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why?

» create & study matter which is so hot that quarks and
gluons are no longer confined

 Quark-Gluon Plasma: lifetime ~10-15 fm/c

- long enough to have a time evolution and bulk
properties

+ max. temp at the LHC well above the 155 MeV temp. at
which hadrons can no longer exist

Anne M. Sickles

E "—LINOIS November 26,2019



goals of the heavy ion program at the LHC

slide from U. Wiedemann, European Strategy Open Symposium, May 2019

Main goals of nuclear beams programs ©@ HL-LHC

Characterizing the long-wavelength QGP properties with
unprecedented precision.

Probing the inner workings of the QGP: investigating
microscopic parton dynamics in hot and dense QCD matter.

System size dependence: developing a unified picture of
particle production and QCD dynamics from pp to AA.

Exploring nuclear parton densities in a broad (x, Q?) range
and searching for onset of parton saturation.




goals of the heavy ion program at the LHC

slide from U. Wiedemann, European Strategy Open Symposium, May 2019

Main goals of nuclear beams programs ©@ HL-LHC
|

(as defined in HL-LHC WGS5 report: arXiv:1812.06772 )

Characterizing the long-wavelength QGP properties with goal fortoday.
unprecedented precision. discuss recent

Probing the inner workings of the QGP: investigating ATLAS

microscopic parton dynamics in hot and dense QCD matter.
measurements

System size dependence: developing a unified picture of : o
with sensitivity to

particle production and QCD dynamics from pp to AA.

Exploring nuclear parton densities in a broad (x, Qz) range these questions
and searching for onset of parton saturation.




ATLAS heavy ion datasets

System Year Vsnn [TeV] | P
Pb+Pb 2010 2.76 9 ub!
Pb+Pb 2011 2.76 0.14 nb~!
p+Pb 2012 5.02 1 pub~1
p+Pb 2013 5.02 29 nb~!
PP 2013 2.76 4 pb~!
P 2015, 2016 13 75 nb~!
PP 2015 5.02 28 pb~!
Pb+Pb 2015 5.02 0.49 nb~!
p+Pb 2016 5.02 0.5 nb~*
p+Pb 2016 8.16 180 nb~1
PP 2017 13 150 pb~*
Xe+Xe 2017 5.44 3 ub~1
PP 2017 5.02 272 pb1
p 2018 13 193 pb~*
Pb+Pb 2018 5.02 1.75 nb~1

13TeV pp is low pileup running used in correlation measurements



a heavy ion collision
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QGP phase
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a heavy ion coll

final state particles

QGP phase

incoming nuclei




a heavy ion collision

geometry of each collision depends on impact parameter and event-by-event fluctuations



a heavy ion collision

+7 —-Z

look at the x-y plane

geometry of each collision depends on impact parameter and event-by-event fluctuations

observables sensitive to geometry provide a powertful tool to study the
quark-gluon plasma



counting particles

before the collision: orientation
of the nuclei

ATLAS, PLB 707 330(2012) 7



counting particles

before the collision: orientation
of the nuclei

ATLAS, PLB 707 330(2012) 7



counting particles

before the collision: orientation

after the collision: anqular
of the nuclei

distribution of particles

dN / d(¢p-y) (arb units)

- = - Il = = = = = = = = W i = = =N = = = = = Qi = = = E E O E E WY BN

SRR

thousands of events with approximately the same
iImpact parameter

ATLAS, PLB 707 330(2012) 7



measuring anisotropy

44m

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiatfion tracker

Semiconductor fracker



measuring anisotropy

= —. vz FCalenergies, 3.2 < |n| <4.9

., 1. [ 2 EPYTwsin(2¢;)
-. e, LIRSS B SR Y NN “ Vs = tan o
-------------------------- * NS == N 2 > BT w; cos(264)

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electiromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiatfion tracker

Semiconductor fracker



measuring anisotropy

= —. vz FCalenergies, 3.2 < |n| <4.9

‘: 2 ; RN . U, — ltan_l E%??erwi sin(2¢;)
-------------------------- AT A b T2 > ERYerw; cos(2¢;)

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detegtor \

LAr elecird

Toroid magnets agnetic calorimeters

Muon chambers Solenoid magnet | Transition radiafion tradker

Semiconductor fracker

particles: charged particles with |n| < 2.5



measuring anisotropy

= — vy FCalenergies, 3.2 < |n| < 4.9

H

| 1 Efverw,; sin(2¢;)

‘-. - o Y ,, Ty = - tan—] T Wi i
-------------------------- \ FLTHITN e =b=— | 2 > BV w; cos(2¢)

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detegtor \

LAr electrymagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiafion tradker
Semiconductor tracker

particles: charged particles with |n| < 2.5

key is that these are long range correlations,
not associated with jets or particle decays



collision geometry

PLB 707 330(2012)
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Increasing eccentricity




role of interactions

gas: minimal interactions
Isotropic expansion

fluid: lots of interactions
anisotropic expansion

steep pressure change

gradual pressure change

10



hydrodynamic modeling

eccentricity in initial state — anisotropy in final state

_}
Gale, etal PRL110 012302
0.2
dN 0.15 | _
— x 1+ 205 cos[2(¢p — V7)]
d¢
v, = amplitude of modulation 01T m/s=0.2
increasing viscosity reduces the 005 | v, data (ATLAS)
observed vy values .
o | v, calculation

N/s: shear viscosity/entropy density 0 . . .

0 0.5 1 1.5 2

/s: bulk viscosity/entropy densit .
E YRRy TR particle momentum (GeV)

11



role of fluctuations

Alver & Roland, Phys.Rev. C81(2010) 054905

—
er MC -

10— T T T
i ~~ PHOBOS Glaub

T

i

-l
- o~ -

-10 0 10
x(fm)

fluctuations in the nucleon position can create any shape of the initial nucleon
positions
— not just ellipticity, €5, but &3, &4, ...

12



decomposing geometry
n=2 n=3 n=4 n=>5

characterize the shape of a collision in terms of these eccentricities €,and the orientations WP,

13



decomposing geometry
2 n=3 n=4 n=>5

n

characterize the shape of a collision in terms of these eccentricities €,and the orientations WP,

AN
particle distribution can be written as: o x 1+ 2oy cos|N(¢ —¥n)]

13



decomposing geometry
2 n=3 n=4 n=>5

n

. »

characterize the shape of a collision in terms of these eccentricities €,and the orientations Y,

AN
particle distribution can be written as: o x 1+ 2oy cos|N(¢ —¥n)]

&V

€, > 2: generated by fluctuations
E3V3

larger n: vy increasingly damped by viscosity

13



beautiful measurements of flow

dN
— x 14 2vycos|N(¢p —Wn)
d¢
~ T ] T T T T [ A
& 03 ATLAS Pb+Pb, 22 ub” on=2 —
~ C Inl<25 Sy = 5:02 TeV An=3 -
>0.25 20-30 % =g -
021 n=5
- Mn=6
0.15 n=7 =
- .0'/ -
0.1 o® E
0.05 o AAA-AA E = 3 -
O E A B e e E
- ADE 600 A A ® -
0 }s@@@ﬁ—gﬁ* .................... 5 O0E %_ﬂ -
::l I T | I | | | I A | l | | | | l:

05 1 2 3456 10 2030 60
p_[GeV]

dominance of overall elliptical shape —=vy > vps)

fluctuations generate vz and higher
EPJC78(2018) 997



data constrained extractions of QGP parameters

using LHC v, data to constrain shear & bulk viscosity

Bulk viscosity

0.35

0.30 41 =1 90% Confidence LHC
I 90% Confidence LHC+RHIC

0.25 -

0.20 -

(/s

0.15 A

0.10 -

0.05 -

0-00 T T T T
0.10 0.15 0.20 0.25 0.30

T [GeV]

Paquet/Jetscape Quark Matter 2019

these (and other) analyses are a big step forward!
but have assumptions about the form of the initial
state, conversion to hadrons, ...

n
A
<

0.5 A

0.4 -

0.3 1

0.2 1

0.1 A1

0.0

Shear viscosity

0.10 0.15 0.20 0.25 0.30

T [GeV]

nls

0.08

0.06

0.02

0.3

0.2

0.1

=, 0.04 -

0

Bernhard et al Nature Phys. 15 1113 (2019)

Calibrated to:
Pb—Pb 2.76 and 5.02 TeV

—— Posterior median
90% credible region

T

T T 1
150 200 250 300
Temperature (MeV)

I I 1
150 200 250 300
Temperature (MeV)
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v, from geometry & fluctuations

0.14

0.12

0.08"

O @ D

- — Pbe 5.02 TeV == == ArAr 5. 85TeV
- =— =— XeXe 5.44 Tev ==== 00 6.5TeV

0.10+

N 006 e

0.04 </

0.02"

0007 . . . | . . . | . . . | . . . | |

=
20 40 60 80
Centrality (%)

100

Sievert & Noronha-Hostler, PRC 100 024904 (2019)
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v, from geometry & fluctuations

@C@GD

Sievert & Noronha-Hostler, PRC 100 024904 (2019)

0.14; 7 014 - |
. POPD5.02TeV  =-=- ATAT585TeV 11 03<pr<20GeV trento+vUSPhydro
" EL == = XeXe 5.44 Tev - 00 6.5TeV : el
0.10; * 0.10-
0.08" 0.081
006 N 0.06/
0.04 </ 0.04
0.02 0.02"
0.007“““““‘-‘.‘.‘""‘ ’ 0.000 ‘ S
0 20 40 60 80 100 5 10 50 100

Centrality (%) number of nucleons in collision

Vo: Impact

v3: always driven

narameter driven, except for very small systems

ny fluctuations so it depends on the size of the system
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two-particle correlations

AN
¢

— x 14 2oy COS[N(Cb _WN)]

correlations of particles wrt yy

AN A3
dAPp

n
x 14+ Y 2v, 4v, pcos (nA)

two-particle correlations

1911.04812
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two-particle correlations

AN - i
o <1+ 2on cos[N(¢p — ¥y)] correlations of particles wrt yy

dN sp k : .
x 14 Y 20, A0, 5 cos (nAD) two-particle correlations
AAD
S lamas os%  2dwmes | S | Amas soaow  odmis | S | aAs  ero%  2daies
O 1.041~ Xe1Xe 5, = 5.44 TeV, 3 ub” 2<02°(GeV)<3 | O | XerXe |5y, =544TeV, 3ub" 2<p°(GeV)<3 | Oy 10| Xe+Xe [sy =544 TeV, 31" 2<p}*(GeV)<3

1.1

1.02

1.00/- 1.08

0.98F %

1911.04812



XeXe collisions

Xe:A=129
Pb: A= 208

N [ ' ' | ' ' ' | ' ' U
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XeXe collisions

Xe: A
Ph: A

=129
208
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[ ATLAS 2PC |
0.2 o Xe+Xe |5y, = 5.44 TeV, 3 b -
L 0 Pb+Pb |5, =5.02 TeV, 22 pb™ -
[ 2<|An|<5  0.5<p?*”(GeV)<5 ]
0.15- T -
u o o© .
N 0 Q 9 S ¢ o 9]
0.1 Q _
L Q .
X ° v ]
0.05Fy & p. N
Ie) ]
N | | | | ]
N ' ' | ' |
- ATLAS .
0.06— i
i e o

0.04F e 538 8 ¢ o
= ® O o -
- . O -
- O -
0.02f V3 _
i 1 1 1 I 1 1 1 I 1 1 1 ]

0 20 40 60

1911.04812

Centrality [%)]

v, ratio (Xe+Xe/Pb+Pb)

v, ratio (Xe+Xe/Pb+Pb)

XeXe / PbPb

' ; | : |
- ATLAS .
1.4 —
e i
- 0 o Data .
1.2 0 Theory, Phys.Rev.C 97 (2018) 034904 —
i ] i
1 .................................. -
I I S0 s n s 8 ]
| 1 I 1 D 1 I 1 D 1 1 D |
' ' | : |
| ATLAS i
1.2~ -
L@ i
(T 8 ¥ ou ]
¢ @ 0
n ® g .
1 ................................. -
_ nETy _
Q
= . -
= [:] -
0.8 —
1 1 1 I 1 1 1 I 1 1 1
0 20 40 60

Centrality [%]



XeXe collisions

Xe: A
Ph: A

129
208

N ' ' ' | ' ' ' | ' U
> [ ATLAS 2PC ]
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XeXe collisions

Xe:A=129
Pb: A= 208

[ ATLAS
o e Xe+Xe VS = 5-44 TeV, 3 ub™
[ 0 Pb+Pb |5, = 5.02 TeV, 22 ub”

[ 2</An|<5 0.5<pjb(GeV)<5

XeXe / PbPb

XeXe has:

—
~
I I I

[ Jo]

v, ratio (Xe+Xe/Pb+Pb)
I K; I I

—_
T T T

o Data

0 Theory, Phys.Rev.C 97 (2018) 034904 —

extra v, in central collisions

—more fluctuations

([ Jeo]
v, ratio (Xe+Xe/Pb+Pb)

1911.04812

Centrality [%)]

Centrality [%]




XeXe collisions

Xe:A=129
Pb: A= 208

XeXe / PbPb

XeXe has:

0.1

0.05F

[ ATLAS
0.2 o Xe+Xe {5y, =544 TeV, 3 ub”
[ 0 Pb+Pb 5, = 5.02 TeV, 22 ub’!

[ 2</An|<5 0.5<pjb(GeV)<5

0.15F

—
~
I I I

extra v, in central collisions
—more fluctuations

[ Jo)
N
T 1

0 Theory, Phys.Rev.C 97 (2018) 034904 —

v, ratio (Xe+Xe/Pb+Pb)

—_
T T T

0.06—

0.02-

0.04

extra v3 = more fluctuations

([ Jeo]
v, ratio (Xe+Xe/Pb+Pb)

1911.04812
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XeXe collisions

Xe:A=129
Pb: A= 208

B ' ' ' | ' ' ' |
. ATLAS

2PC

0.2 o Xe+Xe {5y, =544 TeV, 3 ub” -]
L 0 Pb+Pb |5, =5.02 TeV, 22 pb™ -
[ 2<|An|<5  0.5<p?*”(GeV)<5
0.15|- ! -
O o
- 0 Q °© 9 & ¢ 9
0.1 Q .
- e
= . Vv :
0.05Fy & 2 ]
o
1 I 1 I
& ' ; | ' |
ATLAS
0.06— _
i e @
0.04- « s &8 ¢ o
i ® o o -
| e O
i (o]
0.02F V3 |
| 1 | 1
0 20 40 60
Centrality [%)]

v, ratio (Xe+Xe/Pb+Pb)
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XeXe / PbPb

1.4

1.2

o Data

0 Theory, Phys.Rev.C 97 (2018) 034904 —

N\

60
Centrality [%]

XeXe has:

extra v, in central collisions

—more fluctuations

extra v3 = more fluctuations

smaller systems: stronger
effect of viscosity to reduce v;

values
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smaller system: pPb collisions

(-
= ATLAS PRL 110 182302 (2013)
1 ALICE PLB 719 29
c [ ! ! | ! ! ! | ! ' ' '
@ | ATLAS p+Pb @ n=2 (f 0207 S ey
0.15__ SNN=502_1TeV % n= 3 >N : o O ?'g<pT,trig<pT,assoc<;'g gez;c
- JL=Tub o 0.15 L aipm e e
0.1 ¢ § * + : +
- ¢ <> 0.10 + l
0 053_ ¢ SE; >80 GeV i + _\ + %
e 0 06 2<lAni<5 005 ° |
O: <><> O.5<p:<4 GeV - & 4 ; § %
i | | | | | | | | | | | | | B
0 2 4 6 0-00"020% 20-40% 30-60%
pT [GeV] Event class

2013 surprising result: v, & v3 measured in pPb collisions!
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smaller system: pPb collisions

C J
= ' ATLAS PRL 110 182302 (2013)
1 ALICE PLB 719 29
c [ ! ! | ! ! ! | ! ' ' '
@ | ATLAS p+Pb @ n=2 (f 0207 S ey
0_15__ “SNN=5'02_1TeV % n=3 " - ® O :"g<pr,mg<pT ssssss <;'g gez;‘:
Lo Tub o 0.15- e e
0.1 ¢ § * + : +
- ¢ <> 0.10 + l
0 053_ ¢ SE; >80 GeV i + _\ + %
e 0 06 2<lAni<5 005 ° |
O: <><> O.5<p:<4 GeV - & 4 ; § %
i | | | | | | | | | | | | | B
0 2 4 6 0-00"020% 20-40% 30-60%
pT [GeV] Event class

2013 surprising result: v, & v3 measured in pPb collisions!
evidence for QGP formation or something else?
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looking for vn in smaller systems

p+Pb \s=2.02 TeV

1.04¢° |

C(Ad,An)

05<p™<a Gev | NEEr>80GeV

ATLAS
\s=13 TeV

C(An,A¢)

O.5<pi’b<5.0 GeV

PRL110 182302 (2013)
PRL116 172301 (2016)
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fitting procedure

Yperiph(Aq))l Nchrec <20
S L[ ATLAS (a)-
> 0.7~ 2.0<IAnl<5.0  ~
- ®\s=13TeV O.5<p:’b<5.0 GeV -
- m\s=2.76 TeV -
L T —
0.6 .'... ....l a
0=N <20 a . "=
™ = .. .,., -
- .....'ll-l-l-l.'..... ’.... ‘..o ° ]
|_. .0 @
0.5 _—.‘0. . ..o" —
0 > 4

Ytempl ( A ¢) — F Yperiph ( A ¢) n Yridge ( A ¢) ,

Y€ (Ap) = G (1 + 2025 cos (2A9)) ,

ATLAS PRL116 172301

(Ad)

Y

2.45

2.4

2.35

2.3

A0 < Ngyree < 50

O

o Y(Ad)
- o FY
(---Y
 —Y

- \s=13 TeV
" 40=N"*°<50

periph

(Ap)+G
+ |:Yperiph

(A9)

ridge (O)

templ

fit free parameters:
F & V2 2
G fixed such that:

I dAg yeml = [TdAg Y.
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Vo &v3 in proton-proton collisions

o o1 05<p °<5 GeV ATLAS _ o | O5<p "5GeV  ATLAS = -
Q i 2<|AT]|<5 Template Fits | S i 2<|A11|<5 Template F|tsD . = )y
DDDDDDDDDDDD_ 0.03__ DDD ]
L ]
L _ oo . | i J
| geececeSsee”e | I L0 i
0.02|- i ~
0.05 — i i
i [ A
8 p+Pb s, =5.02 TeV, 28 nb™" 0.01— %] -
b o V513 TeV. 64 nb” | - ¢ 8 p+Pb |5y,=5.02 TeV, 28 nb
L 1
@ pp @_5 02 Tev 170 nb ] C | | | | | | | | | | | | I. | ppIV7SI_I13I -I-le\I/ I64I- rjbl | | | |
T R B I B 0 50 100 150 200 250 30c
0 50 100 1 50 200 250 300
N NG
C

in pp collisions any relationship between €, & v,
must be given by some model of the
fluctuations

V2pp < V2pPb

V3pp < V3pph

PRC 96 024908 (2017) 24



0.18
0.16

0.14f
0.12f
> 0.1
0.08f
0.06f
0.04f
0.02f

w Ffaal

y [fm]
MNODMPMO

-4
-6

w Ffinal

Cp+Au |s,, =200 GeV 0-5%
- -@- v, Data

- —4— v; Data

— == Vv, SONIC

- = =v,IEBE-VISHNU

(a)

IlllIllllIllllllllllllllllllll__
L °He+Au \s, =200 GeV 0-5%

d+Au s, = 200 GeV 0-5%
PHENIX

llllIllllIllllIllllIllllIIIIII_
(©) -

PHENIX, Nature Phys. 15(2019) 214

vy, v3 clearly tied to geometry through hydrodynamic calculations
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photon-Pb collisions

direct Y-Pb collision

TN\

(b )

N/ g \
Rapidity
/g :
Y

\

No rapidity
gap
/
7 ) i

\ Pb

\

resolved y-Pb collision

//\\ .
Pb -
\ / .
A4 B \
Gap partially
filled
vector meson ~ \
9@9999) ] No rapidity
e gap
—
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multiplicity in y-Pb collisions

OnXn: at least 1 neutron in one ZDC and 0 in the other

o e o 408 S < '|"'|"'|"'|?
Z 140 ATLAS Preliminary — % 1 ATLAS Prellmlne}ry
Pb+Pb 2018, 1.73 nb™" - Z 107 Pb+Pb 2018, 1.78 nb ™
120 /Sy = 5-02 TeV, OnXn  — 10* <4072 /Sy =502 TeV, OnXn -
MB tri 1 Z
100} hae = =107 ”
L ] 3 |
80| 10 hadronic events
- 107°¢ E
60 6L : .
: 10 signal events
40¢ 10_7_? E
20: 10‘8?+2 An>2.5, X An<3 \ —én
e 10_9 +2 AT] <1 ﬁ * _;
O_ 10_10_| ] ] | ] ] ] | ] ] ] | ] Ml ] ] | ] ] ] |E

0 20 40 60 80 100 120

A N

2 AnNgap: sum of all gaps (including tracks & clusters) > 0.5
require: 2yANgap: > 2.5 & 2pANgap < 3
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Y-Pb event display

Pb+Pb, 5.02 TeV

AI I AS Run: 365681
Event: 1064766274

EXPERIMENT 2018-11-11 22:00:07 CEST

sExCel = 71 Gav (left), 0. (right)
71 tracks, pp; > 0.4 GeV




template fitting
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simultaneous fit to low (LM) and high (HM) multiplicity distributions
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Vo in photon-nucleus collisions

N ¥ & v A I L I | S . L I 2 L I LI I LI >N ,_] P I e l P b I L | I l
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Vo(YPb) < va(pp) < va(pPb)

could be sensitive to different geometries than in pp/pPb collisions

ATLAS-CONF-2019-022 0



shrinking the QGP

from Pb-Pb collisions to pp hydroc
ibe the ¢

descr

ynamic calculations can
ata

v, measurement in Y-Pb collisions are a provocative frontier...

the different role of geometry and
opportunity to constrain the properties of the QGP

image: C. Shen (QM19)

fluctuations provides an
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heavy quarks

» charm and bottom quarks are interesting because their v, values are
sensitive to how much these more massive quark flow with the QGP

» ATLAS has measured the p= from the decay of charm and bottom

hadrons (combined)

* observev, >0

Mcharm = 1.3 GeV
mbottom — 42 GeV

question: is the a difference
in the flow due to the mass
difference?
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PRC 98 044905 (2018)
B 0-10 % T ATLAS 7]
- e Eventplane
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charm & bottom v, separately

much larger Run2 dataset!

ATLAS Preliminary
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charm & bottom vy in pp collisions

what about in pp collisions? overall v, is smaller than in PbPb collisions
& the size of the system is also smaller

1909.01650
>NO.'|5— | — >NO.'|5—HH|HHI IIIIIIIIIIIIIIII 4
B ATLAS ] - ATLAS i

- pp Vs=13 TeV, 150 pb| - - pp Vs=13 TeV, 150 pb
0_1__ 4<p_|_<6 GeV \ ] 0.1__ 605N2i0<1 20 _

B 1.5<IAn|<5 ¢ i B 1.5<IAnI<5

~ e C—u * \ ] ~ e C—u \
o e A W% ----- -
-005_.  , o T 005 .. T
0 20 40 60 80 100 120 0 1 2 3 4 ) 6 7 8
NS p_ [GeV

charm v, > bottom vo = 0
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ATLAS
¢ p2: 230 GeV
EXPERIMENT AN p:: 207 Gev

Run: 365573 wE  JitiE SEEl = 0.5 Tev

Event: 400666938
2018-11-10 00:31:19 CEST

can we see how the jets experience different path lengths?




jet quenching

Raa = number of jets in PbPb collisions/ pp collisions scaled by nuclear thickness function

Raa =1 — jetsin PbPb collisions like pp collisions

PLB 790 (2019) 108
> 1 AG ot | T
0 1 ATLAS anti-k;, R =0.4 jets, \/sNN = 5.02 TeV ||.I 3
o
¥ =
Flecen o EIE% - D
1 [ e I — 8
= ot =
- ’ | Q>
| - IIIP:P:DjIl LK LIEDS | _ (@)
- - @)
0.5 L =
lyl <2.8 - =0-10% | | <.
2015 data: Pb+Pb 0.49 nb™', pp 25 pb™ 120 - 30% o
BEEEN (T, ) and luminosity uncer 140 - 50% —
_ o AAT T y. -I | E6Q -.70.0/0. 1 4 W
40 60 100 200 300 500 900
p_ [GeV]

picture: energy is lost from the jet cone as jets interact with the QGP
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jet quenching

picture: energy is lost from the jet cone as jets interact with the QGP
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path length dependence of jet quenching

jets of a given prare more likely
to make it out if they go through
the short side

less energy oss
#ets(Ad)

more energy 10ss
PRL111 152301 (2013)
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path length dependence of jet quenching

jets of a given prare more likely
to make it out if they go through
the short side

S AG __0.034
= < |
«b
S \ﬂ/ 0.032
W —
D D
T ==
0.03
0.02¢ -

more energy 10ss
PRL111 152301 (2013)

60 < pr < 80 GeV R=0.

e v’etl _0041+00021

meas

30 - 40 % -
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path length dependence of jet quenching

jets of a given prare more likely

dN
— x 1 4 2v3cos2(¢p — Uy)

to make it out if they go through do
the short side

60 < pr < 80 GeV R=0.

o e v’etl = 0. 041 + o 002 Z
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> o ' '
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= - 0.032} -
% kT

—_— :—-|=|_=‘ i i
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more energy 10ss

PRL111 152301 (2013) 38



jets also have v,

less energy loss

more energy loss

PRL111 152301 (2013)

L A I L L LA
r 5-10% anti-k, R=0.21 10-20% ATLAS ;
0.06 1T 7
0.04F -4 -
r LE 5
0.02 ¢ ¢ + .
| e ~:
1 1 L 1 1 1 L 1 1 L
T T T T T T T T T T T T T T ] [T T T ] ' T T
- 20-30 % det=0.14nb'1: - 30 - 40 %
0.04 1 }
L ||
0.02f
Qv R _
T B B N R B L
50 100 150 200 50 100 150 200
P, [GeV] P [GeV]

jet v attributed to path length dependence of jet energy loss

but no quantitive model to explain both the Ry and the v, of jets

39



pPb: v, without quenching
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pPb: v, without quenching
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pPb: v, without quenching

1910.13978
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pPb: v, without quenching

1910.13978
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do the v, in PbPb and pPb collisions

have the same origin?
is the picture of AE(L) in PbPb right?
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pPb: v, without quenching

1910.13978
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PbPb: vy > 0 & Rpppp < 1 do the v, in PbPb and pPb collisions

have the same origin?
is the picture of AE(L) in PbPb right?

pPDb: vy > 0 & Rppp = 1

light ion collisions with a different geometry but the same size as pPb could help
clarify this
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summary

from PbPb — pp collisions: observation of v, describable with hydrodynamics
constraining the properties of the quark-gluon plasma

XeXe and 0O collisions provide a way to understand the interplay between geometry and
fluctuations

provocative new measurement of v, in y-Pb collisions!
differences between v, for charm and bottom quarks observed

no significant vo(b— ) in pp collisions

opportunity to understand the dynamics of the QGP!

similarity of v, at high prin PbPb and pPb collisions despite very different system size and jet
quenching

not understood

00 collisions would provide a key quide for jet quenching in small systems
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summary

from PbPb — pp collisions: observation of v, describable with hydrodynamics
constraining the properties of the quark-gluon plasma

XeXe and 0O collisions provide a way to understand the interplay between geometry and
fluctuations

provocative new measurement of v, in y-Pb collisions!
differences between v, for charm and bottom quarks observed

no significant vo(b— ) in pp collisions

opportunity to understand the dynamics of the QGP!

similarity of v, at high prin PbPb and pPb collisions despite very different system size and jet
quenching

not understood

00 collisions would provide a key quide for jet quenching in small systems

we're looking forward to more analyses from Run 2 data and new
opportunities in Run 3
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0.1

—
pp, Vs = 5.02 TeV, 0.17 pb
O.5<pT<5 GeV ATLAS
NG for 0.5<p <5 GeV

L pp, \s=13TeV, 0.9 pb
i O.5<pT<5 GeV ATLAS

| NG for 0.5<p <5 GeV
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