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Motivations: jets & bulk

1. Currently modelled as two different entities

2. Where the bulk ends and the jet starts?
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A unified framework for both jets and bulk?

@ee0e> collinear
------ Glauber
w0900, soft (bulk)

» Bulk and jet constituents are partons before hadronization.

» They should be described by a unified way in QCD.
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QCD factorization
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Bulk enters.
For a recent discussion: Qiu, Ringer, Sato and Zurita, Phys. Rev. Lett. 122, no. 25, 252301 (2019)
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The Bjorken Picture for bulk matter
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valence quarks with density « AY?

wee (soft) gluons

Bjorken, Lect. Notes Phys. 56, 93 (1976).

1. The valence quarks pass through each other.
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I. G. Bearden et al. [BRAHMS], Phys. Rev. Lett. 93, 102301 (2004) [arXiv:nucl-ex/0312023 [nucl-ex]].
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The Bjorken Picture for bulk matter
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wee (soft) gluons

' ~€

valence quarks with density « AY?

Bjorken, Lect. Notes Phys. 56, 93 (1976).

2 Longitudinal boost-invariance: "wee" partons fill a central plateau.
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J. Adam et al. [ALICE], Phys. Lett. B 772, 567-577 (2017) [arXiv:1612.08966 [nucl-ex]].
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The Bjorken Picture for bulk matter

g wee (soft) gluons

valence quarks with density « AY?

Bjorken, Lect. Notes Phys. 56, 93 (1976).

1. The valence quarks pass through each other.
2. Produced "wee" partons fill a central plateau in rapidity.

3. The saturation model (CGC): k ~ Qs > Agcp

A comprehensive review: Kovchegov and Levin, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 33, 1 (2012). .

Let us see what follows from this picture.
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Bulk in AA collisions
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The bottom-up thermalization

At 7 ~ 1/Qs, produced wee (called "hard") partons go on mass-shell.

. 1
k ~ Qs, number density n, ~ —
«a

s

Then, the thermalization proceeds in kinetic theory.
Baier, Mueller, Schiff and Son, Phys. Lett. B 502, 51 (2001) [hep-ph/0009237]

3
Stage | ( as > > 7Qs > 1): expansion prevails interaction.

At this stage, soft gluons play no dominant roles in any physical effects.

Jet quenching parameter
g~ aZNufy ~ Q2/(TQs)*? = pl = 47 ~ Q2 /(1 Q:),

where Ny ~ Q?/(cs7) is the number density of hard gluons and
fy ~ 1/(asTp;) > 1 is their phase-space distribution.

The pressure anisotropy

PL/Pr ~ p2/pF ~ 1/(7Qs)*>.
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The bottom-up thermalization

_5 _3 - - - -
Stage Il (as 2 > 7Qs > a5 2): interaction countervails expansion.
At this stage, soft gluons starts to contribute dominantly to Debye screening.

Jet quenching parameter

g~ ailNy ~ asQ /T = p; = 4T ~ asQZ.

The pressure anisotropy

PL/PT ~ p}/pT ~ as.

At 7~ a:*?/Qs,

Tth 1

Zth o -
p 1

odedT

~ 1.

Now, soft gluons are poised to form a thermal bath.
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The bottom-up thermalization

Stage Il (as_% > 7Qs > as_g): quenching of "hard” gluons.
Thermalization literally proceeds as jet quenching.

Jet quenching parameter

:

3 2, 2
§ ~ ased & AE ~ azg7°.

Properties of the thermal bath

s~ NyAE <= T ~ et ~ a2Q27 and § ~ o Q3(Q7)°.

The pressure anisotropy

PL/Pr ~ N’% ~ o (rQ.)°.

1
At T~ as * /Qs, PL/Pt ~ 1 and es ~ NyQs, signaling the establishment of
thermal equilibrium.
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Stage 0: freeing wee gluon from wave functions

= i &

valence quarks are homogenously
distributed inside the nuclei with mass number A

1. Energy density: ¢ « 1 at large 7

Kovchegov, Nucl. Phys. A 762, 208 (2005) [hep-ph/0503038]; Lappi, Phys. Lett. B 643, 11 (2006) [hep-ph/0606207].

2. Two point function in the limit 7 — oo

GP" (X, p) — 2m6(p*)6™ > eh(p)ex (P)F (X, p)
A==

where (X, p) a longitudinally boost-invariant distribution.

5(p*): classical field does go on mass-shell as 7 — oo!

BW and Kovchegov, JHEP 1803, 158 (2018) [arXiv:1709.02866 [hep-ph]]
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Does kinetic theory follows classical fields?

The question:

off shell

on shell

The answer:

No in ¢* theory at this order.
Kovchegov and BW, JHEP 1803, 157 (2018) [arXiv:1709.02868 [hep-ph]].
QFT has features that complicates the picture in kinetic theory!
Still an open question in QCD!
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Modern understanding of Bottom-up thermalization

1. Stage I: attractor in classical statistical approximation (CSA):
Berges, Boguslavski, Schlichting and Venugopalan, Phys. Rev. D 89, 114007 (2014) [arXiv:1311.3005 [hep-ph]]
2. Bottom-up in kinetic theory:
Kurkela and Zhu, Phys. Rev. Lett. 115, 182301 (2015) [arXiv:1506.06647 [hep-ph]].
3. An entire evolution by matching:

Kurkela, Mazeliauskas, Paquet, Schlichting and Teaney, Phys. Rev. Lett. 122, 122302 (2019) [arXiv:1805.01604 [hep-ph]].
4. Go beyond?
> Fast isotripization has been shown in CSA.

Epelbaum and Gelis, Phys. Rev. Lett. 111, 232301 (2013) [arXiv:1307.2214 [hep-ph]].

> Technial difficulty: One has to deal with nonrenormalizablity

Epelbaum, Gelis and BW, Phys. Rev. D 90, no. 6, 065029 (2014) [arXiv:1402.0115 [hep-ph]].
Berges, Boguslavski, Schlichting and Venugopalan, JHEP 1405, 054 (2014) [arXiv:1312.5216 [hep-ph]].

Another open question!
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Connection to jet quenching

BW, [arXiv:2009.04974 [hep-ph]].
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Connection to jet quenching

Some detailed calculations:

1. Radiative energy spectrum can be calculated analysitcally.

dl §(7)r?

w— ~ asN; for tr < 7
dw w

Baier, Dokshitzer, Mueller and Schiff, Phys. Rev. C 58, 1706 (1998); Arnold, Phys. Rev. D 79, 065025 (2009).

2. Radiative correction to pr-broadening and ¢:

» Leading-logs and resummation
| 1(VEY)
vay

looks like a static medium with § = §(7) at each time!

aresum('r) = 6/( with Y = In(T/A(T))

lancu, Taels and BW, Phys. Lett. B 786, 288 (2018) [arXiv:1806.07177 [hep-ph]]

» Finite terms may also be important: Zzakharov, arXiv:2003.10182 [hep-ph].
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Bulk in small systems
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Hydro vs non-hydro modes

> Two statements that are generally true:

1. QFTs contain hydrodynamics.

2. QFTs go beyond hydrodynamics in different ways.

» Examples:

AdS/CFT QGP
|
Dkt L <~ Hydrodynamic Di... I*
pole
X X
Non-hydodynamic
poles ® ~2xT(14/- i)n
X X
the analytic structure of G277 (w, k) = —i [ d*xe* *g(x0)([T*5(x), T7(0)])
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Hydro Is Hydro

hydro

2y
Die+... X <~ Hydrodynamic

pole
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Qualification of being a fluid

Criteria:

hydro-like < @ < 0.1

in terms of " fluid quality” for T#” calculated in some model
_ (7= Thya)" (T=Tiga),,,
Q(t,r) = (T ™ (Toa),., ;

where Tp g is the energy-momentum tensor in hydrodynamics.

Kurkela, Wiedemann and BW, Eur. Phys. J. C 79, no. 11, 965 (2019) [arXiv:1905.05139 [hep-ph]].
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Hydrodynamic models are Not Only Hydro

Israel-Stewart hydro

|
Di+... I

<~ Hydrodynamic
pole
Non-hydrodynamic
pole W= -i/t,

\

The Israel-Stewart (IS) hydro
DI 4 4NV ou® = 2 (MW + 290*).

Applicability of Hydrodynamic models: hydrodynamic pole dominates.

Studying the inner workings of QGP now lies beyond hydro.
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CKT

o |
Diz+... 1Y €~ Hydrodynamic
pole

A conformal kinetic transport theory (CKT)

Israel-Stewart hydro
|

Di.. I S~ Hydrodynamic
pole
Non-hydodynamic
cutat Im ©=-i/t,
WRRRAMMAMAAAAY

Non-hydrodynamic
pole ® = -i/t,

1. Similar to kinetic theory in relaxation time approximation:
Baym, Phys. Lett. 138B, 18 (1984).

Al

2. Physics depends on only one dimensionless parameter:
- R/lmfp

Opacity: 4 = WR%(aoTo)

Kurkela, Wiedemann and BW, Phys. Lett. B 783, 274 (2018), [arXiv:1803.02072]

n_1
5

3. The transport coefficients:
Jet Quenching and Early-Time Dynamics
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Probes to non-hydro (particle-like) modes

1. Studying jet quenching

high pr jets probe short wavelength

D

2. Studying small systems: Gg(r, k) ~ cpye (gt non-hydro terms
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|
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Flow in small and/or dilute limit

Yy Py
hydro

X _)

pressure gradient

@ _)
~
T
Initially isotropic kinetic theory More particles moving
momentum distribution along *x direction
=0 =R

Kurkela, Wiedemann and BW, Phys. Lett. B 783, 274 (2018), [arXiv:1803.02072].

Flow is a signature for final-state interactions

See also: Borghini & Gombeaud, Eur. Phys. J. C 71 (2011) 1612; He, Edmonds, Lin, Liu, Molnar & Wang, Phys. Lett. B 753 (2016) 506.
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Flow PURELY from Non-hydro modes at 4 — 0

From mode-mode coupling due to one final-state scattering

dE. 1 dEy
dnd¢ ~ 2w dn l4=0,c,=0

1—0.2104 — 0.212 %€, 2 cos(2¢ — 21)2)
N——
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—_——
v3
+0.063 4€52 cos(4¢ — 44)2) + 0.015 €5
N—_——
V4
+0.1124€52 cos(6¢ — 69)3) + 0.0437¢3
N—_——

V6
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——
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Kurkela, Wiedemann and BW, Phys. Lett. B 783, 274 (2018), [arXiv:1803.02072].
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Linear Response: Single-Hit vs Ideal Hydro

CKT vs IS Hydro
T | T | T

] 7~ T T Wl fiydro T

O  single hit / 7
R 04 — i
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D g1k Full transport _ 1:::0.75R
y | |- = T09sR

0 1 1
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Opacity §' = R/lmfp

Non-hydro modes are more efficient to build up v; in
small systems!

A. Kurkela, U. A. Wiedemann and BW, Eur. Phys. J. C 79, no.9, 759 (2019) [arXiv:1805.04081 [hep-ph]].

Bin Wu 23/ 34 Jet Quenching and Early-Time Dynamics



Linear Response: insensitivity to initial profiles
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A. Kurkela, U. A. Wiedemann and BW, Eur. Phys. J. C 79, no. 11, 965 (2019) [arXiv:1905.05139 [hep-ph]].
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How much " fluid” is CKT?
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Kurkela, Wiedemann and BW, Eur. Phys. J. C 79, no. 11, 965 (2019) [arXiv:1905.05139 [hep-ph]].
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Hydrodynamic vs Non-hydrodynamic modes in flow

CKT vs IS Hydro
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Confronting experimental Data

Vgnergy
0.25¢
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Kurkela, Wiedemann and BW, Eur. Phys. J. C 79, no. 11, 965 (2019) [arXiv:1905.05139 [hep-ph]].
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Confronting pA Data

.?

5[/5.02 TeV pPb I
eve Kinetic Transport
4,
TT—>» X

3,

n/s=2/An . ©®
e L e e

( ]

1 e pagtiglesligtel— WA AN

or R=11m
0 L L L N
0 5 10 15 "

Flow in pA collisions mostly has a non-hydro origin
because bulk matter is mostly not hydro-like.
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Early-time vs late-time attractors in CKT

Py
0.4 ?" RTA attractor

t=1/1
0.01 1 100

Kurkela, van der Schee, Wiedemann and BW, Phys. Rev. Lett. 124, 102301 (2020) [arXiv:1907.08101 [hep-ph]]..

1. Commonalities with bottom-up thermalization (left figure).

> Early-time attractor
> Late-time (hydro) attractor

2. The late-time dynamics is modified by opacity (right figure).
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Attractors in IS and AdS/CFT

0.5} pule

P
04 ?L |IsraeI—Stewart attractorl \\\
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Kurkela, van der Schee, Wiedemann and BW, Phys. Rev. Lett. 124, 102301 (2020) [arXiv:1907.08101 [hep-ph]]..

The three theories are radically different especially in early times!

A potential probe to hydrodynamization!
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Linear response with early-time attractor
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A. Kurkela, S. F. Taghavi, U. A. Wiedemann and BW, [arXiv:2007.06851 [hep-ph]].
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The quadratic response

- 1.5 == Wy,23 — Wy, 22
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Opacity: y

Vm+n = Wm+n,mn€m€n

A. Kurkela, S. F. Taghavi, U. A. Wiedemann and BW, [arXiv:2007.06851 [hep-ph]].
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The cubic response

°© ©
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Response coefficient
o
N

o
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Opacity: y

Vitm+n = Witm+n,Imn€1€mEn

A. Kurkela, S. F. Taghavi, U. A. Wiedemann and BW, [arXiv:2007.06851 [hep-ph]].

Bin Wu 33/ 34 Jet Quenching and Early-Time Dynamics



Evolution with TRENTo initial profiles

t=025 ,two peaks t=4.00,V=0
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Conclusions

1. For large systems:

v" The bottom-up thermalization is supported by more detailed calculations.
v The soft gluon radiation from jets with tr < 7 look like the static case.
X There are some technical questions for going beyond

2. For small systems:
v Non-hydro modes, which dominates at early time, also contribute to flow.
v Interplay between hydro and non-hydro modes can be studied (in CKT).
X potential modification of the bottom-up thermalization?
X jet quenching?

3. A unified framework for jets & bulk?

Bin Wu Jet Quenching and Early-Time Dynamics



