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Quark Gluon Plasma and Heavy-ion Collisions
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Nature Physics 15 (2019) 1113

* Quark Gluon Plasma (QGP): extremely hot and dense phase of matter in which quarks and gluons

are no more confined into hadrons
= properties known as an almost perfect fluid

= |owest specific sheer viscosity (n/s) of any known substance
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Quark Gluon Plasma and Heavy-ion Collisions A@)S

EXPERIMENT

Mid Rapidity

Hydrodynamic
Evolution

Pre-Equilibrium
Phase (< 1p)

a) without QGP R o “ « Hard Probes: produced in the early phase of the
\ collision and experience the evolution of QGP
A B = |ets, heavy flavour, quarkonia, ...
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Recent ATLAS Results in Heavy-ion Collisions... @)

ATLAS
Jets Heavy flavor
- photon-tagged jets - charm and bottom muon Raa and v2
- b-jets - upsilon production
- reclustered large R jets
- dijet momentum imbalance Photo-nuclear collisions
- Jet substructure - dijet production

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

+ Many more!

Only selected hard probe

measurements will be shown

due to the time [imit

ATLAS

EXPERIMENT
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Probes of Bulk QGP

How does the color charge interact with
and lose energy in the medium?
Can we utilize quark versus gluon probes?

MPI@LHC 2022 November 14-18
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Photon-tagged Jet Raa @)

e Color-charge dependence of energy loss
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Quark Jet Fraction
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200

L

EXPERIMENT

ATLAS-CONF-2022-019

>» Photon-tagged jets

>—» Inclusive jets

Casimir color fact
4/3 for quarks ”
3 for gluons



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-019/

Photon-tagged Jet Raa @

e Color-charge dependence of energy loss
ATLAS-CONF-2022-019

2018 Pb+Pb 1.7 nb™', 2017 pp 260 pb &

| | | | | | | | | | | | | | | | | | | | | | I_
- ATLAS Preliminar S\ =5.02 TeV _
q I/JJV | —— - o DwIPEE _
\\ i 1 quark-initiated jet dominant
0.8 B _ T
M x = % | Photon-tagged jet Raa
g q :E 06 — O g ] [l o . * * | _
g-g 0 i - o— 1 1
Compton scattering i - O y ) Incluswi Jet Raa
0.4 — - — «
i E:::'.Bj:tgo 019108 v-jet i gluon-initiated jet dominant
0.2 —anti-k. R=0.4 jets —©— 0-10% -—m— 0-10% __
B p >SOGeV 'l <2.37 n
B hqJe | < 2.8, Ad(y,jet) > /2 ]
O ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ]
P b TP eediete oV less suppression of
KA = \Nscaled pp 88 ' y-tagged jets than inclusive jets
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ATL

EXPERIMENT
2018 Pb+Pb 1.7 nb 2017 pp 260 pb”’

Photon-tagged Jet Raa

Two factors to consider | ATLASPreliminary  (5y=502TeV -

besides the different quark/gluon fraction — _ T s -

1 2le £ ' >50 GeV, 'l <2.37 =

between the y-tagged jets B s o2

§ - 101?:20::‘::‘: =-I-==_I_= . =

et o ] 1 1 E:.2-21_102 ;—.z, :‘==0==‘= + -

1) py. distribution difference e pan | T 2

— makes Raa 4 by 0.05~0.08 v€2‘c1o4§—1?513§°/v;j?2t 10 B

2) Isospin and nuclear PDF effect o BT TR ;x10> E

- - inc. jet [PLB 790 (2019) 108] -

— makes Raa ¢0 by 0.05~0.1 e !ppl . {t! . !7. S E

These two effects are expected to have B0 —— E

~~ opposite sign and similar magnitude = 0'00053_5.‘%. ' - =
ATLAS-CONF-2022-019  Jetp.f@ev
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e Color-charge dependence of energy loss

R 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I_

—ATLAS Preliminary Vs = 5:02 TeV -

- v-tagged jets ]
e

i - + ]

= N ol b -

:_N'- N BN

E\\\\\\\\\\\\\nuull

A\

- Centrality 0-10%
L anti-k; R =0.4 jets
- p! >50 GeV, 'l <2.37

_—hfﬁeﬂ < 2.8, Ad(y,jet) > n/2 —#- Data —
i | I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ]
80 100 120 140 160

y-tagged jet p_ [GeV]

60

Photon-tagged jets:
overall, higher Raa for data

than the one for predictions

Yeonju Go

0.8

0.7}

0.2

0.6

I o
— 201

8 Pb+Pb 1.7 nb™, 2017 pp 260 pb™ -

_ Inclusive jets

ERW WY :;», ///7//)‘
ey 2 1

v % 'A" 17
i %%

o

- -8 Data —

N T T T T T
60 80 100 120 140 160
Jet P_ [GeV]
Inclusive jets:

qualitative agreement
between various models
and the data
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inclusive jet

Y'jet/R

R
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ATLAS-CONF-2022-019
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Probes of Bulk QGP

What is parton mass dependence energy
loss mechanism in the medium?

MPI@LHC 2022 November 14-18

Jets
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b-Jet Raa

 Color-charge and parton mass dependence of energy loss
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b-Jet Raa )

ATLAS

EXPERIMENT

 Color-charge and parton mass dependence of energy loss

arXiv:2204.13530
. submitted to EPJC
CaSImIr COIOr faCtor - < I | i | i | i | U | I | I | I I L I L I L I r 11
, R L — ——1 \ < __ ATLAS i _
| 1 A | I\ 14 3 LIDO model b-jets
/ (AEg) x a.|Cplg L? | 4/3 for quarks R C ~ Pb+Pb 2018, 1.4(1.7) nb” LIDO model light-jets
| 3 for gluon S | - pp 2017, 260 pb - Ba! e: a:. _b-‘lets_ e "
- e 1.2 anti-k, R =0.2jets, lyl <2.1 oA EIRE IS —
AE quark / i \/SNN =5.02 TeV, Centrality 0-20% i
i ——S 18 —
B b'jet RAA 7
Dead cone effect — — 0.8~ ~
’ S Q.. \ \\\ = =
| :..“.\“..Q'... \ 06 . ]
( IR0 _ -
| e mfE | 045 -
‘ 00'. 0.::0,‘ Incl _ .ve .et EA @® | h-jets O | inclusive jets -
| light mass parton 80 100 120 140 160 180 200 220 240 260 280
\ | - ., p_[GeV]
AE, > AE 4, > AE_ > AE, less suppression of b-jets "
N\ " - "
— than inclusive jets
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Probes of Bulk QGP

What is the production mechanism of
open heavy flavor and quarkonia?

MPI@LHC 2022 November 14-18

Heavy Flavor
Quarkonia
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Heavy Flavour Raa @)

L
0-10% Q 40-60% ( EXPERTMENT
g 2 _I | | | | | | | | | | | | | | | | | | | | | | | | | | 2 _I | | | | | | | | | | | | | | | | | | | | | | | | | |_
23 o Lo ' iy o U1 phys. Lett B 829 (2022) 137077
oC Pb+Pb, 5.02 TeV, 246 ub™ : - Pb+Pb, 5.02 TeV, 246 ub™ — Ys. LEIL | :
~— - -1 . - -1 .
% 150 pp, 5.02 TeV, 1.17 pb 1 15l pp, 5.02 TeV, 1.17 pb |
S ' ' '
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1 ++ ______ AR I 1 Y deitlsl e LDt
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https://www.sciencedirect.com/science/article/pii/S0370269322002118?via=ihub
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Heavy Flavour Muons and Jets

EXJE-I!TI\ﬁNT
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Heavy Flavour Raa
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Smooth trend in a wide pr range
from B-decay to b-jets
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» Suppression of the bb bound states

Upsilon Raa
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Sequential suppression!
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arXiv:2205.03042
submitted to PRC
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https://arxiv.org/abs/2205.03042
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Probes of Bulk QGP

Do jets experience different energy loss
due to unequal path lengths?

MPI@LHC 2022 November 14-18

Jets

18



Dijet momentum imbalance @)

ATLAS
e Path length dependent energy loss 103 arXiv:2205.00682
X
5| L 0.16F TS gubmitted to PRC
&L U ATLAS anti-k, R = 0.4 ] SUPMIEaio
‘ O 0.14} =% 0-10% &(T, /=0.9%~®= 10-20% (T, |=1% —
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Z — AA AA _
pTl — p%eadlng jet ,_A<O.12 —®— 60-80% 5(T, )=8% ~*— pp dLumi=1.6% o _ PP
t“ 0 1‘ 100<p_ < 112 GeV s | 60-80% Pb+PDb
=Sy = 5 02 TeV 1 )
\ p subleadlng jet 0.08-Pb+Pb 2.2 nb’" _|
T2~ - pp 260 pb -
0.06 _—pp P -
Pt 0.04 —
Xy = 000k 0-10% Pb+Pb
Pt Pek iyl <21 1o - ¢.|>7n/8 - ‘
_ 1 2 |
0.3 04 05 0.6

o

07 08 08 1
Suppression of balanced dijets WX

(high x4) in Pb+Pb collisions
with centrality ordering \ <
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https://arxiv.org/abs/2205.00682

Dijet momentum imbalance @

e Path length dependent energy loss

subleading jets are more
suppressed than leading jets

Pb Pb

NN-scaled pp @@

Rpp =

Yeonju Go
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ATLAS

1 1 arXiv: 2205 00682 submltted to PRC
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—E 0-10% Pb+Pb |y| ° 2 ; =
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- - -
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-

- -
- -
——
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_—

———
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/__—-———'
/
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02_| ! | | | . -
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Probes of Bulk QGP

Can we study color (de)coherence using
Jet substructure measurements?

MPI@LHC 2022 November 14-18

Jets
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Re-clustered Large-radius jets

e Hard parton splitting using re-clustered R=1.0 jets
>
= re-clustered R=1.0 jets; \0':
by using anti-kt R=0.2 jets - R=02jet
with p>35 GeV as inputs
to anti-kt algorithm with R=1.0

- soft contributions removed

- NO recovering energy outside Re-clustered
R=0.2 sub-jets R=1.0 jet

= two sub-jets at the final clustering step from kr algorithm
used to define krt splitting scale (1/d;, )

<—AR12 —?

R=1.0 jets
T = minpe 1) AR, (o s)
R 0.2 jets

Yeonju Go MPI@LHC 2022 November 14-18

ATLAS-CONF-2019-056
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-056/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-056/

Re-clustered Large-radius jets

* Hard parton splitting using re-clustered R=1.0 jets _

Yeonju Go

ATLAS-CONF-2019-056

o | ATLAS Internal
- Pb+Pb 1.72 nb™", pp 257 pb™, 5.02 TeV
- @ 0-10%
1.5 : 10-20% Q I
AR
A significant difference ¥ 60-80% j
between single sub-jet (SSJ) : | * -
and those with more 1.0 % """" (B B o i '+
complex substructure x i
.,
o F
0.5F , A‘ g B : -
+—OR — RiH o ¢
R=1.0 jets - lyl<2.0  200< o <251 Ge/
V dy, = mmn(pr, pro) - ARy <’ ‘) antu k R _1 Ojets : : .xl -
50 100 150
" R=0. 2 jets SSJ \/df12 [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-056/
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Jet Substructure

ATLAS-CONF-2022-026

e Study color (de)coherence using jet splitting angle

| p— 1 | | P I | | | | I I | |
. . = - ATLAS Prelimi -10% -
= soft drop grooming procedure to determine - AATLAS Preliminary 0-10% -
. nggm ~ - anti-k, R =0.4 jets, lyl < 2.1 -~
opening angle of the hardest splitting (g) o oslz.,=02 =0 -
- i . p“"’t > 158 GeV _
' '_4'65 i —=— 158 < ' <200 GeV(x0.05) -
9 '78_'_ - —— 200<pj:t<315 GeV(x0.5) -
R=0.4 jets N 0.6 _H' T 15 < P <501 GeV(x5)
o | High-pr jets =% 315<p; <501GeV(x5)
min(pr 1, Pr, 2) <' > “ls i &1-pr] ]
Cut( T O 2) ‘GSJ i + |
P11t P12 = o4l ¥ _
s .' e — - * -
A groomed subjets < [ s * Low-prjets ]
v |\ B A o O N o _
— 0.2 - - _
| % ¢ » _
. . . . ol O .
Lower rg with increasing jet prt 1 x ‘
- - ] L1 | | |x | :1 | I’ % L . 1*_—
—> hlgh'ijetS are rnore 0003 0.01  0.02 01 02 03
collimated iﬁ £
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Jet Substructure

e Study color (de)coherence using jet splitting angle

<
QC

= soft drop grooming procedure to determine
opening angle of the hardest splitting (g)

min(pr 1, P, 2) > 7., = 0.2) <’

Pti1tPro

R=0.4 jets

)

groomed subjets

Jets with larger opening angles
(large rq) lose more energy

No strong jet pr dependence

Yeonju Go

In Raa at a given ry

MPI@LHC 2022 November 14-18
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ATLAS Prellmlnary
pp 5.02 TeV, 260 pb” anti-k, R =0.4 jets, lyl <2.1 _
Pb+Pb 5.02 TeV, 1.72 nb™ Zo=02,=0 -

—o—pjTet > 158 GeV

= 158 < p‘Tet <200 GeV

—4- 200 <piTet <315 GeV

3¢ 315 <piTet <501 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-026/

Probes of nuclear parton distribution function (hPDF) A@AS

EEEEEEEEEE

Hard Probes Jets

Can we also study the initial state of the collisions?
.. how about using ultra-peripheral collisions (UPC)?

Yeonju Go MPI@LHC 2022 November 14-18 26



Photo-nuclear Dijet Production @)

e Constrain nPDFs with di-jets produced in UPC collisions ATLAS-CONF-2022-021

= triple-differential cross sections measured Direct photon Resolved photon

Pb > > On
. _ ]Wjets —y. > — Rapidity
Nuclear momentum fraction XA = \/_ e - :
S >

Photon parton momentum fractions <, =

?’_\/; Pb

>
O,
Total transverse momenta of the jets Hy = ZPT,i o

Jet kinematics correspond to

hard scattering kinematics :

40 60 80 100 200
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Photo-nuclear Dijet Production @)

: : o : . EXPERIMENT
e Constrain nPDFs with di-jets produced in UPC collisions ATLAS-CONF-2022-021
= triple-differential cross sections measured Direct photon Resolved photon
Pb > > On
> — Rapidity
- : — Ga
S‘ 1018 ; | | L I | | | | T I | | l_: : p
Q 15 ® 35<H;<43GeV ATLAS Prelimin = |
(2 10 [ ® 43<H;<53GeV (x107) Pb+Pb 5.ozeTev, ??7,2 nb’ <
O jo - A 53<H;<66GeV (x107) 0.008 < z, < 0.015 =
E,- 10 - ¢  66<H; <81 GeV (x10) UPC y + A — jets =
9 — +  81<H,<100GeV (x10%) anti-k, R=0.4 Jets _—
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-021/
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Summary

e Various ATLAS measurements in heavy ion collisions
to study quark gluon plasma and nuclear modifications

= different partonic energy loss between quarks vs. gluons «— photon-tagged jets, b-jets
= parton mass hierarchy and sequential suppression «<— heavy flavor muons, Upslions
= color (de)coherence and jet hard splittings < jet substructure

= constraining nPDF at small x < di-jets in UPC collisions ATL-PHYS-PUB-2022-020
< 1.4r

Q:< B ATLAS Pre||m|nary ®  R=0.4, Inclusive jets, Cent. 0-10%, IyI<28 :

y . o ' 12_ VS = 502 TeV ® R=0.4,y-tagged jets, Cent. 0-10%, lyl<2.8 ]

e "Recent ATLAS measurements in small collision systems [ FosPn Ddo2eny’ e

1

presented by Sruthy Das on Tue. at 10:50am
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Find other interesting ATLAS heavyionresults! - 1 '

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavylonsPublicResults |~ =0 des seyeed Com omom b1 T
50 60 70 107 2x10°  3x107

p, [GeV]
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https://indico.ift.uam-csic.es/event/14/contributions/110/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-020/
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Re-clustered Large-radius jets

e Hard parton splitting using re-clustered R=1.0 jets <

Yeonju Go

ATLAS CONF—201 9 056

- ATLAS Internal

o
- Pb+Pb 1.72nb™, pp 257 pb™’, 5.02 TeV
® Ingle sub-jet
1.5 = vdﬂ:14.0-20.0 GeV —
A :29.0 - 41.0 GeV
] ] + \[gz: 59.0 - 84.0 GeV
A continuous Increase
of the suppression with B )
Increasing centrality o I .
: °
‘o 1 )
0.5_ "' . .
. 2
<—AR12 — IyI<2 0 200<p_ <251 GeV
R=1.0 jets antnk R—1OJets
AR T TR TR N TR TR R
Vdi, = min(py 1, pro) - ARy, <' ‘> 0 700 200 300 400
<Npart>
" R=0.2 jets ( @
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-056/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-056/

Heavy Flavour @

EXPEI!TMENT
} B I A+LASI I 0T T T T |
T A L iPb 5.02Tev, 246 o' T O010%
- 2 At 5 10-20% - Phys. Lett. B 829 (2022) 137077
1.2 PP, >.02TeV,1.17pb Y 00-30% Phys. Lett. B 807 (2020) 135595
~ b<p_<7 GeV _
- T ; 5 30-40%
1~ DREENA-B b—>B"—u Y 40-60%  —
- —DAB-MOD b—B’—yu -
0.8 — Raa Vs v2
i t 1 simultaneous description of Raa
0.6 L . and vz can constraint models!
i G -
0.2 —
i 1 1 | | | 1 1 | | I | I I | I I | I I |
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https://www.sciencedirect.com/science/article/pii/S0370269322002118?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269320303993?via=ihub

b-Jet Raa )
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 Color-charge and parton mass dependence of energy loss 2rXiv-2204. 13530

1.8~ @ LIDO model Centrality 0-20% —
- — Dal et al. \/SNN =502 TeV -
16 —
D ~
g) —
= 14 —
= _
e 3 - . L
o 12 = RAA (b-jet) / RAA (inc. jet)
S . 4L - ~20% above unity
9 < [ ATLAS - '
g 0.8 anti-k, R =02 ets, Iyl <2. E for both the data and calculations
T E Pb+Pb 2018, 1 4(1 7) nb™! -
06 - pp 2017, 260 pb -
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https://arxiv.org/abs/2204.13530

