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Phases of QED (Electrons and Nuclel) Matter
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Quantum Chromodynamics

Structure of QCD driven by SU(3) color gauge symmetry Gluon self-
interaction

In principle, all is calculable from the QCD Lagrangian:

_ ' 1 )
£QC‘D - Z % ((?’P}‘”aﬂ o m)éab - gs’}’#tqchE) 'lpb — ZFSL’F“ A

flavours / [tA, tB] — 'ifABCtC
Quark propagator

Quark-gluon vertex

Fj, - 6u-’4ﬁl - 61/-/4:? — Ys fABCAEAE

Field strength tensor

N?-1=8gluons |
- N, * N; quarks '

charge=+2/3 | u(~5MeV) | ¢ (~1.5GeV) | t(~175 GeV)
charge=-1/3 | d (~10 MeV) | s (~100 MeV) | b (~5 GeV)

Quark masses
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http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/

Strong coupling
Confinement
Infrared slavery
Non-perturbative
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Mesons
(quark and anti-quark)

Baryons
(Three quarks)
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Quarks and Hadrons

mass =2.2 MeV/c2 =1.28 GeV/c? =173.1 GeV/c?
charge @ s

Confinement

o

=4.7 MeV/c?

When the quarks form a hadron, the total color charge needs to be neutral
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Ultra-dense QCD (Quarks and Gluons) Matter

® Quark

Increase the Temperature (T) o Anti-quark

Mesons

(quarkcand anti-quark) T<TC T"'TC ~ 2 trillion degrees T>TC

Baryons
(Three quarks)
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Ultra-dense QCD (Quarks and Gluons) Matter

® Quark

Increase the Temperature (T) o Anti-quark

® @
® °
Mesons ‘

(quariand anti-quark) T<TC T"'TC ~ 2 trillion degrees T>TC

#g

P~Pc ~ (2to 12) x nuclei density p>pC
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Increase the Density (p)

=)

Baryons
(Three quarks)




Rough Estimation of the Critical Density

« Normal nuclear matter A

_ - N 3
« Baryon density o = RS A 0.16/fm

Proton Charge Radius: Nature volume 575, pages147-150 (2019)
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Rough Estimation of the Critical Density

 Normal nuclear matter A 1 R

. i = = ~ 0.16/fm’ ro =
Baryon density A0 %wR?* %W‘FS’ /fm 0 AL

« Compressed nuclei: nucleons start to overlap!

r, = 0.84 fm

Rough estimation of critical density:

- At least a few times of the normal nuclear matter density

Proton Charge Radius: Nature volume 575, pages147-150 (2019)
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Reminder: Thermodynamics

* At high temperature limit:
QGP as an ideal gas of non-interacting quarks and gluons

D 1 + for Fermion
» Probability density: N (FE) = (o) B where {
) et x=1

- for Boson

With degeneracy D, chemical potential 4, energy E, andh = ¢c = kp = 1

® Quark
e Anti-quark
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Relativistic Bose Gas

* At high temperature limit:
QGP as an ideal gas of non-interacting quarks and gluons

(27)3 o =7

D 1 + for Fermion
» Probability density: N (FE) = where {
-1

- for Boson

With degeneracy D, chemical potential 4, energy E, andh = ¢c = kp = 1

* For a relativistic Bose gas, neglecting the chemical potential (p O)

4w D
 Energy density: ¢ —/N pd?’p— i /
er — 1
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Relativistic Bose Gas

* At high temperature limit:
QGP as an ideal gas of non-interacting quarks and gluons

D 1 + for Fermion
» Probability density: N (FE) = (o) B where {
T)"e T 41

- for Boson

With degeneracy D, chemical potential 4, energy E, andh = ¢c = kp = 1

* For a relativistic Bose gas, neglecting the chemical potential (p—O)

4 D
* Energy density: € = /N pd?’p - /
eT — 1
3D 2D =Y e [
€ — — 4 _ T4 eeeee S T(s) Jo
D e="5T4) = - o
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Relativistic Bose Gas

: D
Bose gas energy density | €= 20 ™
1 D
P = "¢= T4
Pressure €= 50
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Relativistic Bose Gas

: 72D
Bose gas energy density | €= o ™
1 D
P = "¢ = T4
Pressure 3¢ = a0
2 3 2
Entropy density g = de _ D AIdT 47D o o
TT T30 T 30
47r2D 5 Ar? D 3 4 €
— p— T e
S /d T“dr » S 90 S 5T
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Relativistic Bose Gas

2
. D
Bose gas energy density | ¢ = '”30 T
1 ™D A
Pressure P = 3¢ = o5 T
2 3 2
Entropy densit _de _m D ATdT 47D oy o
Py y ds T 30 T 30 d
47r2D 5 A D 3 4 €
— p— p— T e
/ds 14dT » S 90 S 5T
. D __, 3
Number Density N(E — —T ((3) ~0.12DT
Exercise with Fermi Gas €Cf — geb
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What Have We Learned So Far?

o D,
Bose gas energy density: =T Speed of sound c.
2
Bose gas pressure pP= '”géjT‘l p—ie » 2 b _db 1
3 * " dp  de 3
. 2
Bose gas entropy density  ,_ 4" D3 ¢ — de
90 3T cs ~ (.58
7
Fermi Gas = g

* Energy density and pressure increases very quickly with temperature! (T4)

* Proportional to number of degrees of freedom (degeneracy D)

« Similar dependence between Bose and Fermi gas except for a scale factor (7/8)!
« Speed of sound is around 0.58 ¢
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Number of Degree of Freedom (D) for Hadron Gas

Hadron Gas:

» Suppose we focus on T< 400 MeV, it is a gas of pions
2

« D=3 for 7T+,7r_and7r0 »6:3x§—0T4
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Number of Degree of Freedom (D) for QGP

Hadron Gas:

» Suppose we focus on T< 400 MeV, it is a gas of pions
2

,ﬁ
+ D=3 for 77,7  and 7 Wy e=3x —T"

30
Non-interacting Gluon :
 Number of Gluons (Boson D,=2 X 8 =16
( ) (spin) (color) — 16x jump in

* Number of Quarks (Fermion): energy density!!!
= 2(spln) X 2(partlcle/antl -particle) X 3(color) X 3(flavor ud,s) 37

7 2 2
— (16 + ~ x 36) x —T* —4 T
D = +8>< )><30 75><30
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Lattice QCD Equation of State

« Solve the QCD equation of state on a discrete

space-time lattice

* Reliable for zero net baryon density!

* Indeed, we see a rapid increase in the degrees 30

of freedom!!!

- Predicts a speed of sound ¢, ~ 0.4 — 0.55 20
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Replotted from
HotQCD Collaboration PRD90 (2014) 094503
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QCD Phase Diagram

Temperature

A

~1501...
MeV

Color Superconductor

>

Net Baryon Number Density
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QCD Phase Diagram

Expansion of Early Universe
Temperature TN

Neutron Star Formation

st 0.3-0.5 km
o o s elect rons
~150
v 1-2 km
eV 0.5-2.0 p, ———— electrons, neutrons, nuclei

r core ~9 km
neutron-proton Fermi liquid

few % electron Fermi gas

e 0-3 km
quark gluon plasma?

Color Superconductor

Nuclei Neutron Star : >
Net Baryon Number Density
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| /4
- It's a quark-gluon plasma.
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QCD Phase Diagram

Temperature

N Medium between the lons Relativistic Heavy lon Collisions
@)

Velocity ~ ¢

~1501..1.
MeV

\(Color Superconductor
- o

5 o008 oouss

>
Net Baryon Number Density

Nuclei Neutron Star
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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



Time (fm/c) -5
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Time (fm/c) -5 0)

7
e
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Time (fm/c) -5 0] 5
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Time (fm/c) -5 0 5 50 (time (fm/c))
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The First Dedicated Heavy lon Collider
Relativistic Heavy lon Collider

-

R e

o sy - AUt+AU
PHOEDE & s B ST Prence 7.7 - 200 GeV

e

Since 2000~
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SPHENIX Data-Taking in 2023

Relativistic Heavy lon Collider

-

PHOBOS

i

SsPHENRIIX
/
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High Energy (Temperature) Frontier
Large Hadron Colllder

27 km circumference

Lead+Lead (Pbe) COIIISIOnS o Also smaller System dat/é:f
ios o oo ey Do Proton-lead (pPb) at 5.02 & 8.16 TeV

2015-18: 5.02 TeV 1.7/nb Xenon-Xenon (XeXe) at 5.44 TeV
A flying mosquito has about 4 trillion electronvolts (4TeV) of energy
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000

AW

G
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CMS Experiment at the LHC, CERN
Data recorded: 2018-Nov-12 08:36:52.866176 GMT
Run / Event / LS: 326586 / 2491137 / 6

"\‘u] BiaM

Pl

\)

f

Yen-Jie Lee (MIT) Heavy lon Physics

’ y,{yf-ly,'w/!-m-mmmw

Charged Particle

33
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« LHC delivers heavy ion collisions for around one month per year
« 2018: PbPDb collision data rate up 50 kHz; CMS peak data throughput 9 GB/s
* We are actively preparing for the first data-taking in Run 3!

CMS event display

Hadron Energy

Yen-Jie Lee (MIT) Heavy lon Physics 34 AEPSHEP:



Reconstruct the Quark Soup with CMS

Size of the CMS detector

~rc | CMS Experiment at LHC, CERN
il Data recorded: Mon Nov 8 11:30:53 2010 CEST

2> Run/Event: 150431 / 630470
| Lumi section: 173
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";";“f?—:';’::"/{—/ — =3 =
//// : 7 W A
2 / 7 \ 0
> / / ,'v'v
O(1m)
o0 0 ¢
o© o ©
0%02% 90 0%
950 900 %0
o 090 o ©
000 © %0 o 14
o o 00 .
LeeBee s | 0101 m)
00 _o (o765}
o 8.0.’0‘..' oo
099%% ¢’ %0

Inner Structure of QGP

Yen-Jie Lee (MIT)

Size of the Uiverse

O(10%" m)

O(1013 m)

Inner Structure of Our Solar System
35
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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*

- At 1, ~ 0.2 fm/c:
% - CMS Lead+Lead ¢
C " 0.0-0-0-0-0000000-0000000000C00.0.00
A 10°F | 1 dE
2 | ~ 14 fm € — T
% - XeXe 544 TeV  PbPb 5.02 TeV A * T dy
S 10°F CMS0-5% o ALICEO-5% ¥
8 E pp 13 TeV
o | = CMSNSD ALICE
N 10k . . .
QL 10§ T — E&T}‘S’.;’;‘ Energy density of the medium based on

i CMS dE/dn ~ 2 TeV: ~65 GeV/fm3

i Proton+Proton

1 [ | | I I | I I | | | I | | | I I | I I | | | I | | 1 1

| 2 10 123 > 100x denser than the proton!
Pseudorapidity (angle)

At early time of the collision, the system can not be described by hadrons
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Rough Estimation of QGP Temperature

At 1, ~ 0.2 fm/c: 50 A AAAaa e s
1 dET \ 452_ non-int. limit _i
€ — ~ C ]
A . o dy 0 65 GeV/fm 40E
v= 2 350

~ 0.5 GeV* = 47.5 x %T‘l of

1 fm™ = 0.1973 GeV ) 252_
20F
T ~ 0.423 GeV = 423 MeV 151

~5x 10" K s

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

\r,‘\" ==
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Initial azimuthal anisotropic shape

Animation from Jing Wang (MIT)
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Centrality

* Need experimental access to the impact g1zt 8 6 4 2 0 bimp
parameter b of the collision

[ 50 100 150 200 250 300 350 (N )
| ] 1

] 1 | | part

10~

* |dea: use an observable which change
monotonically with b, such as:
* Forward calorimeter energy
» Charged particle multiplicity (N.,).

1072 ¢

do/dN_ (arbitrary units)

 Centrality classes: percentiles (fraction of total
iIntegral) of centrality distribution

107 F

« Convention: 0 T T a0 800 1200 1600
* 0% = "most central” (head-on!), b~0 (high N.,) N,
* 100% = most peripheral (low N.,)

_ ' i
50 70 80 90 95 olo (%)\
I

2000

Annual Review of Nuclear and Particle Science, 57:205-243 (2007)
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Pressure Driven Expansion of the Quark Soup

Small pressure gradient

y I —~ Large pressure gradient
Expansion of Ultra-cold atoms (Li-6) released from laser trap Kl S &
| | 14r : .. 1 ” -
i : : 'Datal,
: . 1.2 % . » of_
X Y. A . . S
¥ Z [ % by
e 100 us "y : 1 Fo
Scienéé, 298, pp. 2179-2182 (’20?"02) 06, . .. |.‘.\{| el f.‘f.l o
. . . -3 —2 -1 0 1 2 3
Collective motion is observed 0)
— Early hydrodynamization! Particle Azimuth Angle Distribution
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Particle Azimuthal Anisotropy

1.4

0.6_|'|||||‘|'n'|"|||||||||||||||"|"::|||||'|:
-3 -2 -1 0 1 2 3

¢

Fourier Decomposition:
(0,0)

N dg =1+ cos[n(qb—‘i’n)]

n=1

Alver and Roland (MITHIG)
“Collision geometry fluctuation”
PRC82 (2010) 039903
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Elliptic Flow

 The first result from STAR at RHIC

0-2-"'I"I"'I"'I"'I"'I"'I"'I"'I i -
S 0.18F STAR = » The extracted v, increases with
0.16 Au+Au 130 GeV | | -|E transverse momentum
2 e o
0.14F I agkE .
ul 4 1l =
0.12F & R b o . 2t dN 14 9 ( _ )
0.1 oo — d _ On COS[” (P n ]
: -— ' -é- : N ¢ n:]_
0.08 - =
_ -9- -
0.06 " _.__°' = Expansion of Ultra-cold atoms (Li-6) released from laser trap
0.04 —o- = ‘ ks
0.02F 3
- | I | A EPETETE AP AT | L1

1.2 14 16 18 2

p, (GeV/c)

0 L1l L1l L1 1 L1l Ll
0O 02 04 06 08 1

PRL 86 (2001) 402
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Density Fluctuation

6000 |
5000

— 4000 f
(o]

K

3. 3000

Dy|

2000

1000 |

Power spectrum of the Big Bang

Angular scale
90°  18° 1° 0.2° 0.1°

0.07°

Sound Wave
Geometry
l Baryon
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Inflation
Planck
Cross-checks
)
2 10 50 500 1000 1500 2000 2500

Multipole moment, £

Fourier analysis of many little bangs

v {2part,|An|>2}
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o
o
@

o
o
N

o
o
—

0.00

i CMS Preliminary |

| Geometry PbPb \/s,,, =2.76 TeV ]|

I 0-0.2% centrality |

i VISH2+1 Hydro |

| - — —— Glauber, 1/s=0.08

. @ [

I -

— Fluctuation “g°

[ Transport ==

‘_(E]Ec:_ch:_S EE_\HE ________ - — —

B | 1 1 | | | | | L
2 4 6

N JHEP 02 (2014) 088

Quark Gluon Plasma
(QGP)




Relativistic Hydrodynamics Calculations

16-"" L L L L L LR Yields dN/dy Mean pr [GeV] Flow cumulants v, {2}
B non-int. limit - L 103 = 15} —
14— E . 2 : * U2
C N ] s - e
N tropy i ?o 102 | RS 1.0}
12— — Z :
C ’ B s —res
10 :_ - g 10t 0.5}¢
B Tc 7
o _ 100 0.0
8t Pressure -
s - 2 103} 1.5} .
N 4 ~ B . 0.09} 2 ”
: m3p/T - : ———— 2
- 4 - % 102| 1.0} s PP
4r e /T . o . e . 0.06}
: 3s/4T° : ; e
2l ] 3 z 1o} 0.5} e r—r—————— v 00318, o —a——a—s 3
HotQCD Collaboration B i Z ——— Uy
L1 ool e by by g by g . ; : : . . . . . . . . . . . . . . . : . ‘
PRDSO0 (2014) 094503 00 150 200 250 300 350 400 450 520 30 40 50 60 70 % 10 20 30 40 30 60 70 "% 10 20 30 40 50 60 70
Tem peratu re [MeV] Centrality % Centrality % Centrality %
Lattice QCD based Output (from Global fit)
Equation of State Medium Properties

AN _— ;
Ty = cupuw HPEBL T nlE] 0w + ClElAL Vu" + O(97),

2
T = NaDys(VOU® + Vo) — gAWAa@VO‘uB,

A'uy — g‘ul/ _i_u,uul/g

hydrodynamic evolution equations, V,T"" = 0
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Shear Viscosity

Viscosity n in the kinetic theory:[l] n = kp (p) A f

P =2 momentum
o -2 the density of medium constituents (quarks and gluons)

o = Cross-section 1
A > mean free path Af = —
PO
k = a constant ~ §
Therefore, _ (p)
I = 3—
g

-> Large transport cross-section leads to small shear viscosity

[1] F. Reif, Fundamentals of Statistical and Thermal Physics (McGraw-Hill, New York, 1965
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Shear Viscosity to Entropy Ratio

The motivation of g : Normalize by system size

n force

Relativistic Version of F' = ma results in ~
e+ P mass

At zero chemical potential: € + P =1's

n 1
Therefore — — X —
e+ P s T
n 1
Where — Is a dimensionless number and — is the natural thermal time

S
Small specific shear viscosity ~ very small force per inertial mass

Bill Zajc QM18’
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Effect of Specific Shear Viscosity in Simulation

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

-

4 4

y [fm]

-10 -5 0 5 10 -10 -5 0 5 10

x [fm] X [fm]
Animation from L. G. Peng
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Shear viscosity to
entropy ratio 19

Near Perfect Fluid

Water

L
“,
‘s
‘s
]
= ’,
,
‘s

>
-~
~
N
~
~
‘s, ~
.
’l -
4 ~
S
f
\
“|\\‘ |
nt
it
\“\\
W A \
AVt I\ |
‘s, W I\ J
, W [\ J
‘e, ) {0 -
¢ 0\ / —
’, W —_
Yty K
Lt
-
Fermi Gas ®®-¢-e-o—---0- - R

A U=y
i MIT cold atom group
=% -
v Calculation from
. — Annals Phys.326:770-796,2011
Electron fluid QGP
in Graphene 1071 ,
PRL103,025301 (2019) l_-lllllllllllllllllllllllllllll EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN Strlng theory
- AdS/CFT
i \./«L\./k\./ |
J\ - 'l\ - ‘.\ ./\. =
d "L
s e -
10—2 l l | l | l l l | | l l | | | l l l l | l l l | |
-1 -0.5 0 0.5 1 1.5
T-Te
T Bayesian Analysis on Data (Duke)
c PRC94 (2016) no.2, 024907

Yen-Jie Lee (MIT)
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Shear Viscosity of the QGP

Shear viscosity of the QGP is very large

n ~ 0.1hs ~ 10* erg s/cm’

~ 10** centipoise

Almost as large as the glass (>10'° cp)

However, due to the large QGP entropy s,
QGP specific viscosity n/s is very small

* Note that the physics picture of QGP is not like slow-moving Honey or stationary
glass! The strong force acting on QGP is also way bigger (a dynamic system)

Yen-Jie Lee (MIT)

Heavy lon Physics

Table 8.4.1. Viscosities n for some common materials in units of
centipoise (1072 erg s/cm’ ).

Substance Temperature Viscosity (cp)
Air 18°C 0.018
Water 0°C 1.8
Water 20°C 1
Water 100°C 0.28
Glycerin 20°C 1500
Mercury 20°C 1.6
n-Pentane 20°C 0.23
Argon 85K 0.28
He* 4.2K 0.033
Superfluid He* < 2.1K 0
Glass > 101

Note that, by popular convention, the designation
“glass™ is applied to any disordered material once
its viscosity exceeds 10%cp.




Statistical Hadronization

« Hadronization process: non-perturbative > fEr Pb-Pb {50i=2.76 TeV, 0-10% centrally
: . = | K KS
* In ee and pp: string fragmentation, cluster 3 102} f—-f-qu} P DA
- " S L b intts s S
* Postulate: QGP cools into an equilibrated > O 15661 17 MeV s -
gas of hadrons ' g = 0.7 3.8 MeV -l
: _ 10-1E Vag=1 = 4175 £ 380 fm? e
* Particle abundance produced in QGP could -,
- : : " 102 X°/Ngp = 16.7/19
be described by calculation with partition z
- 10°%E  ® Data, ALICE *He ®He 5. 3
function : - . vy M 3H
D 1 107 1 — Statistical Hadronization Sale >
n = /N(E)dsp and N(FE) = s E= 10°F _
; e “He
(2m)% ™" £ 1 o'} ¥
» Conserved quantum number, such as 5 o
baryon number gives a chemical potential pg 3 4 e
 Temperature at the chemical freeze-out Dot aseesstet? XERRRN
()| -
could be extracted e
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QGP Phase Diagram from Stat Hadronization Model

< \/SNN (GeV)

2760 200 20 523 Extracted result from LHC: remarkable
z;f:g  Quark-Gluon Matter ] coincidence with Lattice QCD results
= 123 - e %% | * AtLHC, baryon chemical_ potential Mg~ 0:
120;_ Hadronic Matter ’ produceql matter and anti-matter as in the
ol ﬁ Early Universe
80 E; ..
ol 5 1 <+ Atlower collision energy: more matter
405_ Points: Statistical Hadronization, T .. : _ from beam remnants Of the COIIIdIng
20t Bands: Lattice QCD, T, - ] ﬂUClel, |arger HB
W i@ ¢ e Critical point still to be located (RHIC
Bazavov et al.,PLB 795 (2019) 15 u, (MeV) Beam Energy Scan, FAIR)

Borsanyi et al., PLB 370 (2014) 99
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* How does the strongly interacting medium emerge from an asymptotic free theory?

« 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?

~
 What are the transport propertie’ th
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* 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”

-
* What are the transport propertieg th

g A
Study how Colored Probes are modified by QGP

Study how QGP respond to Colored Probes
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Hard Probes

Nucleons=>Quarks

+ 6 o |g8°
x 10° a 26°

0_3: +|°¢¢H¢a H b %:

- James Bjorken (1982)

4

’

FERMILAB-PUB-82-059-T

Jet Quenching

Use Energetic Quarks to reveal ".’g;j@ig
QGP structure at various length scales
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The Advantage of Hard Probes

* Momentum scale Is well above QCD scale Aycp ~ 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: \ ~ l < 1 fm

Q
« Example: Q=100 GeV - A=0.05 fm

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

N N
I I I I I Yen-Jie Lee (MIT) Heavy lon Physics



Colorless and Colored Hard Probes

L paron ey joss B Colorless Probes
(Biorken, 1982) 7 Photons, electroweak bosons
’ Validation
Tag the initial state

Transport coefficient g, stopping power dE/dXx,
gluon density %g, temperature T ...

Colored Probes:

Fast-moving high energy quarks and gluons,
Heavy quarks Studies of the medium properties
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0 proton
proton o
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Parton Distribution Function (PDF)

fz’A (351 ] P’%‘) <
0—) proton
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Parton Distribution Function (PDF) Cross-section of 2->2 process
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Jet and Heavy Flavor Meson Production in PP
B+

;. . T I T T T T T |
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JHEP 09 (2017) 020
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Jets and heavy flavor meson p- spectra can be described by pQCD calculations
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Parton Distribution Function (PDF) Cross-section of 2->2 process
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Factorization in AA collisions

o~ [ (@, i) @ [ (o, p) @ 6T

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

- _ NPDF
~ PDF

<, Q=1000Gev Anti-shadowiriy
8 I s
S 1 A
S | A,
‘ﬂ‘ 1.0 B S e TR L .".‘
kei AW
\i{ 0.9 . |‘J
=8+ Shadowing  EMC .

i EMC-effe
07 b == EPS09

— DSSZ
0.6 & eoveeee HKNO7  The region probed by CMS dij
10" 107 107 10" ]

X
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* Heavy-lon Collisions: experiments that give access to Quark Gluon Plasma

* The medium produced in HI collisions Is very dense, strongly interacting, flows like
a perfect fluid.

* The abundance of the final state baryons and mesons can be described by a
statistical hadronization model

* Next: Hard Probes of QGP
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Bonus Material
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Nuclear Parton Distribution Function

Jet for constraining the nuclear parton
distribution function

3.5TeV 0 > . Pb 1.38 TeV
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Parton Distribution Function

Nuclear Parton Distribution Functions (nPDF)

—SeaQuark iy Gluon

Deep Inelastic 1'6' '; n‘C-I‘—E‘Q‘l‘S“'\ g.' —
Scattering Data | — EpPso9
1.4+ — Dssz

HKNO7

)
X 1.2
Drell-Yan Data [l 2 Lo
0.8}
RHIC Pion Data 06
s 0.4+
0.2+ 0.2
00 =02 1T T 0-010= 107 107 B
X EPS09 Parameterization
1.5 B antishadowing Fﬁl‘:_fll"
motion
PHENIX STAR Yat :
Q2 cutoff DIS DY Pion Pion 0
HKNO7 1 Vv V W
EPS09 1.69 Y Vv Y 0.6
Yo shadowing
1 Vv V V V :
0.2 Xa Xe
nCTEQ15 4 V V V V i 1 1 1 IIHI{ 1 1 IJJIIlI 1 1 IIIIlI
10° 107 10" 1
EPPS16: with LHC pPb data (W,Z, jets) r
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Different interpretation of the pion data

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

dAu 200 GeV/c

and hadronization
RHIC Pion Ry,,

¢ PHENIX

$ STAR +_:

this fit (nFF) -
— — - - this fit (DSS)

——————— EPS 09 (DSS)=
..... nDS (DSS) =

Yen-Jie Lee (MIT)

15 p. [GeV]

Heavy lon Physics

Gluon R= nPDF/PDF

_Anti-shadowin

1.8 -
— nCTEQlS
1.6
— EPS09 g
14— Dpssz
o7 HKNO7
512—
Q.
& 1o
Onal
50.8
£ 0.6-
%

EPS09 & nCTEQ15: hint of anti-shadowing

and EMC effect of gluon nPDF
DSSZ: modification of parton-to-pion

fragmentation function in heavy ion collisions

and no gluon anti-shadowing

LNS Colloquium



NnPDF modification at large Q2

5 - 0?2 2 o _ -~
Lo, [ Q=10000GeV - Anti-shadowing
q) . 4
U - 'f
S 11
R _NPDF S
PDF N‘ﬂ' 10 ................................................
C
% 0.9
= 08 Shadowing
0.7 - = EPS09
— DSSZ
06 1 srveee HKNO7 The region probed by CMS dij
i [
0.5 Y Y B I
10° 10° 10° 107" i

X

Nuclear modification of hard scattering involving large
momentum transfer due to PDF is small (at the order of 10%)
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Dijet pseudorapidity in the LAB Frame
ldea: Angular dlstrlbutlons of hlgh P dijets

CMS pPb 35 nb™
Vsay = 5.02 TeV
Pry> 120 GeVic
Pr,” 30 GeV/c
A, > 2m/3

All E“‘*““52

0.5

ko)

dijet

S,
-| 5

0.4

Z |.g 0.3F
Z o02f

0.1F

:— ----- CT10

CT10 + EPS09
« pPb '

N+
ndl]et — 2

x 0.5log (pr) + Newm

. 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

Yen-Jie Lee (MIT)

35TeV 0 > . Pb 1.38 TeV

Heavy lon Physics

Distribution shift to positive value due to
asymmetric proton and lead ion beam energy

EPJC 74 (2014) 2951



Dijet pseudorapidity in the LAB Frame
Q- Idea: Angular dlstrlbutlons of high p; dijets

CMS pPb 35 nb’* T T AN MARARRARE @ Ny +1n,
0.5 -~ CT10 ! - —
Vsay = 5.02 TeV - — CT10 + EPS09 . rldl]et 2
- ® pr : -
p,. > 120 GeVic 04L
| 5| & f « 0.5log (x—) + 7
Pr,” 30 GeV/c _g 03f XPb CM
A¢. > 27m/3 - -
¢1‘24<m[<5 2 |2 0.2 -
All E;™" -
0.1F
Xp< X, B A X5~ Xpp

A TN
o 0— - ' Pb Xy~ Xpp o 0 I Xpb. Pb

Sensitive to EMC effect p

o

Sensitive to anti-shadowing EPJC 74 (2014) 2951
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Observation of nPDF effect

- ave I ave pPb (35nb™), pp (27.4pb™)
1 4 55 <p2® <75 GeV [ 75 < p2® < 95 GeV CMS ooy
anti-k. R = 0.3 jets
p,, > 90 GeV, P, ,> 20 GeV
Aqi1‘2>2m’3 '
pp NLO pQCD: CT14
= Data DSSZ
[ Syst. uncert. EPSO09
- 115 < p2*° < 150 GeV - pae > 150 GeV
S ) | h"'.,--""- ‘
B L
v by by by by by s by |||||||||||||||||||||||||-|||||||||||||||||||||||||||||
-2 -1 0 1 2 -2 -1 0 1 2
Tldije’[ ndijet

« EPSO09: hint of anti-shadowing and EMC effect of gluon nPDF

«  DSSZ: modification of parton-to-pion fragmentation function in heavy ion collisions
and no gluon anti-shadowing
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