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Large Hadron Collider

e Large Hadron Collider (LHC): 27 km superconducting proton-proton collider at
CERN.

e Energy: /s = 13.6 TeV in Run 3, probing the TeV scale.

e Experiments: ATLAS, CMS, ALICE and LHCb study SM physics and search for
BSM phenomena.

e Landmark result: Higgs boson discovery in 2012 by ATLAS and CMS.

For proton-proton collisions:
e Run 1 (2010-2012): /s = 7-8 TeV,
Ling 2 26fb~1
e Run 2 (2015-2018): /s = 13 TeV,
Lint ~ 147 b1

* Run 3 (2022-2026): /5 = 13.6 TeV, §
Ling ~ 332fb~1




ATLAS Experiment

e ATLAS: A general-purpose detector at one of the LHC interaction points, located
~ 100 m underground.

e Design: Concentric tracking, calorimeter and muon systems provide
near-complete coverage around the interaction point.

¢ Physics programme: Higgs boson, Standard Model precision measurements and
searches for physics beyond the Standard Model.

Main detector systems:

44m

¢ Inner Detector:
Charged-particle — -
tracking, vertex . S e U=
reconstruction.

e Calorimeters:
Energy
measurements. 25m [}

e Muon ml\\\\\ /
Spectrometer: \i‘
Precision / U\ s e
recon St ru Ct on Toroid magnets LAr eleciromagnetic calorimeters
identification of Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

muons.



High-Luminosity LHC

e Goal: Increase the LHC luminosity to significantly expand available statistics.

o Instantaneous luminosity: 7.5 x 103* cm™2s71 vs 2.4 x 103* cm™2s~! in Run 3.
o Integrated luminosity: ~ 3000 fb~! over ~ 10 years.

e Collision energy: /s = 14 TeV.

e Pile-up: Up to (u) ~ 200 interactions/crossing.

e These conditions require substantial upgrades to LHC and experiments.
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Inner Tracker (ITk)

Designed to replace the current Inner Detector to provide precision tracking under
HL-LHC conditions.
All-silicon tracker consisting of:

¢ Inner Pixel Detector: tracking up to |n| = 4.

e Outer Strip Detector: tracking up to |n| = 2.7.

Designed for high occupancy and radiation levels at HL-LHC.
Lightweight carbon-fibre structures with integrated CO; cooling.
Provides improved tracking performance.




Why Study Higgs Pair Production?

Higgs pair production directly probes the Higgs potential and provides sensitivity to
deviations in Higgs self-interactions and Higgs-vector-boson couplings.

k) - Higgs self-coupling Kkov - VVHH coupling

2
my, A

— SM
: Ky = ) BVVHH = K2V 8y\VHH-
22 ASI\/I

Asm =

e Probes interaction of two Higgs
bosons with vector bosons.

e Particularly relevant for VBF HH.

e Direct probe of Higgs potential.
e Modifies triangle contribution.

¢ |nterferes with box contribution,

. - - . i i i
affecting rate and kinematics. Deviations can modify rates and

kinematic distributions.

Relevant interactions

Lint O —Kx ASM VH3 + Rov VH2V#V“ + -




Higgs Pair Production: bbrtr—

Cross section for HH production

o(pp — HH) ~30-40fb (/s = 14TeV)

~ 103 times rarer than single-Higgs production.

Many decay channels:
o bbbb bb Ww T 4 'A%

o bbrtr—
_ bb
o bbyy

e And more...

WwWw 25% 4.6%
Focus
T 7.3% 2.7% 0.39%
HH — bbrtr~
Y74 3.1% 1.1% 0.33% 0.069%

Large branching fraction

with manageable
backgrounds; b-tagging YY 0.26% 0.10% | 0.028% | 0.012%

and 7 identification
provide powerful analysis
handles.
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Jet reconstruction

e What are jets?
= Collimated sprays of hadrons
produced by the fragmentation and
hadronization of quarks and gluons.
= Reconstructed from energy deposits
and charged-particle tracks in the
detector.
¢ Reconstruction: Jets are clustered
using the infrared- and collinear-safe
anti-k7 algorithm.

e Anti-k7: Objects are iteratively
merged according to their transverse
momenta and angular separation
AR.

e Jet radius: Typically R = 0.4,
producing approximately conical jets.




Introduction to flavour tagging

Goal: Infer the flavour of the parton
initiating a jet from its internal
structure.

b-jets: Jets originating from beauty
hadrons, which have relatively long b-jet
lifetimes (7 ~ 1.5 x 10~%2s).
Displaced decays: B hadrons
typically travel several mm before
decaying, producing displaced tracks
and secondary vertices.

light jet

Jet topology: The presence of Secondary vertex

secondary vertices and large track
impact parameters provides strong

discrimination against light-flavour Impact
jetS. parameter

Flavour taggers: Combine these
kinematic and topological features
to classify jets as b, ¢, T or
light-flavour jets.




GN2 flavour tagging algorithm

e GN2 is a Transformer-based flavour tagging algorithm that directly processes jet
and track information.

e Uses jet-level and track-level kinematic and tracking variables.

e In addition to jet flavour prediction, auxiliary tasks identify origins of tracks and
whether track pairs share a common production vertex.

e At comparable b-jet efficiency, GN2 achieves substantially higher c-jet and
light-jet rejection than its predecessors.

bjet
light jet P s §
X 7 .
/ (S
51/ 2%
Sl Initial track Conditional track
$ Secondary vertex representation represemuuon
S —_—
;i xc3
primary vertex © < > — §g§ —
Impact 3
parameter S
Transformer 2
—|Ee3—
Track inputs Combmedmputs $ §
&
Jet inputs.
() -
e
Mgacks X Myp iacks X (g + M)




Retraining GN2 for Run 4

e Changing detector conditions: HL-LHC operation introduces /s = 14 TeV,
() ~ 200 and a completely new Inner Tracker (1Tk).

e Domain shift: GN2 is trained on Run 2/3 simulation with the current ATLAS
detector geometry. Its performance is not guaranteed to remain optimal with
Run 4 detector conditions.

A training on Run 4 simulations is performed to assess the performance of the model
at high-lumi conditions.

¢ Run 4 training samples: ~ 115 million simulated jets from tt (75%) and Z’
(25%) samples, covering pr = (20, 250) GeV and p1 = (250, 6000) GeV.

o Full detector simulation: Events are processed through the Geant4 ATLAS
simulation, including the Run 4 1Tk geometry and high-pile-up conditions.

e Training preparation: Jets are rebalanced across flavour classes in (pr,7) bins,
input variables are normalized, and the dataset is split into 80% training, 10%
validation and 10% evaluation.

e Goal: Obtain optimal flavour-tagging performance under the detector and
collision conditions expected throughout the HL-LHC programme.




Flavour Discriminant

A flavour tagging discriminant is built from the scores provided by the model:

Dy = log ( Pb >
fepe + frpr + (1 —fe — fT)Pu

® pp, Pc, pr and p, are the GN2 classification scores for b, ¢, 7 and light jets.
e fo and f-: Relative fractions of backgrounds.

e The discriminant threshold defines the desired b-jet tagging efficiency.

e Working point: Fixed b-tagging efficiency ¢, by cutting on discriminant.

e f. optimisation: Scan f. and, for each value, determine the threshold giving the
desired €.

e Optimal value maximizes both c- and light-jet rejection: fc = 0.1




ROC Curves

e ROC curve: Characterizes performance of binary classifier by comparing signal
efficiency with background rejection.

e For flavour tagging, b-jet efficiency ¢, compared against rejection of c- and
light-flavour jets.

e Curves obtained by scanning threshold on flavour discriminant Dy.

e Compatible to Run 3 at low p7, improvement up to x40% at high pt.

e Improvement attributed primarily to 1Tk, with improved tracking efficiency and
impact parameter resolution.
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Flavour Tagging Performance vs |7|

Detector dependence: ROC curves are evaluated in different |n| regions to study
spatial variations in tagging performance.

Central region: Best performance is observed at low |n|, where tracking coverage
and resolution are optimal.

Forward region: Tagging performance degrades with increasing |n].

Largely driven by higher density of passive material in forward regions of ITk,
degrading tracking performance.

Despite reduced performance, flavour tagging at high |n| is a significant
extension of Run 4 acceptance, these regions are not accessible in Run 3.

c T B e e T L B o
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= 5 E
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Efficiency Variations with Kinematics

T T T T
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Motivation: HL-LHC conditions introduce /s = 14 TeV, (u) ~ 200 and the new
ITk detector, requiring dedicated retraining of GN2.

Run 4 GN2: Trained on ~ 115 million fully simulated jets with Run 4 detector
geometry and high-pile-up conditions.

Performance: Compatible with Run 3 training at low pt, with up ~ 400%
improvements in background rejection high pt.

Kinematic dependence: Performance varies with both pr and 7; the largest
gains are observed at high pr.

Forward region: Tk extends flavour tagging to |n| = 4, but performance
decreases at large |n| due to increased passive material and degraded tracking.

Overall: The Run 4 GN2 training provides reliable flavour discrimination while
extending b-tagging coverage into previously inaccessible forward regions.
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Physics Object Reconstruction

¢ Electrons and muons: reconstructed and identified using standard ATLAS
algorithms.

e Jets: Reconstructed with PFlow and calibrated to the particle energy scale.

e b-jets: ldentified using GN2 at the 85% b-tagging efficiency working point.

Thad: ldentified with narrow, low-track-multiplicity signatures identified with
dedicated RNNs.

Missing Transverse Energy (MET): The transverse energy imbalance in a
collision, arising when particles such as neutrinos or other weakly interacting
states escape detection

Final states of 77 pair:

Tlep Thad
ep e Thad Thad
One decay leptonically, the other

hadronically. Both decay hadronically.

These are treated by the analysis as different channels.
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Missing Mass Calculator

e 7 decays contain one or more neutrinos, which are not reconstructed by ATLAS
= the 77 system is under-constrained.

e The system has 6—8 unknowns but only 4 kinematic constraints, including:
E_,[niss = ﬁT,ul + 57',1/27 mg— = (pvis + pu)z-

¢ Missing Mass Calculator (MMC): adds probabilistic constraints from simulated
AR distributions of visible and invisible decay products:

L = —log[P(AR1, p1) P(AR2, p2)] -

e Scans the neutrino phase space and selects the most probable m,=:

(o1s Pu) hadronic,
(buy» Pryy M) semi-leptonic,
(w15 Pry, My, my,)  fully leptonic.

e Performance: unbiased mass reconstruction with ~ 8%—13% resolution before
detector effects, degrading to ~ 16% when detector resolution is included.
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Trigger Strategy

Tlep Thad Thad Thad

¢ Single-lepton triggers. e Single-T,q (STT).

e Thresholds and identification ® Di-Thaq (DTT), Requires two y,q
requirements evolve with the candidates at trigger level.
data-taking period. e Di-b-jet (DBT) Targets the bb jet

signature, requiring two jets with
b-tags.
[ stroain-stream) Single-,q trigger (STT)
I:I DTT (Main-stream) Di-7y,,4 trigger (DTT)
I:I +- DTT (Delayed-stream) Bucket 3: Di-b trigger (DBT)
D DBT (Delayed-stream)
< Run 2 2022 + 2023 (1200b) 2023 (2400b)
8
‘_.g
2
°
8
E
17}
30 = 30 30
20; t 20, T 20,
‘Ag 40 180 () /0 40 180 /'o 30 40 180
§Q,~° Leading 7,4 [GeV] Leading 7;,,4 [GeV] Leading 7;,,4 [GeV]
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Event Selection

e Two 7 candidates with opposite electric charge.
e At least two central jets with pr > 45 (20) GeV.
e One or two b-tagged jets using GN2 at the 85% working point.

e Reconstruct the di-7 system using visible kinematics and the Missing Mass
Calculator (MMC).

* Require m¥ls > 40 GeV and mMMC > 60 GeV.
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Signal and Control Regions

e Signal and control regions are defined using the reconstructed event topology.
® In the TicpThaq channel:

= mpp < 150 GeV defines the SR.
= mp, > 150 GeV provides a CR.

e Dedicated control regions constrain Z-+heavy flavour and tt backgrounds.

e The ThaqThad channel additionally uses 1-tag and 2-tag regions.

SR Lo
Fit CRs
STT, DTT, DBT - SR Hi 7

all events

l:l Other CRs
SR VBF
TradThadbl £ bb aal e*uFhb
L 1 L 1
m ThadThad SRS ‘ m TiepThaa SRS | | Tlephaa™!! CR ‘ l Z + HF CR ‘ ‘ ti-ep CR ‘ l W CR ‘

My, < 150 GV my, > 150 GeV My <250 GeV' my, > 250 GeV
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Analysis Framework

e Athena: common ATLAS framework .
for detector description, Pt
recons.tructiorj, simulation and
analysis algorithms. X .

o ]

e Easylet: processes large datasets
and applies trigger, object and event H
selections. Run3MLToolkit 1

e Higher-level observables and e
systematic variations are computed
during the EasyJet processing.

N

Large-scale processing is performed
on the WLCG.

Other Histogram
Maker and Monitoring

e
P

s
Rt
o o
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Optimisation of grid processing

e Full-data processing requires large-scale parallelisation; jobs are constrained by CPU time,
memory, and task throttling.

e Task throttling: Single user submitting many tasks may find some put on hold to ensure fair
distribution of resources.

e The MMC is a major computational bottleneck due to its multi-dimensional phase-space scan.

Processing optimisations:

e Split computationally expensive channels into separate jobs.

e Process control regions independently to free resources.

e Skip unnecessary MMC systematic variations in selected low-complexity events.

e Tune input size per dataset to balance parallelism against job throttling.

e Exclude computing sites with unsuitable resource constraints.

bbttSeq [999]
w)
= MMCDecoratorAlg [53]
[
o CPAlgSequence [315] {m—
o
g— BJetCalibAlg AnalysisAntiKt4EMPFlowjets [315]h
8 HHbbttSelectorAlg [315]{1
Preselectionsequence [999]{§
wallTime
MEtMakerA\gAnalys\SMEl'[315]L = cpuTime
100 200 300 600 700 800

. 400 500
Time [sec]

MMC optimisation reduced processing time by 60-70%. Overall grid-processing success rate
improved from ~ 1% to ~ 98%.
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Background Modelling

e The dominant backgrounds arise from processes producing real or misidentified 7
leptons and b-jets.

e tf: significant contribution in both 7 channels.
e Z-+heavy flavour: Z + bb, Z + bc and Z + cé.
e Other backgrounds include single top, diboson and single-Higgs production.

¢ Backgrounds involving misidentified m,,q candidates require dedicated
data-driven estimates.

Key challenge
Rare HH signal < backgrounds from ordinary LHC processes.
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Data-Driven Fake-73,,q Estimates

e Hadronic jets can be misidentified as 1,,q candidates.
e Dedicated anti-7,,q candidates fail the loose 7 identification.
e A fake-factor (FF) method relates anti-t,q and identified m,,4 candidates.

e In the ThaqThaq channel, transfer factors correct for differences between 1-tag and
2-tag regions.
e The method is applied separately to the STT, DTT and DBT trigger buckets.

1 b-tag 2 b-tag
SS oS SS OS
E Fake Factor
Two loose 7,
WO 100S€ T T T VR T T SR @—@ Transfer Factor
l l l l T Multijet estimate
100€ hag + aNi~Thaq FF \\\m /'VI';\(.H‘ l FF/TF application
II \ »2—ta
YT SS. STT/ ata-MC
STT/DTT : FFl_mgTT PTT TR g e - {"?—dl‘:g,l\(/l)s—Aan, STTDTT, i)
DBT :  ppSS.DBT, {eDum—MC }

2—-tag 2—tag, OS—AntlID, DBT, i
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Multivariate Signal Extraction

e Signal and background are separated using transformer-based deep neural
networks.
e Separate networks are trained for the TiepThad and ThadThad channels.
e The networks combine event-level and object-level information.
e Multiple tasks are trained simultaneously:
= multiclass signal/background classification,
» dedicated high-mpyy ggF discrimination,
= auxiliary classification tasks.
e The final MVA score provides the main discriminating observable for the
statistical analysis.

Initial Representation  1"ansformer Encoder

- 256-D latent space

Inputs Combined Inputs - 4 self attention head each Conditional Representation
Object 1 .
Object 2
GlobalEvent | Objectd  —y — —_ —_ —
(EELEN Dense Deep set Layers
. 1
gy ném - 32, 64] hidden layers Global Attention pooling
my b1 ]| Prnd 3
raul || Prodm
P : 128-D Summary
jetN || prn b m representation
4

FFN heads
- 2.6% dropout & RELU

- [128, 64, 32] hidden layers

|

: s

i Binary Classificati Aux Higgs Parentage Aux Top Parentage
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Signal Regions and Production Modes

e The MVA separates
the signal according
to both production
mechanism and

e HETET
SR Preselection

. _ .
ggF _I9W MHH: Transformer MVA (one for each channel)
sensitive to the
interference Multiclass Binary s b
Peg- PYBE: P8 PBsM gy > 350 GeV, main-stream Top parentage Higgs parentage
structure of the ggF Pun v P i
amplitude.
. Lot = Intuitictass + 10 Liinary + 2 LauxTop + 5 Laux Higgs
e ggF high-myy:
targets the —
i i Categorisation score
high-energy region S = Pur T EENESY &
. U pogr + Py main-stream
with enhanced LAt
sensitivity to
deviations from the Sy SR Lo SR i
¢ Pver Prsm Prin, ni
Sg vBE = -1 S = -1 S =— 1
SM. SRV b+ Py SR ppsv+ Py S D+ P

e VBF: probes
Higgs-vector-boson
interactions and is
particularly sensitive
to Koy
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Classifier

Events

Data/Pred.

Events

Data/Pred.

scores distributions
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Statistical Analysis

e A binned profile-likelihood fit is performed.

e The MVA score distributions in the signal regions provide the primary
discriminating information.

The Z+HF control region is included through the my, distribution.
e The signal strength
HHH = %
9HH
scales the expected signal yield.

e Systematic uncertainties are incorporated through nuisance parameters and
profiled in the fit.

£ =[] Pois (N; | usi + bi) x Laux

i
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Systematic Uncertainties

e The fit includes uncertainties affecting both normalisation and shape.
e Experimental uncertainties

= |uminosity,

= pile-up modelling,

= object reconstruction and identification,

= b-tagging and 7 identification.
¢ Modelling uncertainties

= parton shower and radiation,
= QCD scales,

= PDFs and asg,

= generator modelling.

e Data-driven backgrounds introduce additional uncertainties associated with
fake-factor measurements.

e The leading uncertainties are propagated to the final MVA distributions and
profiled in the fit.
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ZZ and ZH results

ARAR T
ATLAS V6 =13/13.6 TeV, 140156 fb*

2Z ~bb 1T

—Total —Stat. (Tot.) (Stat., Syst.)

TiepThaa RUN 3 0455 (57, 59)

. . I DA

o Fitted signal strengths, u, TipThag RUN 2 bra— 09595 (35 53)

wr o s

for ZZ (top) and ZH :m:had zz:z ;-—0—'-' :: HoE
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p—H 10797 (9. %)

Results from combined fits
to Run 2 and Run 3 data.

Signal strengths fitted -1

“0 w03 403
Run 2 0597 (%3,

i w03 103
Lo 06 g (s 02 )

1 2 3 4 5 6 7 8

b 4l IF D §

Combined -

te:

Run 3 B
te
He
0

; . U
independently for each signal 2z
region and run period. . . . . .

ATLAS V5=13/13.6 TeV, 140 /56 fb*

e 77 observed (expected) ZH b T
significance at 1.80 (2.70). ~Total —Stat. (Tot.) (Stat., Syst.)

o ZH observed (expected) TiepThaa RUN 3 0855 (ad 51)
significance at 3.50 (2.40). TiepThag RUN 21 et 215 (375D

) . TyagThag RUN 3F h—e—-r 32717 (11 00
e First evidence for w7 05 s
ZH — bE - Thadlhag RUN2F 10— 06 5 (o5 03)
7T process. oy
P Run 3f Hoes 218 (3L
Run 2 [ o] 1255 (35 5%3)
Combined ~  p-e4 ) 15 ‘lf: (l?‘fv %3)
0 2 4 6 8 10
,JZH
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Sensitivity to HH

o Upper limits are evaluated using conditional p = 0 fits.
e Sensitivity is evaluated separately for

= ggF,
= VBF,
= combined HH production.

e Combining Run 2 and Run 3 data improves the expected sensitivity.

e Gain comes from increased statistics (15%) and improved analysis strategy
(25% — 30%).

T T T T T T T T
ATLAS (§= 131198 Tev, 1401 5015 ATLAS o e, om
HH b \5=13/136 Tev, 140/ 56 i " B0 U = 1)
—Total =Stat. (Tot.) (Stat., Syst.) HH - bBr*r-
L g eaa s
TipThag RUN 3 3355 (27 a0) (—
. 20 Ty Toag RUN 3
TepThag RUN 21 2650 (17, 49) e
1,1 Run 3} 28 430 424 417 rkmrvmll Run2
had®had 23 (%o a0)
T 1 .Run2 231 (1 ThagThag RUN 3
had " had [ -13 -121 05
YT ThaaThaa RUN 2
Run3r 3055 (G %e) a3
un
Run2f |#—e—H 2457 (G5 95) s
— T 26 16 (10 10
Combined, | W-4—H | 2650, (o3, 08 ) Combined
0 2 4 6 8 10 12 14
Hon 95% CL upper limiton

The HH signal strength p4py is observed to be 2.64:11'.‘5, with a significance of 2.60

(expected 1.20) over the background-only hypothesis and 1.650 from the SM
prediction.
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Higgs Coupling Constraints

< 10FT T T T T T T
. —1 £ of ATLAS . Expected 95% CI:
e Used a combined 196 fb™ " of Run N F Vso18/196Tev, 14075670 [17,65) 3
2 and Run 3 data. *E HH bBrrr e e 013
£ 4,16]0 155, 10.1] 3
e The analysis constrains both the b E
Higgs self-coupling and the VVHH st 3
coupling. b E
e Define 3 =
2F E
oy = A iy — SVVHH i E
= 5 _— . F |
Asm gonty oL E
Kx

e Likelihood scans are performed
separately for k) and kpy. < 10p . . , 3
: £ o ATLAS Expected E
. The.e two parameters affect different S F o1/ a6 ev, 1a0ss6 e 9 CE100,21]
regions of the HH phase space. 8 WHo bBrr opserved 3
£ 6Cl:[-02,2.4] 3
* k) €[-3.4,1.6]U[5.5,10.1] at o E
95% CL (assuming kpy = 1). o E
e Kpy € [~0.2, 2.4] at 95% CL o 4
(assuming k) = 1) 3 E
e Observed k) constraint weaker 2 E
than expected, primarily due to e ‘ E
of E

excess in fitted HH signal strength -05

relative to SM prediction.
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HL-LHC Prospects

The HL-LHC will provide up to
Ling =~ 3000 fb~ L.

The increased statistics are essential
for overcoming the small HH
production rate.

Efficiency of b-tagging directly
correlates to signal significance —
maintaining FTAG performance vital
for analyses.

Projections indicate that the
HH — bbr7~ channel can reach a
significance above 30.

Projections based on lumi-scaled
legacy Run 2 results have been
surpassed by this analysis.

Same projections predict a discovery
significance of SM Higgs pair
production of 4.260 when the
combination between all HH decay
channels is considered.

Significance iy [0]
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e
4
3
2
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—— Run2syst.unc. 17
O DLIr77% WP
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ATLAS Preliminary
VS=14TeV,3ab!
HH - bbt*T~
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/ s
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b-efficiency at DL1r 77% WP c- and light-rejection [%]
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HH — bbrt7~ provides sensitivity to Higgs self-interactions through both ggF
and VBF production.

The analysis combines the TjepThad and ThadThad final states.

GN2 b-tagging and transformer-based multivariate classifiers provide the main
handles for signal extraction.

A profile-likelihood fit combines signal regions and control-region information
while profiling systematic uncertainties.

Run 2 + Run 3 data provide improved constraints on k) and Koy .

At the HL-LHC, increased luminosity and improved b-tagging performance offer
the prospect of > 30 sensitivity in this channel.
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BACKUP: Detector Technologies

e Tracking
= Silicon pixels and strips.
= Straw-tube tracking.
e Energy measurement
= Liquid-argon EM calorimetry.
= Scintillator-based hadronic calorimetry.
e Muon detection
= Precision drift-tube chambers.
= Fast trigger chambers.
o Magpnetic fields

= Solenoid for inner tracking.
= Toroidal magnets for muon momentum measurement.

e Trigger system:
= Select events from ~ 40 MHz bunch-crossing rate.
= Reduce event rate to O(1 kHz) for permanent storage.
Level-1 (L1) Trigger
= Custom hardware with fixed-latency processing.
= Uses coarse information from calorimeters and muon trigger chambers.
= Reduces rate to O(100 kHz).
¢ High-Level Trigger (HLT)
= Software-based event reconstruction running on a computing farm.
= Uses near-offline-quality detector information for refined event selection.

Selected events are written to permanent storage for offline reconstruction and
analysis.
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BACKUP: ITk Performance

> T 3 > T
2 1 ATLAS'Simulation § Prellmlnary | g ATLAS Slmulatlon Prellmlnary
3 Vs =14 TeV, HL-LHC E 2 11 Vs=14TeV, HL-LH Run 3 E
£ oesk Tk Layout: 03-00-00 ¢ Run4 3 £ ITk Layout: 03-00- oo ; Run 4
Z, Truth p, > 1 GeV in brjets E| 1E Z, Truthp, > 1 GeV in brjets 3
0.9 | 09
bk k ko kbAoA A A A A bbb koA Ao T st R I I IR INY
ogsf- ®, El o
. El 08l 3
B -
osf- St eenee. = 07f E
WM E|
e s 2T 3 -
075 eteteteceses 06f- E
\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\: ,\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
T T T T T T T T T T g 1 T T T T T T T
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& A & 14
105 ak s
‘\‘ | i | | | ] | | i T e
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Track reconstruction efficiency for charged particles with pr > 1 GeV within b-jets in
the Z' sample as a function of the jet pt (left) and the AR separation between the
particle and the jet (right).
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BACKUP: GN2 inputs

Jet variables

Description

Pr Transverse momentum

n Signed pseudorapidity

Track variables Description

dy Closest distance from the track to the PV in the transverse plane
Zgsiné Closest distance from the track to the PV in the longitudinal plane
do Azimuthal angle of the track, relative to the jet ¢

dn Pseudorapidity of the track, relative to the jet n

q/p Ratio between the track charge and the momentum

s(dy) Lifetime signed transverse IP significance

s(zpsin ) Lifetime signed longitudinal IP significance

() Uncertainty on ¢

o(0) Uncertainty on 6

a(q/p) Uncertainty on ¢/p

nPixHits Number of pixel hits

nSCTHits Number of SCT / strip hits

nlnnermostPixLayerHits Number of innermost pixel layer hits
nNextTolnnermostPixLayerHits ~Number of next to innermost pixel layer hits
nlnnermostPixLayerSharedHits ~ Number of innermost pixel layer shared hits

nlnnermostPixLayerSplitHits Number of innermost pixel layer split hits
nPixSharedHits Number of pixel shared hits
nPixSplitHits Number of pixel split hits
nSCTSharedHits Number of SCT / strip shared hits
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BACKUP: Run 4 track selections

Requirements Run 3 Run 4
Inl <25 | Inf<20|20<|n <26 |26<]n <4.0
silicon hits >8 >9 >8 >7
pixel hits >1 >1 >1 >1
holes <2 <2 <2 <2
pr [MeV] > 500 > 900 > 500 > 500
|dg| [mm] <35 <20 <20 <3.5
|zg sin 6| [mm] < 5.0 <5.0 <5.0 < 5.0
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BACKUP: Performance vs pT (light-jet)

> T T T T > T T T T T
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BACKUP: Performance vs pT (c-jet)

> T T T T > T T T T T
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BACKUP: Performance vs

bl
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BACKUP: Robustness to PU

> 10 T T T T S 1000 T T T T e
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Efficiency of b-tagging (left) and light-jet rejection (right) as functions of the jet PU
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BACKUP: HL-LHC Combination

% ATLAS + CMS Projections ESPPU 2026
:10 2 VS =14TeV, $3, 3 ab? per experiment
~ All other couplings fixed to SM
! 68% CL k3 €[0.74,1.29]
15
—— Combination
— bbttr-
— bbyy
10 — bbbb
Multilepton
e Integrated luminosity: L
Lint =3 ab™ ! per experiment
o Centre-of-mass energy: /s = 14 TeV
. 35
e Expected HH observation: > 7o K3
e Trilinear Higgs coupling: 5200
__1+0.29 0, > ATLAS +CMS projections ESPPU 2026
KX = 1—0.26 (68A’ CL) 2175 V5 =14TeV, 3 ab™! per experiment
29% 2 Boosted VBF HH - bbbb
e Relative precision on ky: 202 1150 All other couplings fixed to SM
—26%
e Longitudinal vector-boson scattering: 123 —— 52,68% CL Koy €[0.87, 1.16]
0 S3, 68% CL K2y €[0.90,1.13]
(SHQV ~ 13% 10.0
7.5
5.0
95% CL
25
68% CL
00 0.7 0.8 0.9 1.0 11 1.2 13
Kav
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BACKUP: Di-Higgs cross section

I I I I I
HH production at 14 TeV LHC at (N)LO in QCD
[ T M,,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5_aMC@NLO

A
[}
ro
m
o
-
ro
w
IS
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BACKUP: Classifier scores distributions
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BACKUP: Improvements over previous round
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BACKUP: VBF Results

T T T T T T T N T T
ATLAS 15=13/136TeV, 140/ 56 fb” ATLAS o oy e e 202
VEF SWHH - bb 't \§=13/136 TeV, 140/ 56 fo* " B0 Uee =1
—Total —Stat. (Tot.) (Stat., Syst.) HH - bBr* 1~
Obs.  Exp.  Exp.
TipThaa RUN 3 oG %) - Vo 29 e =D |
Run3 f 143 169) 170)
TegTyag RUN 2 2 mE) gl ti e
Ty Tpag RUN 73 (74) (75)
Tpadlhag RUN 3 W m asy o7 *
rad had : ti ‘Z Tyl RUN 3 E 140  (123)  (124)
ThagThag RUN 2 2 (G p) s 0 .
e T Traanaa RUN 1 75 (8 (59
Run3 F—— 4% G ) Feo T T T —
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Run2 p the G o) Run2 * 51 43 @4
- ETRPETRT)
Combined L L e A \3 ! Cis A ) Combined I X X ) 43, @) (o)
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Measured signal strength pygr and associated 95% CL upper limits.

Combined pygr = 3t2117 Observed upper limit at 43, expected 39 for puygr = 0 and
40 for pygr = 1.
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BACKUP: CMS Results

25, CMS Preliminary bb 17,310 b (13, 13.6 Te)
T T T T 7 T

T T T
K= Ky= Ky =1 ——13TeV, 365,

CMS bbrt7~ analysis:

o Combined /s = 13.6 TeV (172 fb~1),  “ af ol
Vs =13 TeV (138 fb~1).

e Observed (expected) 95% CL upper
limits on pyy of 4.0 (3.0).

o Best fit pupy = 0.9715.

2 Alog(L)

o Observed (expected) significance of
0.70 (0.80) over background-only.

* Observed (expected) 95% CL limits
on:

CMS Preliminary bb 7z, 310 fb' (13, 13.6 TeV)
T T T

25,

oy
53 K= K=Ky=1 13 TeV, 1157
8
2 136 TeV, 1 1‘:6’
RX: LI — Combined, .15 ]
Standard Model
15~ 1
—25< k) <94 (—15< k) <8.4)
10 1
) \
Koy :

0.02 < Koy < 2.1 (—0.1 < Koy < 2.2) i
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https://cds.cern.ch/record/2968133

BACKUP: Comparing ATLAS and CMS analyses

o ATLAS: reanalysis of 140 fb=1 (Run 2) 4 56 fb—! (2022-2023 Run 3) data.
e CMS: 172 fb~1 (2022-2024 Run 3) data + comb. with 138 fb~! Run 2 result.

ATLAS CMS
* i = 2617 o phn = 09715
e Obs. (exp.) significance: 2.60 (1.20) Obs. (exp.) ;ignificance: 0.70 (0.80)
* Obs. (exp.) 95% CL intervals: e Obs. (exp.) 95% CL intervals:
" k) € [~3.4,1.6] U[5.5,10.1] . oy € [-25,0.4] ([-1.5,8.4])
([-1.7,8.5]) = kv € [0.02,2.1] ([~0.1,2.5])

* Koy € [<0.2,2.4] ([0.0,2.1])

Where does this difference come from?
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BACKUP: ATLAS and CMS objects

Hadronic 7:

ATLAS CMS

Loose RNN ID: 85% efficiency on 1-prong DeepTauHad ID: Medium working point
Thad and 75% on 3-prong Thaq- with 70% efficiency on true 7p,q.
b-tagging:

ATLAS CMS

UParT with 10% light-jet mis-tagging:

GN2 at 85% b-efficiency. 95% b-efficiency
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BACKUP: Signal extraction in ATLAS and CMS

ATLAS
Event representation
e Transformer-based event classifier

e Inputs encode reconstructed objects +
event kinematics

o Dedicated GN2 b-tagging

e MMC reconstruction of 77

Multi-task learning

e Multiclass: ggF HH / VBF HH /
background / BSM-like

e Binary high-myy HH/background
classifier

e Auxiliary Higgs- and top-parentage tasks

Learned categorisation: Sc.; = ng;iﬁ
® Scat — ggF-like vs. VBF-like

o ggF-like: split in myy

e SR Hi, SR Lo, SR VBF

e Final discriminant: classifier score in each
SR

CMS
Event representation
e Particle-level inputs + high-level
observables

e Lorentz Boost Network features
e Dedicated 77 mass regression
e Dedicated H— bb / boosted-object
tagging
Dedicated DNN classifiers
o Separate classifiers ggHH and qqHH.

o Optimised directly for signal/background
separation

o Five-fold cross-validation + multiple
trainings
Physics categorisation
e VBF topology
¢ Boosted topology
¢ Resolved 2b
¢ Resolved 1blj

o Split TeTh, Ty Th, ThTh
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BACKUP: ATLAS bbyy results

ATLAS HH — bbvy~ analysis: < 127 T T T T 77
. 1 s ATLAS -~ Expected [/
e Combined \/g =13 TeV (140 fb— ), " 1o vs-13/136Tev, 140/ 168 fo' — Observed 7
Vs =13.6 TeV (168 fb~1). HHobbyy. k-1 Otsened /
8 68% CL: k), € [-0.3,5.1] -
e Observed (expected) 95% CL upper A SR
limits on pyy of 3.7 (2.6). e on o 15.08 B
o Best fit pupy = 0.9714. E
e Observed (expected) significance of 2\ . E
0.78¢ (1.010) over background-only. NS P
-2 0 6 8
 Observed (expected) 95% CL limits : K
on: E T amas’ T s
Koy " 10f- vs=13/136Tev, 140/ 168 fb-! — Obseved ]
A \\, HH = bbyy, k= 1 Observed
a_\\ 68% CL: Kzv € [0.1,2.1] -
95% CL: Koy € [-0.5,26]
\ Expected 7
—-16 < Ky < 6.6 (—18 < Ry < 69) 6 \\ 68% CL: Koy € [0.1,2.1] A
N 95% CL: Koy € [-0.4,26] /
pa
Rav: 2
%

—0.5 < Koy < 2.6 (—0.4 < Koy < 2.6)
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https://arxiv.org/abs/2507.03495

BACKUP: ATLAS bbbb results

% ATLAS - E‘)bserved
g
sz . 3 | G ren Expectod
ATLAS HH — bbbb analysis: Combined ggF and VBF Rogions .

Expected 20 constraints:
4

o /s =13 TeV (126 fb1). of orebsa 114

Observed 20 constraints:
e Observed (expected) 95% CL upper Betfin -6
limits on ppy of 5.4 (8.1).

o Observed (expected) 95% CL limits °’r

Best fitk, = 6.2

on: - L
. K (Kav=1.0, Ky=1.0]
R a (Kav v=1.0)
=5 T T T T E|
z —— Observed ]
S f ATLAS B
—35< Ky <113 (=54 < Ky <114 R FEEREH N
. KX . . KX . Combined ggF and VBF Regions 2o ]
25— |
Expected 20 constraints: 3
Kov €[0.1,2.1] E|
Observed 20 constraints:
. Kov €[-0.0,2.1]
Rav: Bost it Koy = 1.0

0.0 < Koy < 2.1 (—0.1 < Kpy < 2.1)

20 25 )
Kov (Kx=1.0, Ky=1.0;
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https://arxiv.org/abs/2404.17193

BACKUP: CMS Classifier

110 fb~! (13.6 TeV)
{ Data —ggF HH - bbtt (SM) x 2.6  HEl Drell- Yan W Single H W Fakes
Uncertainty ——VBF HH - bbtt (SM) x 2.6 EEt [ Others
_‘; Resolved 2b

CMS preliminary

Events

Resolved 1b1j
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boosted-bb Xty
» 'boosted-tytn

75 80
Bin number
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