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Introduction

» ATLAS: General purpose LHC experiment, with
the power to precisely measure a broad range
of physics processes

« Many recent QCD-sensitive measurements...
* ... In several different topologies

 Jets (inlusive, dijet, multijet)
« Z boson

» Lund plane/jet substructure
« and more!

* ... with a range of different aims
« PDF fitting
* og extraction
* Theory benchmarking
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ATLASpdf21 Fit

Eur. Phys. J. C 82 (2022) 438
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http://dx.doi.org/10.1140/epjc/s10052-022-10217-z

. szxin = 10 GeV?
ATLAS datasets also routinely cut placed on HERA data to avoid

An a IyS i S Strateg y [ included by global PDF fitters regions requiring additional treatment

e.g. small-x resummation
Simultaneously fitting as many useful ATLAS datasets as possible

« LHC: Medium-high x, Q?, quark flavour separation, direct sensitivity to gluon at high x
« HERA: Wide x, Q2 range

Data set Vs [TeV] [ NNLO QCD analysis performed in xFitter, independently cross-checked }
Indusw? W.Z[y ! « Parameterisation:
tt 8
W= + jets 8 xf(x) = AxB(1 — x)¢(1 + Dx + Ex? + Fx?) (extra gluon term: —A’ngé(l — x)9)
Z + jets 8 ~~ —
Inclusive Z/y* 8 i# needed - Number sum rule
Inclusive W 8 e Constraints > Sumrules 7 & Momentum sum rule
Inclusive isolated y 8,13
t.’ . 13 « Using starting scale Qy? = 1.9 GeV? and a,(m;) = 0.118 we fit six
Inclusive jets 8 parton distributions using 21 free parameters

Previous ATLAS fits: 15/16
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https://arxiv.org/abs/1410.4412

Careful consideration also made of scale

An aIyS i S h ig h I ig htS uncertainties and treatment of jet data
. Don’t want to fit away
Many datasets > t':(:f:,':,b,(i 3 /A BSM effects at high scale

Accounting for correlations Enhanced y2 tolerance Possible BSM effects

1

% [ amas @*=19GeV? ] ~ RN ArLAas 12k
08[~ % ATLASpdf21, T=1 - ?i 147 Q%= 1.9GeV? g: -
0.6 § No uncertainty correlation between data sets ] §’ #7 ATLASpdf21, T=1 §’ 1 1'_
o _ & 3 ATLASpdf21, T=3 & f
- ] r 1.2 S
- . x - x
0.4— ] ) I i 7e%Y,
- - x x 1 4 9. 0. 0.0 0.0
- . K, = 'A"-E15:01010;0'0'0'0'0'0'0'0'0'0'0'0'0'0'0'0'0' 3XX
E 1 SRR
: | QRARORARRRRSSS i ":"it:‘*:’:’:‘:’
o= . 0.9 NP0
01-2 T LI IIIIII T LI IIIIII T T TTT B \t':\\:’
g 0.8} [ ATLAS RN
e 1.1 L Q%= 10000 GeV? ~
1 0.8 . Q
- ¥ ATLASpdf21, T=1
| o6 [ 2N Qfax= (500 GeV)?
0 1 Ll 1 IIIIIIII 1 IIIIIIII 1 11 1.1 _IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII =
10° 107 107 X 10° 102 10" . 0.1 02 0.3 0.4 05 0.6 0.7 0.8 229
Not accounting for systematic Enhanced tolerance from T=1 to High Q2 cut on input data has little
correlations - PDFs varying up T=3 (MSHT dynamic tolerance impact on shape & uncertainties
to 20% (especially d-type) procedure)
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ATLASpdf21
: : P , |total xy*/NDF 2010/1620 (1.24)
Resulting PDFs it global
R still unsuppressed at low-x
: : /_A but less tension with global
Vary theoretical assumptions: Add extra D, E, F parameters fitters than previous ATLAS fits
Q2 pins Q0. heavy quark masses etc. (low-x sea)

- ATLAS Q*= 1.9 GeV?
s + S 150 ATLASpdf21, T=1
RS = = - I exp. unc.
B &Xp+mod. unt
- CEXP+moa-+par. Uncs

|

I T T T T T T I T T T I T T T I T T T I T T T I T
Q2=1.9GeV? x =0.023

T T T I T T T
ATLAS
e ABMP16
A CT14
Ao CTi8
* CT18A
o MMHT14
m  MSHT20
v NNPDF3.0 ——
v NNPD _strange
ATLASepWZ16
ATLASepWZVjet20

ATLASpdf21, T=1

I exp. uncertainty
exp.+mod. uncertainty

Nl

0.5

:IIIII|IIII|

01_— . P |
i

exp.+mod.+par. uncertainty

04 02 0 02 04 06 08 1 12

Relative uncert.

107 102 107! x

CT18A, MSHT20, NNPDF3.1_strange i.e. the global fits which include ATLAS 7 TeV W,Z data which
leads to the unsuppressed strange, are most consistent with our fit
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ATLASpdf21 agrees as

Comparison with global PDFs  weiiuith the giobat i

as they do with each

other
c?0'7- T T roT T L &“0-7_ T T T T L T T T
3\ - ATLAS Q2= 1.9 GeV? 2, - ATLAS L] MsHT20 . / _ _ _ \
= %0 tyons E S 06 oo iggev: L weors . d,, dbar distributions
- . 3 - ABMP16 . : . .
% 0-5:_ J S;;?PDFZO _: 0.5__ jq ATLASpdf21, full uncertainties _: brought. more In !Ine.WIth
04' 77 ATLASpdf21, full uncertainties ] : gIObaI fitters (Wthh include

Tevatron and fixed target
DIS, DY data) than to
HERAPDF.

- ATLAS data
replicates features of these

\iata instead /
Lower y2 for these ATLASpdf21 CT18 CT18A MSHT20 HERAPDF2.0 NNPDF3.1

data than the global 2010/1641 2135/1641 2133/1641 2218/1641 2262/1641 2109/1641
fitters <7 (1.22) (1.30) (1.30) (1.35) (1.37) (1.29)
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o, from multijet TEEC at 13 TeV

JHEP 07 (2023) 85
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http://dx.doi.org/10.1007/JHEP07(2023)085

Beneficial to have several

(XS m e a S u re m e n tS measurements with different sensitive

observables and theory predictions

* ag =2 least precisely determined coupling of a fundamental interaction

* Orders of magnitude!
» This needs to be better > Cross-section calculations for LHC, key observables for e*e-

 How?
1. Lattice QCD analysis of hadron spectroscopy (most precise)
2. Hadronic t decays
3. Global fits of EW observables
4. Hadron-hadron collisions (jets, ttbar, W, Z...)

« Two major theory limitations:
» Accuracy of the perturbative predictions
» Size of non-perturbative effects
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Transverse energy—energy correlations

« Event shapes: Category of observables which characterise hadronic
energy flow

 Precisely test pQCD calculations and extract oy
 e.g. Energy-energy-correlations (EEC) - IRC safe, modest O(a4?) corrections

« Require generalisation for hadronic colliders:

 Transverse EECs (TEEC)

« Transverse-energy-weighted distribution of azimuthal differences between final-state jet
pairs

» Associated Azimuthal TEECs (ATTEC)
» Difference between forward and backward part of TEEC
» Sensitive to gluon radiation, clear dependence on a,

* Previously measured by ATLAS at 7 & 8 TeV
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4 )
Jets:
Experimental Measurement | =« Reospr>eocev.ini<24
Event:
Niots 2 2, Hpp > 1 TeV
- Full ATLAS Run 2 13 TeV pp data b 4
 Observables: TEEC, ATEEC vs HT2 E 8 AT A4S Teec I:1I'()It.';1llsl)/slt.l T
o Unfolded: :% 6 Vs=13TeV; 139fb”" - MC Mod. --JER
o B Unfolding —JAR
- Iterative Bayesian, separatelyineach s ‘% —
H-., considering only cos(¢) E e
dependence § ORI e
 Uncertainties: : —
~4C 1> 1000 GeV E
o« ~2% for TEECs, ~1% for ATEEC AT
o Domlnated by JES and unf0|d|ng -1 08 06 04 02 0 02 04 0.6 0.(8:0S ¢1
model

12/06/2024 Eimear Conroy — University of Oxford



Comparison with Theory

« Compared to MC predictions
» Pythia8, Sherpa, Herwig7 angle-ordered & dipole PS

« Compared to pQCD predictions for ag extraction

* At O(ay®), TEEC calculation involves 2->3 at NNLO
(first time), 2->4 at NLO and 2->5 at LO

* Mr=Ms= HT_leTl

] MC with hadronisation & UE
NP corrections from ratio

MC without hadronisation & UE
* Uncertainties dominated by scale
« ~2%, reduced 3x by NNLO corrections

« Excellent agreement between data and theory
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-
Extracting a.

* a,(M;) via x? minimisation to TEEC &

RIEZL disionieis: S O ATLAS <9 -2 o
* ag(Mz) =0.1175 + 0.0006 (exp.) 00034 _; ;. (th.) (TEEC) S 0.1aF L OMSM, ., OMSR, . OMSimdjel
* og(Mz) =0.1185 + 0.0009 (exp.)*0-0025 _, »., (th.) (ATEEC) E arXiv:1412.1633 . :);v;;(g]éi . ZE:IE‘(::::?:?E;QV E
e o TEEGEToY
* a4(Q) extracted by evolving fitted 0.10F- TeECTeTeY. 7
a(M>) using NNLO solutions to the : Flosag, i
0.08— NNLO pQCD; MMHT 2014 (NNLO) {h —
RGE . 0,(m.) = 0.1175 2% (TEEC Global) ‘} _
« Test asymptotic behaviour of QCD 0.06[— | ou(m,) =0.1179 £ 0.0009 (PDG 2022) ~

* Good agreement RGE predictions and 10° 10°
previous measurements up to high Q[GeV]

energy scales
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o, from p+4

arXiv:2309.12986 [hep-ex]
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https://arxiv.org/abs/2309.12986

o(M,) from p+%

« Measure Drell-Yan p;4in low-momentum ‘Sudakov
region’
« Many soft gluon emissions in the initial state
« Strong force responsible for ISR and subsequent Z recoil

* oas(M,) determined by hardness of the p;4 spectrum
» Measure of boson recoil, « ag(M,)

« Advantages:
« Less common to measure og using ISR objects
DY - final state objects do not experience strong force
* Reduce theoretical complexity
Sudakov region not usually used in PDF fits (correlations)
Scale fixed at Z mass
Clear signature and low backgrounds

do/dp__ [pb/GeV]

Ratio

»
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Z boson:
80 GeV <m; <100 GeV

Experimental measurement | ..

Central/ forward, p; > 20/25 GeV

1 ATLAS

ly] < 0.4 0.4<ly|<08 ]

« Measure 20.2 fb! of 8 TeV events in electron &
muon channels

« Observables: Double-differential o(p4, y4) in Z pole
region
* pr?<29
» Eight rapidity regions in |y| < 3.6
- Extended to full lepton phase space by fitting

spherical harmonic templates in Collins—Soper
frame to cos(0'), ®'in data

. I\rl]o Ignger need to model polarisation and decay of
the

« QCD+EW backgrounds - 0.3-1.1%

e Data stat uncertainties dominate
« Lumi uncertainty (1.8%)

« Otherwise, total uncertainties <1-10%(central vs
forward y)

—_

-
T
1

1 pp—=>Z
1 Vs=8TeV,20.2fb"

—
T T

-o-Data

q e Post-fit

1 BBPOF unc.

] PDF @ Theory unc.
_: - -0 (mz) +0.002

Ratio to post-fit theory
T
1
1
1
1
Ratio to post-fit theory

g
©
T
|
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R
Comparison with Theory [ = 82772 NOF |

» Predictions computed with DY Turbo:

« Hard-collinear contributions at N3LO matchedto N ' ]
: £ 0.122-ATLAS pp — Z _
fixed order N3LO 7 - /o8 TeV. 202" 1
 Resum low-pt logs at N4LLa accuracy 0.120F -
* U= M= Q=mj + (pF)? 0.118f ¢ —
- PDF: MSHT20 at aN3LO o116 ‘ -
* IS photons’ impact on p;# estimated at LL with 0.114F e
Pythia8. I .
- Higher QED order effects considered at NLO 01121 MSHT20 PDF E
: St.at.ist.icatllanalysis done with xFitter via x? 0.1101 Rk E
minimisa |o.n | | | 0108 | 3 : -

» Uncertainties (except PDF) included as nuisance NLL NNLL N°LL N'LLa

parameters

» Account for correlations between PDFs and o
using o -series PDF sets
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Results

. a (M) = 0.1183 % 0.0009

» Most precise experimental
determination of ai(M,)

» First based in N4ALLa+N3LO pQCD
predictions

» Also performed simultaneous PDF
fit determination of oy
 HERA combination + ATLAS p+%
« ay(M,) = 0.11866 + 0.00064

ATLAS ATEEC

CMS jets

H1 jets

HERA jets

CMS tt inclusive
Tevatron+LHC tt inclusive
CDF Zp,
Tevatron+LHC W, Zinclusive _
7 decays and low Q?

QQ bound states

PDF fits

e*e jets and shapes
Electroweak fit

ATLAS Z P, 8 TeV

-@- Hadron Colliders
-@- Category Averages PDG 2022
-@- Lattice Average FLAG 2021
-@- World Average PDG 2022
-@- ATLAS Z P, 8 TeV
— 11— 0.1185+ 0.0021
—o— 0.1170£ 0.0019
—— 0.1147 + 0.0025
——— 0.1178 £ 0.0026
@ 0.1145+0.0034
& 0.1177 + 0.0034
T—0— 0.1191£0.0015
T0— 0.1188+0.0016

SO . - S 0.1179£0.0009 _
0.1183£ 0.0009
| | | |

0.1178+0.0019
0.1181 + 0.0037
0.1162 £ 0.0020
0.1171 £ 0.0031
0.1208 £ 0.0028

0.125

0.130

ocs(mz)
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Jet cross-section ratios at 13 TeV

arXiv:2405.20206 [hep-ex] (submitted to PRD)
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https://arxiv.org/abs/2405.20206

R
Jet cross-section ratios at 13 TeV

 Differential o’s in multiple observables
 Target different facets of QCD

» e.g. hard-scatter energy scale, fixed-order ME, FS energy flow

 First measurement of R3, in 13 TeV pp
. R329 03 jets

02 jets
» Reduces sensitivity to systematic uncertainties & PDFs

« Compare with NNLO fixed order predictions

* R43, Ry», Rs4 also measured
» Precision predictions not yet available
» Reference for future developments
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(Jets: )

Experimental Measurement | g o soo=es

Njets > 2, HT2 > 250 GeV

g /
« Measure dijet events in 140 fb-! of 13 TeV data
« Observables: S Claras 0w sema ]
. dCI/(deetS dH+, dp+3) vs Hpyp, pNine S 107F(s=13 TeV{/14O b Z:+Pythia Z iherga;undz
S e e ’ ;‘ ~105 :_pT,s > 60 Ge : P|-|er:_)la - erwig i
'CI - +Herwig N
* Hq,: Proxy for hard-scatter energy scale © 1033 s 5o =
) ) :-ii__ggg—_ E
* pr3: Determines sensitivity to resummation effects 10} '-iiiﬁagas -
5y gl T e ]
¢ R32 VS m”, Ay” 107k N "'i.—.if!iinggsgs__ =
. . . Ny By ' -iii—;auig—_% -
 Target arge logarithmic corrections 103 lu._'h--.—,i!!:g;::__%;g ]
. B - i::_ - ] " -
 Unfolding: 0 N2 %‘_’::";,:ai -
- lterative Bayesian, double/triple differentially 107F e Ny >3 (x107) i
10—9__‘ Njet324(><103) B g_
10—11'_v Njet325(><10 ) | =

3x10? 10° 2x10°
—v . 8 H., [GeV]
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Improvements to experimental uncertainties

» Jet Energy Scale (JES) calibration - Leading
source of experimental uncertainty

» Updated JES prescriptions...

» Jet Flavour Response
» Impact of initial parton flavour

» Previously estimated from two-point MC
comparison

» Factorised - components targeting specific
flavour/factorisation/hadronisation effects

« 2x reduction, pyiet > 100 GeV

o
o
>

B 1 1 1 T T 1 1 I I I 1 I 1 1 T || |
-~ Data 2015-2017, Vs = 13 TeV ATLAS

- anti-k, R = 0.4, PFlow+JES
0.05k - 0.0

[ Total uncertainty, di-jets
Total uncertainty, before precision update, di-jets
—— In situ calibration
Flavour generator/shower
-------- Flavour hadronization
=+ Flavour shower
Pileup components
= = = Single particle deconvolution

0.04

0.03

Fractional JES uncertainty

0.02

IIII|IIIIIIIII|

IIIIIIIIlIIII|IIII

0.01

« ‘Single particle deconvolution> [ ,
. o Catiurmaas st das s A B L AT

« High-pt component of JES, 0 0 30 40 10 o0 0 210
* From extrapolation of single-particle response pift [GeV]

« Several inputs updated
« EM showers, high-p; pion response, detector simulation

« 3x reduction pyi¢t > 2 TeV
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Results

 High-precision: Uncertainties O(<10%)

« Compared to:

« MC generators:

» Pythia 8.230, Sherpa2.2.5, 2.2.11, Herwig7.1.6,
Powheg2+Pythia8, Powheg2+Herwig7

» Fixed-order predictions: NLO, NNLO

* Mr =M= Hyp = Xipri
. . hadron-level, with MPI
* NP corrections from ratio
parton—level, no MPI

* High Energy Jet: Resummed LL corrections
* e.g. VBS/VBF

* MC: Significant differences at large m;, Ay;
* NNLO: Hy, modelled well across all py3 bins

« HEJ: Good description of ratios in regions
where log terms contribute

12/06/2024
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o
»
(a

R,

Ratio to

Ratio to
Data

Data

ATLAS ® Data [ Pythla
1f Vs =13 TeV, 140 fb’! PH+Pythia v Sherpalund -
[ Sherpa & Herwig7
0.8¢ ® PH+Herwig?
0.6 g 8 8 B % o
L e pmE g H
0.41 83?? ? ss a f Al n %
e
0.2¢
:IIIIiIIIIIIIIIIIIII{HH{HH{{III}II
1.421%23823%2382333 s é
HREEERER T m B ]
0.6 IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1000 2000 3000 4000 5000 6000 7000
m, [GeV]
L ATLAS ®  Data
T Vs=13TeV, 140 1" 5 NLO
0_8:_ Prs> 60 GeV A NNLO _
: oo g s ]
0.6 r EQRQE?“ ? & o ]
C QQE-W' ]
0.4_— @W ]
L H’i ]
o.2_—i ]
1.1 DmEoooEE0o O ; '@ - .
| %i,ﬂwww O R - :
0.9 -
3x10° 103 2X10° 3x10°
H., [GeV]
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Lund Subjet Multiplicities

arXiv:2402.13052 [hep-ex] (submitted to Phys. Lett. B)
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Lund Subjet Multiplicities

12/06/2024

Jet substructure (JSS): Setting for colinear limit QCD

tests involving wide range of energy scales e.g. PS
algorithms

Lund multiplicity = JSS observable
 Tests for inclusion of double-soft splittings
« Calculated with analytical resummation at NNDL in QCD

Count Ngypiet > k'esh in jet’s angle-ordered clustering
history via reclustering with C/A algorithm

« Measure N ,q and/or N 4"mary

Goals: Precision measurement, test higher-order

effects in QCD predictions, input to parton shower
developments

more
perturbative

|n(kt,cut)

more
non-perturbative

2 In(ky)

In(R/AR)

NLund =4
NLui)d =2

include

Eimear Conroy — University of Oxford



Experimental Measurement

» Measure dijet events in 140 fb-" of 13 TeV data ( Tracks: R

« Observables: N| .4 and N .4F™2v, differentially in: pr > 500 MeV, matched to PV
« Jet pr (300-4500 GeV) and... Jets:
« ...relative rapidity, with... N Both > 120 GeV, central, dijet balancing/
» ...8 different emission k; requirements

* Procedure:
1. Recluster ID tracks within AR=0.4 of a AR=0.4 anti-kt

jet using CA Uncertainty | ~Size |

2. lteratively decluster reclustered jet

o _ Jet Energy Scale 2-4%
3. Rescale emmission kr = account for neutral particles — -
. rackin
» Unfolded - Correct N, ,4F"™2a") from detector to .g -
charged-particle level Unfolding non-closure < 2%
« Regularized migration matrix inversion Stat <1 %
Others Negligible

12/06/2024 Eimear Conroy — University of Oxford



Comparison with theory

e T ' ' ""."I ' P

° Unfolded <N|_und> and ( NLundPrimary> E_n 16_— l‘;lgl_(:):l;lljlr[e)\ITNPfrom arXiv:2212.05076 -
compared to MC with state-of-the-art 1 45 antik, A—0.4 jets E
parton scatter 5 - 500 Gev [t

» Pythia8, Powheg Box+Pythia8, 127 -
Sherpa2.2.5, Sherpa2.2.11, Sherpa2.2.11 : - :

(Lund hadronisation), Sherpa2.2.11 (DIRE 1013 B

PS), Sherpa3 (ALARIC PS), Herwig7.1.3 i i
(angle-ordered PS) 8 E

* (N_,nq) also compared to analytic 6— —~
NLO+NNDL+NP prediction B j

« NLO matched to NNDL resummation + NP T i B
corrections ol . B

» NP corrections from ratio I . R T om0k
hadron—level, with MPI 1 10 102

parton—Ilevel, no MPI K out [GEV]

12/06/2024 Eimear Conroy — University of Oxford



16

Results
Z LE /s=13TeV, 140 fb Powheg+P thla E
he . p_ > 300 GeV Sherpa ? .
10 £ T A Sherpa 2211) =
« Most predictions fail to ac%rately describe the 8 b Y ghepatsihg) o
' i 6 F Sherpa (Alaric) 3
data, particularly at jet p+ °F % HEE%”? (A Ord )
« Herwig angle-ordered PS: o E T TR
» Best overall description of both observables o
owg. LIE E
* Recent Sherpa setups: 5 §1-O51 3 E
« Best when more non-perturbative (kr < 2 GeV) 0.95 F =
emissions allowed 0.9 | N .3
: o £0.08 ¢ | A AL
* Resummed analytic prediction: 05006 — Syt R ena Unfolding -
+ Good agreement with data in the perturbative 8 839% ¢ ;
(kr > 2 GeV) region, matching best PS MC . :_—_I—IT'——-___h__ ________________ :
. Jet pr i > performance &4 00— e E
F ! ol ! ol ]

» Highlights importance of JSS measurements at 1 10 102
the LHC Ky cut [GEV]
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Conclusion

« ATLAS, both historically and
presently, has a strong track
record of producing precision
datasets and world-leading QCD
measurements

 LHC Run 3 is underway! Wealth
of new data to analyse > many
more exciting results in the future!
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Questions?
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