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QCD Phase Diagram

Expansion of Early Universe
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QCD Phase Diagram
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The First Dedicated Heavy lon Collider
Relativistic Heavy lon Collider

- S e ot ot Au+Au
BE e . *2.0 KM circumierence
PHOBOS cmpmemmmiie == BRAHM 7.7 -200 Gev
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sPHENIX Data-Taking 2023-26

Relativistic Heavy lon Collider
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High Energy (Temperature) Frontier

| arge Hadron Colllder

27 km circumference

Also smaller system data

Proton-lead at 5.02 & 8.16 TeV

2010-11:2.76 TeV Xenon-Xenon at 5.44 TeV

2015-18:5.02 TeV Oxygen-Oxygen and Neon-Neon at 5.36 TeV

2022-26:5.36 TeV A flying mosquito has about 4 trillion electronvolts (4TeV) of energy
g

Lead Lead (Pb Pb) coII|S|ons
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Particle Detection with CMS

Silicon -
Tracker /8
Electromagnetic - /
Calorimeter
Hadren ~/
Calorfmeter Superconducting
Solenoid [ron return yolke interspersecd U
with muen chambers il
Muon Electron Charged hadron (e.g. pion)
- = =- Neutral hadron (e.g. neutron) -===« Photon
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Proton-Proton Collision Recorded by CMS

CMS Experiment at the LHC, CERN Charged Particle

Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000 H
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w
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Lead-Lead Collision Recorded by CMS (2018)
“"W CMS Experiment at the LHC, CERN

Data recorded: 2018-Nov-12 08:36:52.866176 GMT
Run / Event / LS: 326586 / 2491137 /6
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“Reconstruct” the QGP with Particle Detector

Size of the CMS detector . ize f the Uierse

CMS CMS Experiment at LHC, CERN

o i Data recorded: Mon Nov 8 11:30:53 2010 CEST
il Run/Event: 150431 / 630470

| Lumi section: 173

O(1m)

O(10%" m)

ooo.oozo.%o.o o O(1014 m)

O(1013 m)

Inner Structure of QGP Inner Structure of Our Solar System
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CMS event display




Initial Shape Before Expansion

Initial azimuthal anisotropic shape

Animation from Jing Wang (MIT)
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Centrality

* Need experimental access to the impact

12 10

8

6

4
|

2 0 (b (fm))
. ]

parameter b of the collision 350 (N |

. 50 100 150 200 250 300
|

10~

* |dea: use observables that change
monotonically with b, such as:
* Forward calorimeter energy
» Charged particle multiplicity (N.p).

1072 £

do/dN_ (arbitrary units)

 Centrality classes: percentiles (fraction of total 10_3:
Integral) of centrality distribution -

2000

« Convention: 0t a0 800
* 0% = “most central” (head-on!), b~0 (high N.,) N,
* 100% = most peripheral (low N,)

Annual Review of Nuclear and Particle Science, 57:205-243 (2007)
LV
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Monte-Carlo Glauber Model

« Randomly choose impact parameter b
and nucleon distribution

« Sample the probability of nucleons to
Interact from interaction cross-section If

they are separated by, _ /. In
NN

Npart - Number of participating nucleons (

» Calculate the N, and N @_
v, @ Ncoll - Number of binary scatterings Q:O

« Map onto experimental centrality
observables, such as forward calorimeter

energy and particle multiplicity =anpe 0, Noan =2 Nei=1
OO-:OOO Npart =3 |\Icoll =6
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Density of the Quark Soup

Count the number of particles produced in head-on collisions.
Particle density in Lead+Lead ~ 400x of that in Proton+Proton

10°F oS At time ~ 1 fm/c:
= f Lead+Lead
Tracklets 8 " 0.0-0-0-0-000C0000-0-000000000000.0.00
a 10
>
2
S 7 XeXe 5.44TeV  PbPb 5.02 TeV
S 10%- CMS0-5% o ALICEO-5%
o
g - pp 13 TeV @
o | CMS NSD Energy density of the medium based on
3 10F Head-on CMS dE/dn ~ 2 TeV:
C collision
B® I Proton+Proton (o 1 dEr 13 GeV/im?
1II|IIII|III|IIII|IIII|IIII|IIII|II A.Tody y:0 e m

3 2 1 0 1 2 3
Pseudorapidity (angle) = 20X denser than the proton!
At early time of the collision, the system cannot be described by hadrons

Tracks
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Rough Estimation of QGP Temperature

At 7~ 1 fm/c: 50 T T
B 1 dET \ 45 ;_ non-int. limit _;
Al pen 0 20%13 GeV /fm 40- ‘
o - 35
~0.1 GeV* =475 X %Tél 30
1 fm™' = 0.1973 GeV ) 252_
20
T~ 0.283 GeV =283 MeV 15
~3.3%x 102 K b
" :

0-
100 150 200 250 300 350 400 450

1 GeV =1.16 x 10" K
° . Temperature [MeV]
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Pressure Driven Expansion of the Quark Soup

Small pressure gradient

e

Large pressure gradient

Event plane angle

Expansion of Ultra-cold atoms (Li-6) released from laser trap 0 oA V]
s | 1'4:_ : : 113 ” -
: - "Data’,
= e1.2_ ) * » :f_
T|O T e . - ®
Sz [ = st :
U . . s
8 Scieng;e, 298, pp. 2179-2182 (’20:‘.'0‘2.) 06, ... |.‘.\f| el |.\(..| ot
. . . -3 —2 -1 0 1 2 3
Collective motion is observed, 0)
consistent with early hydrodynamization! Particle Azimuth Angle Distribution
N I
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Elliptic Flow

 The first result from STAR at RHIC

T B LS S A LA LS S L LA =
S 0.18F STAR = * The extracted v, increases with
016  Au+Au 130 GeV T transverse momentum
— -9- -
i | - __l_-.-
0.14F I T Iz .
=3 o, AL =
01 —o- . — N d n n
- -e- ¥ ] ¢ n=1
0.08— -0o- — o
_ -9- .
0.06 - = Expansion of Ultra-cold atoms (Li-6) released from laser trap
0.04F -e- = g 5 .
0.2 _, 3
0:.'?'l...|...|...|...|...|...|...|...|...|.:
0 02 04 06 0.3 1 12 14 16 1.8 2 100 us
p, (GeV/c)
PRL 86 (2001) 402
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Two-Particle Correlation Function

Signal pair distribution: Background pair distribution:

Beam AXxis

SR |
same éo'o"’?" g ; mixed
3002, {:ﬁ,‘: "
pairs | Event 2 : pairs
4
-5 AT\ 5 AN
1 2Nsame 1 d2 Nmiw
S (A’f% A¢) = ¥ B (A??, A¢) — dAndA
Nirig dAndA Nirig dAndAg
An =n4-n,
AP = @,-¢,
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Two-Particle Correlation Function

Signal pair distribution: _ Background pair distribution:
Beam Axis

20.04: Event 1
0.03- |
same é 4 mixed
event S 'ﬁggfff?ﬁﬁo Lty cvont
) n 0_01_; ~%&:‘$" "‘ .
pairs Event 2 sairs
-5 Ay
5 (An, Ag) = yi_ TN B (B bg) = L ET
CMS Preliminary 35-40%

PbPb \[S,,, = 2.76 TeV

An =n;-n,
PbPb AP = ¢;-p,

d2 Npair
Ni;,dAn dA¢

Associated hadron yield per trigger:

S| AN i ) x Slanad)
Nirg dAndAg V) “B(Bn,59)

1
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Understanding the Correlation Function

Pb  Pb

‘ «e’ 35-40% centrality
CMS PbPb 2.76 TeV

Vaa cos(2A¢)

Jet

Particle azimuthal distributions:
dN/d¢ oc 1 + X 2V, cos(n(o—d,))

Assuming factorization
EPIC 72 (2012)2012

p"8: 4—6 GeV/c

Un = Via p,2550¢: 24 GeV/c
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p;° :4-6GeVic

PbPb 2.76 TeV
PT . 2 - 4 GeVic

Two-Particle Angular Correlation in PoPb vs Centrality

CMS Preliminary
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Initial Condition of the Collision

“Classic view” “Modern view”

B. Alver & G. Roland  pnys. Rev. c81:054905, 2010
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Origin of the Ridge Structure

It was now understood that the ridge may be induced by
higher order flow terms (v,, V3, Vg, Vg, ...)

Elliptic flow (v,) Triangular flow (v3) from
event-by-event fluctuation
Reaction z’

lane
PERE N

Add V, and V; together

“Shoulder’?

S

\\\““‘\‘
.

s An

4 ’ ﬁ‘“
AT] r%““\“:\“\“‘\}}\\\“ 4 i
~ V, cos(2A¢) i 2 ~ V5 cos(3Ad)
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Particle Azimuthal Anisotropy

IIIIIlIIIIlIIIIIIIIIIIIIIIIIII

1.6

0.6_|'||||||'\'|"|||||||||||||||"|'.‘|‘|||||'1_
-3 —2 -1 0 1 2 3

¢

Fourier Decomposition:
(0,0]

=1+ 20y, Os[n(¢_T”)]

n=1

Alver and Roland (MITHIG)
“Collision geometry fluctuation”
"aw PRC82 (2010) 039903

n
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Density Fluctuation

Power spectrum of the Big Bang Fourier analysis of many little bangs
Angular scale -
00°  18° 10 0.2° 0.1° 0.07° i CMS Preliminary |
6000 ] 0.03L Geometry PbPb \s, =2.76 TeV ]|
5000 | | —_ T = 0-0.2% centrality i
Sound Wave CH i ]
Geometr — i VISH2+1 Hydro 1
— 4000 | Baryon Y ‘ 50 02_= — — Glauber,1/s=0.08 |
N _ | aShahss ° MC-KLN, 1/s=0.2 i
S 3gpg| Inflation ] "::'“ i _
3 Planck o | N
20000 anc | E}l__ﬂ.ﬂ'l- Fluctuation Tg-
1000 | ; Cross-checks >C [ | Transport ==
. ‘ ‘ . ‘ . . (0.3<p.<3GeV/c o — ]
"0 w0 500 1000 1500 2000 2500 [ll.{)'{]l_-——pL ————————— = — -
Multipole moment, ¢ T
Cosmic Microwave Background 2 4 6
(CMB) N | JHEP 02 (2014) 088
1ei TR T
1.4; ______
ol Quark Gluon Plasma
2187
& (QGP)
0.8 .
0.6;,Hm:f‘-r..l....l,,,lmA."."’;’l....;
-3 -2 —1 0 1 2 3
| T o

—-300 uK 300
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Relativistic Hydrodynamics Calculations

HotQCD Collaboration
PRD90 (2014) 094503

Yen-Jie Lee (MIT)

. | T Yields dN/dy Mean py [GeV] Flow cumulants v, {2}

- non-int. limit 10 e 1.5 & —

- -] £ - e e 0.09} . 5
= i o o = —_— -

o ] 2T g 0.06} ’

B . -

- - 8 °

:_ _: & 10! L 0.5F : = ° . ° U3

B T, - Cam—t—r— 1y

- — 100 0.0 0.00L—

] Pressure -

C ] 3 103¢ 1.5f " o =

- I:l 3p / T4 ] % \\\ ’-\\ 7) . ° P V2
C ] S 102l i i s PP

- e /T = - Sl (T Lol

B 3 ] 2 —s o K 3

- / |:|33/4T J = 101] K* o5} ¢v—v— + ,

L - 8 :, - v L g e TT 0.03 e g Ben® V)3

B ] = pp ::::,,_--—-—o--"_"lhi

_I 11 1 11 | | I | | | I | I | | | L1 1 1 | | I | I— 100 i ; ; 2 i < ; 0 0 7 . g : : : - O 00 : ; : ; ; i :
00 150 200 250 300 350 400 450 0 10 20 30 40 50 60 70 "0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Temperature [MeV] Centrality %

Lattice QCD based
Equation of State

N __——

Ty = cupuy HPEIA,L, < nlEllou —

2
Opv = AMQAVB(VQUB T VBU’@) - gAHVAaBVauﬁa
A;u/ = Juv + Up Uy,

hydrodynamic evolution equations, V,T"" = 0

Experimental Study of the QGP with Soft Probes

Centrality %

Output (from Global fit)
Medium Properties

Cle]AL Vi u + 0(82)7

Centrality %

Example:
PRC 94 (2016) 2, 024907
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Effect of Shear Viscosity In Simulation

Ideal hydrodynamics Viscous hydrodynamics
n's=0 n/s = 0.08
n/s=0.0 n/s=0.08 7=0.2 fm

y [fm]

-10 -5 0 5 10 -10 -5 0 ) 10
X [fm] X [fm]
Animation from L. G. Peng

INSTITUTE for
- NUCLEAR THEORY

N .
I I I I Yen-Jie Lee (MIT) Experimental Study of the QGP with Soft Probes 29



Near Perfect Fluid

Shear viscosity to

entropy ratio 10
A 1
=gl (7))
\ 4
Electron fluid
in Graphene 10~
PRL103,025301 (2019)
1072

I N
I I I I Yen-Jie Lee (MIT)

Helium ™., e
- Fermi Gas  ®e--e--o--e-
n MIT cold atom group
i Calculation from
— Annals Phys.326:770-796,2011
QGP
- AdS/CFT
| | | | | | | | | | | | | | | | | | | | | | | | |
1 -0.5 0 0.5 1 1.5
T-TC
T Bayesian Analysis on Data (Duke)
C PRC94 (2016) no.2, 024907
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Evidence for Partonic Degrees of Freedom

« Suppose elliptic flow is additive and the flow is approximately built at the partonic level.
* The observed flow pattern in v,(m+) could become simple at the parton level!

03l @ m(PHENIX) <= p (PHENIX) | 0.11 @ n(PHENIX) < p (PHENIX)
m K (PHENIX) O A (STAR) ] My = mM4/n 1 mK(PHENIX) O A (STAR)
K2 (STAR) [ Z (STAR) | V, -> V,/N | #K%(STAR) [ E (STAR)

P <:> T n= number of quarks

0.2 Q%ﬁ]ﬂ : il .
! é{m in the hadron EU 0.05 | %(JI).. = . _
T SRETEL A ) | 'éé: -
Ry _ . _
0.1F E@" _ bog |

o) 1 2 3 0 0.5 1 1.5 2
m; - m, (GeV) (Mg - mgy)/n, (GeV)

Scaling behavior: Constituents of QGP are partons
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3D Structure of QGP

52 0————F—————1——"——1—

e Vo | Long-range correlations (IAnI>2)

deair
dA¢

~1+ 22 V. (ps,pr)cos(nAg)

n direction

Ao (radians)

\/ Via (pif\*/’pT) <c0s[n(q’n (py)-¥,(p; ))]>
Vi (pT’pT) A(pT’pT event-averaged observable

(r, =11f W _is independent of p; Otherwise, r,<1)
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3D Structure of QGP

20< pj <2.5 GeV/c

1.0< p: <15GeV/c 15< p: <2.0 GeV/c

25< p, < 3.0 GeV/c fluctuation
1 driven

— 15._.T. _ L ] “. ". I

F ¥ ] A
o P

ndirection N osf 000 centrality 3 5

]
— 1-—.—.—. —0—0—0—0—. -4 [ ¥ o o o "' P '

Q. 09%5F cMs L~
© |~ 09F PbPb |5, =276TeV [ Q )

£ 0.85F | =150 ub™ £ i i i O
(e L 3 ] I ]
- 0.8F 3 k3 T E

0_755_ 40-50% t SOOI T T O : . ' QIObaI
15 2 0 05 1 15 2 0 05 1 15 2 25 geometry
driven
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Chemical Freeze-out: Statistical Hadronization

 Hadronization process Is non-perturbative 3 [ 7= Pb-Pb 8276 TeV, 0-10% centralty
s _ . . > ; K'K K
* In e*e” and pp: string fragmentation 5 FF T PP
: - @ : . -
« Postulate: QGP cools into an equilibrated e V-~

gas of hadrons F i =075 Mev HE

_ _ Vay—1 = 4175 = 380 fm® d d
 Particle abundance produced in QGP could
be described by calculation with partition ;
- 10°F  ® Data, ALICE He He 5 5
function : s M A

E X2/Ngp = 16.7/19

D 1 104E  — Statistical Hadronization WS
n = /N(E)d3p and N(E) = >3 B 10k _
- 4 e4He
(27)% 7" £ 1 o'} ¥
» Conserved quantum number, such as 5 o
baryon number gives a chemical potential yg g ;5 + l
» Temperature at the freeze-out could be § e e A .
extracted oSt B
o KK Kid pp A A ZE E H He He
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QGP Phase Diagram from Stat Hadronization Model

S /SNN (GeV)

2760 200 20 523 « Extracted result from LHC: remarkable
’é“?zz T werounvaer 1 coincidence with Lattice QCD results
" 122 ) = %% |+ AtLHC, baryon chemical potential pg~ 0:
jpp  Hedronic Matter g producec_l matter and anti-matter as in the
100l . Early Universe
80 i . ..
sol 5o At lower collision energy: more matter from
40| Points: Statistical Hadronization, Tos ~ © - beam remnants of the colliding nuclei, larger
203_ Bands: Lattice QCD, T, _ “B
- Nucei
Y 10 102 10° * Critical point: not established; search
Bazavov et al.,PLB 795 (2019) 15 U, (MeV) continues at large pg and low collision energy

Borsanyi et al., PLB 370 (2014) 99
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Kinematics after Last Elastic Scattering

Emz approximately common
C thermal slope
=
e
S5,
o
Static thermal source ;‘-_’ 10
Schematic curves;
normalizations arbitrary. | :

0 0.5 1 1.9 2 2.5 3
mt — mq [GeV/c?]

Radial-flow hardening:
collective expansion shifts
heavier particles toward
larger pr, giving flatter
low/intermediate-p;
spectra.

Yield [arb. units]

Explosive source: radial collective flow
superimposed on the thermal motion

- 11, K, p static references: dashed
- 1t, K, p with radial flow: solid o K

Schematic curves; normalizations arbitrary. ™+ P

0 0.5 1 19 2 2.5 3
mt — mg [GeV/c?]
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Kinematics after Last Elastic Scatterlng

Static thermal source

Explosive source: radial collective flow
superimposed on the thermal motion

Yen-Jie Lee (MIT)

(1/Ng,) d‘”‘N/(dpT dy) [(GeV/ey

Pb-Pb {5y = 5.02 TeV
(=Jpp Vs =5.02TeV

Uncertainties: stat. (bars), sys. (boxes)

L 1l

.‘0 5

Y\ l' E]o 5% x 2"
g‘ 10-20% x 2° 20-30% x 2°
r 30-40% x 27 |2 40-50% x 2° e
i‘ [2]50-60% x 2° [¢] 60-70% x 2*

b [#]70-80% x 2° [*]80-90% x 22

l. llllllll 1 llllllll

T TR T

Wl B AL EELL RALL mA |

T IIITIII

107! 1

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

Tyin (GeV)

P, (GeV/c)

10 1 10

-

P, (GeV/c)

10
o (GeV/c)

|IIIII|III|III|I|I|III|III|III|I|I

Global Blast-Wave fit to
.

S
I

m\.%%%

(0.5-1 GeV/c) , K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c)
+ (S =276TeV

¢ Sy =5.02TeV

lllllllllllllllllllllllllllllll

80-90%

IIIIIIIIIII

Q%%‘

0-5%

I T T T | S R R T A (N S R M WE O 100 O O R I ) S T 0 0 O VO O T W I MR

ll[lllllllllllIIlI[llIIllllllllllI

03 035 04 045 05 0.55
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0.65

37

0.7
B)

INSTITUTE for
NUCLEAR THEORY



Relativistic Heavy lon Collision Timeline

f s~ Jen .
< #7. * Chemical freeze-out: (T, < To):
o « Inelastic scattering stops
« Particle species abundances become fixed

_—
Mid Rapidity

* Kinetic freeze-out: (T;, = T):
« Elastic scattering ceases
« Momentum spectra and flow patterns
become fixed

Pre-Equilibrium

Phase (< 1)
a) without QGP

N

A B

b) with QGP
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Summary from the Soft Probes

* Heavy-ion collisions create energy densities and temperatures far above the
hadronic regime, producing a deconfined QGP.

* The QGP exhibits quark and gluon degrees of freedom and rapidly
hydrodynamizes.

* Bulk observables show that the QGP flows like an almost “perfect” liquid with very
small n/s.

* Hadronization and hadronic final-state interactions remain essential for connecting
the QGP to measured particles.

 From RHIC to LHC energies, bulk QGP signatures evolve smoothly, supporting a
consistent picture of QGP formation.

* At lower collision energies, the system becomes increasingly baryon rich and
hadron dominated; no conclusive evidence for a QCD Ciritical Point has been
found yet.
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Open Questions

What are the initial conditions

of the collision? What is the longitudinal

structure of the QGP? What's the hadronization

mechanism with QGP?

nPDF and initial EM field Xv

How does the system move
toward hydrodynamization?

What are the transport properties of the QGP?
How does QGP respond to hard probes?
What are the inner workings of QGP at various length scales?

What is the in-medium color force?

Visualization taken from Jonah E. Bernhard
arXiv:1804.06469
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Probe the Quark Soup!

* How does the strongly interacting medium emerge from an asymptotic free theory?

Start from “un-thermalized” objects and see how they are thermalized in
the Quark Soup

« Can we see quasi-particles (at some point, quarks and gluons) in the Quark-Gluon
Plasma? What is the structure of QGP probed at different length scales?

“QGP Rutherford Experiment” and HQ Diffusion
e

v
Study how Colored Probes are modifiedby QGP
Study how QGP respond to Colored Probes

* What are the transport properties“ th
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Hard Probes

Atoms—=>Nuclei Nuclei=>Nucleons Nucleons—)Quarks
H“*v**' 4 bt

One use Energetic Quarks to reveal QGP
QGP structure at various length scales
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The Advantage of Hard Probes

* Momentum scale is well above QCD scale Agcp ~ 200 MeV

» Described by perturbative methods (pQCD), calculations can be tested with pp scattering

* They are produced early: sensitive to full evolution of QGP
Lifetime O(10-%4s)

» Sensitive to short wave-length behavior of the medium

* Transverse resolution of a radiated quanta: W\ S i < 1 fm %@‘L’\
¢ < o

Quark
« Example: Q=100 GeV - A=0.05 fm

* Long relaxation time: “memory” of their initial conditions at production
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Factorization

0 proton
proton 0
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o AP f (1, i) ® £} (wa, p) © 877N

Parton Distribution Function (PDF)

fiA ($1 y M%’) -
0— proton
—
2oy P )
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oM~ M@, pig) @ f7 (o, i) @ 6

Parton Distribution Function (PDF) Cross-section of 2->2 process

proton
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Factorization in AA collisions

uclear Parton Distribution Function (nPDF) Cross-section of 2->2 process
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How do we extract the medium effect in A+A collisions?

See forinstance review from

One typical way Is to compare A+A data to pp reference measurement D. dEnterria and C. Loizides

Ann.Rev.Nucl.Part.Sci. 71 (2021) 315-44

A+A measurements pp reference

g ‘I o
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How do we extract the medium effect in A+A collisions?

See forinstance review from

One typical way is to compare A+A data to measurement D. dEnterria and C. Loizides

Ann.Rev.Nucl.Part.Sci. 71 (2021) 315-44

A+A measurements

g ‘I o

‘Nuclear modification factors’

« o Raa > 1 (enhancement)
QCD Medium

inel y)
R = 0w 0°N,/dpdyp R,a = 1 (no modification)
AA 2
Ncoll d g /de di’] “QCD Vacuum” Raa < 1 (Suppression)

N, Averaged number of binary scatterings

Can also be N

written as 1/T,, T.=—20  "NN equivalent integrated luminosity per A+A collision"

inel
o0 op Reduces the uncertainty from pp inclusive cross-section
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How do we extract the medium effect in A+A collisions?

See forinstance review from

One typical way is to compare A+A data to measurement D. dEnterria and C. Loizides

Ann.Rev.Nucl.Part.Sci. 71 (2021) 315-44

A+A measurements

¢ & +

‘Nuclear modification factors’

Raa > 1 (enhancement)

inel 2 “QCD Medium”
R = O pp d°N ./ dp;dy _ { R, = 1 (no modification)
M Ncoll d 20pp /dedﬂ “QCD Vacuum”

Raa < 1 (Suppression)
N, Averaged number of binary scatterings

Questions: How do we know the Glauber model calculation of N, is correct?

? Is the nuclear PDF modified with respect to nucleon PDF?
® | » Motivates the studies of electroweak probes and jets in pA
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Example: Photon R,,

/ Photons 404 pb™ PbPb / 27.4 pb' pp (5.02 TeV)
— T T T T T T T T T T T T T T T T T T 4 e B B L B B BN B s m L BN B BRI B B B L B
a - ATLAS Cnier v a . 18- CMS 0-10% + 10-30%
N B Pb+Pb, 0'19 nb™’ B Glauber ve. | 16 + E
‘-2 5001 Hsfggs-.oz TeV g ilbeer o @ ] 1'4;_ " _
Ag - i I % Ex:IE-|!TMENT _ Cg 1'21;}H£El_zft__ﬂ‘:__§_r___§____;} '_;+L* = o= ___i___j
~ - 1 - 08f + T i
<z 400 o — osf  |CMS/! Ed
2o 8 oW ¢ o VaatyC | ;
B 7 0.2f . + =
300‘_| | .__ e e A A A
i ' ’ — _ s 30-50% % 50-100%
& 1o # T G teriaz
B (Npan) error scaled up by 3 — 1.25— + =
S (L PRI M R == g :
-, N 04F [ 1,4 uncertainty 3
0 100 200 300 400 0_22_ [ Luminosity uncertainty _
(N .2 036406080 100 120 740" 160 180~ 20 4060 80 700 120 140 160 189 300
» Electroweak probes do not interact strongly with QGP Er [GeV] Er [GeV]
: : : PbPb
 Confirm N, scaling of hard scattering PP Ny, scaling @
: .. : 0
 High precision W, Z and isolated photon o 0 @
measurements: constraint nPDF nPDF
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Nuclear Parton Distribution Function

Jet and Heavy Quark for constraining the
nuclear parton distribution function

35TeV 0 > . Pb 1.38 TeV

=
I I I I Yen-Jie Lee (MIT) Experimental Study of the QGP with Soft Probes 52




NnPDF modification at large Q2

10000 GeV?)

(x,Q°

b

P
R¢
[amn}
oo

=
-~

0.6

0.5

10

Nuclear modification of hard scattering involving large
momentum transfer due to PDF is small (at the order of 10%)

Yen-Jie Lee (MIT)

a—1

"~ (°=10000 GeV

l T T
2

Shadowing

— EPS09
— DSS7Z
HKNO7

|IIJ|

Anti-shadowing ]
@/

EMC

EMC-effect

The region probed by CMS dijets
I

|lIJ| 1 L II|lLJ|

-4

10"

-1

10" 10
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Initial Production Nuclear PDF with D° R,

Forward D° Rppro Midrapidity D Rprb
‘é 2 T T T I T T T I T T T I T T T I T T T E _I L I L | T | T T | T T ‘ T T | T T | | I_
n 1 R _ §
N ~ LHCb I.LHCb - o 1.6:_AELICE p-Pb, |/5,=5.02 TeV
i @ EPS09L.O V SNN =5TeV ] - Prompt D mesons, -0.96 <y ___<0.04 -
15  — EPSO9NLO _ 14f = Average D', D', D' E
: == nCTEQ15 : 1_2__ ? DO |
- B CGC T - . m .
- ] I - s s —H
0.8/ -
o ]
0.6 / ]
-/ ]
0.4 - /---.cGC (Fujii-Watanabe) ]
:/ —— FONLL with EPPS16 nPDF |
0_2i ----- Vitev et al.: power corr. + k; broad + CNM Eloss ]
f we Kang et al.: incoherent multiple scattering i
C 1 1 | | 1 11 1 I 1 1 1 1 | 1 11 | | 1111 [ 1 11 1 | 1 11 | | 1 ]
% 5 10 15 20 25 30 35
[ (GeV/c)
Significant suppression of D? in the forward region Prompt D in the mid-rapidity:
Larger suppression at low D° p; from LHCDb Consistent with unity within uncertainty
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https://arxiv.org/abs/1707.02750
https://arxiv.org/abs/1707.02750

Initial Production Nuclear PDF with D° R,

§3_|+' | IL}IICbI It})*LI . 14 ® S 14 ® VIR
Y promp @il == nNNPDF3.0 (no LHCh D) A |
= i —4&—— LHCb prompt Dj LHCb i r nNNPDF3.0 o -
= LHChpomy D’ pPb |5=5.02TeV] _
- [ EPPS16 D* 4 S0 A 10 10
| [ ] nCTEQI5 D p.<10GeV/c i “\_,h\/ “51—\//\ ',\Tv—\//'/\,\
7 EPPS16 D! . : .
[ nCTEQI5 D; 0.6 0.6+ \ 0.6
i CGC1 B R | | L i
7] L d Q = 10.0 GeV Ll ) / L9
LHCb JHEP 01 (2024) 070 1 ‘ — ::‘\f“‘f“*(‘{’] ' | '
- 1.2 i 1.2 1.2 ”
e e B =1 Ss10 /\\ 1.0 \/// T L. //\
Eﬂ?;ﬂ%ﬁ_ﬁi; ()\;--—\—/ 0.8F - \ 08—
- 0.( 0.( \ 0.
o C o T 1010101 100 102 10T 1 1070 10 107 107 102 10°T 1 107 10 10T 10 10710 1
34 = 0 2 4 |
),*
Significant hadronization effects may present Strong constraints on gluon PDF at low x from LHCb D°
In the experimental data and CMS dijet at intermediate to high x in pPb collisions in

NNPDF3.0 (shown), EPPS21 and nCTEQ25
Backward region R,py,: (high X region)

D.2D°2 D+
NPDF analyses should proceed with caution!
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Different Interpretation of the Pion Data

Hadron observables: sensitive to possible modifications of fragmentation function
and hadronization — Different interpretation of the data!

RHIC Pion R dAu 200 GeV/c Gluon R=nPDF/PDF . -
13 RHIC Pion Ry, _dAu 200 Gevie >luon R=nPDF/PDF. Anti-shadowin
: E — nCTEQ15
E 1.6 Epsog g )
3 _ 1.4t DSSZ
E Q
_E ><" 1.2+
E 10—
: o
E 5:0.8
E £ 06
%

- this fit (nFF) —E —_—

0.6 [ — -~ — this fit (DSS) O'ZT

T T T 0.0ty Ll
[ T T T T I I I I I I I I | I I - 10 10
T X

3+ EPS09 & nCTEQ15: hint of anti-shadowing

T and EMC effect of gluon nPDF

——————— EPS 09 (DSS)—: . df t- f ton-t ion

..... uDS (DSS) - : modification of parton-to-pion

4 fragmentation function in heavy ion collisions
15 [GeV] and no gluon anti-shadowing
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Detecting Quarks and Gluons in e*e- collisions

Dijet event Trijet event

8 ALEPH o SR S

ALEPH

et +e > q+q e"+e = qg+q+g
(defined by jet clustering algorithm)
are used as a proxy of guarks and gluons
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Anti-k+ algorithm

jet From Gavin Salam
R .. AR?
! _ 1 1 i 1
N di; = min —J dp = —
I— jy — k2? k2 R2 ) B — k2
! ti "t ti
ot PP event

e ARG = (- y) (00— 9))°

» 1. Find smallest of dj;, dig
2. if ij, recombine them
3. if iB, call i a jet and remove from list of particles
4. repeat from step 1 until no particles left.

Cacciari, GPS & Soyez, '08

Clustering start from high p; particles. Clustered shape has circular shape.
Now commonly used in the analysis of heavy ion collision

Yen-Jie Lee (MIT) Experimental Study of the QGP with Soft Probes 58
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Jet Composition

clusters and tracks Particles Towers Jet
W

HCAL :

Clusters

neutral |
hadron |

ECAL
Clusters

An x Ad Background

_ _ _ _ 0.076 x 0.076 in barrel _subtractio_n and
Anti-k; algorithm is used in most jet clustering
CMS pUblication Neutral Electrons

Hadrons_____ 1%

On average, charged hadrons 9%
carry 65% of the jet momentum

Measure the known part
Correct the rest by MC simulation

Optimize the use of calorimeter and tracker
Example: “Particle Flow” in CMS A typical high p; jet
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Inclusive Jet Spectra: Scanning the Parton Shower

ALEPH Archived Data 1994, e*e” |s = 91.2 GeV * New preliminary radius scan: fully corrected energy
spectra for R values from 0.1 to 1.2

w e R »
= [ Antikgjets ST « Small R resolves the shower: radiation is split into
5 B ++‘*‘+++ + many narrow, lower-energy jets; the 45.6 GeV peak
€ -1 "%y H
g 107 e, et B *++++ softens and moves to lower energy.
- ot Ml et _;r,ﬁr!*‘_l_.l_‘f‘ - * Large R captures the hemisphere: radiation
e e A prart +T + e o recombines into one jet near E, = m,/2 = 45.6 GeV.
102 SO __]__-]—- je
;*W+++ iy
s ete” =
10_3 = s R . 01 e+ = _PRELINARY “
E R=0.2 L
- —— R=04
-~ R=08 AV
10_4 E— —— R=1.2 e q
[ 1 | 1 | | | 1 | | | 1 | | | | | | | 1 | | | 1 | | | 1 | | | 1 | | | | | | | 1
10 15 20 25 30 35 40 45 50

VS.
E., (GeV)

R| resolves radiation — R? rebuilds the m_/2 peak
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Jet Spectra in pp(bar) collisions

ppbar 1.96 TeV pp 13TeV
10
%10 C K, D=0.7
S — —=— CDF data (L=1.01b") .5 <71 pb” (13 TeV)
) 107 — Systematic uncertainties ;1 0 "
0 L — o NLO: JETRAD CTEQ6.1M R CMS _e— |y| <0.5 (x10°)
=~ = ™ corrected to hadron level <10 —NL 114 W 05< ly| < 1.0 (X'IO )
S 10' | '-.-' "‘n--%_‘s Wp=He=max py /2=p, = Acri);:it+;=co.7 —— 1.0<]y|<1.5 (X1O )
= - - i~ PDF uncertainties ;1 o' t —¥— 1.5<|y[<2.0 (X1O )
- = "é.:i‘ —.— S ——2.0<y| < 25(X1O
W 102 '.\ .. P, = Q_|_109 —5—25<|y|<30(x10()
o = . ey ~ ¥o) 4 —— 3.2 < |y| <4.7 (x10Y)
l_'G 102 & ..... %-w% e N y°=7]<0.1 (x 10°) = 107k A
Ll L il “ni-:.-—g‘ N-o Fem
- = Say N 5 —a
%105__ ., e 0.1<ly""|<0.7 (x 10°) R Figy O
== 3 A<ly™ [<0.7 (x = -
T oA S W 10° e,
b — .m '-.39\.4 l——_fl B A .= [} '==.
C\'IG 10° |- " ':‘“*\ e R 10 2 -=== v==e.
[ *u = = ==. 1S
- Y JET 3 -1 L
11 F R 1<y |<1.6 (x 10°%) 10 =] O
10 Y - O
B ';.-l 10- 1 | | 1 | I1I||||||||||
10M L S 200 300 1000 2000
_I 1 1 1 | 1 1 1 1 | 1 1 11 | 1 1 11 | 1 1 11 | 1 1 11 | 1 1 11 | 1 1 1
0 100 200 300 400 500 600 700 Jet o (GeV)

py ' [GeV/c]

Jet spectra with large R parameter from proton-(anti-)proton collisions are well
understood. Consistent with NLO calculations.
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Dijet pseudorapidity in the LAB Frame

ldea: Angular distributions of high p+ dijets

-1 Ly rrrrp e e et
CMS pPb 35 nb o5 cT10 | (@) 1 . N1 + N>
VSe = 5.02 TeV - CT10 + EPS09 . Tldl] et — 2
- e+ pPb h
p. > 120 GeVic 04F -

v 35 | : < 0.5log (Z2) + 7
P,,> 30 GeV/c %ﬁ © 0.3 - — ' Xpb M
A, , > 2n/3 - & F ]

: 4<n|<5.2 < 0.2 n ]
All E? ' :

N
-
o
-
N
o111

« Jets: Less sensitive to fragmentation functions and hadronization effects
« Can be calculated with pQCD with small theoretical uncertainties
« Normalized distribution: lead to smaller theoretical and experimental uncertainties

A 4
y

35TeV 0 Pb 1.38 TeV

Distribution shift to positive value due to

asymmetric proton and lead ion beam energy
EPJC 74 (2014) 2951
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Dijet pseudorapidity in the LAB Frame

Q- Idea: Angular distributions of high p; dijets

CMS pPb 35 b ARssssasasss , ........... ( Ia)”- nl _|_ TIZ
0.5 -~ CT10 | - L. —
VSNN =502 TeV - — CT10 + EPS09 . Tldl] et 2
- ° pr 4

Xp

« 0.5log (—) + Newm

XPb

P> 120 GeV/c
P, > 30 GeV/c % £ 0,3;
A, > 21/3 -

4<jn|<5.2

All E;

X< Xpp X5~ Xpp

Sensitive to anti-shadowing EPJC 74 (2014) 2951
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Dijet Pseudorapidity in pPb vs. pp

Yen-Jie Lee (MIT)

IIIIII

55 < pi"e < 75 GeV

[ 75 < p™*° < 95 GeV

pPb (35nb™), pp (27.4pb™
VS =502 TeV

CMS

anti-k; R = 0.3 jets
p,.>90GeV,p_ >20GeV
Aq51 ,> 2n/3 '

pp NLO pQCD: CT14

= Data DSSZ
[ Syst. uncert. EPS09

- e > 150 GeV

EPS09: hint of anti-shadowing and EMC effect of gluon nPDF

: modification of parton-to-pion fragmentation function in heavy ion collisions

and no gluon anti-shadowing
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Summary:. Vacuum Baseline

* Electroweak boson data and proton-lead data were used to provide
additional constraints on the nuclear parton distribution function

* Dijet reduce fragmentation ambiguity and provide sensitivity to
nuclear gluon PDFs

 We have learned a lot about the QGP and the Initial state of the
heavy ion collisions from the Soft Probes

* Next: We will probe the Quark Gluon Plasma with fast moving hard
probes.
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Backup Slides
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Relativistic Heavy lon Collisions (Simulation)

MIT Heavy lon Event Display: Pb+Pb 5.02 TeV

® Mesons @

Yen-Jie Lee, Andre S. Yoon and Wit Busza Acceleration



Relativistic Heavy lon Collisions

Time (fm/c) -5
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Relativistic Heavy lon Collisions

Time (fm/c) -5 0)
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Relativistic Heavy lon Collisions

Time (fm/c) -5 0] D

0
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Relativistic Heavy lon Collisions

Time (fm/c)

Yen-Jie Lee (MIT)
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Parton Distribution Function

Nuclear Parton Distribution Functions (nPDF)
__Sea Quark_

Gluon

; 1.8
Deep Inelastic 1g| — nCTEQLs| g
Scattering Data || — EPs09
_la DSSZ
Y ol QL — Hkno?
. =1
Drell-Yan Data _ e a SN N
5:0.8—
RHIC Pion Data < 2
0.4+
0.2 1 0.2-
00 0= 107 i Y TR A T 107" 1
X EPS09 Parameterization
1.5 B antishadowing Fcrtmi'
PHENIX STAR Ya-
Q2 cutoff DIS DY Pion Pion L0
HKNO7 1 Vv \Y *CQ-:@ i
EPS09 1.69 Vv \Y Vv 0.6
Yor shadowing
1 Vv Vv Vv Vv - : :
02 X, Xe
nCTEQ].S 4 V V V V i 1 | IIIIlIl | lJJI\III | 1 IIIIII
10 10° 10" 1
EPPS16: with LHC pPb data (W,Z, jets) T
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Initial Production Nuclear Modification

Is initial production in A-A collisions just superposition

a] 2 | ' | L | ..
= [ LHCb 1 of nucleon-nucleon collisions?
~ ] \'syn = 3 TeV ]
151 1 ep-Acollisions to test these kind of effects
- Enhanced l . :
[ ] > lon as collision particles
L 7 »No medium effect expected
I Suppressed I
0.5 1 ¢ Observable of particle yield modification in pA
[ ] collisions compared to pp
I B A S B
% 2 A 6 8 10 _ dopa/dpr
P, |GeV/c] PA Adoyy,/dpT
» Rpa should be 1 in the naive picture above
H N o
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Phases of QED (Electrons and Nuclel) Matter
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Lattice QCD Equation of State

 Solve the QCD equation of state on a discrete 50;"" e
space-time lattice 450 non-int. limit

| _ 40 Energy Density -

« Reliable for zero net baryon density! : .
35 -

* Indeed, we see a rapid increase in the degrees 300 Pressure  —
of freedom!!! : -
25 :_ TEZ T4 _:

- Predicts a speed of sound ¢, ~ 0.4 — 0.55 20EF P/ 90 -
- 2 T4 .

15 ne T —

: Me /T3 -

10— o T3

N/ s/4 1" -

o 90 ]

:I I L1 1 | L1 1 1 | I I | I I | | L1 1 1 | L1 1 I:

0
100 150 200 250 300 350 400 450
Temperature [MeV]

\ o / Replotted from
¥ / HotQCD Collaboration PRD90 (2014) 094503
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How do we extract the medium effect in A+A collisions?

One typical way Is to compare A+A data to measurement

I N
I I I I Yen-Jie Lee (MIT)

See forinstance review from
D. d’Enterria and C. Loizides

Ann.Rev.Nucl.Part.Sci. 71 (2021) 315-44

A+A measurements

g

I

l

Example:

i o

Npart - Number of participating nucleons ()

Ncoll > Number of binary scatterings Q:O

O D Npart =2 |\Icoll =1

OO-:OOO Npart =3 |\Icoll =6

Experimental Study of the QGP with Soft Probes 76
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Evolution of the Early Universe

QUARK- NEUTRONS
GLUON & PROTONS
PLASMA

NUCLEI

neutron

_ e @nucleus
BIG BANG .

@

The early universe passed through a quark-gluon plasma stage microseconds after the Big Bang; heavy ion collisions
recreate tiny versions of that epoch.
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First Order Transition in Matter

Frozen Soap Bubble

https://www.youtube.com/watch?v=_nKxYMIHZoE &feature=youtu.be
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https://www.youtube.com/watch?v=_nKxYMlHZoE&feature=youtu.be

High Density Quantum Chromodynamics in Cosmology
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g A first-order. QCD phase transmon would: Create clumps of o
“ baryon-rich and baryon- poor, regions, potentlally altering - | ,
o the abundance of Ilght elements e G5
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