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Heavy-lon Collisions: The Little Bangs

Hot QCD Coll. - PRC ‘14

Daniel Pablos
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/s ~ 4 ATeV
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C ] CMS Experiment at LHC, CERN

Data recorded: Mon Nov 8 11:30:53 2010 CEST
Run/Event: 150431 / 630470
: Lumi section: 173

® Deconfined QCD matter in experiments:

» Very strong collective effects.

$ Thousands of particles correlated
according to initial geometry.

» Hydrodynamic explosion!
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Elliptic Flow vs Centrality

PRC 86 (2012) 014907
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slide adapted from Z. Chen
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® To leading order v,, X Ag, .

® As system size decreased, less flow.
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Jet Azimuthal Anisotropy
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Parton Energy Loss

jet Energy loss with deconfined QCD matter,
E > T degrade energy down to medium scale.

pQCD:

Energetic parton emits quanta,
which in turn emit more quanta. »g’/

—

4
—< ) G

E
Turbulent cascade with sink at E ~ T. /E*

Mehtar-Tani et al. - 2209.10569

Blaizot et al. - 1209.4585, 1301.6102, 1311.5823
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https://arxiv.org/abs/1209.4585
https://arxiv.org/abs/1301.6102
https://arxiv.org/abs/1311.5823
https://arxiv.org/abs/2209.10569

Jet Suppression

P(pTt
(PT) Jet spectrum gets shifted due to energy loss.

pr ~ E

number of jetsin A — A

Ras =
A4 number of collisions x number of jetsinp — p
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Suppression of Colored Objects

Pb+Pb |s,,, = 5.02 TeV
0-100%
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In-Meadium Jet Propagation

This is an
(on-shell) parton.
Not a jet.

Daniel Pablos |IGFAE - USC



In-Meadium Jet Propagation

Daniel Pablos

This is a jet.

Highly virtual modes
have vacuum dynamics
(scale separation).

Each resolved vacuum mode
IS a source of energy loss.
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Quenched Phase Space of a Jet

® Only those jet modes that:

& are formed inside the medium, and,

tf<L

# are resolved by the medium,

tr <tq

contribute to double-logarithmic enhancement
of quenched phase space:

_ dd0 [dz _. R p, 2. R
PSi,= & / 7/ ; _alne—c(lnwc | 3lnoc)

te<<tyq<L

—Iné@ Mehtar-Tani, Tywoniuk - PRD ‘18
see also Caucal, lancu, Mueller, Soyez - PRL ‘18
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Jet Suppression: Framework

® Use microjet distributions derived using Generating Functional (GF) framework:

1ncl

Vacuum evol ]/z Z t) : Dasgupta et al. - JHEP ‘14
. 1
obeys DGLAP: = Z f — Piklz ') )i (2/2,1)

® Extend GF in the medium to resum energy loss effects due to multi-particle nature of jet:

PSin constraint Initial condition at zero angle

8Qz‘(P, 9) _ /1 i aS(kJ‘)pgf) (Z)@res (z, 9) IS single charge quenching factor:
Olné 0 27 0, ( 0) . Q ( )Q(O)( )
X [Q;(2p,0)Qk((1 — 2)p, 0) — Qi(p, )] $\P rad,i \P7/ el \OT)
Radiative Elastic
energy loss energy loss

Mehtar-Tani, DP, Tywoniuk - PRL ‘21
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Jet Suppression: Framework
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Important example:

OCS[y(t) dzp L2 (t) T°(x) (p.u(m))

1/NdN/dé,

Coherence Angle vs. Centrality

pO

0-5% s
20-30% =
50-60%

AuAu, /s = 0.2 ATeV

Daniel Pablos

® Embed framework in realistic

heavy-ion environment.

® Average over many in-medium jet histories.

Approximate function:

96 _96/9:
* 2 €
Oc

P(OC) —

Oc

Centrality RHIC LHC
0-5% 0.13 0.09
5-10% 0.15 0.10
10-20% 0.17 0.12
20-30% 0.22 0.15
30-40% 0.27 0.19
40-50% 0.35 0.24
50-60% 0.45 0.32
60-70% 0.58 0.41

IGFAE - USC



0.8 F

0.6

Raa
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100
Jet pT [GGV]
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1000

Jet Suppression at LHC

® Modelling sensitivity at pr=110 GeV

for R between 0.2 and 0.6:

Mehtar-Tani, DP,
Tywoniuk - PRL 21

Parameter |Variation Effect
0. 0:/2, 20.] |<20%
IOE LO/NLO ~ 2%
n +1 ~ 10%
Rrec 1, OO] 5 10%
W ws/2, 2ws] |S 8%

» NLO contribution very small

(hard emissions tend to be collinear).

$ Modeling of fate of lost energy relatively small.

$ Determination of qguenched phase space

relatively large. Improvable in pQCD.

Need to improve perturbative sector before
non-perturbative becomes relevant (for R<0.6!)

14
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Jet Suppression at LHC

lrr "7 77T T T T T T T
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Jet Suppression at LHC

CMS R=0.2 —m—
ATLAS R=0.2 —»

CMS R=04 —m—
ATLAS R=0.4 —e—

CMS R=0.6

100 1000
Jet Pr [GGV]

® Some tension with CMS data
(also tension between ATLAS and CMS).
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Jet Suppression at RHIC

STAR Ch. Jet
— 200 A 1
] Theory | /5=200AGeV | 0-10% )
: R=0.2 | R=0.3 + R=0.4 -
5 15 25 35 45 55 5 15 25 35 45 55 5 15 25 35 45 55 65

Jet T [GGV]

Jet PT [GGV]

Jet DT [GGV]

® Below dashed line: biased region (experimental limitation).

Daniel Pablos
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Jet (%))

Jet vo at LHC for R=0.2

to = 0.6 fm/c
0.1 — 7T + 7 ' v 1 v T T T 1 ' | I A A | — T T v v v T T
0-5% 5-10% 40-60%
0.08 | 10-20% e | 20-40% 1 ATLAS
' Quench before ¢
0.06 F /5 =05.02 ATeV + = 0.2 L nl < 1.2
0.04
0.02 _
0
-0.02 | 1 1
50 150 250 350 50 150 250 350 50 150 250 350
Jet pr [GeV] Jet pr [GeV] Jet pr [GeV]

® Good description of centrality and pt dependence.

® Quenching in initial stages improves agreement with most central class.

Daniel Pablos
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R-dependence of vo at RHIC

V2 difference between various R and R=0.1 at fixed pr.

0.03
0.025 AuAu, /s =200 AGeV
— Jet Pr = 20 GeV
=  0.02
|
& 0.015
S
| 0.01
93
= 0.005
~
0

0-5 5-10 10-20 20-30 30-40 40-50 00-60
Centrality %
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@ Sequential collapse of vz difference
at different centralities...

® What exactly is driving this behaviour?

IGFAE - USC



Simplified Analytics

N 1 RAA(Lin) — RAA(Lout)
2 RAA(Lin) + RAA(Lout)

U2

For small length differences:

ALdInR,,
4 dL

Vo =~

® Resummed quenching weight

® For a single species: In the soft z and strong quenching approx:
R 2 R ~J (O) _Qres ,R
aa = Qpr, R) Qi(pr; R) ~ Q; (pr) e~ Pres P10
Bare quenching weight Resolved phase-space

Daniel Pablos |IGFAE - USC



Simplified Analytics

. R 3pr 2. R
Qres — 2 1 T 1 I 1 D —
« nec (n v, T3 HOC) AL/L = 2e

e IS eccentricity.

Derivative of resolved phase space

IS independent of R and 0Oc:
v _ TwWe.n 3
‘ ~ & (\/ 4+ 2L.O(R- oc))

_ e 2
3 € Pr
5Qres(pT7R) — _a'cc
L
Le =In(3pr/we) Jet va larger than single charge vz

by a fixed amount if R > Qc.

Vo 1
Otherwise — ~ —— In Raa
e | r<o, 2 r<o.

Daniel Pablos |IGFAE - USC



Simplified Analytics

Smaller

0.

1 o--0

/ Less quenching per se (only effect in single color charge).
™ Less guenching due to smaller resolved phase-space.
(Unless R<B¢, both for Lin and Lout!).

Smaller traversed length

Daniel Pablos 22 IGFAE - USC



Jet vo Probes Color Coherence

2 , | |
1.8 RHIC R=0.2 s
| LHC R =03
=) 1.6 R=04
A I pr ~ 38 GeV. R=05
A= €. R=0.6
— 1.4 + .éii 8
S 2N
P o T =l Full framework
S '. ® ®e Q
’ |
0.8

® Map between collision system and centrality
with typical B¢ (the table in slide 13!)

0% (4/s, cent.)

reveals common dependence on
color coherence between RHIC and LHC.

Daniel Pablos
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Jet vo Probes Color Coherence

2 | T T T l | ) | : | | :
18 | RHIC R =0.2 wem ) RHIC R —=0.2
' LHC R=0.3 18 1HC R=03 ]
— L6 R =04 = R=04
C”D adl pr ~ 38 GeV. R=0.5 _ C”D L6 R =05 —
TRy ‘.‘é it =06 s, 3 R=06
— 14t ) . S 141 e _
3 d = o8
< ‘. o Full framework 2 o€
& 127 O |t . ) & 12t ’o" o pr = 38 GeV |
o . p =
= ®0. . o S ¢ 9. Full framework
] ® § . °0 o
| O
08 | : : : I ' O 8 | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 ' 0 0.5 1 15 9 25 3
0 0*/R

® Map between collision system and centrality
with typical B¢ (the table in slide 13!)

0% (4/s, cent.)

reveals common dependence on
color coherence between RHIC and LHC.

¥ Universal scaling for sufficiently large R!

» Merging at 07 /R~ 1.

$ Suggestive of an experimental strategy.

Daniel Pablos |IGFAE - USC



’UQ(R)/’UQ(R — 01)

1.8

1.6

1.4

1.2

0.8

Jet vo Probes Color Coherence

Simple analytics

| |

R=02 ——
R=03 ——
R=04 —
R=05 —
R=0.6

Fluc. 6.
Fixed 6.

Daniel Pablos

1.5

6:/R

Universal curve directly sensitive
to O fluctuations!

1+t
te%

O(R—-6.) — /R do. P(6.) =1

t=0./R

IGFAE - USC



Conclusions

® Jet vaois a length-differential jet suppression observable. Also present in pPb, without quenching!?

® Critical coherence angle 6. strongly depends on traversed length.
It determines the size of resolved phase space of a jet.

Jet vz Is remarkably sensitive to color coherence physics.

® Made first analytical predictions for jet vo at RHIC and LHC for many R.
Using realistic framework with excellent description of available data (jet pt, R, centrality...)
after fitting a single parameter.

® Proposal: measure jet vo for as many R, as many centralities, and as many systems
as possible for AuAu and PbPb, and should add OQ!

Target a variety of O; values.

Study relative size of vz between different R and small R.

Confront universal scaling picture based on color coherence physics.

Daniel Pablos 20 IGFAE - USC
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Jets in Vacuum

® Through Generating Functional framework:

fipql ( - t) _» inclusive dist. of microjets with energy fraction z, flavour j,
7/1 \7 " atscale t, with initial parton with flavour 1.
incl

® Microjet fragmentation function d i/ (2,1) _ Z : d_z' w(2) fincl( 1 1)

satisfies DGLAP style evolution: dt =), 2 IR

. Dasgupta et al. - JHEP ‘14

® Relates to inclusive dajet do; n—1 pincl

. =~ dz 2 'et/z'(za t)

jet spectrum: dpy dp: Jo J

for power-law initial spectrum: do;/dp; ~ p; "

® Interpret scale t as an angular scale ¢t = 0
in angular ordered shower: 6; > 05 > 05. ..

2m ke = 2(1 — z‘)pO
kt
Bo In 5 Bo = (11N, — 4n;Tg)/3

® Use running coupling constant: a(k;) =

Daniel Pablos 28 IGFAE - USC



Improved Opacity Expansion (IOE)

Barata, Mehtar-Tani - JHEP 20 9 9 A . w
- . . . . tcoh:w/kl kJ_thCOh lcoh = 5
— o~ meaea. LO+NLO
10"’ ke -.-,!’>
. . ———  LO+NLO-+NNLO (matched)
e .N,

- . .
-
* -
0.100}-
. . — .\.
. . — . \. o
r . . \.\

O.(X)l' ™~ ‘ '\‘ T,
--=.= LO (BDMPS-2) S
~ — GLV e
|
el IR N
- — - NNLO (matched) N
0.01 0.10 1 10 100 1000
W
We

Daniel Pablos |IGFAE - USC



Improved Opacity Expansion (IOE)

Barata, Mehtar-Tani - JHEP ‘20

_
o~ e LONLO
e
- B, ~———  LO+NLO-NNLO (matched)
- s
h * —\.
- N
0.100fF ‘-‘. \
— .‘,~ 5\
o ~
3‘ 3 . | \
0.001 ~ '\‘ .,
-=-=.= LO (BDMPS-2) S
~ — GLV e
5
d - = - - NLO
- — - NNLO (matched)
0.01 0.10 1 10 100 1000
W
w ~ 1 o

Daniel Pablos

A W
coh = w/kﬁ_ kﬁ_ ~ qtcoh  Teoh = \/ 5

® Bethe-Heitler regime tcon ~ Zmfp

d/BH L
W ~ O

dw

/ = s Ngcatt
mip

IGFAE - USC



Improved Opacity Expansion (IOE)

Barata, Mehtar-Tani - JHEP ‘20

e~
o . e LO+NLO
e P
- T ———  LO+NLO-+NNLO (matched)
s g
e - —ks
- N.
— .‘,~ 5\
5 \ .\'
3‘ 3 . | ‘\
0.m1 | ~ ‘ 's‘ .,
---.- LO (BDMPS-2) S
~ — GLV o
5
10°0 .- ..nNwWO
- — - NNLO (matched)
0.01 0.10 1 10 100 1000
W
w e~ 1 w < W, o

Daniel Pablos

A w
tcoh = W/ki ki ~ Qtcoh  leoh = \/ 5

® Bethe-Heitler regime tcon ~ Zmfp

d/BH L
W ~ Qg

dw

/ = s Ngcatt
mip

® BDMPS-Zregime /lnf <K teonh K L

deNa L . We
dw = teon oV w

IGFAE - USC



Improved Opacity Expansion (IOE)

Barata, Mehtar-Tani - JHEP 20 9 9 A . w
- i , - . - , v v tCOh — w/kJ_ k_|_ ~ qtcoh tcoh = 5
o> . I LONLO
E e, . .
Ty, T LOWROWRRLD freidied) ® Bethe-Heitler regime tcon ~ Zmfp
BT deBH IR
'?s Y 2 p— tt
s \ dw “Lmfp o
—— : \'s s\
ﬁ 3 ~ . .\'
0.001k . . o ® BDMPS-Zregime /lnf <K teonh K L
=== LO (BDMPS- 2) B wd_l ~ o L = we
\ .\. - S - S
. - = GLV . ‘.‘. dw tcoh W
10°0 . -..NoO D R
- — - NNLO (matched) S| @ GLVregime k> Qi = qL
o0 2
0.01 0.10 1 10 100 1000 df 3 dk? . W
w— ~ anl g
dw w/L kT W

w > W,

W
We

w ~ "1 w < W,
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Radiative Energy Loss

Baier, Dokshitzer, Mueller, Peigne, Schiff - NPB ‘97
Zakharov - JETP Lett. ‘96

® Framework: Light-Cone Perturbation Theory.

® Integrated medium induced spectrum: Arnold, Moore, Yaffe - JHEP "03
dI L« CR 2
W = : / dtz / dt1 Bz - Oy [K(z, t2|y, t1) — Ko(, 2|y, t1)]p—py—0
® Resummed propagator due to multiple interactions with the medium satisfies w, ki
2D Schrodinger-like equation:
. 0% " .
0+ 35+ iv(o)| K@, taly, ) = 8 - 9)o(t2 — ) e '
. . d?o -
® With potential: v(ax,t) = CA/ ——(1 — )
. A%k
and scattering cross-section:
Hard Thermal Loop: Gyulassy-Wang: | | |
(@) - q2(q2 +m3) (@) (g% + p?)? Mehtar-Tani - JHEP ‘19
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Usual Approximations of the Spectrum

® Dilute medium: expand to leading order in v(a) (N=1 opacity expansion):

dIgLv . [* p-q (p—q)®
W = 32T « C’Rqo/ ds/ 1 — cos S
dw ] 0 pq P2(P—q)*(q® + p?)? 2w

Gyulassy, Levai, Vitev - NPB ‘00
Wang, Guo - NPA ‘01
Majumder - PRD ‘12

Sievert, Vitev, Yoon - PLB ‘19

Single hard scattering, preserves full form of potential.

® Harmonic oscillator (diffusion) approximation:

d*o - 1 neglect logarithmic
x,t) =C ——(1 — e"*®) = —§(x?, ° °
v(,1) A % d2k( ™) 4q(m dependence
* 2 ~ 1/X2
dI K
w—2 = 2a1n |cos(R2L)|  Q(t) =
dw
BDMPS - ASW spectrum BDMPS-Z
. . . . Salgado, Wiedemann - PRD ‘03
Large medium, resums multiple soft interactions. Armesto, Salgado, Wiedemann - PRD ‘04
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Improved Opacity Expansion (IOE)

® Perform “opacity” expansion on top of harmonic oscillator solution:

2
v(x,t) = iaﬁ log( 21:1:2) — i 2 (log (5‘) ) + log (Qzlmz)) = vpo(x,t) + dv(x,t)

Mehtar-Tani - JHEP 19
K(xz,t,y,s) = // du Kuo(x,t|z,u)dv(z,u)K(z,uly, s) Mehtar-Tani, Tywoniuk - JHEP ‘19
z Barata, Mehtar-Tani - JHEP ‘20

® Can systematically compute corrections up to arbitrary order in dv(zx,t) :
drI d IHO=LO d INLO ILO i INmLO
W

w@:w dw ICudw T

® Spectrum should be independent of Q2 scale when all orders are included:

— This leads to Q* = qow In Q?/ ,u* trans mom. acquwed by radiated gluon — natural scale)

TS  2a,Cr ] 5 — dnl Q°
: = — In |cos QL , | 9=4do'n 12
| Spectrum @ NLO dw W ‘ O — (1_4 NEIC
in the soft limitin I0E:  dI®) _ a,Créo , /Ld -1 —k%(s) ‘i T ( o D)V a/(4w)
— C S n ‘ _ WO _
ﬂ S dw - 2r o 2(3) Q? e~ 7" | k%(s) 72 [E;Itig&_s)]
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Qquark

0.2

0.8

leuon

0.2

Resummed Quenching Factor

0-10% Quarks

R=0.8

Vs =5.02 ATeV

Gluons

'
l“
'
'
Wt

'
Y
Wt

Y
'
Y
!
'
Y
[}

Resummed

[
R
W

'
Y
[

100
Pr (GGV)

Daniel Pablos

® Bare quenching factors (dashed):

less quenching for larger R.

Easier to keep (recover) the
emitted (thermalised) modes.

® Resummed quenching factors (solid):
larger R can lead to more quenching.

Interplay between energy recovery
and size of quenched phase space.

Mehtar-Tani, DP, Tywoniuk - PRL ‘21
|IGFAE - USC




Out of Cone Radiation

® Only emissions that end up out of the cone R should be accounted for:

Multiplicative dr> _ ” 2 df B(wR: O2 ﬂ
Ansatz: “dw /(wR)z dklwdw dk* (WE; Qbroaa) “dw

Mehtar-Tani, DP, Tywoniuk - PRL ‘21 B(wR; Q%road) — Yy = (wR)2 |
5 5 Broadening dist. bggzl.eanﬁtne;:g(a:le
e k9 kT < Q2 9
P(k) ~ { 9, 57 P D) = Cr [ 2(a) Pk~ 4,L) ~ Pk, L)
ATQ% ]{I2 2 OL q
k4 1 > Qmed

® Use Moliere expansion around multiple soft scatterings (a.k.a. IOE). Barata et al. - PRD ‘21

® Can be improved with fully differential spectrum. Barata et al. - JHEP ‘21

Daniel Pablos |IGFAE - USC



Bare Quenching Factor

Baier, Dokshitzer, Mueller - JHEP ‘01

® For steeply falling spectrum and small energy loss: Salgado, Wiedemann - PRD ‘03
do d > do davac
dme = de P(e) 2 e N — de P(e)e * PT
Mehtar-Tani, DP, Tywoniuk - PRL ‘21 Q(pr)

® Quenching factor of a single parton for multiple independent emissions (R dependent):

(0) _ >~ df> _ avw) o dI'® _ e vw(1 (Ric)z)
Q..q(0r) = exp[ /w dw ™ (1 e ) / dw = (1 e )

T
n

UV —
PT Full out-of-cone spectrum Ws = (QIZnech/ (2m)%)*mqo L?
for semi-hard emissions

¥ O(1) emission probability
Note that:

¥ undergo turbulent cascade, thermalise
AF — (1 R o s d1© o d (0),turb
= (1= (7)) [ dwwS— = = QU™ (py)

¥ if uniformly distributed in jet hemisphere
Rrec ~ T

rad

Daniel Pablos 38 IGFAE - USC



do /dprdn (w/ nPDF / w/o nPDF)

2.0

1.5

0.9

Effect of Nuclear PDF

EPS09LO

No quenching.

RHIC mwsm

LHC s

10 100 1000
Jet DT [GGV]

Daniel Pablos
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100

do /dpr dn [mb/GeV]

1 x 10719

1 x 1012

RHIC vs LHC Vacuum Spectra

0.01 ¢
0.0001 }
1x107% |

1x107% ¢

In| < 0.5

n ~ 9.9

pp, v/s = 0.2 TeV

RHIC

n| < 2.8

] 100 ¢
R=01 —— 4 :
R=02 — ] 1 ¢
R=03 —— 3 :
R=04 —— % 0.01 :
=06 I = 0.0001 & T~
R=08 — | g -
. = n~4.7
R=1 S1x1076
~
T1x1078 & pp, /s = 5.02 TeV
\ % 10
\ ] 1 x 10 E LHC
T, ~~ 11 1 % 10—12
50 20

Jet T [GGV]

® Spectra increases with increasing R
due to recapturing out-of-cone radiation.

® Steeper spectrum at RHIC energies,
will push Raa down.

Jet pr |GeV]

Daniel Pablos
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1.2

RHIC vs LHC Vacuum Quark Fraction

RHIC

fo ~ 0.8

n| < 0.5

pp, /s = 0.2 TeV

R=01——
R=02 ——
R=03 ——
R=04 ——
R=0.6
R=08 ——
R=1——

15

25

35 45 515
Jet pr |GeV]

65

1.2

1

0.8

0.4

0.2

LHC

pp, /s = 5.02 TeV

fa~ 0.8

In| < 2.8

R=01 ——
R=02 ——
R=03 ——
R=04 ——
R =0.6
R=08 ——
R=1 ——

100

200

300

400

500 600

Jet pr [GGV]

® Quark-initiated jet fraction decreases with increasing R,

as gluon-initiated jets are more active.

® Larger quark-initiated jet fraction at RHIC,

should push total Raa up.
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RHIC vs LHC Quenching Factor
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Accessing Initial Jet Anisotropies

v> VS y for centrality 30-40%, Du, DP, Tywoniuk - PRL ‘21
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® Intuitive origin of high-pr jet anisotropies:

Small X (large energy loss):
® longer path length;

- Vo < 0 .

and viceversa for large X.
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® However, if use IES:

Reveals initial azimuthal anisotropies.
Vo 0.

In this model: none -

And in experiments?
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