLAS analysis

0.3

Signal extracted via an analytical fitto m , spectra = ATLAS Smuation
C Vs=13.6TeV
025 H 4

Illll

Fraction of events

Signal modeling: Double-Sided crystal ball

o VBF Categories

0.2 0-jet Categories
C Gcg = 3.10 GeV

Gg = 2.76 GeV

llllllllllll]ll

Bkg. Modeling: based on Core x Empirical analytic fit or spectra s ioiCaingoris =, i Celopores
- Core DY same for all categories (no free DOF) o gt
- Empirical: flexible enough to adapt to mass distortions caused by o0sf / ]
selection, between 1 and 4 shape DOF depending on category (plus NES — T = —

normalization) My [GV]

Choice of the bkg. function:

[ ATLAS Simulation ¢ Simulation

- Required good quality fit on: MC, data SB: prob(y?) > 1% for all § oF Simuaton -
samples/categories E " coerdt

° ° . . . . . Lﬁ - i ategor —— Signal pdf -

. Spurious Signals: defined as signal yields obtained from a fit to the [ VBF Hion Category ot eito ]
oL x( ) = 34% E

PO®) = 34% ]

background-only MC spectra = require to be below 20% stat.
uncertainty

« Choose the functions with smaller number of DOF that passe the - B
criteria described above (see next slide for list of functions) R PApes+s

s}
o) OOOO

© 0 B
o o _
o000 0o © Empirical pdf

HixPowerQ
tn

Background modeling uncertainty from the Spurious Signals
measured in each category

CMS use a similar approach based on “core-PDF method” and
“discrete prOﬁling” T BRI T BT R T R F R PTU R TR T M TR T

m,, [GeV]

Sim. / Bkg. fit
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H 2> up example ATLAS analysis

- Choice of the bkg. function:

- Required good quality fit on: MC, data SB: prob(y?) > 1% for all
samples/categories

- Spurious Signals: defined as signalyields obtained from afit to

the background-only MC spectra - require to be below 20% stat.

uncertainty

- Chose the functions with smaller DOF that passes the criteria
described above (see next slide for list of functions)

- Background modeling uncertainty: the Spurious Signals
measured in each category

Uncertainty source Au
Statistical uncertainty -0.40 +0.41
Systematic uncertainty  -0.12  +0.15
Spurious signal -0.09 +0.09
Theory -0.07 +0.10
Luminosity -0.02  +0.04
Muon -0.02  +0.04
Jets, flavor tagging -0.01 +0.01
Other -0.02  +0.03
Total -0.42 +043

Function

Expression

PowerN Myp

N
EpolyN  exp(aym,,, +a2mi“+ o taymy,)

2 N
(a(,-b-alm'u”+a2m#”+...+aNm'u#)

Category Empirical Function
ttH-High Power()
ttH-Medium Epoly2
VH4L Power(
VH3L-High Epoly2
VH3L-Medium Epoly4
VH2L-High Epoly2
VH2L-Medium Power(Q
VBF High Power(
VBF Medium Power()
VBF Low Epolyl
VBF Very Low  Power(
2-jet High Epoly2
2-jet Medium Powerl
2-jet Low Power(
2-jet Very Low  Powerl
1-jet High Power()
1-jet Medium Epoly3
1-jet Low Power1
1-jet Very Low  Powerl
0-jet High Power(
0-jet Medium Epoly3
0-jet Low Powerl
0-jet Very Low  Epoly3
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H—>Zy

Phys. Lett. B 876 (2026) 140313 CMS-PAS-HIG-25-010
> L A L L B
& 180E- ATLAS Preliminary & Data E CMS Preliminary 138 fb' (13 TeV) + 62 fb™' (13.6 TeV)
~ 160F ¥s=13TeV, 139 fb —
o) - 1 — Total pdf = s E
o - : — Signal pdf = 0 50
S 100E H— Zy all categories Background pdf 3 o FE — S+B
= = In(1+S_ /Bg,) weighted sum = B0l ---- B only
1005 68 — = o ERtioc
-\ = -
80 3 = F 20
= = = 30— u = 1.10 +0.52(-0.60)
60 — o
40F- = B 20
20 = =
- ] ] ] ] ] - 10 -
o =
X R )] =
@ - B E T+
= - J - ++
115 120 125 130 135 140 145 o ml. 5 5 5 5
m_, [GeV] m. (GeV)
I — 0.6 H H
Run2+Run3: p=1.3"%°_, . significance 2.5¢ (exp. SM 1.90) Run2+Run3: p=1.10%"52  __ significance 1.9c (exp. SM 2.30)

- Select Z—> Il decays, fit to m,,, Categorization to enhance S/B

« Evidence (3c) achieved combining Run 2 ATLAS+CMS with slight excess in p not confirmed in Run 3
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https://www.sciencedirect.com/science/article/pii/S037026932600167X

HH in bbtt Run 3

- Analysis released for ICHEP 2026 combining mproved
Run 2 analysis with Run 3 (2022-2023) data

- Expected sensitivity to pyy improved by ~50% relative to
previous results:

- ~15% from an improved Transformer-based approach

arXiv:2607.26879

SR Preselection

l Transformer MVA (one for each channel)

Multiclass

Pggr» PvBF: PBr PBSM

Binary
My > 350 GeV, main-stream

Aux Aux
Top parentage

Higgs parentage

Py, wis PB, Hi

Lrotar = Lyuttictass + 10 Lpinary + 2 Lanxtop + 3 Laux

Higes

5 = Pygr

Categorisation score

cat —
Pegr + PyBr

« ~10% improved flavor tag GN2
« ~10% improved selection
« ~15% adding Run 3 data

. Measured i =2.6 14,

- Observed (expected) significance 2.6 (1.2) ¢

SR VBF SR Lo SR Hi
Sskvﬂr=ﬂ_l Ssnm:ﬂ‘ SR Hi = £t -1
Pver + Py Pesmt+Pp " Pur i+ Peowi
I T T T l T T T l T T T T I T T T l T T T l T T T I
ATLAS Vs=13/13.6 TeV, 140 /56 fb"
HH — bb t*1
—Total =—Stat. (Tot.) ( Stat., Syst.)
. i 3.8 34 418
Tlepthad Run 3 ' ! ¢ 3.3 tz.g (t2.7’ i1.o )
' 2.5 2.0 1.4
: 3.0 24 417
Thadthad Run 3 H ! = 2.8 i2_3 (—2.0 'y 1.0 )
: 1.7 1.4 411
hagThag UM <R e 28 (a5 )
y | 2. +1.9 1.4
' ! 3.0 t1.g (547, fo.s )
| +1.5 11 +1.0
Run 2 ——i 24 ] (%105 o5 )
. : +1. +1.0 +1.0
Combined “_._HI : I I |26 _11,g| (_()_gls 05 )I
O 2 4 6 8 10 12 14



https://arxiv.org/abs/2607.26879
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“Coupling

nference: combination single-H and HH

- ATLAS legacy Run 2 couplings
combination uses all H (STXS) and
HH measurements

Analysis Prod. L Ref. Comparison Measurements
modes [fb'] with Ref. [3] Incl. &« STXS
H—ZZ" - 4 All 140  [73] Unchanged v ».f’
H— WW* — fvlv ggF, VBF 140 [74] Updated v w v
H— WW* = fvlv, fvjj] VH 140 [75] FullRun2 w v
H— yy All 140 [76] Unchanged + +
H— Zy All 140 [70] Unchanged .
H—rT1r All, except (V — leptons)H 140 [77] Updated v v’ v
H— 711 {(V — leptons)H 140 [72] New v v
H — pp All 140  [71] Unchanged v
H — bb VBF 126 [5] Unchanged v ».f’
H — bb,cc {(V — leptons) H 140  [78] Updated w w v
H — bb (high p;f} All 136 [69] Unchanged v
H — multileptons itH 140  [79] FullRun2 v v’
H — bb ttH 140 [80] Updated w v v
H — bb tH 140 [81] Updated w w v
H — invisible VEF 140 [65] Unchanged w
H — invisible VBF +y 140 [68] New v
H — invisible {(V — leptons) H 140  [66] Unchanged v
H — invisible tH 140 [67] Mew w
HY — zz™*) ggF, VBF 140 [63] Updated v
H™ — wwi* ggF, VBF 140 [64] New v
HH — bbbb ggF, VBF 126  [6] New v
HH — bbbb (high p#’} VBF 140 [82] New v
HH — bbtt ggF, VBF 140 [83] New v
HH — bbyy ggF, VBF 140 [84] New v
HH — bb{f+ E;‘i*‘ ggF, VBF 140 [85] New v
HH — multileptons ggF, VBF 140  [86] New v
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“Coupling” inference: ratios of couplings A

General parameterization allowing all gauge and third generation fermion couplings to float allowing for invisible or undetectable widths

Free parameters: kg7 (= g - ¥z/%u), Mz (= xy/xz), Awz (= xw /xz), Moz (= ¥b/xz), Mz (= % /x2), hzg (= ¥2/¥g), Mg (= i /¥g)-

H — yy H— Z7Z® H— WW® H — bb H— 1t
ggH ng ' 7‘*32 ng Kéz Mz Kéz Moz Kéz Az
ttH KezMs * Mz KozMe Kezhis - Myz Kezh - Moz Koz * My
VBF k707 <vpr(LAwz) - Ny kzhz kipr(LAdwz) G707 <opr(Ldwz) - Myz k707, <pr(L Awz) - My k77, (L Awz) - Ay
WH ngl%gl%vz : 7‘32 ngx%gl%vz “:ézh%gx%vz ' 7*~%VZ ngl%gl%vz Az ngx%gk%vz ‘Az,
ZH ngk%g ’ 7“32 ng?“%g ngk%g ) h%vz Kézk%g : 7‘"1232 ngx%g 'kzz

2 SM
K, = Pt‘i/Fz‘é

- A parameterization that does not require assumptions on ', is based on the coupling ratios + global
scale factor for a specific i 2 H = f process: c[ggF(H2>Z2*)] =k, x o[ggF(H=>Z7%) g

- All production processes i 2 H = f expressed as a product of ic,; X [ iz X A7]

« Pros: noassumptionson I
- Cons: all scales as the measured o[ggF(H>ZZ*)]/c[ggF(H=2>ZZ*)]qu

108



“Coupling

»
I

nference: ratios of couplings

Rep. Prog. Phys. 89 (2026) 087801

|AyzI
| Abz|
|Az]
|Auzl

CMS

138 fb~! (13 TeV)

o]
— 68% CL (stat & syst)
— 95% CL (stat & syst)

my = 125.38 GeV
psmw = 0.14

Observed

SM expected

-1.5 -1.0 -0.5 0.0 0.5 1.0

1.5
Parameter value

ng

arXiv:2608.07332
hji:-' ATLAS
= {s=13TeV, 126 - 140 fb"
—— mH= 12509 GeV, |yH|<25
I= = == ==
B —e— Observed,p_ =77%
o— SM
==l - -l
- - -m - Expected
——
g i —— SM prediction
——i
= == =1
——i
| = == =4
——
== ==1
e e === ———f ————— 1
....I.\\\|....I...._T_....I\\..lu...l....l.u.l. 'l

.
0.6 0.8 1 1.2 1.4 1.6

.
1.8
68% CL interval

2 ' 3 4
95% CL upper limit

- Run 2 legacy results: CMS p-value SM 14% and ATLAS p-value SM77%
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http://dx.doi.org/10.1088/1361-6633/ae72c4
https://arxiv.org/abs/2608.07332

EFT d=6 operators bosons

arXiv:1610.07922

Table 97: Bosonic D=6 operators in the SILH basis.

Bosonic CP-even Bosonic CP-odd
1 f 2
On 202 [8#(H H)}
2
Or 2 (#'DH)
O¢ ~A(H'H)? ]
v ~ i ~a a
0, —gf?—HJrH GG 0Oy ;%H HGGuy
My ~ 12 ~
'3 ot O 4. H'HB,B,,
0, :;%VH HB,B,, v 2, "
i i i
Ow | 3% (H's'DuH) D W},
Op | 4 (HTS;H) 8,B.,

. : - 4 (D,H'6"D H) W
Onw | & (DPHfJ“DVH) W, Onw miy ( e ‘: v )
Lt 9
Oup | % (DPH"D;,H) B, Ous | 3, (D wH DM ) B

Oow ﬁgpﬂwgyppwgv
Oyp ﬂ—}lgaﬂBwapo,
Os¢ —-D,G},,D,Gy, ~ S kT e
my HTH P p ng ﬁEIJkW;yW;EPW;L

3 .. . .
g ijkyrri ¥l k
03W iy € WPVWVPWPP H gs_‘ abe ~a b c
93 abe ~a b c 03G m%v f GF'VGVPGP”
O3G m%v f Gp.VGVpGpp,

Warsaw basis

Oyw = (H H) WL, W
Oug = (H'H)B,,B"

Ouwg = (H't'H) W, B*
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defined in the left figure
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https://doi.org/10.1007/JHEP07(2026)238

CP interactions H-t lepton

CMS Simulation 13 TeV

a.u.

JHEP 06 (2022) 012

0.1

dr 4+ __— + — 7-[2 Htt
(H>1t"7t7)~1—b(E")b(E" )~ cos(¢pcp —2a""")
dcp 16

008

0.06

Cr(ri)~90pm

0.04

0.02

LAB frame

klllll\l\llll\I‘I\II'I\I\'\IIJ
0 60 120 180 240 300 360

q)cp(degrees)

- 4 different methods employed to reconstruct ¢.p depending on the t decay products.

- For example, for t2>n*v use the impact-parameter method: plane defined by the «t direction and its
iImpact parameter vector

- Approximate the Higgs rest frame using the 0-momentum frame (ZMF) of the charged decay products,

both vectors boosted in this frame and used to build the two planes and their angle 1


http://dx.doi.org/10.1007/JHEP06(2022)012

CMS Peking University Xiaohu Sun LCHP2026

CMS upgrade tor HL-LHC 9

Barrel Calorimeter Muon system
Tracker e ECAL crystal granularity readout at 40 * New Dirift Tubes (DTs) &

e Enhanced radiation tolerance MHz with precise timing for e/y at 30 Ge Cathode Strip Chambers
* Increased granularity  New ECAL and HCAL back-end boz (CSCs) FE/BE readout
e Extended coverage to || ~ 4 <~ ; * New Resistive Plate Chambers
e Designed for tracking in L1T (RPCs) BE electronics
e New Gas Electron Multipliers
(GEMs) & 1RPCs

MIP timing detector (MTD
e Barrel: LYSO crystals + SiPMs
e Endcap: Low-gain avalanche diodes

e 30 ps timing resolution

e Full coverage to || ~

e Extended coverage to |n| ~ 3

Level 1 Trigger
ew track trigger at 40 MHz

icle flow selection
0 kHz L1 output
| vy MHz data scouting
High-Granularity Endcap Calorimeter (HGCA!& V' Bl latency: 12.5 s
1\ ¢ / f /. . 4 DAOQ & High Level Trigger (HLT

e Imaging calorimeter i :
e Si, Scint+S1PM in Pb/Cu-W/SS MM——ML—W # Fulloptiedl readout.
and Luminosity (BRIL e Heterogeneous architecture
o Target 1% offline (2% online) e 60 TB/s event throughput

luminosity uncertainty e 7.5 kHz HLT output

* 3D showers and precise timing


https://indico.cern.ch/event/1537360/contributions/6834993/attachments/3275935/5854347/CMS%20upgrade%20ICHEP%20-%20Xiaohu%20SUN.pdf

The Phase |l upgrade program

1% luminosity accuracy ATL-UPGRADE-PUB-2025-001/
New and upgraded forward

and luminosity detectors

Improve trigger performance/rate:
more physics despite more PU - LO trigger at 1 MHz, EF 10kHz

Trigger & DAQ upgrades

Improve muon trigger coverage,
electronics and performance

New muon
chambers &
electronics

30ps time resolution pertrack
Improve PU rejection in forward region

New High
Granularity
Timing Detector

(HGTD)

Full granularity data accessible at L1
trigger, increased rate capability
Calorimeter

electronics
upgrade

New all silicon Inner Tracker (ITk)
Improve tracking performance: increased coverage,
reduced occupancy, better track p; resolution

ATLAS

EXPERIMENT
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-UPGRADE-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-UPGRADE-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-UPGRADE-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-UPGRADE-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-UPGRADE-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-UPGRADE-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-UPGRADE-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-UPGRADE-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-UPGRADE-PUB-2025-001/
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