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A journey from deconfinement to confinement

O Where do quarks live?

How does the strong force arrange quarks and
gluons into a nucleon?

How does binding the nucleon into a nucleus
rearrange the quarks and gluons?

0 What is the many-body physics of QCD?
Quark gluon plasma and its properties
How do quarks and gluons interact in the plasma?

0 QCD shower evolution
0 How do hadrons emerge from quarks and gluons?



Starting point: inside a nucleon
Theorists’ view Experimenter’s view

X: momentum fraction carried by parton
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Valence quarks as expected

Huge rise in small x gluons
Virtual g-q pairs abundant 3



ams(nucleus)/opg(nucieon)

How about in a nucleus?

Gluon distributions
from different
nucleons overlap
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Next step: Make QCD Matter

pressure heat quark-gluon
Dy L
Ch

Collide Heavy lons
Au+Au at RHIC
Pb+Pb at LHC

p-p and p+A for .
comparison W, i -

Run : 13712
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At high temperature/density
screening by produced colored particles
Expect a phase transition to deconfined
guark gluon plasma
Lattice QCD — T, ~ 150 MeV



Temperature (MeV)

Phase diagram of QCD
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study plasma with radiated
& “probe” particles

O as a function of transverse momentum
90° is where the action is (max T, p)
p, between the two beams: midrapidity

0 p;<2GeV/c
“thermal” particles
radiated from bulk medium
“internal” plasma probes

0 p;>3GeV/c
large E, , (high p; or M)
set scale other than T(plasma)
autogenerated “external” probe
describe by perturbative QCD

0 control probe: photons
EM, not strong interaction
produced in Au+Au by QCD

Compton scattering

E d’¢/d’ (mb/GeV?)




Measure collective behavior
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QGP flows , use hydrodynamics
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Hydrodynamics reproduces
elliptic flow of g-q and 3q states

Mass dependence was first signal o |
QGP- NOT gas of hadrons /o E

p (GeV)
only works with very low viscosity/entropy
“perfect” liquid (D. Teaney, PRC68, 2003) 10
Many advances in relativistic viscous hydrodynamics in 20 years!




QGP property: viscosity per particle
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n/s *2n

Fluid Imperfection

10

Compare to other fluids

[ Ultra-Cold W, = Quark-Gluon
B Atoms e aied Plasma
String Theory Limit
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Temperature (K)

hydrodynamic flow -> Nearly perfect liquid
QGP is a strongly coupled QCD fluid!

partons deconfined, but o, is not so small

12



Many types of strongly coupled matter

Quark gluon plasma is like other systems with strong coupling
- all flow and exhibit phase transitions

Cold atoms:

matter on earth
are alike!

Dusty plasmas & - ol 17

In all these cases have a competition:
Attractive forces < repulsive force or kinetic energy
High T, superconductors: magnetic vs. potential energy
Result: many-body interactions, not pairwise!



http://www.youtube.com/watch?v=xrL2ELkQOiE&feature=player_embedded

Interaction of quarks and gluons in plasma
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E*d’c/dp’ (mb-GeV*c?)
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Opacity? Use quark & gluon probes

P-P PRL 91 (2003) 241803 %
| 7/l
I PHENIX Data
— KKFP NLO
""" Kretzer NLO

| IIII||'|'|_|-|'|'|'|T’|'| IIIIIIII| [

= Good agreement

- with pQCD :

= b)

E_ r T T | I I [

3 ‘ T

= c)

T d)

0 5 1;IJ 15
pr (GeV/c)

o 7% AuAu @ 200 GeV [0-10%]

¥ 7°pp @ 200 GeV [Ncoll(0-10%) scaled]
Uncertaintyin N _ , pp scaling

’_v—
PH-<ENIX

't

T ;

= head-op-Au+Au §§

E I\IcoII:94 !

g_I |1 | I | I | I | | 1 1 |
0 2 4 6 8 10

1’ p; (GeVic)
10




Jets are quenched, photons are not
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Energy loss even by very energeticq & g
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Suppression sets in between 27 & 39 GeV Vs
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Surprise: heavy quarks lose energy & flow
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Mix of radiation + collisions (diffusion)
but collisions with what?
Drag force of strongly coupled plasma on moving quark?

Data vs. models including radiation, collisions, medium evolution
D(2#T) =1.54.5near T »)DOF <5 (2Jor Ry, (V,)
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Connect observations to QCD

In-vacuum
parton shower

=

Early collinear N
parton shower
Hadronization

Medium-induced gluon cascade

Can’t see a single quark or
Partonsradiate gluons, which collect into final state hadrons

( “fragmentation?’”)

The hadronsareecemovi ng and boosted Db
We detect them as jets of hadrons h



Energy unbalanced in y, Z — tagged jets

With photon or Z, you know the initial energy
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0 Plasma reduces the jet’s energy. Jet and boson p; no
longer balance
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p;.Vs. r of jet fragments
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0 Excess soft hadrons at large jet radius

O Narrowing of high p; particle distribution
0 Energy loss (and medium response?)

0 Uncalculable, unfortunately!



Jet substructure

Compare data to pQCD

Find observables that avoid singularities
e.g. jet axis, 2, o jet mass, angularities,
n-sub jettiness, energy flow, etc.

Groom jets to remove underlying event & minimize
non-perturbative physics

Compare light and heavy quark jets
And Pb+Pb to pp collisions

23



PbPb/pp
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Ask and you shall receive...

bespoke weight functions
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Energy flow via energy-energy correlators
TTi e, ™ <> F 4 <<5('T1) &(y)>

Where &(n) = Io Ei W 4. JI‘ -

Tuv is the stress energy tensor

& is the asymptotic energy flow operator

0 Experimentally, sum over all hadron pairs within the jet:

0 r(|=|4)
B oy -0 =YW W

0 This is a weighted two-particle correlation function;
plot vs. R,



energy-energy correlators inside jets

Proposed in jets: PRL

130. 051901 (2023) Count number of

weighted pairs as
function of R,

/ PT.3PT. 4 I

A

/.
/A

Confinement

» Well-defined probe

IRC safe + pQCD calculation available: K. Lee, B. Mecaj, I. Moult (arXiv:2205.03414)

Soft contribution (MPI, UE) power suppressed by energy weight: no need for grooming when
comparing to pQCD calculation

27



EECin 5 TeV pp colliisions
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EECin 5 TeV pp collisions

Confinement
) 8
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o When the virtuality
virtuality ~ prRy .
i g, | approaches %{A\qcp), EEC
r =~ 1/(prRY) undergo transition into
confinement region
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Separate pQCD, hadronization & hadron gas

Higher pcn Jet
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NLL calculations correspond to full (charged+neutral) jets and are normalized to data in perturbative region

O Deviation between data and NLL: non-perturbative onset
O Agreement between data and free hadron scaling: hadron gas phase

O Transition region = hadronization



Check for scalmg

Arbitrary factor =

-I_

WengingFan

T T T T
I ALICE Preliminary

. pp Is=5.02TeV

.liurl‘ll-.lr-r ch-particle jets, A= 0.4, |Ji' <05 -

p ™ 1.0 GeVic

| Transition region
Peak = 2.4 Gellic

F— HWHM = 1.8 GeV/c

+0.2 GeVic

Hadron region
- — AxA]

(] T T T T E— I_I. T LI LI
e’ | ALICE Preliminary Ty - ALICE Frallmmanr
% = L pp 15 =502 TeV ?5 - pp 1§ =502 TeV
% | Anti-k cheparticle jets, = 0.4, | <0.5 &  Anti-ky ch-particle jots, R =04, 1, | <05
,_|E,a_ 5 pi* > 1.0 GeVic ch e = | P =1.0GeVic e
o (20, 40) GeVic | T 0.1 o (20, 40) GeV/c |
i * (40,60) GeVie | i £ L * (40, 60) GeVic
I + + + + * (60, 80) GeVic | = a.rg.: - « (60, B0) GeVic]
4 + ++ X il S
I — - +¥
. . - 0.05- . - .
L ++ ‘.:._-..-.-*-.. ‘-‘.' '.';
2 b - - -4 =
- -.-+ - - 4 -+ + Ny
- *a
L _.__._-0- o - 5
e +:t¢ L ‘e,
n Ll 1 1 D | | 1
2 4
10 10 1 awg 10
R, [GeVic
AL T.chiet L [ ]
[
{ it P i

B Mn e Thmas - HE2 2

0 p;*R, ™
0 Common shape for all jet energies — universal transition!

Scaling R by p..'*

Normalizing curves

virtuality at which radiation stops

HWHM =1.8%+ 0.2 GeV/c
0 Peak at 2.4 GeV. What is magic about that?

h jat

5 1
o (20, 40) GeV/c-
# (40, 60) GeV/e]
» (60, 80) GeVic™

Al
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dNEEC

Compare data to models Pythia & Herwig

X

@ [ ALICE Preliminary 1 EL‘E’  ALICE Preliminary ] ﬁu:_. - ALICE Prafliminary -
T _[ ppVs=502TeV :% T _[ ppVs=5.02Tev 1215 [ pp 3=502Tev .
71 anti-k, ch-particle jots, A = 0.4 ] I Anti-k, ch-particle jets, A = 0.4 = ﬂx " Anti-k, ch-particle jets, A = 0.4 ]
. W wocs <05 | 5 [T <weED, <03 | <0G, i<os :
= 6 P™ >1.0GeVie 3 '_IE B B = 1.0GeVic -4 T2 6F ™ > 10GeVic -
[ —s— Data : E —— Data E - ]
5 —=— Pythia 8 (Monash tune) ] 5 —— Pythia 8 (Monash tune) = 5- 8 .
- —+— Herwig 7 (2—2 hard QCD) 1 - —+— Herwig 7 (22 hard QCD) E T, -
ar E : - 22 ]
C : - E =~ :2: E
3 1 ’ - = FEL ]
C -, . i - -- ]
2r = &, = 3
_ o x= ] - % + 1
: = - . - ]
1__.’:!{ == ——— Data e —

ﬂj - —=— Pythia 8 {Monash tune) -

L #

=
e

- —+— Herwig 7 (2—2 hard QCD)

@ 1.4F = Pythia/Data - Herwig / Data 4 @ 1.4 -=Pythia/Data - Herwig/ Data : A —= Pythia / Data - Herwig / Data =
E 3 E‘E 1 - & o ]
= e - = : ﬁf gt g
o _. =] ; 3
Q 1 [=] i = ]
= 3 = ! ] 3 $ 3
10" 107% 107 107 10
RL HL HL
, - ch jet - ch jet
-Peak shifts to lower R; at hlgherpT H'gherpT

0 Herwig (hadronization via clusters) agrees better with the data

0 But data are somewhat broader than Herwig.
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3-point energy correlators

. Energy weight

Count number of o3
weighted triplets AR = E [dﬂ'(RrL

o as function of R, Lk
A
Tesc PT.1PT,2P1, 3
P, je®
— 2 2 PT,4PT,5PT, 6
Distance along the longest side -

Ry, as6 Ry, 123

1
L6} pp—+ ji0 13TV anti-k, & Ry = 0.4

43 pe € [300,350) GV ] < 1.5

» Accessing higher order QCD dynamics: 1 =» 3 !
splitting

oglieg] = 0.112 ]

1.0

E3C/EEC Ratio

» More precision on the perturbative QCD studies
Cancellation of NP effects via E3C/EEC ratio

s NNLLyppee  0uu(trg) = 0,118 ]

= NNLLggproe  0ulmz] = 01124

2 005 010 0.00
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Results in 13 TeV p+p collisions

esc A E3C/EEC A fo—e

ol 12 r T T - :
4= ALICE Prelimina e 2 i
bl | i chjat i Slg I+ ALICE Preliminary .
= |5 op V5 = 13 TeV —.—E[J{p' < 80 GeVic “E -ﬂ-}1 sl . " Bﬂﬂﬂch'lglﬁﬂﬂ GeVic
2 , N chjot ek pp ¥5=13TeV T
bmm— anti-k., ch-particle jets W= d0<p T <B0GeVie SIS L antik,, ch-particle jets - 40 < p™"" - 80 GeVie
_ ch jat ! T
ot HV;P-‘"; ENL’;”-*” == 20<p, T <40GeVic 1 16~ A=04,l7_|<05 20 < p*'* < 40 GeVic
B - =] B Irath
gl P | 1al feu =1 GaV/ie

4 : - — —
N ﬁ-!..;__
L - = _ 7
- —i-.- e ]
= -t-_._ L —— |

2 -.-'.' ——— e M —
.- — ’-':.: 0.4 |
e L i

10-2 1 1 1 1 1 1 1 I1 :}_1 1 1 UHED_E 1 1 1 1 1 1 1 |1 0|_1
!'-'I‘L III:“L

Free hadron

E3C/EEC ratio o a(Q)InR; + O(a?)  scaling region

0 Ratio cancels NP effects & systematic uncertainties
0 Universal curve in free hadron region

O Perturbative region sensitive to o

Higher jet pT -> higher Q -> smaller o, -> flatter slope
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How do the partons become hadrons?

O String breaking (e.g. Pythia)
String carries flavor correlations
Partonstunnel out of the string

L.

O Cluster hadronization (e.g. Herwig)
Cluster locally connectepartons
After the shower is finished
Additional step, takes longer

0 Coalescence or Statistical Hadronization?
Connectpartonswhich end up close by in phase space
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Coalescence in quark gluon plasma

. e e e e A valence quarks, not
| 4 o'+ (PHENIX) O p+p (PHENIX) | hadrons, are present
0.15— » =° (PHENIX) A+ (STAR) _ -
[ K*+K (PHENIX) A =+ (STAR) 1 when collective flow
- < K. (STAR) d (PHENIX) 1 develops
" % ¢(STAR) i
= 0.1 _
N - 2#1 3 i ] L
> - 5 (45O T O 7  Recombination from thermal
- | g f * 1 distribution:
0.05 l”@‘ + _|  Fries, MuellerNonaka& Bass,
- R:Ljs‘ 1 PRC68, 044902 (2003)
i ﬁﬂ ] Fries, J. Phys. G32, S151 (2006)
Pl PHENIX Preliminary |
0 T | | | | I | | | | | | | |
0 1 2 3

transverse KE (GeV)

E dressed quarks are born of flowing field
E hadronizeby (simple) coalescence of-twoving valence quarks
E quarks (miraculously?) dressed by gluons



dNEEC

Compare data to models Pythia & Herwig

- 8

o | ALICE Preliminary 1 & = | ALICE Preliminary 18 o | ALICE Preiiminary .
o [ pp VE=502TeV :% o | pps=5.02Tev 12|35 [ pp V5=502TeV ]
. 71 Anti-k,, ch-particle jets, A = 0.4 ! ” i Anti-k, ch-particle jets, F = 0.4 e t'x _ Anti-k. ch-particle jets. A = 0.4 p
¢ | Werwcuon 0s | |5 [ <oy <03 | s = <mGaumn <03 :
= 6 P™ >1.0GeVie - '_IE B B = 1.0GeVic -4 T2 6F ™ > 10GeVic -
F—— Data : E —— Data E [ ]
5 —=— Pythia 8 (Monash tune) ] 5 —— Pythia 8 (Monash tune) = 5- 8 .
- —+— Herwig 7 (2—2 hard QCD) 1 - —+— Herwig 7 (22 hard QCD) E T, -
4 = F — Sias -
C ] = . B " ]
3 ] : - - n e :
C ?.g"“" ] i - ]
2 - - - . = .
_ e = ] =% + 1
- - - - .
1__5:!'{ - ——e— Dala e
ﬁf - —— Pythia 8 (Monash tune) -
DE. | E - —+— Herwig 7 (2—2 hard QCD) ]
@ 1.4 = Fythia/Data < Herwig/ Data 4 @ 1.4 -=Pythia/Data - Herwig/ Data : A —= Pythia / Data - Herwig / Data =
E 3 E‘E 1 - & o ]
= o F I 3
= receraser = ‘f&f T e

2 2 4
Q E [=] Bl E
= 3 = ! ] 3 $ 3

10" 107% 107 107 10
R R R,
. . chjet ) chjet
-Peak shifts to lower R; at hlgherpT H'gherpT

0 Herwig closer than Pythia

0 Data are somewhat broader than Herwig. Longer time needed
to form hadrons?! 31



Electron-ion collider: new QCD machine

- Scatter (polarized)
.i',‘ii‘{. electrons from nuclei!
Line Possible
On-energy \

lon Injector

Electron

Cooler
Injector

g Linac

AR =
Possibl ¥ Polarized
Detector Elactron p remnant
Location Source
Electrons

Possible /

Detect
. Location , —— Vs = 30 to 140 GeV

Electron p—4
Injector (RCS)

Add electrons to the ————Hadron Storage Ring
(Polarized) ions at RHIC e El€Ctron Storage Ring
P Electron Injector Synchrotron
|
Possible on-energy Hadron
= |

injector ring
Hadron injector complex
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Q*[GeV?]

1IZI“'E

103 4

1nl—5

104

Kinematic range

NC DIS
CC DIS
oY
LHC
EIC

m RHIC

103
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Summary

0 Experimental QCD is a thing!

0 Binding rearranges partons inside nucleons

0 Interesting many-body physics in QCD matter

Quark-gluon plasma exists & flows hydrodynamically
Extraordinarily low viscosity QGP is strongly coupled
Jets are quenched in hot, dense matter

Even heavy quarks lose energy & flow along with plasma

We can look inside jets and see QCD at work
Observe a “dead cone” for radiation off heavy quark
Jet energy loss shifts fragments to lower p; & larger angle

Energy correlators separate perturbative, hadronization
and confined physics

Suggest longer hadronization time than Pythia’s string
breaking

Old tool with new job: pin down confinement! 40



O backup slides
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Observe mass effect on g radiation

0 Soft gluon radiation spectrum Dokshitzeret al.J.Phys.G17,1602 (1991)
. - Dokshitzer & Kharzeev, PL B519, 199 (2001)
dP_a;Cde ki dky &}_M
o o (k2 +e?8?)? T E’ . .
- 0 ALICE D-tagged vs. inclusive
Large M suppresses small angle jets in p+p
radiation (phase space effect N
(p p ) ) EE _ Ay* + Ag
Known as “dead cone effect” TR R
B ALIGE Data === PYTHIA8LO /inclusive pp Vs =13TeV Py " 22.8 GeVlc
— PYTHIA 8 ) ) charged jets, anti-k;, A=0.4 ki = Agep . Agop = 200 MeVic
= SHERPA === ﬁé"ggﬁ‘cgﬁe‘r pnojustve C/A reclustering In, | <0.5 9 (rad)
0.37 022 0.14 0.08 022 0.14 0.08 022 014 0.08 0.05
%" I5 < Emml <10 Gevl | |10 < ER“L,::ED Ge"ulf | lzn < ::‘thl,EH <35 Ge'tl.f
g 17 S fommnnn
‘B - S :
2 e IIIIIII.IIIIII :::_:: -------------- ? ------
I S P e | : i
cmmm o —— | [
o= osl . |
ﬂ|||||||||||||||||||||||||||||||||||||| |||||||||||||||H|L|I|C|E
1 15 2 25 15 2 25 1.5 2 25 3

arXiv:2106.05713 In(1/6)



Nuclear collision timeline

plasma lives ~3x102® seconds, ~10-2cm across

Lorentz First scattering  Secondary Quark gluon  Hadron gas
contracted of g & g inside collisions, plasma Interacts,
nuclei on the nucleons. creating high  expandsand  expands and
their way in.  Some high density and cools, cools further.
momentum temperature  eventually Eventually
transfers. condensing collisions
Into hadrons.  stop &
hadrons

stream freely.
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The medium density matters

0 In dilute medium:
Independent processes: bremsstrahlung & scattering
Calculate probabilities and add them up
Independent radiations follow Bethe-Heitler

0 In dense medium:
Mean free path is short: A = o/p
Formation time of radiated gluon: t = w/k;?
Transverse momentum of radiated gluon: k;2=np?
# of collisions n=L/A, p=typical p; transfer in 1 scattering
A, are properties of the medium, combine to {1\= V2/A

0 Coherence in the dense medium!
Next scattering takes place faster than gluon formation
Add amplitudes for all multiple scatterings

In QCD this increases the energy loss!
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Lund Plane in pp data

* |llustrates branChing phase SPaCe  ALICE Preliminary Charged-particle jets anti-k; R = 0.4
pp Vs =13 TeV n|<05,20<p <120 GeVic
* Has been also measured by | AR

In(ke/GeV)

150.4 035 03 025 0.2 0.15 0.1

ATLAS[8]athigherjetpT % AL L e §
A 8 1| &
Primary Lund-plane regions x 1 ] 083
e ] >
—_ 7 (0]
- ]
0.5F =006 &
7 i J
E OF 0.4 ¢
o 5 g
Q L 2‘”
fr_;, -0.5 5 02%
L 3
_1 | | 1 I 1 1 1 | 1 1 | I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 O :—1—:
2, 0 0.2 0.4 0.6 0.8 1 1.2 1.4
2, In(R/AR)
’%\ non-pert. (small k¢)
In(1/4) om0 8] Phys. Rev. Lett. 124, 222002 (2020) .

E.D. Lesser
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jet

Grooming jets
Collinear Soft SDOE

region }
Collinear )
Nonperturbative }

0 Collect particles into subjets

O Use “soft drop” algorithm to remove soft subjets
_PT.subleading

S T — z < zew®P : drop the softer branch
g = AR — VA +AQ? typically, z., ~ 0.1-0.2, B=0 or 1

O Removes soft radiation & non perturbative effects
Allow access to perturbative splittings
Also grooms away remaining underlying event

46
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%IH 65

PbPb/pp

Q = ngtE

pt-br

Early gluon splitting

oadening

QiI=4qL

g— 5.02 TeV, pp 274 pb™", PbPb 404 pb”

1 = BjetL

Jet transverse size

Recluster& groom jet
Use 2 leading clusters

Zg:

160
14F
1.2

0.6F
0.4F
0.2F

Y
TITTIT

i

4

= PbPb

i pp smeared I

_CMS Cenlrallt},r 50- BD% —:—

A -
».“hm*‘l*‘-rln."r I
1 1 1 T

nnnnn

3]

ddddd

T
| aniik R=04,mm 1<13 %
160{ijEt{180 GeV

Soft Drop

III[J'_1"'b?2"'b!3"'b_'4"'0

Z

01 02 03 04 05

z

01 02 03 04 D

Z

01 02 03 04 05

r

Pr2

Pri ¥ Prs

Useful to
quantify
energy.pr
transport.

See significant
dependence
on jet E,
grooming.
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Agreement with pQCD prediction

dog, /dA,

G0 e AR,
o @

-

1.2—

&a—-l

ALICE F"nr;!Iir‘|"|ir151.r3,.I
pp Vs =13 TeV
anti-k, ch-particle jets s pQCD NLL
R=04n |<05
60 < p°' ' 80 GeVic
pTT"E":"‘ =1 GeVie

0.6/ l

0.4
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Energy-energy correlator at e+e- collider Backup/15

Proposed in 1978: Phys. Rev. Lett. 41, 1585

i

» IRC safe, energy weighted cross section

Has been predicted and measured in e*e- collider
Used to constrain a

Phys. Lett. B 276, 547-564

detectors
Zeec a OPAL - /
1 F N

. : 2
”. ] Z+idx EE.
- Zerc(X)= Z j Z ‘“I—Z—L
o Ax-N N y—lay &J Eﬁs

m—l 0 (x —xy)dx’, 4)
- where E, and E; are the energies of particles 7 and j, E
N is the sum over the energies of all particles in the event,
- Ay is the angular bin width and N 1s the total number

e e of events. The normalization ensures that the integral of
0 50 100 150 Zepe(x) from x = 0° to 180° is unity.
X (degrees)
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Combine p, & 0: Angularity

. arXiv:Z2107.11303
Ezra LessePRreetiDhankher = a> 0 — |RC-safe observable

Includes both transverse-momentum and angular components with relative
weights given by continuous parameter

r

: AR. . .\« .
Z P1 R]Et I :
o = R :
i€jet PT. jet
[=] F i -
C ALICE T 1 NP ch jet
S F pp is=502Tev L fe <80 R
b|¢.§ 16F chargedjets anti-k; T —NLL'® PYTHIA8 + yst. uncertainty
Olo 14F R=0.2 . I??jel| <0.7 I _ - 1
.—t._..%ﬂf 12:_ 60<p$”5t< 80 GeVie NLL' @ Herwig 1 + 1
t;|\ ~ 10 W a=15 3 +* a=2(x03) | a=3(x0.12) |
< - $ ] c
oo s - iy - (shape) Calculable pQCD
6 T T
Wiy - | P _—data, model agree
2- - - — T --.K 1
:a = = e T I e TN — T A 7 o~ =
sl 10 - [ SG Q& 3INR2)
] KoF]
O e ] e | e soft stuff
007 02 03 0 01 02 0 0.1 02 50

Charged jets .
measured fcrp_f_h *te (20,100) GeV/c ﬁ’a‘ A’a’ Aa



Compare D Jet with light parton jets

|3 ALELELE I . | PreetiDhankher
o % g ™ D" -'[agged ALIGE F‘rellrnmar',r ]
~|¢* [ e Semiincl. Pp.s=5.02TeV D jets are narrower
Sf —PYTHIAS chargedjels, antiky, A=0.4 = (smaller angularity)
: m-:p‘; % 2 20 GaVic, I, |-:r:15 ) )
4r 5<% <20 GeVic, ly, 208 Increasing o (weight of
: 2 angular term) decreases
the difference
E Comparison dominated
] by jet core
ok L = Observation is exactly
- 1 ! | I I I | I I I I I I I I |
35§ :  what we would expect
. 3¢ -
To 5k ;7 from dead cone:
TE, 2 3 Fewer & harder jet
R 3 fragments
0.5
=

0.4

=
=
&2
A%
=
L
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Higher moments more sensitive to viscosity

14 —_—
v.(n/s=0.08)/v, (ideal) v ;
1.2} v (n/5=0.16)/v,(ideal) 20-30%
m L
E T A
Z 087 y :
2 06
2 06!
2 ]
S 04}
}E
02|
D 1 1 1 1
1 2 3 4 5 6

arxiv:1109.6289

0 Longitudinal expansionatv~c

O “freezes in” small shape
perturbations
e.g. triangular fluctuations (v;)

O Viscosity (friction) opposes dissipation!




Hydrodynamlc flow i In smaII systems too

0.24 ¢ .
0.22 :_ PHENIX |;,| < o 35 \{s_NN = 200 GeV _:
C —m— d+Au 20-40% (N, /dy) = 12.2 + 0.9 . -
PHENIX 020F o piAu0-5% (AN, /dn) =12.3 £ 1.7 E Not blg & dense
Collaboration 0.18 - — SONIC d+Au E
Nature Physics 0.16 ;— — — SONIC p+Au + —: _
Lo 0.14 F- s MSTV prAu “¢# But, we see collective
N 0.12;— /‘fi ﬂOWI
0.10 F 3 o
0.08 | 1 Seeded by the Initial
0.06 - 7 geometry
0.04 F- 3
0.02 - =
F e Loy d | Loo oo
% 05 10 15 20 25 30 A small droplet of

QGP?!
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Mechanism for fast thermalization?

O Must be thermalized in <1 fm/c!
Otherwise (viscous) hydro v, smaller than in data

O Can this be achieved with gg, qg, and qq binary
scatterings?
NO!

Making this picture yield sufficient v,, requires
boosting the pQCD gg, qg,qaq cross sections by a
factor of ~50!

0 Many-body interactions can do just that!

0 But, can hydro set in before thermal equilibrium?
Seems so, for longitudinal expansionv ~ ¢
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Suppression seen in Au+Au but not d+Au

g 2
= 18
1.6
1.4
1.2

1

PHENIX

d+Au

interaction of radiated 0.8
gluons with gluons in "3
the plasma greatly 0.2
enhances the amount % 1 2 3 a4 5 6 7 8 8 10

. . GeV/
of radiation Pr (GeVic)

Calculations: I. Vitev
Radiation is coherent,
rather than incoherent

Large energy loss should be absent if

no large volume of plasma (and it is)
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Heavy quark diffusion from D meson v, and Raa

ST TAMU MC@sHQ+EPOS2
==1LD0 -.-LBT
030 -2 PHSD === POWLANG-HTL
0.05 DAB-MOD LGR

= Gatania

;:”
y
_I||||I|||| |%Il|||I||||I||||I||||I||||I|_

—0.05 ,
Centrality 30-50%, || < 0.8
_0110 1 1 1 1 1 11 1 | 1
1 2 3 4 567890 20 30
P, (GeV/c)
_I LI T T T T LI II T T T T I_
£ 16f ALICE -
145 Pb—Pb, \ISN =502 TeV
C Centrality 0—10%
1,2:— . Prompt D°, D", D** average
- ~ X lv|< 0.5
1.0[ o i
0.8F AN ]
C r} | , ‘I
0.6 %qﬁ; 47 \
/2 -

0.4 P Sea

"..:_,_ 0" /
el - 1
0.3 ' Mg gy e N
. ., Y 2, - e
~ [ A :
1111 || 1 |

4x10™ 1 2 3 4567 10 20 30

P, (GeV/c)

Lattice QCD

40 |- < oDingetal 12'
Qe -

| 01\ +Banerjee ef al. 12'
- Q\%x“" aKaczmarek et al. 14'
- Q .. OFrancis et al. 15'
F e TSNS aBrambill et al 20

cn30 - e mAltenkort et al. 21'

g | % L y=F
H _MalrA
o 20 E

Again use data + models together:
radiation, collisions, medium evolution
D (2xT) =1.54.5near T

per models withy?/DOF < 5 (2)

for Rua (Vo) o



Compare diffusion models to data extraction

40

@ Banerjee er al(2012) [835] @ Ding er al (2012) [836] J Brambilla er al (2020) [838] STAR [979] '
Francis ef al (2015) [837] A Brambilla ef al (2019) [984] s QPM-Catania - LV [985] ALICE [973]
m— (PM-Catania - BM [985] === PHSD [086] poo Duke (Bayesian) [R19]
an - MC@sHQ [987] o Ads/CFT [988] T-Matrix V=F [9%9]
T-Matrix V=L [089] nmn pOCD LO a(T') [847]
2
D 20+ T
=
-]
|
10 + s
D | i | | |
1 1.5 2.0 2.5 30 0.2 5
T/T, vENN (TeVie)
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Dense gluonic matter (d+Au, forward y):
X 10101946 Iarge effects observed

arXiv:1105.5112
- JIy In deAu at\/s,,=200 GeV  ~— —_ . \ s =200 GeV p+p, d+Au— h + TE + X PHvéNIX
1
—_ N - . n TILI T T T T T rrr[
§ osf T FOI'W?!l'd FO]’W&I’d Mid-Forward
g - ] M Ge———
L osf ] 5
= |~ centrality 60-88% .
e 0.4 Global Scale Uncertainty =10% _ E-
[  —— — Gluon Saturation 1= % 1 ———FEE—————-
I~ EPS09 and _ =4 mb ] o
02| ! . > -
o ERCH! ? 1
§ o8f— - .
o B 1 2 e
"-é-':. o.6|- 7 = %
= - 1 =
& il centraiity 0-20% e @] 0.1 3
" Global Scale Uncertainty +8.5% . -
0.2|— 1 L
1_ - L 1 l----- 'l L L ......-7 L L L llllll-
: 107 10 10"
0.8 fi _
5 | x, ¢ or x,(Jy) = (MNs)e”
@ osf . u 2
B ntral ; aF_ b o .
L S AT - Di-hadron suppression at low x

02— ! I 1 —

S —_—— pocket formula (for 2C 2):
Shadowing/absorption stronger than
< > e + < > e
linear w/nuclear thickness X,Ifg _<Pn N Pr2
S o

trend as, e.g. in CGC ...
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