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Analysis of the Full Run-2 Data Set for

e Inclusive Dijet Production
e Full unfolded double-differential cross-section measurements
e Comparison to ull-co our NNLO pQCD predictions
* Ref: (submitted to EPJC)
e W+b Jet Production
e Unfolded total and differential cross-section measurements

e Comparisons to Sherpa and MadGraph5_ aMC@NLO (MGaMC+Py8 FxFx) predictions
* Ref: (submitted to JHEP)

Both analyses use the full LHC Run-2 dataset (140 fb~", Vs = 13 TeV) recorded by ATLAS in 2015-2018
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https://arxiv.org/pdf/2512.19073
https://arxiv.org/pdf/2605.31205

D U et An d |y5 I ) Dijet Analysis Variables

y*=%|vyi-v2 |
- Proxy for the scattering angle
- tanh(y*) = cos(theta*)

Full Run-2 dataset: 140 fb~' of pp collisions at Vs = 13 TeV

e Recorded with a combination of single-jet triggers Yboost = 72 | Yit+ Y2 |
- Measure of the asymmetry of the scattering

Yboost = 1/2 |n(X1/X2)

Jets reconstructed from particle-flow objects using the anti-kT algorithm (R = 0.4)
Event selection:

e Leading and subleading jet pT > 75 GeV

e Leading and subleading jets within |y| < 3.0

e Dijet y*<3.0

* Dijet Hy, =pry+ pr2>200 GeV

Results presented as double-differential cross-sections in both (m;, y*) and
Yioost) Unfolded at particle level for direct comparison with theoretical

(m”r

predictions.
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Dijet Kinematic Variables

y*=%|vi-vy2|
e Central vs. forward dijet topology Bin projections:
e Sensitive to physics beyond the Standard Model

¢ New-physics models predict an excess of dijets at low y*

wiE
aaae fOr y*

Yboost = % I ity |
e Unboosted vs. highly-boosted dijet system

e Sensitive to the parton distribution functions (PDFs)

® Probes the longitudinal momentum fraction of the incoming partons ’
e Low boost: x; = x,. High boost: highly asymmetric x4, X, 1.0 _
0. 0 _,——_,_,
2.5

y boost

X1,2 = (2 pT,avg / Vs) cosh(y*) exp(-/+Ypoost)

Event topology in the laboratory frame as a function of (y*, Vpoost); PaNeEls show the two
leading-jet directions in the transverse plane for each analysis bin.
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Uncertainties and Unfolding

e Detector simulation: PYTHIA 8.230, LO 22 matrix elements + parton

shower

e Unfolded to particle level using the Iterative, Dynamically Stabilized (IDS)

Bayesian method

* Bin-to-bin migrations in (my, y*) and (m;, y,,0s) are unfolded
simultaneously, accounting for correlations between the two binning

schemes

e Dominant systematic uncertainty: jet energy scale (JES)
e Derived from a combination of in-situ techniques and simulation-based

studies

e Reduced by a factor of 2—3 relative to the previous ATLAS measurement for

mjj above a few hundred GeV

e Jet energy resolution (JER) and other residual effects (unfolding bias,
calorimeter module status, luminosity) are sub-dominant
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Relative uncertainty

Relative uncertainty
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Relative systematic uncertainty vs. mjj in the first/last y* and y,,,<: bins
(JES, JER, other, total, stat.)
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https://link.springer.com/article/10.1140/epjc/s10052-025-14409-1

Uncertainties: Comparison to Previous Measurement
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anti-k, R=0.4
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— JHEP 05 (2018) 195
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The full relative experimental uncertainty in the dijet cross-section measurement (Total uncertainty) as a function of
m; in the three of the six y™ analysis bins compared to the full uncertainty of the ATLAS dijet cross-section
measurement based on a partial LHC Run-2 data sample corresponding to 3.2 fo-" published in
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NNLO pQCD: Predictions and Uncertainties

NNLO QCD (NNPDF40NNLO PDF)
Stat. uncertainty
Scale uncertainty, p_=p_=m
o, uncertainty
PDF uncertainty
Total uncertainty

o
w

e Predictions computed at NNLO with full colour using NNLOJET,
interfaced via pineAPPL / APPLGRID for fast convolution
* Scale choice: pg = Hg = my

e Compared with five modern PDF sets: CT18, MSHT2020,
NNPDF3.1, NNPDF4.0, ATLASpdf21

e Figures show NNPDF4.0
e PDF set gives the smallest PDF uncertainty (typically around 2%)
e Cf. CTI8NNLO gives PDF uncertainties of up to about 10%.
e For CT18NNLO PDF uncertainty is one of the dominant theory
uncertainties
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statistical uncertainties, leaving the scale uncertainty as the
dominant contribution. A Vs=13TeV
. q . anti-k, R=0.4
e Theory uncertainty dominated by the PDF eigenvector
variations, with sub-dominant contributions from scale variation
and as

Relative uncertainty
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NNLO QCD (NNPDF40NNLO PDF)
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PDF uncertainty
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NNLO QCD (NNPDF40NNLO PDF)
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PDF uncertainty
Total uncertainty

Vs =13 TeV
anti-k, R =0.4 25<y <30

boost

4x10° 5x10?

Relative NNLO theory uncertainty (stat., scale, as, PDF, total) for the

e Upgrade from the previous (NLO, leading-colour) ATLAS dijet NNPDF4.0 set, first/last y* and Ypeos bins

measurement — NNLO full-colour corrections are now resolved

differentially in my, y* and y o
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ATLAS Simulation cme 2 - ATLAS Simulation
Vs=13TeV o & Vs=13TeV
anti-k; R=0.4 ” E c anti-k, R=0.4
0.0=y* <05 O py F25<y"<3.0

Non-Perturbative and EW Corrections

Soft, NNP!

e Non-perturbative QCD corrections (hadronisation + multi-parton interactions)

Non-perturbative correctio

estimated from parton-shower generators

e PYTHIA 8 and HERWIG 7, several tunes/PDFs each; envelope taken as the systematic
uncertainty o e T W

» Corrections are largest at low m; and shrink to a few percent at high mjj

ATLAS Simulation 2 : ATLAS Simulation
Vs=13TeV Y s @ Vs=13Tev
anti-k; R=0.4 $— Fyihia, Al4, NNP E c anti-k, R=0.4
00<y, <05 y : F 25<y, <30

e Electroweak computed following
e Sizeable (up to ~10%) at the highest dijet masses in the central region (y* < 0.5),
while becoming a mild and negative correction in the forward (large y*) and boosted
(large Yuo0st) regions.
e Both corrections are applied multiplicatively to the fixed-order NNLO QCD
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The non-perturbative correction factors in the first and last y* (top)
and Y05 (bottom) bins. The nominal non-perturbative correction
factors are derived using PYTHIA8.210, NNPDF2.3 PDF set, and A14
tuned parameters, while the envelope defines the associated
uncertainty applied to the theory.
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Electroweak correction factors for the dijet double-differential
cross-section as a function of the invariant dijet mass mj in six y*
(L) bins and six Yp,.<: (R) bins.
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Dijet Cross-Sections
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Dijet Cross-Section: Theory / Data (y* bins)

NLO pQCD predictions tend to
overestimate the data

NNLO improves the theory/data
description especially at low y* (where
most events are in the phase space)

At higher y* values, NNLO predictions

remain consistently above the data,
(similar to the NLO predictions)
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ATLAS
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“ATLAS Dijets & Heavy Flavour Jets”

Theory/Data

Theory/Data

e Data, total unc.
—=— NLO, CT18NLO
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Dijet Cross-Section: Theory / Data (Y, bins)

%=z Data, total unc.
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Better agreement with NNLO observed at low
m;; across all yboost bins

NNLO predictions lead to an improved e i
agreement with the data for all mjj bins at m; [GeV]
higher ypoost > 1.5
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Dijet Results

* Double-differential cross-sections measured over 240 GeV < m; < ~10 TeV, six bins each of y* and yp,

e NNLO full-colour pQCD tends to overestimate the data by ~15-20%, with the best qualitative agreement for the NNPDF4.0NNLO PDF

set
e Quantitatively (x? test, accounting for correlations), ATLASpdf21T3 gives the lowest global x¥ndf in both observables

* Better overall agreement is found in (my, yp,est) than in (my, y*)
* No PDF set is preferred uniformly across all bins — measurement provides strong constraints for future PDF extractions, particularly for

the gluon PDF at high Bjorken x.
e Total experimental uncertainty improved by a factor 2—-3 relative to the previous ATLAS Run 2 dijet measurement

e More granular uncertainty decomposition is advantageous for y 2 tests and future PDF fits
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W+b Jet Analysis

e Tests pQCD at NLO (and, in future, NNLO) in a process with both electroweak and heavy-
flavour sensitivity

e Key background to WH production with H = bb, and to single-top / ttbar measurements

e Updatesthe previous ATLAS 7 TeV measurement ( ) with =30x more data
and a factor =2 better precision

e Also uses the full 140 fb™ Run-2 dataset
e Logical ‘OR’ of single-electron and single-muon triggers

e Event selection:

Exactly one electron or muon, pT > 28 GeV

Missing transverse momentum 28 GeV < E;™ss < 60 GeV (neutrino from W decay)

W candidate transverse mass m; > 65 GeV

Two signal regions: one jet / one b-tag (1j1b), and two jets / one b-tag (2j1b)

N
o

Data 2011,Vs =7 TeV

Electran Channel -1
Combined Electron and Muon _[ Ldt=48f
Muon Channel

Ogucial [PP]

Y
[}

MCFM 4FNS + 5FNS
Powheg + Pythia
ALPGEN + Herwig (norm. to NNLO inclusive W)

Representative leading-order diagrams for W+b production (top) and a single-top
background process (bottom)
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ATLAS flavour-tagging algorithms for the LHC Run 2 pp collision dataset

Eur. Phys. J. C 83 (2023) 681

ldentifying the b-jets

b-jets identified using a multivariate tagging discriminant built from track impact parameters and reconstructed secondary vertices

Tagging operating point corresponds to 60% efficiency for genuine b-jets in simulated ttbar events

Selected jet is additionally split into two tagging-discriminant bins:

e atighter 0-20% efficiency bin (high purity)

e alooser 20—-60% efficiency bin

This two-bin split is the key handle used to statistically separate W+b signal from the W+c / W+light-jet background — see next slide

Data/simulation differences in the tagging efficiency are corrected with dedicated, flavour-dependent calibration factors

low & b-tag discriminant score = high

0-20% 20-60%
. > 609 - . .
T ees] rejected (> 60% eff. b-tag working point)
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Background Estimation: the Flavour Fit

& 1.8 ATLAS W(—ev) + b-jet (p,) b 22 ATLAS ¢ W(-ev) + bijet (p)
Lo Toregen 1" 4 Wom) + biel () T
e Dominant background: W+c-jets and W+light-jets | Wi+ oherle ) | S W) » oot £)
e Same kinematics as signal, distinguished only by the b-tag |
e Signal (W+b) and W+other-jet yields extracted simultaneously with a x2
. . . . . . . . . L. . 25-30 30-40 40 - 60 EEJ;[MO 30-40 40 - 60 6&;[140
fit to the discriminant distribution in the two tagging-efficiency bins Py [GeV] Py (GeV]

e Performed inclusively, and independently in each of four b-jet pT bins
(25-30, 3040, 40-60, 60—140 GeV) for the differential measurement

e Smaller backgrounds (top-quark, diboson, Z+jets, multijet) constrained "}'ftiwm o W "rr S o 0 Eeoe
. . . Wow' A Z: ;;els -:::Ifhble‘s \j: e!\:vﬂtevA 140fb — ;‘v:;‘-’:ts -:‘l:j : :l‘. t-jets
from simulation or data-driven methods WEREN Db MSegeTe AN Eooen  MiSegeTor

t Multi-jet

e Fitted scale factors for signal and background are consistent with unity
in both signal regions and across the full pT range

40-60 60-140
p;™[Gev]

ATLAS | Data W + b-jets ATLAS | Data W + bjets
5= 13TeV, 140" W +cjets W + light-jets 15 = 13TeV, 140" W+ cjets  [lW + lightjets
Woopy Wz+ets EW-w Wy Zrjots  EW-w

11 i
i1t Tegen ElDtoson [l Single Top 4\tiegion M Diboson [l Single Top

1t Muttijet [ Mutti-jet
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Requirement

U nf0|d|ng to the Pa rt|C|e Level Lepton transverse momentum pr > 28 GeV
Lepton pseudo-rapidity In| < 2.5

Neutrino pr > 20 GeV

e Background-subtracted, flavour-fitted yields are unfolded to a particle-level my mt > 40 GeV

L : : : . . ) Jet transverse momentum pr > 25 GeV
fiducial region (lepton, neutrino and jet kinematics matching the e ranidig | < 2.5

reconstruction-level selection) Jet multiplicity n=1|n=2

b-Jet multiplicity n,>1

e Inclusive measurement: 2x2 (jet-multiplicity) matrix, inverted directly —
Jet isolation AR(/,jet) > 0.4

migrations are small
e Differential measurement: 8-bin (multiplicity x b-jet pT) response matrix, Ficucial region definition
inverted with an iterative Bayesian technique (5 iterations)
e Nominal response from Sherpa; MGaMC+Py8 FxFx used for cross-checks and
to estimate modelling/unfolding-bias uncertainty
e Results are combined between electron and muon channels with the BLUE
( ) method

o;: unfolded cross-section in bin i

A: response matrix (migrations)
e;, f: efficiency / fiducial correction factors

d; - b;: background-subtracted data yield
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W+b Jet Cross-Sections

Electron Channed ATLAS

Combined Electron and Muon  15=13TeV, 140fb™
Muon Channel

Sherpa SFNS (NLO)

MGaMC+Py8 FxFx SFNS (NLO)

Electron Channel ATLAS

Combined Electron and Muon  15=13TeV, 140"
Muon Channel 142-jet Region
Sherpa SFNS (NLO)

MGaMC+Py8 FxFx 5FNS (NLO)

)
S
[ =
8
8
il
v
8
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Cross-section [pb]

* Measured total fiducial cross sections and
differential cross section vs b-jet p;
e Large improvement from previous 7TeV Analysis.
e Stat. 10%—>1%
e Syst. 25%—>15%
* Good agreement with Sherpa
* Noticeable deviations from Madgraph
* Uncertainties in theory from scale and PDF
variations

Electron Channed ATLAS
Combined Electron and Muan  15=13TeV, 140fb"

Electron Channel ATLAS

Combined Electron and Muan  15=13TeV, 140fb"
Muon Channel 2-jet Region
Shespa SFNS (NLO)

MGaMC+Py8 FxFx SFNS (NLO)

1-jet Region

Muon Channel
= Sherpa SFNS (NLO)
MGaMC+Py8 FxFx SFNS (NLO)

Cross-section [pb)
Cross-section [pb]

25-30 30-40 40-60 60-140
P [GeV]

(c)
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W+b Results

osqg measured in pp > W + b-jets at Vs = 13 TeV, 140 fb~" (combined e + u channels)

e Consistent with the Sherpa (NLO) prediction in all three regions; larger than MGaMC+Py8 FxFx by = 1 standard deviation

e Precision improved by approximately a factor of 2 relative to the previous ATLAS 7 TeV measurement

e Measurement dominated by systematic uncertainty (~10%); statistical uncertainty only ~1-2%, thanks to the full Run-2 dataset
e Leading systematics: b-tagging calibration, jet pT scale, and top-quark background modelling

e Differential cross-section vs. b-jet pT measured in both the 1-jet and 2-jet regions; both NLO generators describe the shape well
within uncertainties

e Provides a precise, differential constraint on a key background to H - bb and top-quark analyses
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Summary and Outlook

e Two precision QCD measurements using the full ATLAS Run 2 dataset (140 fb™, Vs = 13 TeV):
* Inclusive dijets: double-differential cross-sections up to m; = 10 TeV;
* Significant improvement in precision over previous measurement, first measurementin (m;,Y,ost)
e Comparisons to NNLO full-colour pQCD, new discrimination between modern PDF sets
e W+b jets: a 2x-more-precise total and differential cross-section
e Good agreement with NLO predictions

e Of direct relevance to ttbar, single-top, and WH(—>bb) analyses

e Both provide stringent benchmarks for the next generation of (N)NLO QCD predictions and PDF determinations

e Thank you — questions welcome!
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Backup

Dijet Analysis — Additional Goodness-of-Fit Tables
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Backup: NP & EW Correction Inputs

e Non-perturbative (NP) corrections = o(particle level) / o(parton level), i.e. the effect of hadronisation and multi-parton interactions on the

fixed-order prediction

e Estimated from several MC generators, hadronisation models, PDFs and underlying-event tunes (below)

e Nominal: PYTHIA 8.210 + NNPDF2.3 + A14 tune; the spread over the other configurations defines the NP systematic uncertainty

e NP corrections reach ~“5% at low mjj and shrink towards high mjj
e Electroweak (EW) corrections =1+ 6_tree + 6_1-loop, computed for 2->2 processes to NLO; negligible at low mijj, reaching +10% (lowest

v*), =5% (high y*) and -3% (high y_boost) at high mjj

Lee Sawyer

MC generator Hadronisation

PyTH1A 8.210 Lund String model
PyTHiA 8.210 Lund String model
PyTHiA 8.210 Lund String model

PyTH1A 8.210 Lund String model
HerwiG 7.2.3p2 | Cluster model
HerwiG 7.2.3p2 | Cluster model
HerwiG 7.2.3p2 | Cluster model

PDF Tuned parameters
CTEQG6LI C4

CTEQG6LI AU?2

CT10 AU?2

NNPDF2.3 Al4

NNPDF2.3  H7.1-Default

NNPDF2.3  H7.1-BaryonicReconnection
NNPDF2.3  H7.1-Soft

Table 1 (arXiv:2512.19073): generators / tunes used to evaluate the non-perturbative corrections

“ATLAS Dijets & Heavy Flavour Jets”
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Backup: Goodness of Fit vs. PDF Set (y* bins)

e x%/ndf computed between the unfolded data and NNLO pQCD predictions, for each y* bin and across five PDF sets

* Includes correlations between mijj bins via the full experimental covariance matrix
e ATLASpdf21T3 gives the lowest global x2/ndf (288/237); all PDF sets describe the data reasonably well

x - /ndf
CTI8NNLO NNPDF3.INNLO NNPDF4.ONNLO MSHT2020NNLO ATLASPDF21T3
54/58 65/58 57/58 58/58 55/58
60/54 69/54 62/54 65/54 57/54
56/45 67/45 63/45 64/45 56/45

50/36 60/36 56/36 54/36 62/36

30/28 42/28 37/28 34/28 39/28

18/16 22/16 17/16 22/16 20/16
341/237 3351237 3597237 359/237 2911237

Evaluated x?/ndf for the dijet cross-section in the individual and global y* bins taking into account NNLO pQCD predictions
using CT18, NNPDF3.1, NNPDF4.0, MSHT, and ATLASpdf21T3 PDF sets, and ug = ur =mjcorrected for electroweak and
non-perturbative corrections to the unfolded data. The ATLASpdf21T3 does not include ana, uncertainty, as it is not published.

Table 2 (arXiv:2512.19073)
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Backup: Goodness of Fit vs. PDF Set (y, ...t biNs)

e Same x¥ndf comparison, binned instead in y, .«
e ATLASpdf21T3 again gives the lowest global x¥ndf (166/160); CTISNNLO and NNPDF4.0NNLO are also close to unity per d.o.f.

x 7 /ndf
CTIS8NNLO NNPDF3.INNLO NNPDF4.ONNLO MSHT2020NNLO ATLASpPDF21T3
Yboost < 0.5 33/36 45/36 36/36 41/36 43/36
0.5 < yboost < 1.0 49/34 53/34 53/34 54/34 53/34
1.0 < Ypoost < 1.5 39/31 37/31 37/31 46/31 45/31

1.5 < Ypoost < 2.0 24/26 25/26 24/26 29/26 33/26
2.0 < Yboost < 2.5 23/20 23/20 19/20 27120 29/20
2.5 < Yboost < 3.0 14/13 14/13 13/13 19/13 15/13
0.0 < ypoost < 3.0 | 179/160 175/160 181/160 190/160 162/160

Evaluated x2/ndf for the dijet cross-section in the individual and global y,,, bins taking into account NNLO pQCD predictions
using CT18, NNPDF3.1, NNPDF4.0, MSHT, and ATLASpdf21T3 PDF sets, and ug = ur =mj corrected for electroweak and
non-perturbative corrections to the unfolded data. The ATLASpdf21T3 does not include an a, uncertainty, as it is not published.

Table 3 (arXiv:2512.19073)
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Backup

W+b Jet Analysis — Background Estimation Details
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Backup: Flavour-Fit Scale Factors

* Inclusive flavour fit results for the W+b-jets (p0) and W+other-jets (p1) normalisation factors

e Uncertainties quoted are statistical (first) and systematic (second)

e All scale factors are consistent with unity within uncertainties, validating the background modelling

¢ 131b 231
W + b-jets (po) 1.02+£0.01 £0.16 | 0.99+0.01 £0.21 | 0.99 +0.01 £0.15 | 0.97 £ 0.01 £ 0.19

W+ other-jets (p1) | 0.93+0.01 £0.17 | 1.04 £0.01 £0.26 | 0.93 +0.01 £0.18 | 1.02 £0.01 £0.26

Fitted scale factors for W + b-jets and W + other-jets in the 1j1b and 2j1b regions for both electron and muon final states.

The quoted uncertainties correspond to the statistical (first) and systematic (second) components.

Table 1 (arXiv:2605.31205)
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Backup: Observed and Expected Event Yields

W + b-jet
W + c-jet
W+ light-jet
W — 1y
Z+jet

Diboson
Single top
tt
Multijet

Total prediction

Data

Table 2 (arXiv:2605.31205)

Lee Sawyer

180100 +
195000 +
19700 +

159800 +
90600 +
10500 +
3200 +
26100 +
3150 +
88400 +

121000 =

236400 = 800

248000 + 1000

32000 + 2000
5500 £

44100 +

2610 £
81900 +
29900 +

17000 £ 12000 | 15000 £ 13000 | 20000 9000

536000+ 1000 | S17000 + 1000 | 700000 + 3000 | 627000 + 2000
535566 517204 699516

Observed and expected number of events in each signal region after the flavour fit. Only MC statistical uncertainties are shown
for the V+jets, diboson and top-quark processes, as well as the total predictions. For the multijet process, the total uncertainty is
displayed instead.

“ATLAS Dijets & Heavy Flavour Jets”

206900 +
110800 +
17000 +
4000 +
27800 +
3800 +
101000 +
138200 +

20000 £ 10000

627216
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Backup: W+b-jet Particle-Level Fiducial Region

e Cross-sections are quoted in a particle-level fiducial region closely Re-quire-me-nt Cut
matching the reconstruction-level selection, minimising dependence on Le-pton transverse momentum pT > 28 GeV
theory Lepton pseudo-rapidity In| < 2.5

e Leptons are 'dressed' (photons within AR = 0.1 added); leptons from t Neutrino pt > 20 GeV
decays are excluded mr mT > 40 GeV

e Particle-level jets: anti-kT R = 0.4, b-tagged via ghost-association of b- Jet transverse momentum pt > 25 GeV
hadrons Jet rapidity ly| < 2.5

e Neutrino p; and m; cuts are looser than at reconstruction level, Jet multiplicity n=1 n=72

reflecting the large experimental resolution in these variables

b-jet multiplicity np=11np>1
Jet isolation AR({,jet) > 0.4

Table 3 (arXiv:2605.31205): particle-level fiducial definition
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Backup: Differential Cross-Section & Systematics

PP GeV] [25, 30] 30, 40] [40, 60] [60, 140]
e Combined 1+2-jet differential cross-section vs. leading SHERPA prediction [pb] 449+£046 516+0.64 4.13+£0.62 2.67+0.47
b-jet pT, with full per-bin systematic breakdown MGAMC+Py8 FxFx prediction [pb] | 3.75+0.39 4.20+0.42 3.31+0.32 2.27+0.20
e b-tagging dominates at low pT (14%); top-background Measured value [pb] 4.64+0.72 5.02+£048 4.02+0.44 2.84+0.62

modelling dominates at high pT (14%) Stat. Unc. [%] 1.6 1.4 1.3 1.9
Syst. Unc. [%] 15.6 9.5 10.9 21.7

Breakdown of systematic uncertainty [ %]
Stat. Unc. (MC)
V+jet Scale
V+jet PDF

Top background
Electron

Muon

JIVT

Jet pr

b-tag

E'ITTIISS

Luminosity

Multijet background
Unfolding

Combined differential cross-sections in the 1+2-jet region with a breakdown of uncertainties.
The unfolding uncertainty includes the statistical uncertainty in the unfolding procedure, the
modelling uncertainty and the unfolding bias introduced by the Bayesian unfolding method.

Predictions from both Sherpa and MGaMC+Py8 FxFx are shown for comparison.

The uncertainties on the predictions are from scale and PDF variations.

Table 7 (arXiv:2605.31205)
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