QCD Jet Measurements at ATLAS
Inclusive dijet and W + b-jets cross-sections, and unbinned Z+jets in the charged-particle phase space

Hanfei Cui

on behalf of the ATLAS Collaboration

28 September 2026

QCD®@LHC 2026, Oxford

[ 4|
ATLAS nmm

zzzzzzzzzz



Three Run 2 Jet Analyses

All three use 140 fb™' of Run 2 data, unfolded to particle level.
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Adds jet flavour tagging, and probes
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W + b-jets cross-sections
heavy quarks in the initial state.
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Run 2 Jet Analyses

Distance from jet axis, r

Z+jets OmniFold

All charged particles are unfolded, so
the observables can be chosen after
unfolding.
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https://arxiv.org/abs/2512.19073
https://arxiv.org/abs/2605.31205
https://cds.cern.ch/record/2968092

Inclusive dijet cross-sections

arXiv:2512.19073, EP) C


https://arxiv.org/abs/2512.19073

Dijet: two rapidity variables

V3.0 - — @ y'=|y, - ¥,1/2 setsthe parton scattering angle:
_ Bin projections: tanh y* = cos 6"
-
2.5 smmn fOr Y @ Vioost = | V1 +¥>1/2 gives the boost of the pair, so it
—l— ;'_' SCaNS X1/Xy: X 5 = (My//s) @ooost
2.0 i i . for Yooost @ SMall Yoo = X3 = X5; large Yoo = asymmetric x;
/ / r combined with m;, adds PDF sensitivity
1.54 @ First ATLAS dijet cross-section binned in y, ..
o / ( f > Phase space
] @ >2jets, pr>75GeV, |y| <3.0
05 l I f < S @ Hr, = pl+p?>200 GeV (fixed-order stability)
@ V*, Yboost € [0, 3], six bins of 0.5
0.0 X { < <S| = @ my: 240 GeV to ~10 TeV; 237 (y*) + 160 (Vpoost) bins
00 05 10 15 20 25 30 @ highest dijet mass observed: 9.54 TeV
Yboost
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Dijet: experimental uncertainties

first y* bin (most precise) last ¥poost bin (least precise) against early Run 2, y* < 0.5
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g 09 g 02 3 - JHEP 05 (2018) 195
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3x10% 10°  2x10° 3102 4x10? 10° 3x10? 10°  2x10°
m; [GeV] m; [GeV] m; [GeV]
@ Single-jet triggers (60-420 GeV), 99.5% efficient @ New calibration (EPJC 85 (2025) 927): JES 2-3x
@ JES dominates: 1172 systematic components, plus 34 smaller than early Run 2
for JER @ Total: 2-4% (best) to 22% (worst)

@ IDS unfolding: 1 iteration (¥*), 2 (Vboost)
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https://arxiv.org/abs/1711.02692
https://arxiv.org/abs/2407.15627

Dijet: PDF uncertainties
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NNLOJET full-colour NNLO, ug = pg = mj;

Five PDF sets; as(mz) = 0.118 + 0.001
Highest mj;: CT18 15-22%, NNPDF4.0 2%
Scale variation dominates NNPDF4.0; PDF uncertainty dominates CT18
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Dijet: electroweak and non-perturbative corrections

electroweak, six y* bins non-perturbative, first y* bin
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@ EW (Dittmaier et al., JHEP 11 (2012) 095): +10% at low y*, high my;; within 3% in ypoost

@ NP: Pythia 8 / Herwig 7 spread, < 5% @ EEREIN T Sl NE0E

@ x2 with EW: y* 396 — 329 for 237 bins; Ypoest 184 — 183
@ Ypoost: NO sensitivity to either correction
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https://arxiv.org/abs/1210.0438

Dijet: measured spectra
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Slices scaled by 1073"; NNLO CT18 x EW x NP bands over the data.
Data uncertainties smaller than theory almost everywhere.
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Dijet: NLO and NNLO against the data
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@ NLO and NNLO 15-20% above data, after EW and NP corrections
@ y*: ratio falls with mj; at low y*, rises at high; NNLO improves shape only at low y*

@ Ypoost: NNLO improves every mj; bin for ypoost > 1.5 (low-y* events dominate)

@ At fixed mjj, Ypoost SCANS X1/x2: new PDF constraint
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Dijet: comparlson with flve PDF sets
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Global lendf ATLASpdf21T3 CT18 NNPDF3.1 NNPDF4.0 MSHT20
(mjj,y*), ndf 237 288 329 343 342 347
(Mjj. Yboost) ndf 160 166 183 178 185 195

@ Lowest x2: ATLASpdf21T3; NNPDF3.1 best global set in ypoost

@ NNPDF4.0 closest centrally; narrow 2% bands raise x?
@ No set removes the 15-20% offset, which remains after EW and NP corrections
@ Candidates: fixed order, u = mj;, missing resummation, small R = 0.4 (a; In(1/R))

Take-away: Data reach 2-4%; theory 15-20% off after EW and NP. Theory now limits.
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W + b-jets cross-sections

arXiv:2605.31205, JHEP


https://arxiv.org/abs/2605.31205

W + b: heavy quarks in the initial state

Why measure it

@ pQCD with initial-state heavy quark; dominant:
W+g(— bb)

@ Background to VH(bb), single top, BSM
@ Open since Run 1: ATLAS at 7 TeV sat 1.50 above NLO

Selection

Lepton  e/u, pr > 28 GeV

Ess 28 < E"SS < 60 GeV

mr > 65 GeV

Jets anti-k; R = 0.4 PFlow, pr > 25 GeV
Inl < 2.5, jet-vertex tagged

b-tag DL1r, 60% working point

Regions 1jlband2jlb

Rejects ¢ by 40, light by 2500. Upper EM™SS cut
suppresses top; events with >2 b-jets or >3 jets
vetoed.
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W + b: flavour fit and unfolding

LL C T T T ] X103
@ 185 ATLAS ¢ W(-ev)+biet(p) 8 | | |
F :ﬁ; 13TeV, 140fb* i W(opv) + b-jet (po) 1 E 300? ATLAS . { Data . mw+ l:.)-JelSl
1.6 j1b region 5 W(-ev) + other-jet (p) | r V\% =13TeV, 140fb™ [ W +_c—]ets B W + light-jets
E BTy + other-i T L 2_]1]9" . 0z +jets Bw-_w
145 (=) + other-jet (p) ] | “ltbregion [ Diboson [ Single Top
L ] 200~ it Multi-jet
12 l ]
I I ++ """"""" i """"""" ‘ """" 7 100
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C | | | ]
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e ¢
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fitted scale factors, 1j1b b-jet pr after the fit, electron 2j1b

Flavour fit: DL1r score, two bins (20-60%, 0-20%); po for W+b, p4 for W+c/light
All scale factors consistent with 1

Multijet and fakes from matrix method

Unfolding: matrix inversion (total), 5 Bayesian iterations (spectrum)

BLUE combination: y?/ndf = 0.2/2 and 2.0/8
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W + b: cross-sections and comparison with predictions

E I I g L T T T i
E‘ = I Electron Channel ATLAS 4 = 10— I Electron Channel ATLAS =
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0 1jet 2 jet 1+2 jet p:'je‘ [GeV]
total fiducial cross-sections spectrum in p‘T"JEt, 1+2-jet region

Ofig(1+2 jets) = 16.6 + 0.2 (stat) + 1.9 (syst) pb

[pb] 1jet 2jets 142 @ Systematics dominate (11.6% vs 0.9% stat);
b-tagging 8.3%, top up to 13.8% EETEEIELNT
Data 91+09 7511 16.6+1.9

Sherpa 2.2.11 00:09 78+13 168%23 @ Sherpa agrees; MG5+FxFx 10 low in every bin
MG5+Py8 FxFx 7.4+0.9 6.5:06 13.9x1.3 @ 2x precision of 7 TeV; Run 1 excess not
reproduced

@ Data and 5FNS NLO both at ~10%; needs NNLO
and 4FNS, not more data
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Unbinned Z+jets

fully differential in the charged-particle phase space

ATLAS-CONF-2026-009 (preliminary)



Z+jets: an unbinned charged-particle release

MC prior MC prior |_ ~1 omniroLp

measurement

One-dimensional One-dimensional
projection

o)
=

projection é

Neh
Unfolding

/=
Iteration 7 ve (x )

Step 2 >

Neural network

Data-constrained:
_ pme gof (2
w; = w v (X))

Variable-length event space LN
L ERY d =153, dy=111, ... {(Wi’x')}i:]

@ Binned unfolding: observables and bins fixed before results seen

@ Published as weighted events: 162 variations (27 syst, 135 bootstrap)
@ o for any cut = sum of weights that pass

@ Jet algorithm, radius, binning all free; no new calibration

@ Each new observable checked on pseudodata (>5000 eff. events/bin)

@ First published unbinned, fully differential collider cross-section in the charged-particle phase space.
ATLAS-CONF-2026-009, preliminary
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Z+jets: Omnifold at ~150 dimensions

OMNIFOLD

Detector-level Mi; . Particle-level MC w(E)-adiusted Particle-level MC , measurement
Final iteration ¥ v l

bt L R MO e . w

o w(X,) p"‘(fp)
4
“p
Repeat X 7
Measurement Method
@ 7 - up, 140 o', ~247k events @ ~150 dimensions (50 particles x 3 coords); up to 750
® yru: pr>25GeV, |n| <2.4,81 <my, <101 GeV @ Particle Transformer, 1.6M params, trained at

¥ > 190 Gev

@ Pretraining on 14M events: cuts bias and
run-to-run variation

@ 400k A100 GPU-hours (Perlmutter)

@ pt* > 200 GeV, no jet cut

@ Charged particles: pr > 0.5 GeV, |n| < 2.5,
CTp > 10 mm

@ Top background 0.25%, subtracted unbinned
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Z+jets: validation and uncertainties

) : ] > ool -

= [ ATLAS Simulation Preliminary o Truthpseudodata | 8 10% ﬂTLAS Preliminary —— IBU reference 3
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closure test on simulated data, ng,: x2 = 2.41, p = 0.790 IBU, Multifold and Omnifold on p#”

@ Closure on Sherpa pseudodata, kernel-reweighted (not the network)

@ 25 of 26 observables pass; mj, at p = 0.016

@ Matches IBU and Multifold (PRL 133 (2024) 261803)

@ Dominant syst: tracking, muon isolation; unfolding comparable. Hr: 7, 2, 4, 5, 7, 12% @EIEELTEITED
@ 150-D costs almost nothing vs 1-D; more precise for mj;, mj;
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https://arxiv.org/abs/2405.20041

Application 1: observables outside the unfolding
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- ATLAS Preliminary Drell-Yan (Sherpa2.2.11) + X
EVs=13 T‘i}:/’ 140 fb~ Drell-Yan (MG5+Py8) + X
- Wi, pr’ > 200 GeV X = EW Zjj, VZ - qqup
Measurement
. 3
& 3
T =

200 600

@ n¢, and Hy not in the unfolding; computed from published events

@ nch: 50% disagreement, generators in opposite directions; constrains tuning
— Soft QCD measurements with pp collisions in ATLAS (Pretel, Mon 14:00)

@ The MG5+Py8 Hy shape is also off, by less

800
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https://indico.global/event/17070/contributions/162356/

Application 2: three jet algorithms from one dataset

— ——
% 104 E —
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. e v i - v Y [ — .
2 = ! B C/A against the generators
Zorsie ‘ ‘ ‘ ‘ =
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Distance from jet axis, r

@ (p(r)) for k¢, anti-k; and C/A at R = 0.4, same events, no extra calibration. Jets py € [120, 150] GeV, |y| < 1
@ Generators too narrow: excess at r < 0.04, deficit at 0.04-0.3
@ anti-k;: bump near r = R (soft edge); k; and C/A track each other

Take-away: This measures radiation inside the jet; the unbinned release allows any R and any jet algorithm.
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Application 3: energy correlator with no jet radius

. .
10" ATLAS Preliminary Drell-Yan (Sherpa2.2.11) + X
Vs =13TeV, 140 fb~" Drell-Yan (MG5+Py8) + X
100 -2~ pu, pr¥ > 200 Gev X = EW Zjj, VZ - qqup

<4 Measurement

> o

Two-point energy correlator
3

-
"'_.H*
102 o
5 ....H--..“....."rl'
-3 I—'.'l‘

10 l—ll E
591.25;1uun..u; ‘ ‘ ‘ ‘ ]
© C Op o -
21.00 2|
(@) iy
=0.75& , . . . , =

106 1075 104 103 102 1071 100

Angular separation z

@ No jet-edge cut-off; six decades in z = (1~ cos 8;1)/2 at <5%. First all-charged-particle EEC in pp
— EEC, Track functions and related topics (Waalewijn, Tue 10:00)
— Accounting for the Effect of Fiducial Cuts on ... (Vorona, Tue 16:20)

@ Three regimes: wide-angle UE (z > 1072), pQCD (1074-102), confinement (z < 107)
@ Both generators miss at small z, Sherpa by the larger amount
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https://indico.global/event/17070/contributions/165996/
https://indico.global/event/17070/contributions/162366/

Application 4: an observable with no response matrix

A 10F ‘ : : : : .
Z | ATLAS Preliminary ~—— Drell Yan: MG5+Py8 +X |
Z 9fF-vs-13Tev, 1401 —— Drell Yan: Sherpa2.2.11 + X —|
_é‘ F Anti-kt R=1.0 jets X =EW Zj, VZ - qquu .
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Intrinsic Dimensionality, NNID

:
ATLAS Preliminary
VS =13 TeV, 140 !

Antikt R=1.0 jets
pre[330,370] GeV

—— Drell Yan: MG5+Py8 + X
—— Drell Yan: Sherpa2.2.11 + X

X = EW Zj, VZ - qqup
—— Measurement

N | T N SR R

@ NN intrinsic dimension vs median EMD; anti-k; R = 1.0, pr € [330, 370] GeV
— Event isotropy in perturbative QCD (Atzori, Tue 17:00)

@ First collider measurement of intrinsic dimension

@ Defined for the dataset, not per event; binned unfolding cannot measure it
@ N-particle jet spans 3N dimensions, but < 10 effective degrees of freedom at every scale

@ Generators agree; MG5+Py8 deviates near minimum
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https://indico.global/event/17070/contributions/162341/

What limits each measurement

Measurement Precision Limited by Needs
Inclusive dijet cross-sections 2-4% Theory resummation, a better scale, the R dependence

— Accurate predictions for LHC Processes ... (Andersen, Mon 16:20)
W + b-jets cross-sections 11.6% Detector NNLO, and a 4FNS prediction

— Matching flavour schemes via isolation of ... (Gauld, Thu 12:30)
Z+jets, unfolded charged particles 2-12% Method neutral particles, a goodness-of-fit test
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https://indico.global/event/17070/contributions/162326/
https://indico.global/event/17070/contributions/162336/

Summary

@ Measurement of inclusive dijet cross-sections in proton-proton collisions at /s = 13 TeV with the
ATLAS detector
arXiv:2512.19073 (EPJC)
> Full Run 2, double-differential; first ATLAS ypo0st binning
> Data reach 2-4%
> NNLO 15-20% above after EW and NP corrections; no PDF set removes it

@ Measurement of the cross-section for the production of a W boson in association with b-jets in pp
collisions at /s = 13 TeV with the ATLAS detector
arXiv:2605.31205 (JHEP)
> Ofig = 16.6 + 1.9 pb
> Sherpa agrees; MG5+FxFx 10 low
> Twice the 7 TeV precision; Run 1 excess not reproduced
@ A fully differential charged-particle phase-space measurement of Z+jets production in pp collisions
at /s = 13 TeV with the ATLAS detector
ATLAS-CONF-2026-009 (preliminary)
> Particle-level events with unfolded weights, instead of histograms
> Observable, jet algorithm and binning chosen after publication; no new calibration
> Code and data: gitlab.cern.ch/atlas-physics/sm/photons-jets/ana-stdm-2024-02
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https://arxiv.org/abs/2512.19073
https://arxiv.org/abs/2605.31205
https://gitlab.cern.ch/atlas-physics/sm/photons-jets/ana-stdm-2024-02/zjets-omnifold-public-code

Thank you!

Questions?

Hanfei Cui
hanfei.cui@cern.ch
University College London
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Backup: dijet x? tables

(mjj, y) (M, Yooost)

. NNPDF NNPDF MSHT  ATLAS NNPDF NNPDF MSHT  ATLAS
y crs N3N 4.0 20 pdf2173 Yeoost  CT18 54 4.0 20 pdf21T3
<05  58/58 68/58 59/58 61/58  58/58 <05  33/36 48/36 37/36  43/36  44/36
0.5-1.0 62/54 70/54 63/54 67/54  59/54 05-1.0 51/34 5534  53/34  55/34  54/34
10-15 56/45 67/45  63/45  65/45  58/45 10-15 41/31 4031  39/31  47/31  47/31
15-20 51/36 59/36 57/36  54/36  63/36 15-20 26/26 27/26  26/26  31/26  35/26
20-25 30/28 4128 36/28  34/28  39/28 2.0-25 24/20 24720  21/20  28/20  31/20
25-30 17416 21/16 17/16 21716  19/16 25-30 1513 1513  14/13 2013  16/13
all 320 343 342 347 288  all 183 178 185 195 166

/237 /237 /237 /237 /237 /160 /160 /160 /160 /160

@ ATLASpdf21T3 publishes no as uncertainty, so that term is left out. Including it would lower its x? further

@ Bin by bin the agreement is good. The global y* x? gives p ~ 107, which the paper attributes to bin-to-bin
fluctuations in the perturbative prediction, from large real-real and real-virtual integrals that do not quite
cancel, rather than to a physical effect

@ The x? is insensitive to an overall shift, because systematics correlated across bins absorb it. That is why the x?
passes while the 15-20% offset remains

@ Drop the corrections (NNLO, CT18) and (mJ-J-, ¥*) moves from 329 to 396 without EW and to 338 without
non-perturbative corrections. (mjj, Yyoost) is unaffected
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last y* bin (2.5 < y* <30)

Backup: dijet systematics, remaining extreme bins

first ¥poost IN (Vboost < O. 5)

> > T
S 04— Total sys. uncertamty ATLAS I kS 04— Total sys uncenalnty ATLAS I
% | I Jet energy scale {s=13 TeV, 140 fb‘ % | I Jet energy scale (s=13 TeV, 140 fb‘
e Jet energy resolution anti-k, R=0.4 e Jet energy resolution anti-k, R=0.4
= 3 4 =1 F
° I Other 25< y* <3.0 ° I Other Yionst < 05
'%- [ —4— Stat. uncertainty 1 % [ —4— Stat. uncertainty
© 0.2 - o 0.2 -
o o
0.0
-0.2[- - -0.2- -
2x10°  3x10° 10* 3x10? 10° 2x10° 10*
m; [GeV] m; [GeV]

@ At high mj; the n-intercalibration leads every yyq05¢ bin and the high-y* bins; at low y* the response to single
hadrons leads instead

@ At low mj; pile-up leads at low y* and low ypo0st, @nd the n-intercalibration takes over as either grows

@ Statistical errors come from 1000 bootstrap replicas. For the JES, JER, Tile and unfolding terms, bins are merged
until each is worth more than 20, then smoothed with a Gaussian kernel
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Backup: dijet electroweak and non-perturbative corrections

X " « ) . )
NP, first y NP, last y NP, first Ypoost NP, last ¥poost EW, SiX ¥poost bins
1 . o o1 g .
'295 116f ATLAS Simulation —*— Peszore 42 | b ATLAS Simuiation T~ Prmescne EE: s ATLAS Simulation —¥— "o sz cTo 3% [ Dittmaler, Huss, Speckner
8 s = 18 TeV. ke Py A2 CTEORY S Vs =13 Tev — oy iz CrEOLS ] s =13 TeV —h— Py Az CrEOR1 81052 13 ToV 00< 05
£ 11ab ant-k, A=0.4 —e—emamweozs 12 F anlick, A=0.4 A TR I - anti-k, A=0.4 —— ez JE Tk A4 — 005y, <0
3 0.0<y* <05 —©— Pyma, A14,CTECSLY 8 25<y* <30 —O— Py, a1a.crEGRT 8 255y, <80 —O— pmeakoreon S, gap ANtHke - 05<y <103
s o i ooz 1S ¢ 12 & e o e s worzs 1 ot
° 1.0< 15
2 o et 5071 ] 12 [ LR
T E o sz 1 g —o— e sonwporzs 4 © 102 155y, ., <203
£ 0 e Siog S 10g L S ok 205y, <251
5 H b - 25<y, <30
8 1.0 48 3199 ost
< & 104
5
S = z 3
1.02] 102
1 K E|
0.98f L 098, L =
e pra—— 2000 8a¢ 40" 10 3¢ 0 20 10 PR R o 2 o
m [GeV] m [GeV] 310 10 2a0 10°
m [GeV] i i m; [GeV] m, [GeV]

@ NP = gP>*HAD*MPL/5PS pythia 8.210 with NNPDF2.3 and A14 gives the central value; the spread over all seven
generator and tune pairs gives the uncertainty

@ Pythia 8.210 (Lund string) with CTEQ6L1/C4, CTEQ6L1/AU2, CT10/AU2, NNPDF2.3/A14; Herwig 7.2.3p2 (cluster)
with NNPDF2.3 and H7.1-Default, -BaryonicReconnection, -Soft

@ They reach 5% at low dijet mass and fall away at high mj; in every y* bin. In the lower ypoost bins they stay flat
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Backup: dijet theory uncertainties, remaining bins

i
Q
EN

CT18, last y*
g 0.4F- NNLO QCD (CT18NNLO PDF) El
?5 Stat. uncertainty
E 0.3] Scale uncertainty, u_=p_=m;
c YzzzzZ) a uncertainty
< 0.2F [ PDF uncertainty
= Total uncertainty
8 o
[}
4
0. =
-0.2F- anti-k, R=0.4 25<y*<3.0 é
2x10° 3x10° 4x10°
m; [GeV]
NNPDF4.0, last y*
2 44F NNLO QCD (NNPDF4ONNLO PDF)
T Stat. uncertainty
§ 03F o Scale uncertainty, b= =m;
= WzzzzzzzzZ3 @ uncertainty
g 0.2] PDF uncertainty
= Total uncertainty
kS
[}
@
s =13TeV
-0.2F anti-k, R=0.4 25<y*<3.0 -
2x10°  3x10° 4x10°
m; [GeV]

10*

Relative uncertainty

Relative uncertainty

CT18, first ¥poost

NNLO QCD (CTlSlllNLO PDF)

Stat. uncertainty

Scale uncertainty, p_=p_=m,
a, uncertainty

[ PDF uncertainty

Total uncertainty

i

antik, R=04 Yy <05
L

boost

.2
3x10?

10° 10

m; [GeV]

2x10°

NNPDFA4.0, first ypoost

NNLO QCD (NNPDF4ONNLO PDF)
Stat. uncertainty

Sy Scale uncertainty, He=H =M,
WzzzzzzzzZ3 - ag uncertainty
PDF uncertainty

Total uncertainty

-0 (5=13TeV E
oz anti-k, R =0.4 ‘ Y oost E
3x10° 10°  2x10° 10
m; [GeV]
Backup

Relative uncertainty

Relative uncertainty

CT18, last ¥poost

0.6 3
05 NNLO QCD (CT18NNLO PDF) 3
: Stat. uncertainty El
0.4F [N Scale uncertainty, b =y _=m; 3
035 EZZZZ a, uncertainty 3
[ PDF uncertainty El
0.2 Total uncertainty =
0.
-0.
028 g-13Tev =
“03F antik, R=04 255y <3 E
0.4 =
3x10°  4x10? 5x10° 10°
m; [GeV]
NNPDF4.0, last ¥poost
0.6
05 NNLO QCD (NNPDF40NNLO PDF)
- g Stat. uncertainty
0.4F NN Scale uncertainty, p =p_=m;
0.3 Wzzzzzzza  as uncertainty
[ PDF uncertainty
028 ———— Total uncertainty
0.
-0.

s =13 TeV

“03E antik R=04 255y, <30
-0.4 L
3x10°  4x10° 5x10° 10°
my [GeV]
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Backup: NLO vs NNLO, all six y* bins

8 2.2F s Data, total unc. 8 2 2 Data, fotal unc.
@ - —— NLO,CTI8NLO @ 5 —— NLO, CTI8NLO
Q —— NNLO, CT18NNLO Q —— NNLO, CT18NNLO
> 1.8 > 1.8
8 1.6 8 1.6
c 1.4 c 14
F o2 F o2
T4 1%
0.8F 0.8
0600<y"<05 0605y <10
: | : |
3x10? 10° 2x10° 3x10? 10°  2x10°
my; [GeV] m; [GeV]
..g 2.2F W Data, total unc. E 2.2¢ w7 Data, total unc.
@ - —— NLO,CTI8NLO © 5. —— NLO,CT18NLO
o —— NNLO, CT18NNLO Q —— NNLO, CT18NNLO
= 1.8 3 1.8F
8 1.6 8 1.6
< 1.4 < 1.4
F o F o2
s o
o0 020 25
O<y <2
06,7 . 0.6F y . .
7x10%10°  2x10° 10° 2x10°
m; [GeV] m; [GeV]
ATLAS (s=13TeV, 140" pn =p_
Particle level anti-k, R=0.4

" G Daka, total unc.
o —— NLO, CT18NLO
—— NNLO, CT18NNLO

Theory/Data

.8
[10<y <15
‘

4x10% 10°  2x10°

%z Data, total unc.
—— NLO, CT18NLO
2.5F —— NNLO, CT18NNLO -

Theory/Data

=m. pQCD
omy) =0.118  ®EW ® NPC
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Backup: NLO vs NNLO, all six ypoest biNS

ﬂ 2.2 wzz Data, 4otal unc. E 22F iz Data, to‘tal unc. .fg 220 Data, tota‘ unc.
© o - NLO,CT{8NLO R NLO, CT18NLO o NLO, CT18NLO
[a)] —— NNLO, CT18NNLO ()] —— NNLO, CT18NNLO [m) —— NNLO, CT18NNLO
> 18 3 1.8F = 1.8
é 16 g 18 é 16
= 14 c 14 C 14
F o2 F o2 o2
1 14 184
0.8F 0.8F 0.8F
06005, <05 0605, <10 0610 Y, <15
3x10° 10° 2x10° 10 3x10? 10° 2x10° 3x10° 10° 2x10°
m; [GeV] my; [GeV] m; [GeV]
© 2.2F I 35 3.5
= s Data, total unc. < %% Data, total unc. | ] %2 Data, total unc. ‘
© o —— NLO,CT{8NLO ‘ © ” NLO, GT18NLO T 7" NLO, CT18NLO
Q g~ NNLO,CTISNNLO Q 3 —— NNLO,CT18NNLO Q 3 —— NNLO,CTI8NNLO
= > >
O 1.6f B 2.5 B 2.5
2 14, P4 ’”ﬂ” g 2 gz
B I T i s
0; CARAAAAIA e, ,[;ﬂf{}iiﬂi{f}qi}i” -
°F ) b AR
0_671 :5 s y‘bopst‘<‘ ‘2‘.0 ‘ ‘ o 20< Y poost < 2.5 i
3102 100 20° 7 a0 10° ~
m; [GeV] m; [GeV]
ATLAS Is=13TeV, 140 fb™' o=k =m pQCD
Particle level anti-k, R=0.4 og(mz) =0.118 ® EW @ NPC
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Backup: PDF comparison, all six y* bins

CT18/NNPDF3 1/NNPDF4.0 MSHTZO/ATLASpdf21T3
gl = Data, otal il s Data, lotal bl = Dala, total [} : <
S 18 " o crianLo T 18 T Lo CTiawLO T 1 T o CrianLo R g o Moo IR 1o o MD T o = e
. 1.6F — NNLO,NNPDF31nnlo S 1.6 — NNLO.NNPDF31nnio S, 160 NNLO,NNPDF31nnlo Q —— NNLO, ATLASpdf21T3 Q —— NNLO, ATLASW'Z*TS —— NNLO, ATLASpdf21T3
2 " NNLO, NNPDF40nmIo 2 " NNLO. NNPDF40RNIo =l —— NNLO, NNPDF40nnlo > 1.6} > 160 -6
Q 14k g 14 g 14 S 14 S 14
@ @
£z =12 = 12 S 12 = 12
# 0 e
08 LE:! X 08 08k 08k E
05 ¢ 0605<y" <10 04 06L0.0<y* <05 06:0.5<y"<1.0 T g10<y' <15
h 1 .
310 10° 2x10° 310 10° 210 a1 100 2x10° pwra 10 2x10° 310 107 2x10° 210 100 20
m; [GeV] m; [GeV] m; [GeV] m; [GeV] m; [GeV] m; [GeV]
8 222 Data, total unc. 8 22 s Data, total unc. S 3F = paw ol T © © 25 .
(DU 2F —— NNLO, CT18NNLO 8 2f —— NNLO, CT18NNLO g = Nﬂfo‘ocw:rimo T 18— = RALO S 30 f i et ﬁa‘f(fﬁ‘sm"mmn % s Date otalbne
S g — NNLO,NNPDF31nn0 < | gk —— NNLO,NNPDF31mnio S 25 — NNLO,NNPDF3TIID | | [=] —— NNLO, ATLASpdi21T3 O 1.8- —— NNLO, ATLASpdi21T3 fa] T NNLO, ATLASpdR21T3
S g NNLO. NNPDFaOmIo S 16— NNLO.NNPDF4OmIo 2| NnLo NNPORdOmo } 14 > d s * ]
@ @ @ 7 1 S 14 S S
Ry 2 4 L 2 ‘ | 84 ”m 8 4 H““M 3 .4 d [“ ]
<
= Bl oI o & o W 3 11 AEE 1 44
. 1101y # e
CHis<y <20 odo0<y <25 Fos2y <80 0% 08
oef!2 Sy ogpel =Yy <= oseO Sy s k| 015 y" <20 0ef20<y <25 0255y <30 ]
7107107 2x10° 10° 210° 2d0° 3x10° 10¢
7X10P10° 2x10° 10° 240° 2410° 3x10° 10¢
m;[GeV] m;[GeV] m; [GeV] " m, [GeV] m, [GeV] " mcev]
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Backup: W + b uncertainties and correlations

Relative uncertainties [%]

Source 1jet 2 jets 142
b-tagging 73 10.2 8.3
Top background 3.1 7.0 4.3
Ess 26 47 35
Jet p1 35 3.0 3.1

Multijet bkg 33 3.2 3.2
Muon 2.2 33 2.7
Luminosity 1.3 2.2 1.7
Electron 1.2 1.7 1.4
MC statistics 0.9 1.2 0.9
V+jet scale 0.6 1.5 0.8
V+jet PDF 0.6 0.5 0.4
Unfolding 0.4 0.6 <0.1
T <0.1 <0.1 <0.1
Total syst. 10.1 14.7 11.6
Total stat. 0.8 1.2 0.9

Highest pr bin (60-140 GeV, 1+2 jet): top background 13.8%,
b-tag 9.6%, ET"'*° 8.8%, jet pt 7.0%, total syst. 21.7%

40-60 Lt
3040 Lot

25-30 Ljet

ATLAS 1S = 13TeV, 140fb™
T

1+2-jet 0.95 0.96 1.00

1-jet 2-jet 1+2-jet

ATLAS 1 = 13TeV, 140fb™

15 = 13TeV, 140fb

5 50 -gp 0~ gy 0~ 17 T~ 39 T~ g9 B gp 00
30,070,060, 1ag >0 5.0 0 5060 5.0 1
020y 0y % Ly 10 170,70 2t “021er 2 190 25,

Pl [Gev]

20-60 60- 140

P [Gev]

The correlations are large because systematics dominate and

most of them move together across bins.
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Backup: W + b post-fit distributions, all four regions

T T
W(-ev) +bjet ()

ATLAS ¢
10 g S=I3TEV.1400° 4 W(-pv) + biet (p)
8 300f T T T 8 T T T i1b region & W(-ev) + other-jet (p)
' AS t Data W+ bejets £ 3001 ATLAS | Data W+ bijets jetip)
w F 13Tev, 140" IW + cjets MW +lightijets | W Vs =13TeV, 140" I W + cets W + light-jets & W(-pv) + other-jet (p)
o ion Wz+jes MW-w e Mzies Ew-w
200 e I Diboson [ single Top b regio [ Diboson [ Single Top
i Multijet 200 i Multiet

L L
25-30 30-40 40 - 60 60 - 140
P [Gev]

10° " .
8 400] T T T s f T T T fitted scale factors, 2j1b
£ TLAS { Data MW +bijets = { Data MW + bijets
w r 13Tev, 140fb™ W W + c-jets W + light-jets w r 13TsV 140" I W +cjets W + light-jets
200 i fegion Dzees  HWev 2 regon I @ pp=1.02/0.99/0.99/0.97 and p; =0.93/1.04/

M Diboson [l Single Top
3 Multi-jet

M Diboson [l Single Top
i Multi-jet

0.93/1.02 over the four regions, with +0.01 from
statistics and +0.15-0.26 from systematics. All are
consistent with unity

@ For W + ¢ and W+light the 0-60% calibration is used
%010 in both tagging bins, with a 100% uncertainty

e added in the 0-20% one

@ Fake-lepton rates come from a control region with

the cuts inverted, EMS < 28 GeV and my < 40 GeV,
after the prompt Ieptons are subtracted using MC

60-140

P [Gev]

e1jlb, e 2j1b (top); pu 1j1b, u 2j1b (bottom)

@ The fit errors come from 1000 bootstrap replicas;
systematics are evaluated by shifting one source at
atime
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Backup: W + b differential cross-sections per jet region
oy I I I =y I I
% I Electron Channel ATLAS ) % 4; I Electron Channel ATLAS ;
2 L] Combined Electron and Muon ~ Vs=13TeV, 140fo™ | 28 C 1] Combined Electron and Muon ~ V5=13TeV, 140fb™ ]
§ ¥ Muon Channel 1-jet Region : § r ¥ Muon Channel 2-jet Region ]
@ Sherpa 5ENS (NLO) | @ 3= shemasFNs (NLO) _
8 --------- MGaMC+Py8 FxFx 5FNS (NLO) | 8 [ -eeeeeees MGaMC+Py8 FxFx SFNS (NLO) ]
— ; =
b B ¢ ]
- ]
[ U S . 7
| | | ] 0 | | |
25-30 30-40 40-60 60-140 25-30 30-40 40-60 60-140
Py [GeV] Py [GeV]
1-jet region 2-jet region
p?-jet [GeV] 25-30 30-40 40-60 60-140
Data, 1+2 jet[pb] 4.64+0.72 5.02+0.48 4.02+0.44 2.84x0.62
Sherpa 2.2.11 449+046 5.16+064 4.13+062 2.67+047
MG5+Py8 FxFx 3.75+£039 420+042 331+032 2.27+0.20

@ The spectrum stops at 140 GeV because the top-quark background dominates above it
@ In Sherpa, 0.98/0.92/0.87 /0.84 of 2j1b fiducial events hold exactly one b-jet, so the “W + one b-jet + one other

jet” cross-section can be recovered
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Backup: Z+jets uncertainty breakdown

Hr: 13-component breakdown Hr: uncertainty correlation matrix
= 25 . ; ‘ ‘ ‘ ‘ ; ; 8 [ ATAS e o T
3, [ ATLAS Simulation Preliminary -~ Totalunc. Moon ] X b ATLAS Smuition Preiminary 100
> | zopwpr200Gev Training stochasticity —— Mo Stat ] 5 e : S
c L —— Pileup —— DataStat | s =
‘T 20— Luminosity Theory o 075 ®©
<] L Top background ~ —— Non-Strong | = g
2 - — Tracking Method bias T 050 &
= [ —— Unfolding A o
S5t f =
5 15 - 025 =
[ - ©
S €
k) e, il 000 g
© C i 1 e
S ok | ] -0.25 5
T o i 7
Coeen o ; ] 050
! ! [ i
M - = -0.75
F = - -1.00
== ]
O 200 400 600 800 {000 1200 1400 1600 4 5

Hr [GeV] Hr [GeV] bin index

@ From the detector: muon efficiency and calibration, track reconstruction, pile-up, luminosity. From theory:
Drell-Yan PDF, as, QCD scale and tune. The diboson yield is varied by 30% and the EW Zjj yield by 20%

@ From the unfolding: training noise over 10 repeats, method bias taken from the data, the hadron mix (pions,
kaons, protons and the rest reweighted to Sherpa), and the hidden-variable term, obtained by repeating the
whole procedure with Sherpa as the MC

@ For most observables the detector terms are larger than the modelling ones
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Backup: Omnifold vs dedicated IBU, uncertainties

total fractional uncertainty: n¢, and Hr where Omnifold beats IBU: mj; and mj;

20 2 03¢ > 025¢ >0 .
£ ATLAS Preliminary £ ATLAS Preliminary = IBU reference | E ATLAS Preliminary E ATLAS Preliminary = 1BUreference
T 020[/3-10TeV, 1401 1! o § ozofvE-1aTev 1401 0! ¢ Thisresut g 2 0 20[VF=13Tov, 1401 ! - I Sy Mutiold |
e Z- pp. ¥ > 200 GV e 2o ¥ > 200 GV El 8 22, pi¥ > 200 Gev 8 203y, pi> 200 Gev o Thisresut
S E 1 5 E ]
3 0.15F 4 ® o015 - = 0.15 5 0451 4
< s ] c c
S 2 S S
£ 3 2 2
& 010 4 goo 8 010 8 ool 4
g E .TE 1BU refe E
S ok 13 £ oosk « BUrleence | B o5 3
2 008 « BUerence | = 0% 12 005 Multtold 12 00
o Thisresult o This result S
0.00 25 50 75 100 125 150 o 250 500 750 1000 1250 1500 o 10 20 30 40 50 60 7 o 10 20 30 4
en Hr, racks [GeV] my; [GeV] mp [GeV]

@ On Hy Omnifold is more precise than IBU in the first four bins and less precise in the last two, where the
statistics run out: 0.072/0.011/0.034 / 0.048 / 0.064 / 0.121 against 0.085 / 0.020 / 0.047 / 0.056 / 0.061 / 0.079

@ On the two jet masses Omnifold is the more precise of the two

@ n¢, runs the other way: Omnifold is slightly worse in the first five bins and better in the last. The penalty is small
in every case
@ Multifold measured neither ne, nor Hr, so only IBU compares here. On the other 24 observables all three agree

Hanfei Cui Backup 28 September 2026 38/39



Backup: Omnifold vs IBU cross-sections, and the top subtraction

cross-sections: ng, and Hy

£ ATLAS Preliminary 1B reforence ]
VE=13TeV, 140 o' *  This result
50[-2» pp, P2 5200 GeV E

ATLAS Preliminary
1025 =13 TeV, 140 o'
Z- pp, pt* > 200 GeV
10

do/dnes [fb]
3

8
T
|
do/dHr, yacks [fb / GeV]

—— IBU reference |
o« This result

1 b w.no:—l 47 |

0.75,

Ratio to IBU
5
T
|

Ratio to IBU

250 500 750 1000 1250 1500

s

H,tracks [GeV]

Events

top-background subtraction weights

108

10°

Q
>

AL SR RALL N L L L

©
oS

ATLAS Simulation Preliminary
Z-pp.py¥ > 190 GeV

Pownec+Pymiun: (W) = 0.9973, 0, = 0.0059
Swerea: (W) = 0.9975, 0, = 0.0008

T

1 PowHeG+PyTHIA ff subtraction
[ Serea ff subtraction

I

Lo vvvd vl 1l

@ Top is the only background worth counting, 0.25% of the yield. It is removed by event-by-event classifier
reweighting rather than assigned as a systematic uncertainty, which is why this total is smaller than Multifold's

1.00
Top subtraction weight

@ The subtraction uses five variables (a dedicated tf classifier output, ncn, Hr, p41 and mjj), because over the full
phase space the network could not pick out a component worth 0.25%

@ Powheg+Pythia gives (w) = 0.9973, g,, = 0.0059; Sherpa gives 0.9975 and 0.0008. They remove the same total
but spread it differently over events, and that gap is the subtraction uncertainty
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