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Quarks and gluons?

quarks bind together by

xchanaqin I n Structure within
excha g gguo S the Atom

Quark

Heat nucleito T > 102 K size <109
(> trillion degrees!) Nucleus | Electron

i -18
Size = 107 m Size < 1078 m

Neutron
and
Proton
Size = 10-'5S m

Size = 107'9m

If the protons and neutrons in this picture were 10 om across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.
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Liberate the quarks
What is this stuff?

Baryon density




Quark gluon plasma in early universe

Director:
H. Murayama
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QGP likely also in core of massive neutron stars G.Baym

® Electromagnetic interactions: photons are exchanged
electrically uncharged
® Interaction between quarks = strong interaction

Force is carried by exchanged particles: gluons
Both quarks and gluons have a “color charge” 3



The force between quarks is funn

V(R)
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At small distances, very little At large distances the force gets
force. Quarks are essentially stronger, confines quarks inside
free of each other. the particles we observe 4



The theory of quarks & gluons:
Quantum Chromodynamics (QCD)

10,587,

0.74T,
0.84T,

0.97T.

1.06T,

Calculating is a challenge 7 e
enchange 1, 2 ... many gluons
Use a lattice of quarks & gluons
T. Hatsuda 05
At high temperature: B T
Many new particles produced
‘ 2.00 r
— 2 4 p ] °
E=mc vile [ et TH T Ve
The force is screened R i ollibogin
so it gets weaker o A :
0.50 ,‘;//t:.'.'.' sl Sk
Need T > 150 MeV fo e s 201 vms
(> 102 degrees) it e
0 1 2 3 4 5

To enter plasma phase

11.15T,



The heaters

Large Hadron Collider Relativistic Heavy lon Collider

L% 3 7
e
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CERN in Geneva Brookhaven in New York
Pb+Pb @ 2.76 TeV/A Aut+Au @ 200 MeV/A

Collide heavy nuclei for max temperature & volume
p+p and p+A for comparison )



In the LHC tunnel
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energy stored in each of the colliding beams equivalent to an ICE at 150 km/h
(350 MJ)

but only the smalles part of this energy is released in the collisions
(one part in 1011 each time the bunches are crosssing)

energy stored in the magnets: 10 GJ

great care must be taken!

J. Stachel, Women of the World in Physics, November 9-11, 2022



How much enerqgyv in one collision?

-at the LHC

energy released in a single collision is macroscopic:
E— % P —

collision of 2 lead nuclei 208 x 2.7 + 208 x 2.7 TeV =1123 TeV
=0.18 mJ
5800 time the mass of the 2 nuclei!

one could hear the collisions! ‘»%ﬁ If they didn't happen in vacuum ...

J. Stachel, Women of the World in Physics, November 9-11, 2022




Experiments at RHIC

10



R
1000 scientists

in 172 institutes
from 40 countries
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Nuclear collision timeline

plasma lives ~3x10-23 seconds, ~102cm across

o, i0 i o o Final detected
Relativistic Heavy-lon Collision particle distributions

Kinetic
freoze-ou»t»_;,_.»—-"""

Hadronization——"_ ¢ L

—

Initial energy
density‘ P

* " Hadron
gas

QGP phase . phase

collision “#
overlap zone

E d’c/d’p (mb/GeV?)

kel
equilibrium viscous hydrodynamics
dynamics or transport free streaming

1~0fm/c  T~1fm/c 7~10 fm/c 7~10 fm/c

pr (GeV/c)

Study with particles coming out

® radiated from bulk medium: “internal” plasma probes

® large E,.; (high p or M) set scale other than T(plasma)
autogenerated “external” probe
Can calculate w/perturbative QCD
control probe: photons - EM, not strong interaction 13



Is the collision hot enough?

14



Hottest Science Experiment on the Planet*

plasma lives for 3x10-23 s
droplet is 10-2 cm across

can’t use a thermometer!
So we look at radiation

traviolet shortwave
gamma X-rays rays ‘ infrared radar TV AM
rays rays

- ony
10" 10" 102X ~10° 10 I0'~ 10° 1 10*  10*

S
~ . Wavelength (meters)
—
Y

Visible Light ~

]

400 500 600 700
Wavelength (nanometers)

* According to Discover Magazine (2010)



Thermal radiation
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p*p
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Low mass, high pr e*e" —
nearly real photons

Large enhancement above
p+p in the thermal region

Ed’N/dp*(GeV?c?) or Ed’s/dp® (mb GeVc
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PRL 104, 132301 (2010) pQCD y spectrum
(Compton scattering @ NLO)

A Monnai agrees with p+p data
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direct photons: T,,,,> T !

c’g 103 I I I I I I l | I I l I I I I I I I I I I I | I I I
g 1© 0-40% Pb-Pb, (5= 2.76 TeV %
3 10 ALICE
o[ 1 —¢— Direct photons PRELIMINARY
Q; = Direct photon NLO foru=0.51t02.0 P, (scaled pp)
12 10° —— Exponential fit: A x exp(-p_/T), T = 304 £ 51 MeV
N
10?2 Yo
\d
10°
10*
10°
10°
10.7 1 | 1 I 1 | 1 I 1 | 1 I 1 | 1 I 1 | 1 I 1 | 1 I 1 | 1
0 2 4 6 8 10 12 14

P, (GeVic) T

p; (Gevic)

NB: T.~ 150 MeV
@LHC T,,, = 304+51 MeV

avg

T ~ 30% higher than at
RHIC

* Exponential fit in p:

T,,=221+23 £18 MeV
But, a hot system _expands!

* Use hydrodynamics
models to reproduce data

T,

800
700
600

L 500
— 400

init —

300 MeV

[ T [ T | T
D. d’Enteria -
S. Rasanen
B D.K. Srivastava | ]|
- S. Turbide -
F. Liu
i J. Alam )
P A I I I I I A .
- T =221 MeV n

. : L [ : !
0 01 02 03 04 05 06

" Tau (fm/c)



Collective flow: a common velocity boost

Model expansion of the system with fluid dynamics
A. Monnai

18



Watch QGP blow up — collective flow (v,)

Ay

Almond shape @ X

overlap region
In coordinate
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Plasma properties

E d’c/d’p (mb/GeV?)

o e b b b Lo b by a baw g g 1y

0 1 2 3 4 5 6 7 8 9
pr (GeV/c)
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Compare v, to hydrodynamics

N

- I ' I I I l
~ 0.1 — O
: ‘ e PHOBOS
0.08- + ‘ —  Hydro |-
- ’ I —
006/ 9 “00 4. -
- ® ol
0.04- g 3 f =
0.02- - | ® .
_ PRL 86 (2001) 4012 | 1 ]
0 PR T T IS T T L1 L P S T B
0 0.2 04 0.6 0.8 1
peripheral = central
Nch/Nmax

STAR

Reproduce the data when:
system has deconfined quarks and gluons
viscosity is approximately zero (freely flowing liquid)

“perfect liquid™

X

Y=
‘

21



Discovery: Hot QCD matter is strongly coupled

® viscosity is near limit predicted for equilibrium

systems from the uncertainty principle (& string

theorists!) Ve o,
Use duality of quantum field theory to black holes

® Low viscosity = low resistance to transverse waves

-> many interactions, large cross section

[ Ultra-Cold . o Quark-Gluon
102 Atoms L as Plasma
c -
£ i \/
46 L
2 i
* 8 /
Is *21t 10 L
E 10
=] B
2 :
E -
1 String Theory Limit
E | | ] | ' 7 | T e e 1| | | 1 | /1] | |\'|_|_
0 4 8 7 4 8 12 "4 8 121 2 3
x107 x10° x102 x10'2 ”

Temperature (K)



Many types of strongly coupled matter

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

Cold atoms:
coldest & hottest §
8l matter on earth
are alike!

In all these cases have a competition:

*y

Attractive forces < repulsive force or Kinetic energy
High T, superconductors: magnetic vs. potential energy
Result: many-body interactions, not pairwise!



How does the plasma transport
energy?

E d%/d’p (mb/GeV?)

24



=

E*d’c/dp® (mb-GeV%¢?)

Ac/c (%)

J
RN
o N 2o n & 5883

(Data-QCD)/QCD

Opacity via “external probe” of plasma

4
= v 10
=\ P-P PRL 91 (2003) 241803 ¥ 5 o 7% Auu @200 GeV [0-10%]
- 0 2. ¥ 70 pp @ 200 GeV [Ncoll(0-10%) scaled]
E cl0e * Uncertainty in N i
= I PHENIX Data - E D ncerainty In N ., Pp scaiing
= AN
E — KKP NLO T L % ——
= NN Kretzer NLO T F § PH <ENIX
E R ¥,
= Z, -1
£ Good agreement 25 0_23 AN
£ with pQCD i & F 23
3 b) % o o
3 , IR S0 *
= ] L : L 3
= s &
— 10 L N N
- c) - b A
— - ; N
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A 0L
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4)



colored objects lose ener hotons don’t

SN D D D D D B D B B I L B | I LI | I LI | | | I L B | I 1 1 ] lllll -1
- @ 20 arXiv:1208.2254: 0-5%
16f o 1, arXiv:1205.5759: 0-5% @ | Central Au + Au
1.4 Ydir [l _~_ =
12 + + T _ -
1:1_—— # + + {l ~
3 pHE ML %
T o8f- | [FE00F - B =
0'6:_ —_ | —:
0.4 os —
N o o H H l _
0.2 gLl T T L . -
_l 1 l L1 l 11l l L1 1 l 11 l 11 l L1l l L1 1 l L1 1 l 11 l l:l:l
"2 a4 ® 8 10 12 14 16 18 20
Py (GeV/c)
2 AA
R (p.)= d°N" /dp,dn
44\ Pt

T,d>c™ /dp.dn 26



Enerqgy loss even by very energetic g & g

CMS (* preliminary)  PbPb\js,, = 2.76 TeV
| T | | | T | | | T T :
4 —m— *Z (0-100%) p: >20 GeVic |

1 8— Ldt=7-150 ub N W (0-100%) P: > 25 GeVic - R

1 _6— —@— lIsolated photon (0-10%) — —
- -~ - ——
é * ( }\,15 Mb Experirment dl LP—(., "CERN b
1"—---------F-g------- o ------§ - ata réecorded: Sunhuv 14 19:31:39 2010 CEST

. ’-—'.‘ A un/Event. 15101'_) 1328520 ) -




Interactions inside the plasma

28



Jet formation not instantaneous

Y. Mehtar-Tani:
1602.01047

Blaizot, et al,
PRL114, 222002
(2015)

Q = ejetE

\ jet transverse size

pt-broadening

Qs =4L

High energy q, g “hadronize” outside the plasma
collide in the plasma & radiate extra gluons
produce secondary particles at larger angle

Lower energy jets hadronize inside the plasma

Splittings are calculable by QCD

29



How much energy is lost?

® Quantify using a parameter called g-hat
{i= \/uz/}, A=mean free path; p=typical p; transfer per scatter
~ k2l
® We find:

/c] =1.9 +/- 0.7 GeV?/fm @ T=470 MeV PRC90, 014909 (2014)
1.2 +/-0.3 GeV?/fm @ T=370 MeV

0.38 GeV?/fm @ 150 MeV (not plasma) arxiv:1910.07027

® In cold nuclear matter
9 ~0.02 GeV2fm  arxiv:1907.11808

100 x more energy loss in hot plasma!

30



Shower evolution (how jets form)

Significant scale difference between
parton from hard-scattering and
hadrons measured in detector

!

Large phase space
for jet formation
and evolution

Suite of
observables
needed to explore
this phase space

Rey Cruz Torres

Jet

| Calculable in pQCD

o 1
S

Not calculable in pQCD

a
-

Fragmentation
(Parton shower)

L

Hadronization

31



How enerqy iIs lost: look inside jets

- "o acony "ATI A . Xiv: 1908.05264
& [ 126<p] <158 Gev ATLAS § 7
- _ 1—
= 0-10% PD+PD |5y =502 TeV, 049 nb™ 1 o oo s
- pp Vs=5.02TeV,25pb" 1 _ i 1803.00042
Pb+Pb/ i m000<r<005  anti-k, R=0.4 -
B e015<r<020 7
ptp 2 +0.30 <r<0.40 —
- $ +050 < r <0.60 -
: - - + :
n
- § -
1_!._._._....__...._._.'_ ........ [ J—— N, l....._._._._._._._._!.__
el
i ] _
- a -
- o
| X
0 1 1 1 1 1 L1l l 1 1 1 1 1
1 10

pl* [GeV]
® Excess soft particles at large jet radius
® Fewer particles at higher p;

® Energy loss!
quantify: compare theory to the differential data
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PbPb/pp

Q = ejetE

pt-broadening

Structure within a jet

Does the plasma
change the first
gluon splitting?

Q2 =qL

v__sozTev pp274pb Pbe404pb'

T1 = OjetL

‘ jet transverse size

10_CMS Centramy 50- 80% —: Centrallty 30- 50° T - Centrallty 10- 30° - gwg Centrallty 0- 10°
& PbPb I R
8- m B T i [
®  Wippsmeared T WM 1 r

o ) _:__ % 2 —_ 2 3] r iﬁ‘ﬂ:
o -xl»» , T .

A Vimm g T

f\-...l....l....l....l....l U L TN TN TN TN W NN TN TN TN N NN TN TN WY SN Y W0 T N 1
1_8:_""1""""""‘"""_:_"'I""I""I""I""I
1_65_ anti-k; R=04, h‘iml <13 __ Soft Drop
1.4F 160<pTJm<18OGeV+ F+ B=0,z_=01,AR;;>01 3
1.2F ¥

o 3 [ ]

1_""."'1""+'+'"": """ e
0.8F [ JE
06
04
0.2F =+

O_ i a1l 1 a1y --l-111111111111111||||11111

01 02 03 04 0. 0.1 02 .

Yes!

Now: study
other jet

structure

variables

33



S0, what do we nhow know?

® Quark gluon plasma flows with almost no friction

strong coupling & efficient momentum transport
many-body interactions dominate the properties

® ghat =1.2 -2 GeV?4/fm in QGP: 100x larger than in nuclei
QGP induces gluon radiation and collisions
QGP is opaque to quarks and gluons

® Cascade of gluon splittings is well modeled by QCD, until
they reach low energy (& many body interactions matter)
Modified by QGP - make softer & more particles
Narrowed jet core-> gluons lose more energy than quarks

® What about cold, very dense QCD matter???

34



Inside nucleons and nuclei

® Discovery at RHIC:

Spin of the nucleon is spread out among the
quarks and gluons!

quarks & gluons in polarized proton also polarized

® Implications:

Cold nuclear matter also strongly interacting when
density of partons is large

® Initial state of colliding Pb nuclei already has many-
body interactions

35
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tudy at future electron-ion collider

Electron
Injection
Line

Possible
On-energy
lon Injector
Electron

Injector
s Linac

Possible Polarized

Detector Electron
Location Electrons Source
[‘))0551ble /
G Location /Electrons
Electron p—
Injector (RCS)
Project:
e Add electrons to

the ions in RHIC
at Brookhaven

Scatter electrons
from nuclei!

=
p remnant

Vs = 30 to 140 GeV

Hadron Storage Ring
Electron Storage Ring
Electron Injector Synchrotron
Possible on-energy Hadron
injector ring

Hadron injector complex

36



® Backup

37



Other interesting substructure variables

Jet axis difference

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

i A jet,i \ %
= 3 (25 (5)

i€jet

Groomed

‘ \ ) Standard

N
Il

a > (0 — IRC-safe observable

g Bl [ ® AUCEO10%PbPocaa ALICE Preliminary B s ‘
angulanty O3 b oo Vo507V R =02, pi"* € [40,60] GeV/c
|b N $  ALICE pp data Ch.-particle anti-k; jels ”
5f v anen 40 < p?'* <60 GeVic | bD:‘% 45E A_LI_CE Preliminary LR
. : : |n,l<07, R=02 o] E VS =5.02TeV ¥ Pb-Pb 0-10%
Models generally describe trgnc.js in £ | & e i B
data well, although some deviations : el Ungroom(lb .
St L 1 ] 255 LIPS
L o) © E
‘o JEWEL A\ = . | &
Zapp, EP| C 74 2 (2014) . _ s .
o JETSCAPE < | E ey “EP
arXiv 2204.01163 amaoomen  J &l of DoiENE-oR ol o= EWEL Rl
0 Higher Twist | €1 (o Ly 0
Chen, Zhang ct al,, CPC 45 (2021) 2,024102 o] Horr Tt pron s i ]
0 Hybrid Model S————
L See Zach Hulcher, Tues 18:30 y . l '
0 0.02 004 006 0.08 AR 0
Jet core narrows (q vs. g?) : e, |
B 38
Theory agrees 1 R
0.2 0.4




273 K=0°C

cosmic
microwave chicago
background winter

quark-gluon

plasma

cold atoms
e - - T A, B
. o -:1\ '..; ' oeiie

— * __,',,._..
273K 273K 6000 K 107 K (core)
(surface)

two nearly perfect liquids, completely different scales

difference in temperature : 10 billion billion (107
difference in volume : 1 million billion (1079
difference in density : 10 million billion billion (10%°)

perfect liquid is independent of scale
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Quantum ChromoDynamics (QCD)

® Field theory of strong interaction Quarks Gmnaan

Chromo: color charge of quarks
and gluons

g: 3 colors, g: ¢ & anti-c (8 types)

® Works well: key for Standard Model

S strarge

T twop

® Quantum Electrodynamics (QED)
for electromagnetic interactions
exchanged particles are photons
electrically uncharged

b bottom

® Can see the photons (fortunately!)
But particles with color are unstable
Cannot “see” a single quark or gluon
-> measure color neutral, composite: hadrons
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Open questions

® How can the QGP be hydrodynamic so quickly?
Lots of theoretical work ongoing - How to verify?

® Are there (composite) quasiparticles in QGP?
Evidence that partons bounce off them??

® What size QGP droplet can affect jets?
Systematically measure small systems

® Quantify temperature dependence of QGP opacity
Jet substructure at multiple energies

® Is there a coherence length in QGP, below which
splittings are not resolved?

Scale dependence of jet substructure in data and
theory

43



Quantum Chromodynamics

Theory of

quarks, gluons, and their interactions

QCD Lagrangian

L=c_1(i7“8#—m)q

—g (c7 y“Taq) G,

|
o G Cr

g Kkinetic energy and mass g propagator

RB
qg interaction, coupling g, qg vertex
R B
g kinetic energy and
self interactions

G, =0,G,-0,G,

y75% = el

GG o G

i G’
+g.G*

G. Ingelman: QCD

-g.f GG > last term symbolically in gluon fields Gz :

Tl i

g Kkinetic energy Q000000 ¢ propagator

g self-interactions
given by non-abelian ijb% 3-gluon vertex
SU(3) gauge group,
only one coupling g, >< 4-gluon vertex

44



Small viscosity/entropy

Viscosity: inability to transport
momentum & sustain a wave _ﬁ> 1

internal friction damps waves
[ I _
ow n — large o, transpc?rts e 5~T
momentum across fluid
normal QCD: o not so large

large ¢ in QGP— strongly
coupled!

large ¢ > many-body interactions
when the density is high

Example: milk.
Liquids with higher
viscosities will not
splash as high
when poured at the
same velocity.

So dense QCD matter should also
strongly affect quarks & gluons
transiting it 45



“Gauge gravity duality”

Stack of N D3-branes in type |IB string theory: described in two different pictures:

As a quantum field theory of de-

grees of freedom on the branes: As siring theory on a the curved

spacetime (induced by the matter

N = 4 supersymmetric Yang- ) -
Mills theory density on the branes)

. Y 74 situation near a
Field thkeoryv 74 black hole (but
of Zuc;r S with an extra

n n - . .
ana stuons J dimension)
//
/
/
A/
-
N

The limit of infinitely strong coupling in gauge theory is the limit when string theory
becomes Einsiein’s general relativity

AdSICFT correspondence and the Quart-Cluon Racma - p&f

46



Also explain heavy quark enerqy loss

R3.l

AdS5 —Schwarzschild

Chesler & Yaffe, 0706.0368(hep-th)

|x|E(x)
T

Theory:

o .Quark gluon plasma stops
- | . heavy charm quarks

.Even the heavier b quarks!!
2 P o Experiment:

.Charm stopped
.Beauty less so

30

String theory: yes
47



arXiv: 1910.09110

g
Data + theory = transport e & 2o nm s
Heavy quark energy loss dominated "t /I
by collisions at low p, radiation at = W -
» - s = z -;;'.'!.- Iyl <08, p, <3 GeVic
high pr Light + heavy: precision - R b
() Lk
10_ T Pttt L L ]
9 — MATTER 90% CR :Z_' 'r.qn}'TE'é'Lér' R ] P
8[ - LBT 90% CR T ] p. (GeVic)
7 - JET Collaboration : ] 50 ——r———r— .
3 S | |= Duke |l S Caoetal. (o |
T 2 """""""""""" T ok Catania pQCD | arXiv:1809.07 ) |
& 45 - - '.{I‘:n;‘tdegcol.ﬂad. 894
3-_ R & : ol Nantes col. T = 300 MeV ]
2; '''' R T TIPS ] 'ﬂt -~ - g c
=St D ] <o >
I p=100GeVic ] Wk _ =~ 4 T
01 02 03 ocht(é;S;é “06 07 08 [ T=20MeV 1 -7 =7
100N T = -
7/\_\_ p— ;!':‘S—=—=
RHIC and LHC data analyzed by - i

JETSCAPE collaboration:
S. Cao et al., arXiv: 2102.11337

I 1 l s 2 2 s
10 20 0 10 20 30
p (GeV) p (GeV)

Heavy quark R, fits



Is there a mass effect on g radiation?

® Soft gluon radiation spectrum Dokshitzer, et al. J.Phys.G17,1602 (1991)
" - Dokshitzer & Kharzeev, PL B519, 199 (2001)
_ asCrdo ki dk] M

dP = 2 5,050 =—,
To@ (kL + o) £ ALICE D-tagged vs.
Large M suppresses small angle inclusive jets in p+p
radiation (phase space effect) R \/Ar+ag?

11 yy Og =—=
Known as “dead cone effect R R
- PYTHIA 8 LQ/inclusive pp Ys=13TeV pSriena ek 2 2.8 GeVlc
' ALICE Data no dead-cone limit T
= PYTHIA 8 charged jets, anti-k;, R=0.4 k> Agcp » Aacp = 200 MeV/e
— == SHERPA LQ/inclusive ]
SHERPA no dead-cone limit C/A reclustering Ir;l abl <05 6 (rad)
0.37 0.22 0.14 0.08 022 0.14 0.08 0.22 0.14 0.08 0.05
8 L I L L | L I LI | I | L I | L I L L I | I | I LI
d>’ T | 5 < Eppgaree < 10 GEV [ 10 < E gy, < 20 GeV | 20 < Eppyuo, < 35 GV
D 15} + 4 aeeeaa- omm-n-
E e i - [ '. -------------- [ TR
g g 1 [} -.*---IIIIIII llllll_lh __-+-__ --- i --- |
e & }
™ .
I 0.5 - . | %
0|||1111111111111111||||||||||111||1111 IIlIlIIlllIIIllﬂlLIIlClE
Yes ' 1 15 2 25 15 2 25 15 2 25 3
| |

arXiv:2106.06713 In(1/6)



Eeek! Hydrodynamlcs in smaII systems!

0.24 :
0.22 F- 3 PHENIX |;,| < o 35 \/s_NN = 2oo GeV E
“TF —m— d+Au 20-40% (AN, /dn) = 12.2 + 0.9 : Not blg & dense
PHENIX 020 o piAu0-5% (AN, /dn) = 12.3 + 1.7 E
CO”aboration 018 ;— B SON'C d+AU —:
Nature Physics 0.16 = — = SONIC p+Au + = .
(2018) 0.14 - i MSTV pru 4+ See collective flow!
= 012 4% | -7 Seeded by initial
ot0fF B g _~ =
0.08 - £ ’ = geom etry
0.06 F- ) o 3
ot 1 Droplet of QGP?
0.02 F 4 vropiet o :

How can pressure
build up before this
tiny system
evaporates??
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25.8 pb™' (5.02 TeV pp) + 350.68 ub ™' (5.02 TeV PbPb)

-CMS

- Preliminary

= B'ly|<24
D’ lyl<1.0

" Tmandlumi.  [[87] charged hadrons |y| < 1.0
- _uncertainty _

Parton energy loss

® Quantify by g-hat

G= Vu2/A A=mean free path;
u=typical py transfer per scatter

~ke*/1 J/‘P Alice 0- - J/'¥' Atlas
® Constrain theory by measured Rux "o0% B evarsost

Parton interactions in expanding QGP
Many body q & g

O For a 10 GeV parton interactions!
q =1.9 +/- 0.7 GeV?/fm @ T=470 MeV
1.2 +/-0.3 GeV?/fm @ T=370 MeV
JET Collaboration PRC90, 014909 (2014)

0.38 GeV?/fm @ 150 MeV(hot hadron gas)
arXiv:1910.07027: Dorau, Rose, Pablos & Elfner

0.02 GeV?/fm in cold nuclear matter
arXiv:1907.11808: Ru, Kang, Wang, Xing & Zhang

—
o
T

—
T

“Centrality 0-100% .

R, Pb+Pb/p+p
. e

o o
£ o
A T 7T |' T

o
LS

i
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For early splitting: “qgroom” the jets

Soft-Drop Grooming

R q | Soft Drop Condition:
» Remove wide angle
iecsos g -y zcut 9[’3
soft radiation

® Grooming works on hadrons or partons

® Calculate hard parton splittings with perturbative
QCD

® Important to benchmark the jets in p+p collisions if
we want to look for modification by the plasmal!
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HOW ABOUT COLD, DENSE
QCD MATTER?

Is it strongly coupled too?
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Look deep inside nuclel

® 3 valence quarks + gluons + sea quarks
Gluons split into quarks + antiquarks
Measured by scattering electrons (y transfer)

® Count quark and gluon densities vs. momentum
fraction they carry
X is momentum fraction in * momentum 's - ishadowing  Ferni-
frame (i.e. in proton beam frame) |
Q? is photon virtuality (effective mass)

o

0.6

ops(nucleus)/opg(nucleon)

shadowing

® For p, ninside nucleus:

densities are different! 2 F

d, g from different nucleons interact 3
Higher density —> gluons can fuse

@ higher x values than in isolated protons

— Scale goes as x,~ A 173 54




Electron-ion collider at Brookhaven

Electron
Injection
Line

Possible
On-energy
lon Injector
Electron

Injector
s Linac

Possible Polarized

Detector Electron
Location Source
Electrons

Possible /
Detector /

O Location Electrons

Electron e
Injector (RCS)

Add electrons to
the ions at RHIC

(Polarized)
lon Source

Scatter electrons
from nuclei!

=
p remnant

Vs = 30 to 140 GeV

Hadron Storage Ring
Electron Storage Ring
Electron Injector Synchrotron
Possible on-energy Hadron
injector ring

Hadron injector complex
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See quarks & gluons with electron beam?

o ® Deep inelastic scattering
scatter virtual y off the q charge

® “See’” gluons when quark
distributions don’t scale with
energy transfer from the electron

q

Y

® Seeing gluons more directly: q\;f
in p+p: QCD Compton scattering !

inetp:y+g->cc 7 q
photon-gluon fusion
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Jet’s fate in cold, dense QCD matter

® Energy & angle balance dN/dA®

via lepton-jet correlations 10!
compare energy loss to af™

hot, denser QCD matter

® Jet broadening?

® Jet substructure
Energy flow/shower development
Quantum # correlation in jets
Hadron formation in jets
Jet angularities

-\ Lepton+Jetat EIC

~\ Lepton Pr=10GeV | ——ii-ocev

LR L] aL:OZGeVZ

= = 1L=0.8GEV

\\
\\
~

|||||||||||||||||||||||||
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Deep In a nucleus: gluons are numerous

Low Energy

1/Qg’
» At high density, what?
gluon # saturates?

__ DGLAP

Smaller gluon momentum =

» log (Q7)

Increasing probe energy =
Wt%’ﬁig + ;%%*mm ?



Nuclear PDF’s

® Inside nucleus: densities modified
g, g from different nucleons interact

arXiv:1708.01527

Vs =31.6 - 44.7 GeV
Q%=1.69 GeV?

Red. factor
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The measurements

arXiv:1708.01527
5 e+Au e Vs=31.6GeV 0.7
i y s Vs=44.7 GeV Lo Vs = 63.2, 77.5, 89.4 GeV e+Au
45F JLdt=101b"/A . $=I§%4tGTX o ok ° Vs = 31.6, 38.7, 44.7 GeV Ldt = 10 fo /A
L or ala =re o
g A0 — CT14NLO+EPPS16 i CT14NLO+EPPS16
4 I *43 5’21\\ A i
R S Y --- Vs =40 GeV 05L
o ° x=% ,\5*‘\0 3 kinematic limit TF 5
85k, &+ x=' o0 I ‘ B c045
s : e "z 3.27‘\0-3 ) o . I"u}l{ ”W:‘m: ?:247 GeV
3 b -)"'\/.’ $;;5.2*‘0 a + 0.4 i "1'1}*{ ' oy P=139Gev?
& > * x=8 2x\0 — "‘E‘J‘L oy Tl
= T e $ TR LR
2.5 _- -’.’-/-\/\\'\"— x = 2.0x10 O.. 03F 1{ Q ,I‘Iﬁf‘[’ ) Q*=44G
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- \\ _ } m B
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Mystery of rapid hydrodynamics®

® One of the key questions for hot QCD
But it’s very hard to measure directly!

® Coherent scattering?

> Parton interactions in hot, dense QCD and
cold, dense QCD should be similar

® Rapid expansion driven loss of initial state
memory (hydrodynamic attractor) causing out-
of-equilibrium hydrodynamic behavior?

® Pre-existing many-body interactions?

* Full thermalization is not required for hydrodynamics
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arXiv: 1910.09110

b
j 0-10% Pb-Pb.ﬁ:S.OZTeV
Heavy quarks . S
; wee BAMPS 6l.+rad.
— - o'
Lose energy too! “F =~ % eyerome
: “ —- CUJET 30
Dominated by collisions at low pt T
- - . Iyl <08, p,>3GeVic |,
Radiation at high p;
Q= Vu%/A
Phys. Rev. C 90, 014909 (2014) ] 10
"B MARTIND ' T L McGillrAMY: P. (Gevic)
6 (== HT-BW & -== GLV-CUJET S0——T——— ,
wes HT-M ] (= PAEocNU | S. Cao etal. () |
5F . Catania pQCD arXiv:1809.07
i : 40 = = TAMU T 894 .
o 4 F h iIIan:es co{.+rad.
—_ N 1 Nantes col.
S f T =300 MeV
<D-‘3 C i 30 - © N
F E o P
2 F . <o >
- ] Wk -~ 4 -
1 :'ANfT3f(DI } _Au+Au at RHI(;I g S——— P
AN e ) _Pb+Pb at LHC, [ - T e
0 %A._.. N .i. E 107/‘\“ T -~ -
0 01 02 03 04 05 ~ [ S
e —— e e ———
: T'(GCV) - Og_' 630 0 10 20 30
Light quark Ry, fits: JET collaboration b (GeV) b (GeV)
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Hydro for p, d, SHe + Au

b c
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PHENIX Collaboration
Nature Physics (2018)
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Probe cold, dense matter: Collide e + A

Hadron-Hadron Electron beam: deep
Inelastic scattering

p g e
<« PA W%‘i

® Point-like probe

® No strong interaction before
high momentum transfer
process

® Control probe kinematics by
measuring scattered electron

® Needs Electron-lon Collider

® Probe is a gluon
® Probe has structure!

® Dynamics of the probe
mixed up with structure of
the nucleus

®* RHIC & LHC

We’ll also find out: will there be hydrodynamic flow if

we excite a hot spot with a point particle??! .



Quantify viscosity: Fourier coefficients

Nucleons move around
inside the nucleus

-> |locations of NN
scattering fluctuate

Elliptic Flow Triangular Flow

® Hydro gets it right if NN 1.4 OB dea) i o

fluctuations included = 127 w016 tdeal) o | 2050%
® v, etc. more sensitiveto 2 | 8

the viscosity/entropy = 087 5 0

ratio (viscosity increases 3 06 0

dissipation) S 04} * "
® n/s (QGP)=0.085-0.11 =~ 02|

0




Look at parton “fragmentation”

® Can’t see a single quark or gluon in the detector
They don’t exist alone in nature for very long

® Colored objects radiate gluons (bremsstrahlung!)
Angle ordered process in vacuum. In plasma - not.

® In final state these gluons become normal hadrons
Measure a correlated bunch of hadrons — a “jet”
Process of becoming a jet is called fragmentation

Z= pT hadronl pT parton

102 I 1 1 | 1
0 02 04 06 08 1

Zz
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Jransport properties of QGP

weak coupling limit
perturbative QCD
kinetic theory, cascades
interaction of particles

o 2—3,352,n—2... [EEHIES
QCD 68




Look at parton “fragmentation”

® Can’t see a single quark or gluon in the detector
They don’t exist alone in nature for very long

® Colored objects radiate gluons (bremsstrahlung!)
Angle ordered process in vacuum. In plasma???

® In final state: the gluons become normal hadrons
> Measure a correlated bunch of hadrons — a “jet”
> Look at particle distribution inside

107 By - Z= Pr hadronl P parton

Process of becoming a jet is
called fragmentation

2 [ 1 1 ] 1
10
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