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Measuring QCD in its extremes at ATLAS

Ynyr Harris (University of Oxford) on behalf of the ATLAS Collaboration
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Extreme QCD happens at the LHC

In high multiplicity pp, p+Pb, and Pb+Pb collisions — little bangs producing big bang matter
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One of the first Heavy lon collisions seen in ATLAS in November 2015
[More Event Displays]
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https://atlaspo.cern.ch/public/event_display/

A Toroidal LHC Apparatus (ATLAS)

Designed to discover the Higgs boson
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The Extreme QCD Programme of ATLAS

— Probes of the Quark Gluon Plasma (QGP) and precision tests of the Standard Model
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Today: A Cross-Section of Recent Results

8 extreme QCD results from the Heavy lon and Standard Model groups

Hard Probes

Two-Particle Azimuthal Correlations « Differential Dijet Cross-Sections Z Boson-Hadron Correlations
Hard Probes Precision Standard Model
Y (nS) production « Summary of Jet Quenching « Jet Quenching in p+Pb Observation of Pb(yy - tT)Pb « NNLO QCD Corrections

A non-exhaustive list — see all public results here.
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic

def. Centrality Intervals

A detector-level measure of nuclear overlap

Ultra-Peripheral Collisions (UPC)
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https://doi.org/10.1140/epjc/s10052-018-6468-7

Two-Particle Azimuthal Correlations [PrC104 (2021),014903]

A classic measurement in Heavy lon physics, for the first time in UPC

Due to momentum conservation

Initial-state non-uniformities ‘flow’ by rescattering into final-state momentum anisotropies (a non-flow contribution)

parameterised as Fourier coefficients , v, (triangularity), up to fourth order ——
Pb+Pb, 1.0 ub'- 1.7 nb-!
VS = 5.02 TeV, OnXn

HM 20 < N™° < 60

ZAn>25
Tt=10fm/c
3
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: KRR
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Graphic: CERN Courier

From correlations between jet fragments
(non-flow and truncated to show other structures)

Collective behaviour is seen in large (Pb+Pb) and small (p+Pb, pp) systems
...but does it persist to even smaller systems like y+Pb?

Measure v, and V3 to find out Sum of an azimuthally-modulated pedestal
function and a non-flow component templated

from Low Multiplicity (LM) events

4
YIM(Ag) = FY"™M(Ag) + 0{1 +2 Z — cos(nA¢)}
n=2
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https://cerncourier.com/a/going-with-the-flow/
https://doi.org/10.1103/PhysRevC.104.014903

Two-Particle Azimuthal Correlations [PrC104 (2021),014903]

Observation of non-zero flow parameters v, and v,

Measurement performed in 2018 Minimum-Bias and High-Multiplicity photonuclear events with rapidity gaps,

assuming factorisation of the two-particle flow coefficients into single-particle coefficients
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First observation of significant non-zero flow coefficients in UPC

Caveat: factorisation only demonstrated in v, in 0.4 < p_ <2 GeV — violation at high p_ (negativev ...)?

Otherwise, consistency with other collision systems (within large uncertainties)
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https://arxiv.org/abs/2008.03569
https://doi.org/10.1103/PhysRevC.104.014903

Cross-Sections of Dijet Production in UPC  [cONF-2022-021]

Towards precise limits on nuclear PDFs

Leading-order contributions to dijet production in UPC
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and beam momentum fractions
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-021/

Z Boson-Hadron Correlations [PRC 126 (2021), 072301]

Pb+Pb medium-induced modifications to Z-tagged charged-particle yields

Z boson does not interact with the QGP
Use it to deduce the initial kinematics of the hard-scattered partons in Z+jet events without bias
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Systematic modification of the per-Z yields in Pb+Pb collisions
Due to interactions between the QGP and parton shower — but what is the mechanism of energy l0ss?
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https://doi.org/10.1103/PhysRevLett.126.072301

Y'(nS) production [(Submitted to PRC)]

Footage of the Quark Gluon Plasma in Pb+Pb collisions

Measurement in the dimuon decay channel, in fiducial phase space
p,"*<30GeV and absolute rapidity [y**| < 1.5 and centrality 0-80%
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Bottom quarks are produced early in the formation of the Quark Gluon Plasma
— and can be used to probe its full evolution
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https://arxiv.org/abs/2205.03042

Y'(nS) production [(Submitted to PRC)]

Suppression of Pb+Pb vs pp and Y'(nS) vs Y (1S)

Per-event Y yields in Pb+Pb Y (38) not chown because peak is

statictically ingignificant in this dataset
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Compared to various predictions. ..

(Centrality-integrated result)
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https://arxiv.org/abs/2205.03042

Summary of Jet Quenching Measurements

Mass matters — butitisn’t the only thing

(For completeness [Heavy lon Summary R,, plots, 2022])

Q::E 1 4E ATLAS Pre“lminary O R=0.4, Inclusive j.etS, Cent. 0-10%, |y|<2.8 E O Inclusive jetS
1 o Vs =502 TeV ® R=04,y-tagged Jets,. Cent. 0-10%, [y[<2.8 7] 4 o ‘
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p [GeV] ATLAS-CONF-2022-026
O ® R=0.2inclusive vs b-jets Also: dijets
Heavy jets less suppressed than inclusive jets Increased fraction of imbalanced jets compared to in pp
Suggests a role for mass and colour in energy loss Subleading jets significantly more suppressed
(Submitted to EPJC) (Submitted to PRC)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-020/
https://doi.org/10.1016/j.physletb.2018.10.076
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-026/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2019-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2018-24/

Jet Quenching [(Submitted to PRL)]

Or a lack thereof (?) in p+Pb collisions

Jet quenching ~ the process of color-charged partons losing energy via interactions with the QGP
Collectivity is seen in smaller systems, but does jet quenching also occur in p+Pb?

]pr = Ypr/Ypp
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= Severe constraint on the amount of jet quenching in p+Pb collisions
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https://arxiv.org/abs/2206.01138

Latest in Photon-Fusion

The observation of Pb(yy > 11)Pb

[(Submitted to PRL)]

Pb
YY > 1T

Apr 2022
arXiv:2204.13478

Pb
Yy > ee

Apr 2022
ATLAS-CONF-2022-025

YY 2 YY

Jul 2019

JHEP 03 (2021) 243

PRL 123 (2019), 052001

Nat. Phys. 13, 852-858 (2017)

YY 2 HH
Nov 2018
PRL 121 (2018), 212301
PRC 104 (2021), 024906
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u3T-SR

Signal strength:

Hrr = 1.04t8:%§ (tot)

Constraints on the tau lepton’s
anomalous magnetic moment,

ar = (g —2)/2

P, Pb pp Pb
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/ Profile-likelihood fits \
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-025/
https://doi.org/10.1103/PhysRevLett.121.212301
https://doi.org/10.1103/PhysRevC.104.024906
https://doi.org/10.1007/JHEP03(2021)243
https://doi.org/10.1103/PhysRevLett.123.052001
https://doi.org/10.1038/nphys4208
https://arxiv.org/abs/2204.13478
https://arxiv.org/abs/2204.13478

Next-Level QCD

[JHEP 11 (2021) 169]

Prompt production of photon pairsin 13 TeV pp collisions

i ool o o
B VOV

Direct Single and double fragmentation

NNLOJET
Fixed-order NNLO (antenna-subtraction
method; NNPDF3.0NNLO)

DIPHOX
Fixed-order NLO (CT10 NLO)

SHERPA 2.2
Fixed-order NLO with MEPS@NLO
(pp>yy +0,1j at NLO; pp->yy + 2,3j at LO; NNPDF3.0NNLO)
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Non-prompt and misidentification

DATA
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https://doi.org/10.1007/JHEP11(2021)169

Next-Level QCD [JHEP 11 (2021) 169]

Estimation of the {y], jv, jj, €€, pileup} backgrounds

2x2D side-bands method
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250012 [ 7y pile-up
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1 2 3 4i5 6 7 8:i9 10 11 12:i13 14 15 16 :

5 | 7 | 13| 15
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: : : Region index and isolation status

Pass

Pass-Pass id. Pass-Fail id. Fail-Pass id. Fail-Fail id.
Diphoton identification region

Fail
Sub-leading candidate isolation

2 | 4 |10 12

Sub-leading candidate identification
Pass

1 3 9 | 11 |&
Signal region
Pass Fail
Leading candidate identification U nfolding to pa rticle-level

Using an iterative technique based on Bayes’ theorem.
To compare with theory predictions without detector effects.
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https://doi.org/10.1007/JHEP11(2021)169

Next-Level QCD [JHEP 11 (2021) 169]

Results: differential and integrated cross-sections
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*(Also Pry M, |cos 8*|) (scattering angle in Collins-Soper frame), q>n*, Data 31.4 2.4

- Ad)w (acoplanarity), ar, (p; transverse to thrust axis))
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https://doi.org/10.1007/JHEP11(2021)169

Summary

8 extreme QCD results

i - T
> ATLAS Template Fit

+ 1. Two-Particle Azimuthal Correlations
ﬁ Non-zero v, and v, flow coefficients observed in p+Pb
b e SN 2. Differential Cross-Sections of Dijet Production in UPC
3 prrTm—— An important step towards precise limits on nuclear PDFs
N ZZEH LH 3. ZBoson-Hadron Correlations in Pb+Pb
03 M}iﬁ By iﬂ L Systematic quenching of the shower
B e e Sww e
o 4. Suppression of Y(nS) States in Pb+Pb Collisions
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4 R 5. Summary of Jet Quenching Measurements
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Schematic of the Liquid Argon (LAr) Calorimeter

ATLAS LAr EM CALORIMETER
( barrel )
SIGNAL CHANELS A 10°

[> __—— FARADAY CAGE

READOUT BOARD

=
\'r"ﬁﬂ COLD-TO-WARM CABLE
%

PATCH PANNEL

SIGNAL CABLE

MOTHER BOARD
CALIBRATION

PRESAMPLER

SOLENOID
FEEDTHROUGH

WARM VESSEL

COLD VESSEL

interaction pont Hadronic

dEt ECLOF‘S

cryo feedthroughs

Presam Ler

warm vesse[

CDLd VeSSel.
cooling pipes

squa[ feedl.hrouqh

Figure 1-1 Perspective view of one half of the barrel cryostat.

Figure 1-3 Perspective view of one end-cap cryostat.

Technical Design Report of the LAr Calorimeter, CERN-LHCC-96-041
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https://cds.cern.ch/record/331061

Schematic of the Tile Calorimeter

Plug calorimeter, and gap and crack scintillators
forming the INTERMEDIATE TILE CALORIMETER

A

EXTENDED BARREL

BARREL

Technical Design Report of the Tile Calorimeter, CERN-LHCC-96-042

QCD@Work YnyrHarris — 27 Jun 2022 22


https://cds.cern.ch/record/331062

‘Photonuclear’ Collisions 2101.10771]

Nucleus intact
No neutrons

Nucleus intact
No neutrons
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Figure 1: Diagrams representing different types of photonuclear collisions and the general features of their event
topologies. Left: the direct process, in which the photon itself interacts with the nucleus. Right: the resolved process,
in which the photon fluctuates into a hadronic state.

[From ATLAS, Two-Particle Azimuthal Correlations in Photonuclear Ultraperipheral Collisions, Jul 2021, 2101.10771]
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‘Sum of Gaps’ Rapidity Gap

[2101.10771]

8 < I L LA LA LA AL B B BN B
>"140 ATLAS
Pb+Pb, 1.0 b
120 \syn = 5.02 TeV, OnXn 10*
MB trigger
100f = . £
F - 1= 10°
80_- - .
60} I 102
40F
i 10
20k
Y 1

Broad N, " distribution.
Small sum of gaps.

Large sums-of-gaps.
Steep N, distribution.

2 AN

ST
ATLAS .
Pb+Pb, 1.0 ub" 10
4 sy = 5-02 TeV, OnXn
N =10, MBtrigger..
3 ~10°
5 ]
10?
1
% 1 2 1 3 (4 5

Large photon-going sums-of-gaps.
Small nucleus-going sum-of-gaps.

Sum of gaps algorithm: (i) sort tracks and calorimeter clusters in n, (ii) add together contiguous rapidity gaps that
are greater than An = 0.5 (so that gaps may be separated by isolated slivers of particle production). This captures

resolved photonuclear collisions in addition to direct photonuclear collisions.
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p+Pb Modelling Performance [2101.10771]

DPMJET-III y+Pb vs y+p vs Pythia 8 y+p

Non-photonuclear processes, or poor modelling?
Poor DPMJET-IIl performance at N < 15
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= 102 Z,An>25 Ne=lg: @0 e Pythia8 y+p
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Two-Particle Correlations C(A¢, An)

[2101.10771]

Emphasis on the near-side peak and away-side ridge

1 dzN air 1 d2Nmix
C(A¢, An) = P / -

N, dA¢dAn Nged dApdAn

(a) Lowerp.?

ATLAS HM 20 < N’ < 60

Pb+Pb, 1.0 pb'- 1.7 nb!
VSuy = 5.02 TeV, OnXn
Z,An> 25

0.4 < p2 < 0.7 GeV
0.4 < p® < 2.0 GeV

Away-side ridge Ap = Tt
Due to momentum conservation in the
transverse plane; a non-flow contribution.

QCD@Work YnyrHarris — 27 Jun 2022

Pair yields dszair corrected for acceptance effects

Mixed sample comprises pairs from different events

(b)  Higher-p.?

ATLAS HM 20 < N < 60

Pb+Pb, 1.0 pub'- 1.7 nb-!
VSw = 5-02 TeV, OnXn
Z,An> 25

2.0< p?<3.0GeV
T | 4
0.4 < p$ < 2.0GeV

Near-side peak (Ad, An) = (0, 0)
From correlations between jet fragments
(Truncated to show other structures)
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Non-Flow Subtraction [2101.10771]

To emphasise the azimuthal modulations due to flow contributions
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Non-Flow Subtraction [2101.10771]

To emphasise the azimuthal modulations due to flow contributions

4
YIM(Ag) = FY'™M(Ag) + G{l +2 Z Pos cos(nA¢)}
n=2

Factorisation assumption
Factor out one of the particles of the two-particle flow
coefficient to get single-particle flow coefficients.

Vn(pfll") = Vn,n(pf[l*’ P?)/Vn(Pl{) = Vrn (pffla pl{“)/\/vn,n (P!Fa p']f“)

What about negative v ?
Suggests the violation of factorisation and non-flow behaviour
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Jet Quenching Analysis [2206.01138 (PRL)]

Centrality definition
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Figure 1: Distribution of energy measured in the Pb-going side of the zero-degree calorimeter (Ezy) in p+Pb
collisions at 5.02 TeV selected with a minimum-bias trigger. Dashed vertical lines indicate the percentile boundaries
between the 0—10%, 10-20%, etc., centrality intervals.
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Photon Pairs analysis [2107.09330]

Relevant features of the theory predictions

Table 4: Overview of the theory predictions and their relevant features. The label ‘QCD res.” (‘NP effects’) stands for
QCD resummation (non-perturbative effects).

Fixed-order accuracy Fragmentation | QCD | NP

YY +1j | +25 | +3j | +>4j | gg — yy | single | double | res. effects
DipHOX NLO LO - - - LO NLO = -
Nnroser || NNLO | NLO | LO - - LO - = — =
SHERPA NLO LO PS LO ME+PS PS v

0=
S o B
I T
Ty ey

(a) Direct photons (b) Single- and double-fragmentation photons (c) Non-prompt photons
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Photon Pairs analysis [2107.09330]

Photon selection

Selection Detector level Particle level

Photon kinematics | pr,y,,, > 40(30) GeV, |ny| <2.37 excluding 1.37 < |n,| < 1.52

Photon identification tight stable, not from hadron decay
: : i50,0.2 i50,0.2
Photon isolation E‘Tsoy <0.05: pr,y EIT“; < 0.09 - pr,y
Diphoton topology N, >2, AR,,>0.4

* (Photon kinematics

Py, CUts 5 GeV above trigger thresholds — in trigger efficiency plateaus
n, Cuts to operate in region of high EM Calorimeter granularity && exclude barrel-end-cap transition region

Photon Isolation
Cone of AR=0.2 around photon momentum should not have too much transverse momentumin it
(Pile-up and Underlying Event contributions corrected for)

Diphoton topology

AR cutto prevent overlap between photon isolation cones — reduce correlation between photon
isolations)
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Photon Pairs analysis [2107.09330]

Background estimation

For each process p € {yv, Vj, jV, jj, €&, pileup}, construct the probability fp ,.that an event goes into region i
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