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Motivation for the Analysis

At high transverse momentum (pr), Higgs boson
production becomes sensitive to the loop structure
in the gluon-gluon Fusion (ggF).

Ability to probe Higgs-gluon couplings and conduct
an EFT interpretation.

Regions of phase-space where BSM effects can be
2

enhanced by%.

Deliverables: inclusive Higgs signal strength for
pr > 450 GeV, inclusive Higgs signal strength for
three p7 bins.
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Compared to the previous Run 2 analysis
arXiv:2111.08340, sensitivity improves by 7-10X.
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https://arxiv.org/abs/2111.08340
https://link.springer.com/article/10.1007/JHEP11(2021)173

Dataset and Event Reconstruction

Data recorded by the ATLAS detector during: Run 2 (2015-2018)
at 13 TeV and part of Run 3 (2022-2024) at 13.6 TeV.

Total integrated luminosity: 301 fb~1 (largest dataset so far)

Triggers: Unprescaled single large-R jet High Level Triggers (HLT)
with (without) mass cuts and lowest jet py cuts 420 (460) GeV.

* Different trigger chains for each year, adjusting to machine
conditions.

* Offline thresholds unified to p; > 450 GeV, m; > 45 GeV'.
 Data/MC scale factors correct the sub-plateau regions.

Hadronic Jets: Unified Flow Objects (UFO)

 Combination of particle flow objects and calorimeter
clusters.

Jet Tools:
* Flavour Tagging: GN2X (next slide).

* bJR regression: calibrates the large-R jet mass and pr,
improving their resolutions by 30% and 20%.
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Flavour Tagging

GN2X algorithm (version v02), using a transformer neural network architecture.
Significant improvements in the rejection of background jets.

15% improvement in the Higgs signal efficiency at equal QCD mis-identification
probability and is trained on a mixture of mc20 (Run 2-like) and mc23 (Run 3-like)
simulation samples.

Pile-Up (PU): GN2X exhibits a flat response, independent of PU conditions in both
data and simulation.

. ) . WP QCD Eff. | Hbb Eff.
Working Point (WP): computed to provide a constant QCD_001 | 0.001 0.33
11 H R =P QCD_002 0.002 0.48
efficiency as a function of the large-R jet mass on 05T 003 =

di-jet QCD background events.

Studied the response of GN2X to 4 MC generators: Pythia 8, Herwig 7, Sherpa 2.2.14

and POWHEG + Pythia 8.

Relative differences up to 30% (uncorrelated with the predicted bb content of the

QCD large-R jets).




Before

Tag Rate and Evolution with Time

Response varies as a function of the data taking period and MC campaigns.

In Run 2 the increase of Tag Rate is not predicted by the MC

Pixel radiation damage not present in MC samples simulating 2017 and 2018 conditions.
Produced custom MC samples for 2018 conditions with radiation damage (presented in
gray) and shifted the GN2X LLR.

Q _ [0h] _
Emz_— = Year-by-year 5102:— .
o [ 1 variations can be o [ ]
= B —O0— —0— . = B 1
s o | absorbed by tuning s | ]
_._

L —o— i L i

o e == the WPsforeach : 5 : —o—
i —e— — —— | c —e— —
2 i . MC campaign. = > . ¢:Q:
& —— I — 9 S e
Y— _

ﬁ 103 . < O10 3 .
= [ GN2Xw02_LLR 7 II [ GN2Xv0Z_LLR ]
™ | [ MC Leading | ) L [ MC Leading _

I [_] MC subleading - - [ MC subLeading -
o | I MCRad Leading | L [ MCRad Leading ]
w | [ MCRad subLeading ] | [ MCRad subLeading |

®  DataLeading @ Data Leading
| @] ata subl eadin . - O Data subLeadin -
| > bI_I i | | | | | | ’ | | | |
2015 2016 2017 2018 2022 2023 2024 2015 2016 2017 2018 2022 2023 2024

Year Year



* Used to evaluate systematic uncertainties.

Flavour Tagging Calibration

MC Variations

 MC variations of tracking and pixel

response, b-hadron production and decay

and fragmentation modeling.

Hbb Rel. Syst. Effect
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Scale Factors

processes cancel out in the ratio.

* Simulation —to data bb tagging efficiency corr.
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Event Selection

* Candidate Jet: A large-R jet fulfilling:
 pr > 450 GeV
* |n| < 2.0

allid] < 1 (boosted jet)

Pr
e (Contains at least two Variable
Radius (VR) jets with pr > 10 Gel/

* Events criteria:
* Trigger at least one of the HLT
* Leadinglarge-Rjethas pr >
450 GeV and m; > 45 GeV

* Subleading large-R jet has py >
200 GeV

* Atleast one of the two leading
large-R jets passes the candidate
jet criteria.




Event Categorization and p bins

* Candidate jets are organized according to the GN2X
output into the regions:
* Signal Region (SR): the jets are b tagged.
 Control Region (CR)/ Validation Region (VR): the jets
failing the b tagging. Used to constrain the shape of
the multijet background shape in the SR/ test the

multijet background model. CR has 10 times the SR
yield; remaining 97.5% of anti-tagged jets form the VR.

« Control Region tt (CR,;): isolated muon associated
with b tagged jet recoils against a large-R jet. Used to
measure the tt background rate.

Leading Jet in Event
Anti-Tag Tag

Anti-Tag

VRL

Sub-Leading Jet in Event
|

All regions are divided in three p7 bins

GN2X tagging decision Jet’s assighed region “ Values in GeV
Leadingjet | Subleadingjet | Leadingjet | Subleading jet pat >450

Pass Pass poZ 450-650
Pass Fail SRL CRS/VRS pd3 650-1000
Fail Pass CRL/VRL SRS pdt >1000

Fail Fail CRL/VRL CRS/VRS



Muon-

Need for the Correction

nts

b,c quarks decay semileptonically.

Muons escape calorimeters and
their energy is not captured.

Mass and pr distributions shift to
lower values and get wider (effect
larger in SRS).

Higgs FatJet Mass
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b

BR(b - uvX) = 20%

non-muon jet

Method

Muon selection: Locating the two leading Variable
Radius (VR) jets, inside the large-R jet and applying
cuts to the muons: py > 10 GeV, |n| < 2.4.
Associating muons to one of the VR jets, using:

10 GeV)

jet
Pr
Applying correction to the four-momentum of the jet:

U —_ .MU U
p],corr - p] + pmuon
(u represents the indices of the four momentum; not the muon.)

AR = \/(An)2 + (Ap)? < min <0.4, 0.04 +




Muon-In-Jet Correction (2/3)

*Correction Rate (All Years for SRL and SRS) Hbb MC sample before (histogram) and after (points) MlJ
()] I I i | | Ay 1_4_|||‘|||||||||I|IIII|II\IlI\II|\II\‘II\\|I\\||\|||_
T - ATLAS Internal i L N } -
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Years

SRS large-R Jet Mass [GeV]

MC ggH 0.179 0.331 a(GeV) 12.21 10.37 15%
MC Zbb 0.189 0.345 MPV (GeV) 116.07 119.35 2.7%
MC QCD 0.178 0.312 Corrected large — R jets
1 (¥*)CorrRate = -
Data 2022 (10 fb™ ") 0.153 0.305 All large — R jets
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Testing the effect of
the MlJ in the
extraction of u, with
10 fb~! of 2022 data
in the SRS region.

Statistical fit only
before (left) and after
(right) the
application of MlJ.

Muon-In-Jet
correction is applied
to all the samples
and data of the
subleading region.

Muon-In-Jet Correction (3/3)
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Improvement by 15% of the statistical uncertainty in the extraction of u;.
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Control Region tt (1/3)

* In Higgs mass peak region, contribution from tt is
comparable to Higgs signal. The purpose of this
region is to estimate the tt background.

e Selecting events where one top quark decays to a
muon. We use the GN2X tagger, this time
targeting top quarks.

Prop

Diop = log

. o . . & e e ) , 1= - , -
 LLR discriminant is: f,,..:o.ozf” prce + fuppprvy + (1= frce = fumn)Poco
frpp = 0.50

Dtop

10 ——

—10.14

0.12

0.1

0.08

0.06

0.04

0.02

Method

Split the region into two sub-regions:
the “Hbb-like” with D¢, < —3
(resembling our signal region and the
“Top-like” with D¢y, > —3.

Perform 12 statistical fits on each
subregion for Run 2 and Run 3 and for
all pr bins (the two upper pr bins are
merged here).

Extract the Scale Factors: SF;f = e
Apply the SFs to the SR and VR/CR:
SFsrr. = SF(Hbb — like),
SFsrs = SF(non — Hbb — like) x SF(Hbb — like),

SFyrr = SF(non — Hbb - like),
SFyrs = [SF(non — Hbb - like)]?

25% uncertainty = 5% on ug

Data
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Control Region tt (3/3)

Statistical fits of the CR,, for p2% of Run 2.

Hbb-like Top-like
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Background Modeling

Subdominant Background: Z+jets (SR), W+jets, Fitti
itting Model
Z+jets and tt (VR and CR,;) > Modeled by MC. &
Dominant Background (93%): QCD - Modeled ) N ) Moo
in a data-driven way (both mass spectra shape In (_x 9) = 6 exp Z.H:x’) X tm (A H) = (1 +Zﬂ,x’)
and normalization). = i=]
VR data slices: subsets of the VR having the x = (m; - 140)GeV/70GeV
Zegissstatlstlcs with the SR (randomly selected . Polynomial-exponential function: CR QCD
spectrum
Hybrid VR slices to test the linearity of the fit. » Transfer function: Differences between SR
Weuse3<N<50<MC<< 2 4 CR. ariginatron fl i
Optlmal N 4’ M=2. an . , arising rrom rtavour composition
; and jet substructure.
> 0T T T
g 0.12E- =136 TaV. 161 10" e =
E U.”;_.Hun-a WA .450<p, <6850 GaV E; _; 3 = . _
Dem 4 et 7 Multiplyby BUJSEELE = (210
Toogt i, B Ao, x ratioof f(N)fit 4 Z—Dbb Ly
0.08f 3 E L] templates at = Hybrid
007k - : S U o o avet varyingsignal [ VR Slice
: : ; .. N) fit to CR
o05F i S Subtract V, tt SM rate F) rates
0.05F - g
B0 B0 100120 140 el (1) restene e sl
Jet mass [GeV] MC VR samples.
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Final Fit for uy Extraction

A simultaneous profile-likelihood fit is performed to the m; distributions in 12 SR - CR
pairs: leading/subleading categories, three p bins and Run 2, Run 3 datasets.
Compared to SR-alone fits, including the CR:
* reduces uncertainties on f parameters by 20-30%
* improves statistical precision on uy by 15-20%
* reduces correlations between uy and Jet Mass Resolution (JMR), Jet Mass Scale (JMS)
by 15-40%, leading to smaller systematic uncertainties.
The Z — bb resonance provides in situ constrains on:
* The k22X factors (along with Z — uu + jet(s)), propagated to the Higgs MC template
 JMR and JMS.

Likelihood depends on:
* the Higgs signal strength uy,
12 k22X factors (independent),
* >100 systematic uncertainties parameters and
« 96 free parameters (¢ and 1/_;) modeling the QCD background
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Higgs Cross Section Predictions

Latest theoretical predictions and systematics
uncertainties found in: arXiv:2005.07762

ggF is at NNLO QCD with exact NLO top-mass scheme
effects, VBF, is at NNLO QCD and VH, ttH are at NLO QCD.

Calculate SFs for each process and p+ bin to correct small
deviations of our MC samples (simulated at NLO with
PowHeg) from the theoretical predictions.
MC
SF = before
Theory
Within the Higgs mass window ggF constitutes ~50% of the

signal (reducing to ~40% above 1 TeV), VH ~25% to ~40%
while VBF and ttH ~20% and ~5% respectively.

pr [GeV] SFggF SF VBF SFVH SF ttH
> 450 0.903 0.894 1.021 0.966
450 - 650 0.896 0.888 1.020  0.963
650 - 1000  0.958 0.925 1.025 0.978
> 1000 0.957 0.985 1.120  0.994

Fract. of Sel. Signal (1056<M<140 GeV)

Z(p2*)ggH (fb)

MC/Theory

E GN2X QCDEff002
0.9: my
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C — 1tH 9
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Results (1/2) x10°

E 40E-ATLAS Internal 5 EétpaH' 1'TL' -
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; . 0 ol I H. 450 < p <650 GeV ]
* The signal strength py, for p7 > 450 GeV, is: < 9OFP, 450 Gev o
e E 30 [ H. 650 <p< 1000 G\
- i :
py = 1.53 £ 0.27(stat.)Tg55(syst.) £ 0.17(theo.) & %hﬂﬁm E
c E -==- Signal + Background E
* This corresponds to an observed (expected) 20 viliets s
significance of 3.80 (2.50) relative to the 156 E
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. at A B ' ' '
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p22:450 — 650 GeV
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Results (2/2)
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Conclusions

* All results are compatible with the Standard Model; measurements in the three pr
bins agree with the SM expectation at the 16% level.

 Measured uy and observed 3.8 significance for p# > 450 GeV.

* Achieved 7-10x improvement in sensitivity to Hbb signal with p¥ > 450 GeV, driven by:
* strong QCD rejection (from GN2X),

* better mass and pt resolution (from regression model),

* simultaneous fit of SR and CR to constrain the multijet model and
* more than 2x the Run 2 data set.

* This result provides the most precise determination of Higgs boson production at
high transverse momentum.
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Zbb In situ calibration

Observed Z — uu + jet(s) event rate
as a function of jet py, compared to
theoretical predictions. Also shown the
W /Z — qq rates. Finally, the Z — bb
uncalibrated rates are shown for
comparison.
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Systematic Uncertainties and Contributions to uy (last column)

Ranges in magnitude express the envelope of the uncertainty size across pr. Larger values correspond
to higher p bins. Magnitudes for shape-only variations express up-down variations in the involved
quantity, ex. JMR changes the peak width, JMS changes the peak position.

. , B Effect on observable Oty
Systematic Magnitude (%) Processes concerned
Norm. Shape

Experimental systematics

SR Jet Mass Resolution (JMR) 25 X v Z — bb,H — bb

SR Jet Mass Scale (JMS) 5 X v Z — bb,H — bb

CR Jet Mass Resolution 25 X v W/[Z+ jets

CR Jet Mass Scale 5 X v W/ Z+ jets

IMR+IMS +0.19

Z — pu normalization 3-14 v X Z — bb

K SNZX 5-30 v X Z — bb, H — bb +0.17

pr resolution 1-7 v X H — bb +0.02

Trigger efficiency 2 v X all MC +0.02

tt normalization 25 v X tt +0.05

CR W/Z+ jets normalization 10 v X V=W+Z - qgq§ +0.07

Higgs spurious signal 0.1-03 opt X H — bb +0.15
Theoretical systematics

Higgs cross section 11 v X H — bb

top-quark mass scheme 10-18 v X ¢F - H

Higgs PDFs 10 v X H — bb

Higgs scale variations (acc. only) 2-5 v X H — bb

Higgs theory uncert. +0.17 - 0.18




Analysis Cut Flows Improvements
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Figure 5.5: Comparison of the cutflows for flavour tagging applied to the two leading variable-R jets associated to the
large-R jets with performance equivalent to that used for the Run 2 analysis (5.5(a)) and the GN2X LLR discriminant

used for the current analysis (5.5(b))
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Injection on VR data slices
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various orders of the polynomial term
in the QCD function.
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GN2X response to Pile-Up
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Figure 4.14: GN2X response as a function of the PU conditions. Figures 4.14(a) and 4.14(b) show the GN2X tag
rate as a function of PU, average and in the event respectively, at a 50% signal efficiency WP in data and simulation.
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GN2X - Reduction of QCD background

Before Flavour Tagging After Flavour Tagging
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GN2X discriminant

The GN2X discriminant used for the large-R tagging is the log-likelihood ratio (LLLR) defined as:

GN2Xypp
fmpGNz‘erbar + chc*GNZXHc.'c + (1 - fmp - fHC‘C')GNszCD
where GN2X . GN2Xy, ... GN2X,,p,,, and GN2X -, are the GN2X scores corresponding to Hbb,

Hcc, top pairs and QCD, respectively, for the GN2X training v02 and f;,,,. fp. are weights chosen to be
0.25 and 0.02, respectively.

GN2XHbHLLR = log .4
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Z — uu + jet(s) Event Selection

* High p;y Zbosons recoiling against a large-R jet:
e 2 muons w/ min pr 50 GeV, |n| < 2.0 and opposite charges.
* Large-Rjetw/ pr > 450GeV and |n| < 2.0.
« p;" > 450GeV.

* The same HLT large-R jet trigger requirements are applied also to the uu
channel.

* Uz, extraction like uzy,, where uz, JIMR and JMS are free parameters.

Table 4.14: Values of 5 _, ,, used in the STXS-like configuration for each jet category, pr bin, and dataset.

Category Run  450-650 GeV  650-1000 GeV > 1000 GeV
SRL & SRS Run 2 0.938 0.956 0.893
SRL & SRS Run3 0.990 1.004 1.004
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Correction Rate

Muon-In-Jet Correction: Correction and Mistag Rate

Corrected large — R jets _ Corrected large — R jets where muon is A OR is B

_ MR =
CorrRate All large — R jets All large — R jets

A = not produced by b or c quark, B = not truth matched

0.45- ATLAS Internal | SN T - ATLASInternal | | -
. = Hbb Sample 450 GeV < FJ pT < 1500 GeV — Leading FatJet - o 0.25H Hbb Sample 450 GeV < FJ pT < 1500 GeV — Leading FatJet | |
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Run 2 Result: CorrRate = 33% for SRS at 10 GeV cut. Run 2 Result: MR =2.2% for SRS at 10 GeV cut.




VR-SR Differences: Transfer Function Studies

* Alternative QCD generators and flavour-composition variations are used to test the SR/VR
mass-shape ratio.

« A data-driven substructure correction rescales bb QCD jets with more than two VR track-
jets by a factor of 1.3 before deriving the GN2X working points.
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Monte Carlo Samples

Higgs boson production simulated at NLO QCD using POWHEG BOX; parton
showering & hadronization Pythia 8.

W/Z + jets simulated using Sherpa 2.2.14

tt simulated using POWHEG BOX.
Detector response modeled by GEANT 4.
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XML Analytic Workspace Builder Workflow
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Accelerator complex and LHC

LHC
« LHC is the only place on the world we can P
produce Higgs bosons today! ALICE A LHCb

SPS

* The journey of protons is: \/Av&ae
iRadMa
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Magnet System

barrel
toroids

solenoid

Used to bend particles to
measure their pr.

Calorimeters (ECal + HCal)

Tile Calorimeter
hadronic extended barrel

LAr Calorimeter
electromagnetic endcop
(EMEC)

Measure energy of particles
decaying via strong or EM
force.

ATLAS detector and sub detectors

Proton-proton collisions are imaged inside the
ATLAS detector.

LAr hadronic end-cap and
forward calorimeters

LAr electromagnetic calorimeters

Toroid magnets
Solenoid magnet | Transition radiation fracker

Muon chambers
Semiconductor fracker

General purpose detector located at IP1.

44m long, 25m high.
Consist of three main sub-detectors plus the

magnet system. Each subdetector consist of

smaller sub-systems.
Updates after Run 2.

Inner Detector (ID) and IBL

R =554mm
R =514mm
SCT
R =299mm
R =122.5mm
Pixels { R =88.5mm

R =50.5mm
R =33.25mm

R =0mm

Measures charge, momentum
and paths of charged particles

Muon Spectrometer (MS)

New Small Wheel

RPC

Tracking and pr measurement
of escaping muons.



Higgs Boson at the LHC

production mode.

4 main production modes.

The cross sections noted are for 13TeV.
Similar predictions for 13.6TeV.

Gluon-gluon fusion (ggF) is the dominant

Many decay modes. Our channel H = bb is

the dominant (BR =~ 58%), with a very big

background.

Branching Ratio: BR =

T
% Iy

[;: the width of the decay

channel

"W H
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9 00
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Discovery of
Higgs by ATLAS

H - bb 5.82x 107" +1.2% / -1.3%
H->W*W- 2.14x107" +1.5%

H-> Tt 6.27 x 1072 +1.6%

H -~ cc 2.89 x 107 +5.5%/-2.0%

H->Zz 2.62 x 107 +1.5% |

H-Zy 1.53x107° +5.8%

H- vy 2.27 x107° 2.1% |
Hoptp 2.18 x 10~ +1.7% |
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Variable-Radius (VR) Jets

Jets with a radius that /]
varies with pr, with the R = Rerr(pr) = Dy
expression:

VR jet top view

VR Track Jets
Rhigh-pt
Q‘ Rmedium-pt
Reminder:

Every Large-R jetis
required to contain
at least two VR jets
to be considered in
our analysis.

Beamline

Primary Vertex

Calculation of the Mistag Rate

e Calculation only for Monte Carlo (MC)
to find the optimum Muon pt cut.

* Associating reconstructed muons to
truth muons.

e Criteria: AR < 0.2 and

Prreco — PT true <02
pT,true
5
2 035 A7 s Internal ! !
(n'd - Hbb Sample 450 GeV < FJ pT < 1500 GeV — Leading FatJet ]
o 03_ Matching muons to VR Jets | |
& L _ i
E - —— Sublead ing FatJet .
= 0.25( .
0.2 =
0.15 -
—— —— —
0.1 ¢ t , .
0.05 —
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