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In ultra-relativistic heavy ion
collisions, the intense
electromagnetic fields provide
an intense flux of nearly real
photons.

Emitted photons may strike a
parton in the other nucleus.
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Photonuclear Jet Production
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Pb Pb

“Direct” photons

/ participate in the hard-
q .
In ultra-relativistic heavy ion scattering process.

collisions, the intense
electromagnetic fields provide

an intense flux of nearly real
hotons. “ ”
P \ Resolved” photons

scatter through a virtual
hadronic excitation of
the photon.

Emitted photons may strike a
parton in the other nucleus.
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PhotonuclearJet Production
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Mjetse+3’]ets

Gap Selections and Photon Structure Y= e

e Template fit studies of Zy An provide two pieces of information:
* The efficacy and background contamination rates for different gap selections
* The relative proportion of direct and resolved photon events
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Gap Selections and Photon Structure Hr = ) Ph| |y =2

* The selection we apply (red) retains a
sufficient level of signal purity.
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Gap Selections and Photon Structure
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Measuring Nuclear Breakup

The photonuclear jet requirements select events with very high-
energy photons.
* E, x1/b — Biases towards lower impact parameter collisions
* Much higher probability of breakup of the photon-emitting
nucleus due to additional EM interactions
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Measuring Nuclear Breakup

The photonuclear jet requirements select events with very high-
energy photons.
* E, x1/b — Biases towards lower impact parameter collisions
* Much higher probability of breakup of the photon-emitting
nucleus due to additional EM interactions
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Measuring Nuclear Breakup

The photonuclear jet requirements select events with very high- This measured correction for breakup is used to
energy photons. compare theory to data.
* E, x1/b — Biases towards lower impact parameter collisions 4 * 4

* Much higher probability of breakup of the photon-emitting
nucleus due to additional EM interactions
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Systematic Uncertainties

Systematic uncertainties are
the key limiting factor in our
sensitivity to nuclear PDFs.

The jet energy scale and resolution
uncertainties are typically 5-10%.

These uncertainties are highly
correlated between bins.

Systematic uncertainties are also
evaluated on the and
event selections. These uncertainties
are treated as un-correlated.
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UPC Dijets: Scanning in Photon Energy
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UPC Dijets: Scanning in Photon Energy
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UPC Dijet Cross-Sections
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At lower photon energies, we can access higher-x partons.
Systematic uncertainties are typically <5% in these bins after
subtracting the correlated “scale” uncertainty.
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Comparing Across nPDFs

* This data can add a wide range of kinematic coverage to
existing nPDF constraints.

e All nPDF models have excess anti-shadowing, while
NnCTEQ15 WZ+SIH and TUJU21 agree with the shadowing
observed in data at low Hy.

e The full data tables allow for a complete treatment of
correlated uncertainties, which will constrain nPDF
effects even further.
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existing nPDF constraints. - ATLAS pPbiE__ .

e All nPDF models have excess anti-shadowing, while
nCTEQ15 WZ+SIH and TUJU21 agree with the shadowing 10*
observed in data at low Hy.

e The full data tables allow for a complete treatment of 3
correlated uncertainties, which will constrain nPDF 10
effects even further.

* Photonuclear jet production was measured by ATLAS in 5.02
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I

TeV Pb+Pb collisions with 2018 data. 10° 3 2Pb Promt DO
* This measurement extends to the lowest in jet pr of any -
ATLAS measurement while maintaining systematic 10 y A Sty
control. 5
* This coverage is possible through a dedicated jet f
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Figure inspired by arXiv:2112.12462
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Photonuclear Jet Production

ATLAS

EXPERIMENT

Run: 286717
Event: 36935568
2015-11-26 09:36:37 CEST

000000000. g

Pb+X +Xn
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Jet Performance in MC

* The closure of the jet energy scale in MC is excellent, with <0.5% non-closures over the majority of the detector.
* The closure performs slightly worse and the resolution is larger in the 3.2-3.5 region.
* This region corresponds to a transition in the ATLAS calorimeter.
* The shape of the JER at very low pr arises from particle flow within the inner detector acceptance.
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Jet Performance in Data

* The jet response in data is constrained through two studies:
e Z+jet balance to constrain the absolute energy scale at mid-rapidity
* Dijet balance to constrain the relative energy scale between regions
of the detector
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Correlated Uncertainties and nPDF Effects

* Correlated systematic uncertainties are treated in the following figures are represented by separating out the
“scale” fully correlated across all points.

£ 1 2' 35.0<H;<453GeV T 37x10%<z,<0.027 453<H, <586GeV | 3.7x10*<z,<0.027 58.6<H;<758GeV ]
© 1.2 - -+ -
'0..-_.. e —— —— -
§e] | 1 ¢ 1
<! ¢ ¢
= L [}
o I LM AEPE R
t — = ¥
| | |
! s o 1 ¢ - 1 ¢ ¢! =
- ’ ’ ’ . — ’ ’ . . ._
0.8 37x10%<z,<0027 | T ]
m "" L] L T ""'l L L] L] """ Ll L L lllll Ll L] IlllllI T T Ll IllIII Ll Ll T lIlII T T L llIllI T T IIIIIII T L L
2 - ATLAS 758<H;<981GeV T  37x10%<z,<0027 981<H;<1269GeV | 3.7x10%<z,<0027 1269 <H;<164.3 GeV]
© 1.2} Pb+Pb5.02TeV,1.72nb" Anti-k, R=0.4 Jets — -+ -
— | 3.7x10%<z,<0.027 0.9H, <my <4H; |
o UPC y+A — jets -
] 'y 4 0 41
= - ¢ " 9 =
(o) ] . ¢ 1 ¢ ot .
1 L) = — -
" ¢ [ ] [ ]
¢ m [
g TR n
L Data Scale Uncert. + . 1
0.8k Data Syst. Uncert. 1 | ¢Pythia 8 + nNNPDF 3.0 |
IIIII L L 1 IlllII L L L Illlll L L L -IIIlI IlIII IIllI --IlIII IIIIII L IIIII
107 1072 107" N 1073 1072 107" 107 1072 107"

ATLAS-HION-2022-15 Hard Probes 2024, September 22-27, Nagasaki, Japan



13
roSss->ections vs 5 1onE A oo, <o -
. T _Q oF E‘%’E}F'zg 5-';2 ‘T:GOV‘&&? nb™ ¢ 0.032<x, <0055 (><10'j;- —
o | 0.0023<z,<0. o 0.055 < x, < 0.095 (x107) —
=" 10 — UPC 7 +A - jets v 0.095 < x, <0.166 (x10°) —
° i 1 1 . 10? L anti-k, R=0.4 Jets o 0.166 < x, < 0.288 (x107) ]
For a given slice in x4, the dependfence on I-I.T can help to: _g. " 0.9H, <m,, <4H, - 0288 <x" <0500 (<10™) -
* Separate correlated systematic uncertainties 10° = * - - _ =
0 o ) ) 5 b < - - - Pythia 8 + nCTEQ15 —
* Understand the variation of nPDF modification with Q ol 10°E L . WZ+SIH PDFs =
— e with Pb photon flux ~ —|
¥ 10F ~e-- =
o e e eme - S —
107 L =
103 =
— Lo - — = —]
-5 _ —
10 :_ --'9‘"---&---.___&__‘_‘9--_1 _:
107 - =
10—9:: T e o 3
— W Data Scale Uncert. - —
10"  Data Stat. Uncert. —
| | Data Syst. Uncert. I —]
—13 L 1 1 1 1 | 1
10730 60 100 200
H; [GeV]
g 1 oo + - — .
it - I~ 3
5 — = e :
O e E3 E
~ “Eo032<x, <0055 F 0.055 < x, <0.085 3
%‘ 1% - + :
= ook e i E
““F 0.085 < x, < 0.166 ¥ 0166 < x, <0.288
40 60 100 200 40 60 100 200
H; [GeV] H; [GeV]

ATLAS-HION-2022-15 Hard Probes 2024, September 22-27, Nagasaki, Japan



14 T T T T T T T —
-_— = ¢+ 6.03 x <x, <0.01 —
ross->ections vs 3 bt 03 X107 <Xy <0010
. T _Q 10" Pb+Pb5.02TeV, 1.72nb" 0010 < x, < 0.018 (x10%) -
_% - 52243“?‘9?079 * 0.018 < x,, < 0.032 (x10) -
= 108 UPCrrA et © 0.032 < x, <0.055 (x10°) .
* For a given slice in x4, the dependence on Hy can help to: ~ oot em . <am, . g'ggg*;ajgfggg}g_?g) =
. . . 5 je i < a X s
* Separate correlated systematic uncertainties %{ 10°E - © 0166 <x, <0288 (c10) =
— - # L <x, <0 x —
* Understand the variation of nPDF modification with Q2 m_g B 12F T e Lo =
e - - Pythia 8 + nCTEQ15
I'.|_ 10-'E e WZ+SIH PDFs i
- o with Pb photon flux =~
— - - --&--I -
a4 - --- =
L =
10—7 - e _
- T ., —
10710 e =
— 1-_+--‘-—9'--| —
103 E I -
—_ W Data Scale Uncert. —mww o T
—  Data Stat. Uncert. 7
10—16 —_ " Data Syst. Uncert. I —
40 60 100 200
H; [GeV]
g 1-1§_ - _;:D__:_—EI— '
= = T ]
0 F E: o ]
~ 09 b3, <005 ¥ 0055<x, <0085 E
%‘ 1.4 - + .
- = ] ——
E 1 —v— ] —— ——
— g —r— ] = Lo
0‘95_0_095 <, <0.166 F 0166 < x, <0.288 E
40 60 100 200 40 60 100 200
H; [GeV] H; [GeV]

ATLAS-HION-2022-15 Hard Probes 2024, September 22-27, Nagasaki, Japan



° S‘ 1016:_ T T T T T T | T _:
Cross-Sections vs. H R
° T ©) - Pb+Pb5.02TeV, 1.72nb™ 4 603 x10% <x, <0010 (x10?)  —
S 40 0.0079 <z, <0.015 + 0.010 < x, <0.018 (x10%) =
= _ UPC y +A — Jets * 0.018 < x,, < 0.032 (x10%) —
. . . = 1= = -8 —
* For agiven slice in x4, the dependence on Hy can help to: w107 E ok < < 814s TSt ) =
* Separate correlated systematic uncertainties 'g{ 10* E== - - - X 0.095 <x, <0.166 ?‘133 =
== . <x,<0. b —
« Understand the variation of nPDF modification with Q? m_g B 10 .- * 0.288 <x, < 0.500 (x10%) =
I'- LETTTTTTY e - - Pythia 8 + nCTEQ15 —
5 10 e == m = o e e, WZ+SIH PDFs =
5 —ke - with Pb photon flux ~ —
10°E oo =
00 e o E
10—1155 --—"-———-'—-I__._‘,_-‘__-..__'--_--I EE
107 E B A bR TE S G-
10717 " mData Scale Uncert. e =
—  Data Stat. Uncert. —
1 U_zg — Data Syst. Uncert. I =
40 60 100 200
H; [GeV]
g 'B= -
O gor =
~ C 0.010 < x, < 0.018 ¥ 0.018<x, <0032 3
g‘ 1 1— —O— —- - | &
(0] F o= ] —-
I-E oo P e o
0.9 + : e
F 0.032 < x, <0.055 F 0055<x, < 0.095.
40 60 100 200 40 60 100 200
H; [GeV] H; [GeV]

ATLAS-HION-2022-15 Hard Probes 2024, September 22-27, Nagasaki, Japan



B S‘ 1015 :_ T T T T T | T _:
Cross-Sections vs. H R T T
. T O] ~ Pb+Pb5.02TeV,. 1.72nb™ 5 347 5 10° <x, <6.03 x 10° (x107)
8 100k 0015<z,<0.027 ¢ 6.03x10° <x, <0010 (x10°)  —
=N = UPC:;’”I;:JB‘S + 0.010 <x, <0.018 (x10°) =
. . . — - = A -
* For a given slice in x4, the dependence on Hy can help to: w107 Sone <. < i, e —
. . . N . A . ]
» Separate correlated systematic uncertainties 3 10°E 0 0.055 <x, <0095 (x10%) =
T o ) 2 b < F - - - v 0.095 < x, <0.166 (x10™) -
e Understand the variation of nPDF modification with Q 2| S S _ —
o 10 " - - - - Pythia 8 + nCTEQ15 —
- WZ+SIH PDFs =
% 10—2::_'."_-“‘--'--0---- with Pb photon flux ::
e == = = = = ——"#'——---*——-L e
10—8 : _‘*-___ E
C eeeielol =
10—115: et =t - S ce :E
107 :: WiData Scale Uncert. ~~ " T T T e e - ::
—  Data Stat. Uncert. =
10_17 —_ [ Data Syst. Uncert. | —
40 60 100 200
H; [GeV]
T 12 E3
®© - = :
O e 3 E
“é‘ TE 200x10°<x, <347 x10° T 347x107 <x,<6.03x10° ]
o 12 - == -
[1h] £ "
= | e e 3 e
= osf - :
0.010 < x, <0.018 ] 0018 =ux, < 01032
40 60 100 200 40 60 100 200
H; [GeV] H; [GeV]

ATLAS-HION-2022-15 Hard Probes 2024, September 22-27, Nagasaki, Japan



16
. < 10 = I =
ross-Sections vs S e B S e
. 12 Pb+Pb5.02TeV,1.72nb”  w 347 x10° < x, <6.03 x 107 (x102) —=
Q 1072 Poepbs 1 . (10%) 3
o F 3.7x107 <z, <0.027 ¢ 6.03 %107 <x, <0.010 (x10%) =
= 108E UFﬁ’;’;na“s # 0.010 <x, <0.018 (x10%) —
; ; : . — anti-k; K=0.4 Jets * 0.018 <x, <0.032 (x10) —
* For agivenslice in x4, the dependfence on I-I.T c.an help to: _g. = 0.9H, < mg, <4t - 0032 <x" <0085 (0™ =
* Separate correlated systematic uncertainties 10 o 0.055 < x, <0.095 (10™) —
o o ) 2 bl < g v 0.095 < x, < 0.166 (x10™) =
* Understand the variation of nPDF modification with Q BB ET e 0 0.166 <x,, < 0.288 (x10™) -
— 1:"-".-.,___' * 0.288 < x, <0.500 (x10™%) 3
= - - - - —]
% 10_421__“""“--.._-_, - - Pythia 8 + nCTEQ15 —5
j: Bt et TE WZ+SIH PDFs :Z
=0 - o - - . --*----;_* with Pb photon flux =
108 e T e T —
T e T =
10—12__ ---!---‘__'___l_*_---—E—---I-ﬂ__ 4
e R B e =
1078 P S o NS
—_ [ Data Scale Uncert. i e A _+___:
_oof—  Data Stat. Uncert. Pt e -
10 —  Data Syst. Uncert. I =
30 680 100 200
H, [GeV]
o 1-15_ _Eiu— ~o—0— E
ﬁ E g 3 —0—
0 - [Era—— E O E
“; D'gé_n.mu <x,<0.018 _§§_n.032 <x, <0.055 E
E 115_-'_—'— e - ___0__0_ =
4: —O—-—O——O——{)—‘
£~ E
= o0of o ¥ ;
r 0.095<x, <0.166 T 0.166 < x, <0.288 ——
40 60 100 200 40 60 100 200
Hy [GeV] Hy [GeV]

ATLAS-HION-2022-15 Hard Probes 2024, September 22-27, Nagasaki, Japan



[ ] [ ] “:E‘
Jet System Kinematics 3
3
5
e Unfolded jet cross-sections are also produced 5.2
in a different variable set, in terms of the jet i
system kinematics. °
2
e Results are broadly consistent with the hard- =
. . . c
scattering kinematics. 3
[
* Atlow Hy, the cross-section is over-predicted
in the nucleus-going direction but quite <
consistent in the photon-going direction. §
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Jet System Kinematics

* Unfolded jet cross-sections are also produced in a different variable
set, in terms of the jet system kinematics.

e Results are broadly consistent with the hard-scattering kinematics.

* Atlow Hy, the cross-section is over-predicted in the nucleus-going
direction but quite consistent in the photon-going direction.

* The mass-dependence demonstrates that inconsistencies are
concentrated at small mass, but the higher-mass bins are well-
predicted.
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Bin Acceptance

* Bins are only reported
if the measurement
acceptance is high 10"
enough in that region.

* The acceptance is
limited due to the :
mapping of single-jet [ 35.0<H,; <453 GeV
selections onto the 3D N
phase space. 5

1072 F

453 < H; <58.6 GeV 58.6 <H; <758 GeV

Geometric Volume Fraction

* Selection effects also 101k
shift bin means, which
we account for.

10°F

ATLAS
Pb+Pb 5.02 TeV, 1.72 nb’
75.8 < H; <98.1 GeV

Geometric Volume Fraction

98.1 < H; <126.9 GeV i 126.9 < H; < 164.3 GeV
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NPDF Comparisons

* The approach of each nPDF fit to describing the data is different, making it difficult to ascribe differences to only the
datasets included:
NCTEQ and TUJU fit the nPDF independent of the free proton PDF. TUJU restricts to NNLO calculations.
EPPS directly fits the modification relative to CT18A.
NNNPDF fits using a neural network approach.

coya La L
?': P L) T L) '1777' I"I 1["‘ T "17
H»
- [ EPPS21 : :
- s antishadowing maximum :
S_12F \ %
3 /
1.0 -

08 |

shadowing

Ye

Yo

Ya

Dataset Description nCTEQ15WZ+SIH | EPPS21 | nNNPDF 3.0 | TUJU21
SLAC/FNAL/CERN/Hermes DIS v v v v
JLab CLAS+Hall C ¢A DIS v v
CHORUS/CDHSW vA DIS v v v v
NuTeV/CCFR vA DIS v v
FNAL pA Drell-Yan v v v
FNAL/NA3/NA10 7A Drell-Yan v
STAR+PHENIX Inclusive 7" v v
STAR+PHENIX 5. n* v
PHENIX K* v

THC Z Bosons T T
CMS+ALICE W* Bosons v v v v
ALICE ¥, . n*, K* v
CMS pPb Dijets v v

ATLAS pPb Prompt Photons 7

LHCb pPb Prompt D"

v

v

v

ALICE pPb Prompt D"

v
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