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QCD Matter

A New Phase: Quark-Gluon Plasma (QGP):

® Filled the universe s after Big Bang.
® Colour is liberated.
® A gas of quarks and gluons.

Te “Phase transition” What are the properties of the
T. ~2.102K ~ 170MeV plasma close to the transition?

®®@ @ Hadron Gas:

® Color is confined.

@ @ @ ® Hadrons re-scatter.
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A Gas of Quarks and Gluons
.
.
. .
.

. Resummation techniques can bring
the validity of perturbative methods
to much lower temperatures

) |

. (e.g. Hard Thermal Loop)
o "o 0o o°
1 1 1
T < g_T < 2T
Inter-pgrticle Interaction Mean free
spacing range path
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Which is the Correct Picture of the Plasma?

Is it a gas of quarks and gluons?

T ~ 0.2GeV
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Which is the Correct Picture of the Plasma?

Is it a gas of quarks and gluons?

T ~ 0.2GeV

as = 0.9 = g =2
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Which is the Correct Picture of the Plasma?

Is it a gas of quarks and gluons?

T ~ 0.2GeV

as = 0.9 = g =2
T ~ gT ~ ¢°T
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Which is the Correct Picture of the Plasma?

T ~ 0.2GeV

Y

A

Is it a system with no long lived excitations?

as = 0.3 =g =2
T ~ gT ~ ¢*T
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Which is the Correct Picture of the Plasma?

T ~ 0.2GeV

Y

A

Is it a system with no quasiparticles?
as = 0.3 =g =2
T ~ gT ~ ¢*T
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Heavy-lon Collisions (HIC): The Little Bangs

Hot QCD Coll. - PRC ‘14

Daniel Pablos
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/s ~ 4 ATeV
9

C ] CMS Experiment at LHC, CERN

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

® Deconfined matter in experiments:

» Very strong collective effects.

$ Thousands of particles correlated
according to initial geometry.

» Hydrodynamic explosion!
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Heavy-lon Collisions (HIC): The Little Bangs

slide adapted from Z. Chen
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slide adapted from Z. Chen

Evidence of Fluidity

Initial Geometr
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Initial state
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Elliptic Flow vs Centrality

slide adapted from Z. Chen
PRC 86 (2012) 014907

i p <2 GeV ATLAS - n=2 ® “Pancake” overlap determines

0.2 Pb-Rb \'s\\=2.76 TeV _ Initial eccentricities. Also determines
J Inl<2.5 multiplicity.

® To leading order v,, X Ag, .

® As system size decreased, less flow.

0

80 60 40 20 O
Centrality [%]
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Elliptic Flow and Viscosity

O STAR 200GeV MinBias

v, (percent)

® Strong sensitivity of elliptic flow to the value of viscosity
(microscopic details).
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QGP: Most Perfect Liquid

Hydrodynamics:
Spatial anisotropies.

Pressure gradients.

® Correlations quantified in the experiments through so-called flow coefficients:

d°N 1 d°N > U r is event plane angle. U3
E S = o7 (H—Z 20y, cos[n(qb—\IJR)])
p T ptapgay o1 Preferred (Y]
. . . . . . by data
® Hydrodynamic simulations point to almost ideal fluid: / etc. ..
(77) NM—0 A MN=cc i
=) . ~0.08 — 4 Gauge/String Duality, Hot QCD
T. S)—0 2 S\— T auge/String Duality, Hot Q
5 ” A log (B/\/X) > and Heavy lon Collisions -
Bernhard et al. - PRC ‘16 N=4 SYM @ weak coupling N=4 SYM @ strong coupling ~ Cambridge University Press ‘14
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Mass Ordering of Flow

slide adapted from Z. Chen
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® Heavier particle has smaller vz for same pr.
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Boost:
* Apr~mp;,

$ Predicted by hydro: common boost at partonic level.
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Quark Coalescence

slide adapted from B. Mueller

vy (pr) = 2 vg(p1/2) vy (pr) = 3 v3(pr/3)

I | T 1 I T | T | T 1 | | I | | T 1
Baryon ® n'+x (PHENIX) <} p+§ (PHENIX)

B K'+K (PHENIX) O A+A (STAR)

0.1 « k? (sTAR) =+= (STAR)

ﬁcﬁ. :*3 ¥

55’
>N
0.05
Meson
PRL 98, 162301 (2007)
® Scaling of elliptic flow with number of quarks.
L T T TN W NN T TR TN SN NN SN TN T SR N SO O S
® Driven by flowing partonic d.o.f. 0 0 0.5 1 1.5 2

KE,/n, (GeV)
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Statistical Hadronization Model

_ _ A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel,
® Thermal production of hadrons using Nature 561 (2018) 321

canonical or grand-canonical ensembles.

| I | ' ' ! I

o 10° _‘f Pb Pb \s -2 76 TeV O 10% centrallty
T L. K
» 1 free parameter: T ~ 156.5(1.5) MeV £ 107 e .
Q. z “w P A ® particles )
; 10 ‘::. _- m antiparticles E
- - - Q. “pu - T
® Describes yields accurately in o F \ o o Statistical Hadronization -
all collision systems. (o ey,  lolal(aflerdecays) -
> 2 P primordial (thermal)
# How is thermalization achieved!? 102 ’
107
- .3 e 3H
. . - A
® Some ideas: analogy between confinement 107 E -
: = 2} Data/Model :
and black hole physics. 107° E 15} y SUkE o o
: : _E 1 R ‘4 .l‘ ..\.He
» Event horizon for colored signals, 107 E o3 - 'f” A $
i i - xx K PP ARACZZE QA dd HeHe H_HHeHe
causally disconnected region. Y0 ) T S | I E
(Hawking-Unruh hadronization) e
| Mass (GeV)
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Flow in Small Systems

“One fluid to rule them all”

p+p

superSONIC for p+p, vs=5.02 TeV, 0-1%

p+Pb

superSONIC for p+Pb, Vs=5.02 TeV, 0-5%

‘Q-

Pb+Pb

superSONIC for Pb+Pb, vs=5.02 TeV, 0-5%

V'z '*data for \/;=13 TeV ' Vz' ' _' '2v2 :1' ) ) '
0.14 V3 **v,, subtracted V3 ¢ l V3 é 1'
Va2 — Va Val2 o
0.12F  ATLAS, Nop=60+ —@— ATLAS, Np=110-140 —@— B ® ) 1cE, 0-5% r—@— ¢ & %
[ CMS**, Ntrk=110-150 —5— ’ §.. @. " .
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pr (GeV) pt (GeV) pt (GeV)

Weller and Romatschke, 1701.07145
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Tuning Eccentricities in Small Systems

Nature Physics 15, 214-220 (2019)

t=1.0fm/c t=1.7fm/c t=3.2fm/c t=4.5fm/c

PHENIX collaboration —
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(e, (€,
0.6 .
: (a) 0.25
0.5 -
0.4 — 0.20
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0.00
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3
v;20+Au < ,Ugl-}-Au ~ ,U2He-+-Au,

Expectation from hydro

arguments: oP Au v§i+Au = ,U:He+Au.
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Tuning Eccentricities in Small Systems
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How Can We Probe the QGP?

A
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Jets in pp

® Hard parton pairs produced
back-to-back in transverse plane,
misaligned in rapidity.

Daniel Pablos INFN Torino



Jets in pp

® Hard parton pairs produced ® Parton density evolution described via DGLAP:
back-to-back in transverse plane, p dz 7
misaligned in rapidity. t@f(il?, t) = / . 27TP+(Z) f (;,t)
771 772 1995 95>

\
00000000 . N

pr X W

® Collimated structure enforced through
collinear divergences & color coherence.
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Jets in pp

® Hard parton pairs produced ® Parton density evolution described via DGLAP:
back-to-back in transverse plane, > dz 7
misaligned in rapidity. Otf(x ) / ~ o (2) f .
R 771 772 \ 190 3 9.9 R
pT pr W
® Collimated structure enforced through ® Jets are defined with clustering algorithm,
collinear divergences & color coherence. reconstruction radius R.
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Jets in pp

® Hard parton pairs produced ® Parton density evolution described via DGLAP:
back-to-back in transverse plane, P dz o 7
: . : T — a;, i — 5 P yA (—, t)
misaligned in rapidity. Btf( ) / ~ o +(2) f .
W%—‘ \\ """'0 pT’ 2 R
® Collimated structure enforced through ® Jets are defined with clustering algorithm,
collinear divergences & color coherence. reconstruction radius R.

» Degree of jet activity determines, e.g., out-of-cone radiation (causes dijet asymmetry in pp).
Pr,1 > PT,2

Daniel Pablos 25 INFN Torino



Jets in Proton-Proton Collisions

‘| CMS Experiment at LHC, CERN

:| Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265

| Lumi section: 14

Orbit/Crossing: 3614980 / 281

-
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Jets in HIC

CMS Experiment at LHC, CERN

» | Data recorded: Sun Nov 14 19:31:39 2010 CEST
\| Run/Event: 151076 / 1328520

Lumi section: 249

Subleading (likely traversed

Jets traverse QGP, Jot more QGP)

get modified, (quenched)
provide information
about medium properties.

Jet 1, pt: 70.0 GeV

Jet 0, pt: 205.1 GeV'

Leading

Jet Jets deposit energy & momentum

in QGP, modify background.
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Outline

@ Jet partons interact with QGP
and experience energy loss.
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Outline

@ Jet partons interact with QGP
and experience energy loss.

® What can we learn by knowing
how much energy a given jet has lost?
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Outline

® Jet partons interact with QGP
and experience energy loss.

QGP
\\““
\\\ 0',””' R
@
pT,1 Pt 2

® How sensitive is the medium to jet substructure fluctuations?
Does it resolve anything beyond total charge?
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Outline

@ Jet partons interact with QGP
and experience energy loss.

® Non-perturbative modelling of
long wavelength jet modes:

Where does “lost” energy go to?
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Parton Energy Loss
pQCD

B emit quanta, which in turn emit more quanta, and should (eventually) hydrodynamize.

High energy partons in the QGP:

o I I I
oty i
D k D D q k
| | | | |
tn tr to tn tr

D(z, k,t) is one-gluon distribution.
Blaizot et al. - JHEP 13 & ‘14, PRL ‘13

® Turbulent cascade develops, with a sink at E ~ T.

® Necessary length to reach the turbulent regime?
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Parton Energy Loss

. . npSYM
High energy partons in the QGP: pS
# are dual to strings falling into a black hole, hydrodynamizing.
_]et Y L3 (4)
ATH = H
(AT (t,2)) = - ——H)(t, )
boundary | .
“Jet” iInduced EM tensor: Perturbed metric
\\3 hard + soft modes. @ boundary.

Long wavelength limit

orizon w (hydrodynamization rate):

hydrodynamic
modes

falling string 1 dEjet A2
E.:. dz 2 2
it TZiherm\/ Ltherm — z?

Chesler & Rajagopal - PRD ‘14, JHEP ‘16
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Interpretation of Observables

Jet observables in heavy ion collisions:

» usually look at differences, ratios, between medium and vacuum
jet ensembles selected with a given pr> preut

Daniel Pablos INFN Torino



Jet observables in heavy ion collisions:

Interpretation of Observables

» usually look at differences, ratios, between medium and vacuum

jet ensembles selected with a given pt> preut.

25 —m—mmo————v—vr+—-v——a—a
: all AR s
- R=04 AR < 0.1
9 [ AR > 0.2 ]
o |
o, .
~—
ﬁ L
2 15 L Enhancement of 1
Q_‘ .
— : narrow jets 1
N
3 _ -—-TW 1
N B
~ 0.9 F M ]
- Suppression of
Z wide jets
o vy
0.1 0.2 0.3 0.4 0
~g

Casalderrey-Solana, Milhano, DP, Rajagopal, JHEP ‘20

Daniel Pablos

Test case: AR (or Ry)

AR is groomed angle of 1st SoftDrop (SD) with z¢,t=0.1 and 3=0.
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Interpretation of Observables

Jet observables in heavy ion collisions:

R T S —
: all AR v
- R=04 AR < 0.1 w
9 [ AR > 0.2 ]
= .
) .
~—
ﬁ L
2 15 L Enhancement of 1
Q_' .
~ ' narrow jets
o [
=]
S 1
—
~~ I
— 05}
- Suppression of
Z wide jets
o vy
0.1 0.2 0.3 0.4 0

Casalderrey-Solana, Milhano, DP, Rajagopal, JHEP ‘20

Daniel Pablos

AR is groomed angle of 1st SoftDrop (SD) with z¢,t=0.1 and 3=0.

$ usually look at differences, ratios, between medium and vacuum
jet ensembles selected with a given pt> preut.

Test case: AR (or Ry)

Some possible interpretations:

e Jets in medium produce emissions with smaller AR

than in vacuum.

Presumes such physics dominated
by medium scale.

e Jets with larger AR are more suppressed
and don't pass the pt cut of the distribution.

Presumes such physics dominated
by vacuum scale.
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Jets and Jets

Wide jet Narrow jet

Vacuum-like
emission

® Same energy. Wider jets have more energy loss sources:

e Same jet radius R. # more total quenching than narrower ones.

e Different fragmentation pattern. Assuming:
e most of the energy goes out of the cone.

e internal structure resolved by QGP.
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Wide jet

“First” emission inside
the jet cone determines
avallable phase space
for further in-cone emissions.

Daniel Pablos

Jets and Jets

Groomed angle is

proxy for jet activity.

Narrow jet

For any evolution variable:

tl x AR
t; < AR’

INFN Torino




IIIIIIIIIIIIIIIIIII

ALICE \|s,, =5.02 TeV
Charged-particle jets
R=0.2, I ”jetl <0.7

<80 GeV/c
0.2, f=0 1

=0.89

IIIIIIIIIIIIIIIII

do
do

® Pb-Pb 0-10%
Sys. uncertainty

£

® Pb-Pb 30-50%
Sys. uncertainty

60 < p.
Soft Drop z

=0.88, A

N W A~ 01 O

ALICE \s,, =5.02 TeV -
Charged-particle jets -
R=04, In 1<05 -
60<p. <80 GeV/c -

, ch jet ]

Soft Drop z_ ,=0.2, =0 :

cut™

P =0.89, A2 =0.90

tagged tagged

I Caucalﬂ ,
Yuan, gL =5 GeV

W JETSCAPE
Pablos, L, =0

Pb-Pb

Pb-Pb

Pablos, L. =2/rT  Yuan, med q/g
W Pablos, L, =

- =Yuan, quark

M JETSCAPE 7
Pablos, L, =0 ]
Pablos, L, =2/xT |

" Pablos, L = ®©

Most relevant common feature between MCs:
B dominance of vacuum physics at early, high energy stages of the shower.

Daniel Pablos

Common feature among MC models

ALICE - PRL 22

AR narrowing observed
in data, well reproduced by
variety of models.

We observe the absence of
wide jets because of pT cut,
selection bias.
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Vacuum-like Jets in the Medium

Jets experience part of their evolution as if they were in vacuum, formation times arguments.
Formation time Tf - when wavelength of emitted gluon resolves transverse separation.
A given emission is vacuum-like (VLE) if:

o~ From multiple soft scatterings. ( é\ )
1t

k From DGLAP evolution.

Tf <4 Trmed Implies separation kJ_

of momenta.

A given dipole is resolved (both legs lose energy) if:

Teoh < L =—»  6>0.~1//qL3

Time it takes a dipole to decohere
via multiple color rotations.

All VLE are angular ordered, since T, < Tcoh . Caucaletal. -1801.09703

VLEs included in MC, either full factorization, or allowing corrections from rare kicks (JEWEL, MATTER).

Daniel Pablos 40 INFN Torino


https://arxiv.org/abs/1801.09703

Interplay petween
vacuum-like
& Medium-induced
emissions still
not well understood!



https://arxiv.org/abs/1801.09703

Diagnosing jet energy loss with deep learning

Selection bias is a dominant effect for many jet observables:

e Common to all calculations, jet MCs, that include jet substructure fluctuations.

e Obscures the interpretation of data: how do quenched jets really look like?

¥ Use deep learning techniques to determine amount of energy loss jet-by-jet:

1D f Final, measurable jet energy.
Energy loss ratio: X] h —

I
\ Vacuum energy (had there been

no medium).
Want to: )

e Understand true, most revealing features of energy loss.

e Extract amount of energy loss jet-by-jet in experimental data.
Du, DP, Tywoniuk - JHEP ‘21

Daniel Pablos 42 INFN Torino



Def'”'ng the Energy Loss Ratio
Ve R

................... E Vacuum-like
‘ emission
(/

same early, Hypothetical
high energy pattern, /- vacuum-like

up to matching/stopping scale o R o

Medium induced
emission

Med
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Average of normalized
jet image, 0.50<x;, < 0.60

Average of normalized
jet image, 0.25<y;, < 0.50

o
w

Most
quenched

o
N

©

o
o

I
o

Translated Azimuthal Angle ¢
S
N

I
o
w

-

4

Average of normalized
jet image, 0.85<y;, <1

I
©
IN

Average of normalized
jet image, 0.70<x;, <0.85

Jet Image

Average of normalized
jet image, 0.60<x;, <0.70

Correlation of x;, with
per-pixel of jet image

r

o
o

o
w

o
N

quenched

© O
o =

I
o
|

Translated Azimuthal Angle ¢

I I I
c o ©
~ w N

Pearson coeff.

0.4 -0.4 0.4 -0.4

I
o
N

Translated Pseudorapidity n Translated Pseudorapidity n

Daniel Pablos

~0.2 0.0 0.2
Translated Pseudorapidity n

44

107!
1072
1073
107
105

107°

0.3
I 0.2
0.1

-0.0

-—0.1

0.3

Image preprocessing:

e ® and n coord.
w.r.t. jet axis.

e Rotate image to have
groomed subjet at ® = - /2.

Recognize basic features
of jet quenching:

® Energy loss increases
number of soft particles
at large angles.
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Prediction Performance

True x;n versus predicted s

Good performance over wide range of X . 1.0
Histo: Probability of predicted X 0.9 0.40
given true X . . 0 35
Bar_s: Average and standarad S 0.30

deviation. = 0.7
O 0.25

O 06
| =1 -0.20

Sanity checks: O

> 05 -0.15

e Performance not species dependent
(quark or gluon initiated jet).

- 0.10

—
N

- 0.05

» Network predicts X = 0.98(3) > !'
for pp jets.

0.00
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Applications: Groomed Observables

' Inclusive in y;, Bl | Inclusive in x;, Bl )
: . TRUE »<0.90 mmm | TRUE »<0.90 |
Rg rat|0 between Pbe and pp 25k 2h>0.90 mm | 2h>o.9o -

0-5%, R=0.4
pp Jet pr > 200 GeV

FES

B
(@)
T T T T T T

FES:

Observe selection bias towards jets
with small Rg.

1/NietsdN/dR4 (PbPb/pp)
—_—
ol

[EEN
(@)
L] L] L] L] L] L] I L] L] L]

0.5

I ES ) [ PbPb Jet pr > 200 GeV | PbPb Jet p; > 100 GeV
! 1 & pr/xjn > 200 GeV
3.0-:::::::::::::::::::::::::::::::::::::::"::::i::::}::::}::::}::::}::::}::::}::::-
: Inclusive in predicted yj;, BE | Inclusive in predicted xj;, BN |
QuenChed CIaSS presents features : PREDICTED Predicted x},<0.90 W | PREDICTED Predicted x},<0.90 [l |
aCtua”y related to energy IOSS: 2.51 Predicted x};,>0.90 mmm T Predicted xj,>0.90 [

B
o
T T T T

$» Enhancement at large Rg. FES IES

—
O3

[EEN
(@)
L] L] L] L] L] L] I L] L] L]

Unguenched class still biased

(to belong tO thIS CIaSS’ d Jet needs 0.5;- PbPb Jet pr > 200 GeV | PbPb Jet pr > 100 GeV Z
to be of a special kind). L O 3
0.00 0.05 0.10 0.15 0}.?20 0.25 0.30 0.35 0.00 0.05 0.10 0.15 Ohio 0.25 0.30 0.35
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Jet Azimuthal Anisotropy

Slide from »
K. Hill at QM*19 9,
> 0.25
0.2
0.15
0.1
Hydrodynamics

Daniel Pablos

0.3

0.05 .~

Pb+Pb, 22 pb”
sy = 5.02 TeV

aE

ATLAS
ml <2.5
20-30 %

®on=2
An=3
—n=4
4n=5
@n=6

*n=7

'lllllIllllllllllllllllllllll|l

L

| B R

Transition region

47

10 20 30 60

p. [GeV]

/66 (8102) 82D T SAUd Ing

Differential
energy loss
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Accessing Initial Jet Anisotropies

v> VS y for centrality 30-40%, Du, DP, Tywoniuk - PRL ‘21
0.3 R=02@ vysw =2.76 TeV 008 v, VS Centrality forR=0.4 @ Vsyy =5.02 TeV
@ Hybrid, FES, pr>50 GeV @ Hybrid, FES, pr> 100 GeV
0.2 - 9 Hybrid, IES, pr> 100 GeV & pr/x > 200 GeV
0.06 - Hybrid, IES, pr> 100 GeV & pr/xP > 200 GeV
0.1- ——
—e— |—§—I—!—_!_I
0.04 -
N O O _______________________________________________________________
= . —— —a—
~0.1- e 002l H—3— ——
~0.2 ,_{ ———B— s 1 & = I &
0.00 F-----c----boodioooiees s . — = __
~0.3

of4 of5 Or6 of7 ofs 019 1i0 111
X
® Intuitive origin of high-pr jet anisotropies:

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

- Vo < 0 .

and viceversa for large X.

Daniel Pablos

0 10 20 30 40 50 60 70
Centrality (%)

® However, if use IES:

Reveals initial azimuthal anisotropies.
Vo 0.

In this model: none -

And in experiments?

INFN Torino



Tomography with Deep Learning

: : 25<xn <0, INn-plane 95<y < 1.
Determination of sk =072 P 0951 < L00
to10

To1o

~ 0.10

production point
INn transverse plane.
Differential in:
® Orientation w.r.t. |
event plane.
oF | . X Qut-of-plane 0.95<x < 1.00
nergy loss ratio X . I T
- 0.10 010 t o010
Production points swap [
In order to traverse more
medium with increasing

energy loss.

75 7. 75 —7.
100 -10.0 100 -10.0

S
D -
S
B e
oV < S
o P RSN "B o T TR o D A, 3 I NIV ~ & . <
G R A r ’c_,"\ 5y L Q G v 3 H ‘-',' L ) Q'.\
el LS o P y "\
5 . o N
LY 4
¢
q
»
‘“

75 —7.
100 -10.0

less quenched

INFN Torino

more quenched

Du, DP, Tywoniuk - PRL 21
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Narrowing of Jet Substructure

o % 45t ALICE Preliminary ¢ pp
B|S  40f VSw=5.02TeV ® Pb-Pb 0-10%
© 35 = Ch-particle jets, anti-k+ Sys. uncertainty
il 30 — =
. - = = WTA - Standard
= ey 40 < p="™* < 60 GeV/c
01 o 8 R_02 |n <07
15 it
- -
10 & ®
- H o
St = g
B 3 o o I 5 & 59 3 ¢ oo A . . o
f ~ == JEWEL, recoils off JEWEL, recoils on i
7| 2 e Hybrid Hybrid (Moliére) -
o< - s Medium q/E q/g + p_. broadening
al LN . MATTER+LBT ! ]
1.5 .
ol

0 002

R. Cruz-Torres talk at QM22

0.04

0.08 _ 0.1

0.06
ARaxis

Daniel Pablos

Example: WTA axis distance w.r.t. anti-kr axis

Many Monte Carlo models get similar results.
Bias towards narrower, less active jets.

Medium g/g can also account for the signal.

Strong suppression of gluon jets (factor 4 w.r.t. pp).
Qiu et al. - PRL ‘19

Medium g/g + pt broadening fails.

Not accounting for selection bias, while broadening
emissions, results in a broader jet ensemble.

Ringer et al. - PLB ‘19
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Modified g/g Fraction

1.0 Qiu et al. - PRL ‘19

—R =04 ¢ ATLAS

0.2' — _']c 2 R7
10200 400 600 800
ol  i=AA =
S 0.8 g (s ‘TP q
b 0.6f i .\“;s\.
%, 0.4} B2
A —— 1 R N
200 400 600 800 200 400 pr|GeV
dN/dé,
3.0¢
2.5

® Combination of quark and gluon contributions:

1 dz(6,)
Oincl de d77

- fq ZQ(HQ) + fg 239(09)

® Broadening added as non-perturbative kick.

Daniel Pablos

® Parametrization of modification of

0.8 _ | . . -
:ﬂﬂ Oﬁ'W R=0.1 R=0.8 jet function (similar to nPDF).
—R =10.2 R=1.0
g 0.4r VNN = 5.02 TeV d

) — Z Pdc(z) ® Jd(zapTRa ,LL)
d

Iz, prR, py) = We(2) ® Jo(2,pr R, 1y)

We(z) =€.6(1 —2)+ N.2z%(1 — z)ﬁc

» Best fit seems to leave quark jets untouched.

Ringer et al. - PLB ‘19

80<p7<120 GeV, [1|<0.5
SD, Zcut=0.1 . B=O

INFN Torino




Substructure dependent jet suppression

1 -6 I 1 LI N | | | | | 1 -6 I LI N | | L | | 1 -6 1 LI N | | | L | |
0:5 i ° p":‘ > 158 GeV ATLAS - Qié i ® p"j‘ > 158 GeV ATLAS - L'E B ° p":‘ > 158 GeV ATLAS -
1.4 [ = | 158 < p® <200 GeV 0-10 %-— 1.4 [+ |200<p"™ <315 Gev 0-10 %- 1.4 [ * | 315<p™ <501 Gev 0-10 %-—
- T ] - T — - T ]
1ol Ringer et al. (158 < pi:‘ <200 GeV) A 1ol Ringer et al. (200 < pi:‘ <315GeV) - 1ol Ringer et al. (315 < pif‘ <501 GeV) A
F — — med qg/g - s — — med q/g - s — — med qg/g -
1: ------- med q/g + p_ broadening (g L =5 GeV?)- 1: ------- med g/g + p_ broadening (g L =5 GeV?)- 1: ------- med g/g + p_ broadening (g L =5 GeV?)-
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04— e 0.4 ~ 04 ...
0.2 — 0.2 ~ 0.2 —
. pp 5.02 TeV, 260 pb” anti-k; R =04 jets, |y| <21 _ pp 5.02 TeV, 260 pb™ anti-k; R =04 jets, |y| <21 _ _ pp 5.02 TeV, 260 pb™ anti-k; R =0.4 jets, |y| <21
- Pb+Pb5.02 TeV, 1.72 nb” z,,=02,8=0 - Pb+Pb 5.02 TeV, 1.72 nb" z,;,=02,8=0 " - Pb+Pb 5.02 TeV, 1.72 nb z,,=02,8=0
0 | | | I | I | | | | L1 11 I | | 0 | | I I | | | | | | | I | | | | - 0 | | | I | I | | | | L1 11 I | |
0.003 0.01 0.02 0.1 0.2 0.3 0.003 0.01 0.02 0.1 0.2 0.3 0.003 0.01 0.02 0.1 0.2 0.3
r Iy Ig

ATLAS - 2211.11470

® Recent ATLAS results for Raa vs rg
can also be explained by modified g/g fraction model.
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Narrowing of Jet Substructure

o % 45t ALICE Preliminary ¢ pp
B|S  40f VSw=5.02TeV ® Pb-Pb 0-10%
© 35 = Ch-particle jets, anti-k+ Sys. uncertainty
il 30 — m
. - = = WTA - Standard
= ey 40 < p="™* < 60 GeV/c
01 o 8 R_02 |n <07
15 it
™ m
10 & ®
- H o
P T T T R T T . -
f C e JEWEL, recoils off JEWEL, recoils on
7| 2 e Hybrid Hybrid (Moliére) -
o< - s Medium q/E g/g + p_ broadening -
all LN . MATTER+LBT § ]
1.5¢ .
ol

R. Cruz-Torres talk at QM22

0 002 004 006

Daniel Pablos

0.08 AR 0.1

axis

How can we discriminate between:

® Quenching of wider jets, either quark or gluon
(medium sensitive to jet substructure fluctuations).

® Modification of g/g fraction
(medium sensitive to total charge only).

Simple proposal:

$ Use an enriched quark sample,
so that over-quenching of gluons
has very little effect.

INFN Torino



1.4

1.2 |

0.8 -

Quark Fraction

0.4

0.2 +

—0.2

Rapidity Evolution of Quark Fraction

DP & A. Soto-Ontoso - PRD ‘23

0.6 |

x ~ pr coshy

0 <
0.3 <
anti-k;, R=0.4 1.2 <

2.1 <

pp, v/s = 5.02 TeV 2.5 <
3 <

4 <y

T e

< 0.3

< 1.2 s
< 2.1
< 2.5
yl <3

y| < 4
< 4.5

0

50 100 150 200 250 300 350 400 450

Jet Pt [GGV]

Daniel Pablos

® Quark enriched samples can be obtained from
e.g. inclusive b-tagged jets, semi-inclusive boson-jets.

® |n this work: exploit rapidity evolution of quark fraction
to engineer quark enriched samples.

Extended rapidity coverages available in
future detector upgrades.

ALICES

Run 6 with Inl<4
and great pr resolution.

CERN-LHCC-2022-009

Also ATLAS and CMS!
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Analytic Estimates at DLA - Summary

120 100

'q/g frac. model 6-model | |
: A 35 GeV/fm . 80 —pt o 120 GeV _______ i _______ i ________________________ .
so DN\ L=4fm, e =028 L=4fmR=04 | s
—Ie \\\‘ 20 o T ol o o HE S R 1| 20 .
40F _ eeeeeeee et es e s s s e st reese et s s eseseassesseseeseeeeseeseoe 7‘3_" : ?_D’_"
20 I | | 15 b = i i | { | 15
o 0 1.0 o 0 ;: é: 1.0
s 13 s H4f 74 -
9 11 0.5 QO 10f-—--—mmm- bom o e et — 0.5
£ 101 = 08r . .
2 0.9 ~ 0.6 e R o
103 1073 1072 101 10°
ki = z0/R ki =z0/R
g/g frac model: 9(: model:
» Quenching of leading charge only. » Quenching of leading and tagged prongs
if resolved (i.e. with 6 > 6..).
Less narrowing with increasing rapidity. Narrowing persists also at forward rapidities.
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Raa(lyl)/Raa(ly] <0.3)

yl)/Raa(ly| <0.3)

N——"

Raa

1.4

0.8
0.6
0.4

Rapidity De

pendence of Raa

1.2

158 < pr < 200 GeV + 200 < pr < 25

0.2

nPDF, No Quenching

ATLAS | AdS/CFT, w/

AdS/CFT, w/ uPDF, Ly = 0

- ® Without nPDF, flatness of Raa
: result of competing effects:

Steepness of spectrum,
change in g-fraction.

1 GeV

orbE e =00 1 @ Initial state effects affect

1.4
: 251 < pr < 316 GeV

316 < pr < 562 GeV - Raa VS rapidity.

(Also observed in

Adhya et al. - EPJC 22.)

® Need to check with updated
sets EPPS21 and nNNPDF3.0.

y] Differences among nPDF?
Could we constrain nPDF?

Daniel Pablos
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1 do

O dk‘t

AA

1/NietsdN/dk; (PbPb/pp)

— N1

Toy g/g Fraction Model

Using statistics projected for HL-LHC

BDMPS-Z.

L Ca/Cp—1
frel — q

frel ~ 05
for Q5 = 0.6

2 I I
i frel = 1 —
0<|yl<0.3 Jrel = 0.25 momm | 3<|y|l<4
1.5 i | frel = (0.1 w 1
L £, =0.32 f, = 0.62 f,=0.87
1[N\ _ \E 1 ————————
0.5 ; 1
100 < p*t <150 GeV | 21 <|y[ <25 anti-k;, R=0.4
O _ | | | | | | | | | I | | | | _
0 01 02 03 04 0O 01 02 03 04 0 01 02 03 04 0.5
ks ks ks
5570 4 fall - 1)
—4q (1 — . . .
Ak lpp T V' dky lpp ® Strong narrowing observed at mid-rapidity

fades away toward forward rapidities.

Combine quark and gluon pp templates
with modified g/g fraction.

Daniel Pablos
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The Wake of a Quark

® At strong coupling: Energy flux

[ x|AS(x)
$ Modification of stress-energy tensor due to T3V

supersonic quark contains . e
sound and diffusive modes.
0

» Effective source for hydro corresponds 30
to drag force on the quark. “_\,
» Agreement between hydrodynamics T Txi\o\\ . 15
& wake of a quark even for small distances ~ 1/T. 15°% .30
30 45 7rT:1:‘ |
Fulfills Energy-Momentum Conservation
in the Jet+Plasma Interplay. Chesler & Yaffe - 0712.0050
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https://arxiv.org/pdf/0712.0050.pdf

The Diffusion Wake

g: TeTveaumsemmend:  QGP trough arises due to the diffusion wake:
d o0 4s . . . . .
y ;';;’l;3 ® Depletion of energy density behind the jet
. = (the jet drags the fluid along its direction of propagation,
1f . {141 . . . . . .
A ool reduces yield of particles in the opposite direction).
s osf | .
7} | (b) 7=2.0fm/cy.7 ' .l Hybrid wak
7t Tjet + Medium | 5jet + Medium Excitation {7 95 | QGP “ndge”, YO T )
st 5 ’ - 0.6H 15
3|§3 : g:i'-ﬁ 20 + Or crest (w/o radial flow) -
- 1 i:g : ~ §:§- i1 15
ap 2 : 0.0} 11 I _
ap[os : ;g;;i. ; < 10| unperturbed
sEl R = background
7k (e) r=4.8fm/c] (d) T=4.8fm/c{-7 < o .
T n———= =
T T 0
Chen et al. - 1704.03648 5L ; |
: : : —10 - .
Ex: depletion in the away-side QGP trough
for boson-jet events with CoLBT model. 1, 0 | " , 5 ;

¢
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https://arxiv.org/pdf/1704.03648.pdf

Looking For the Diffusion Wake

® No evidence for diffusion wake
in recent results from ATLAS.

® 95% CL at 0.8% perturbation on bulk,

compatible with CoLBT 0.2% prediction.

® Statistics will be improved in Run 3.

Daniel Pablos

Probability

0.08
0.07

0.06
0.05

0.04

ATLAS-CONF-2023-054

2018 Pb+Pb 1.7 nb’ \’ =5.02 TeV

III|II|L
>_

TLAS Preliminary
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— A¢(jet,track) > n/2
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-0.01
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https://cds.cern.ch/record/2870221/files/ATLAS-CONF-2023-054.pdf

The Effect of the Recoiling Jet

Leading
Jet

Subleading (pt)> density of wake hadrons
w.r.t leading jet axis.

Aligned in rapidity
50
40 Subleading jet’s QGP trough
30 hits leading jet.
20
(1)0 Separated in rapidity
, 10 Subleading jet’s QGP trough
1.5 < |Anp| < 2 misses leading jet.

pk > 250 GeV
p3. > 80 GeV

DP - 1907.12301 3.5 2 App > 2m/3

differential In

np| = |nL — ns|

Daniel Pablos INFN Torino


https://arxiv.org/pdf/1907.12301.pdf

Leading Jet Suppression vs. Inpl

DP - 1907.12301

I | | | | NON-C(.  m— )
A new Observable. 08 non-eq. + QGP ridge
' non-eq. + QGP ridge & trough s
o 0.6 )
R=0.4 &~ 0.4
leading jet area easy to miss; 0|

small effect from QGP trough.

0.8 ] | | | | | |
R — 1.0 ~ 0.6 _ ;
3G
SO -
A

strong dependence on Inol;

knee visible when Inpl~R. il _\
I R=1.0

0.2 —

Lo ~ Lo VY, ™ M
T S ¥ ~ v v v
pr > 250 GeV differential in v 3 Y F 3§ 3

S <7 N <7 <7 <

> 80 GeV _ S g J J Y,

T np| = | — ns| < Vv Vﬂ v v v

Aqu > 27T/3 S ~ ~
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https://arxiv.org/pdf/1907.12301.pdf

Leading Jet Suppression vs. Inpl

Benefits of the strategy:

» Much higher stats for inclusive jets compared to boson-jets.

~§ Can reach higher pr, larger wake effects.

¥ Many systematics cancelled in ratios between different Inpl.

Also: replace subleading jet by high-pt hadron (just need an axis!).

Daniel Pablos 63 INFN Torino



Jet Suppression: Framework

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

1ncl

Vacuum evol. (Z t) 1
obeys DGLAP: J/z _ E/ 7 Jk(z) nql(z/z’at)

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

Dasqgupta et al. - JHEP ‘14

PSin constraint Initial condition at zero angle

1 .
8%i1(r119,99) _ /0 dz aséfrl)py;) (Z)’(‘)res (z, 9); IS single charge quenching fe;c:;)r:
9 0) = : .
X [Q] (Zp, H)Qk((l — Z)p, 9) Qz (p, 9)] Q'L (p ) Qra,d z(pT)Qel,z(pT)
Radiative Elastic
energy loss energy loss

® Energy loss versus R displays non-monotonic behaviour. Competing effects:

# Increasing R means more likely to retain emitted (or thermalised) quanta: less quenching.

¥ Increasing R means larger quenched phase space: more quenching.

Mehtar-Tani, DP, Tywoniuk - PRL ‘21
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0.8 F

0.6

Raa

0.4 |

0.2 F

LHC

10 — 20%
30 — 40%
50 — 60%

Vs = 5.02 ATeV ATLAS Data —e—

100
Jet pT [GGV]

Daniel Pablos

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).

$ Modelling 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!)

65
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Jet vy

0.1

0.08 -
0.06 -

0.04

0.02

Jet Azimuthal Anisotropy at LHC

Mehtar-Tani, DP,
Tywoniuk - in preparation

0-5% m—
10-207% s

VS = 5.02 ATeV 1

40-60% me
ATLAS
Quench before ¢

150 250
Jet pr |GeV]

350 50

150 250
Jet pr |GeV]

350 50

® First analytical description of jet vo.

150 250 350

Jet pr |GeV]|

@ Sensitivity of jet voto non-equilibrium stage.

Daniel Pablos
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Current Perspective on Early Times

Soren Schlichting, Initial Stages 2016
Color-Glass Condensate

. . over-occupied min-jets +
colliding nuclei Glasma flux tubes P J

plasma soft bath equilibrium

time | | | >
strong fields quasi particles

classical-statistical

attice gauge theory eff. kinetic theory
KT — 0.1 fm/c Ty = 0.8 fm/c

Gale, Paquet, Schenke, Shen - PRC 22
® Bulk of the system assumed to be produced with momenta p ~ Qs ~ 2GeV .

® Effective description switches at a fixed time.

Daniel Pablos 6/ INFN Torino



Mini-Jets in Heavy-lons

® Consider particle production with p > () .

# Perturbative process.

$ Production probability proportional to Ncol.

$ Can split and produce color coherent objects.

$» Random orientation in transverse plane and rapidity.
Mini-jets are an additional source of fluctuations.

For pt ~ 20 GeV, one or zero dijet pair produced at central
collisions at LHC...

Daniel Pablos INFN Torino



Mini-Jets in Heavy-lons

/H_» e
e

- As we consider lower pr, mini-jet production becomes increasingly abundant.

Daniel Pablos INFN Torino



DP, Singh, Gale, Jeon - PRC ‘22

3D isotherms at temperatures
220 MeV (red),

195 MeV (yellow),
170 MeV (green)
and 145 MeV (blue).

T=3.4fm/c
40-50% Centrality

Daniel Pablos

A Spikier Evolution

No mini-jets

PbPb v s = 2.76 ATeV

INFN Torino



Minimal Tuning

DP, Singh, Gale, Jeon - PRC 22
® To describe multiplicity, tune down amount of
energy attributed to IP-Glasma ( S¢qctor ),
for each pr{lin: <
=

® Single choice of S¢,ctor WOrks for all centralities.

prJnin
4 GeV
7 GeV
® Mini-jet orientation is decorrelated with 10 GeV
energy gradients at Thydro, reducing overall flow:  No Jets

» Need to recalibrate (constant) n/s to accommodate
integrated and differential flow coefts.

see also: Schulc &Tomasic - PRC ‘14
Okai et al. - PRC ‘17

1300

1600
1400 r
1200
1000
800
600
400
200 |-

018
0.16 |
0.14
0.12
0.1
0.08 |
0.06 |
0.04 |
0.02 |

| No Jlets

Dinin = 4 GeV
Pinin = 7 GeV
pl. =10 GeV mwmm _
ALICE +—e— |

PbPb, /s = 2.76 ATeV

0-5 5-10 10-20 20-30 30-40 40-50
Centrality (%)

No jets
v2{2} —@— pl. =4 GeV ---
v3{2} —B— plo =T GeV e
(2} B 110 GeV —eme -

PbPb, /5 = 2.76 ATeV

||||
- —“—‘I“’-
s ‘\““’
W -

0-5 5-10  10-20 20-30 30-40 40-50
Centrality (%)
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My Fellini

® Have enjoyed complete independence
Mini-jets (McGill, Vanderbilt) Rapidity dependence (CERN)
Linearized Hydro (MIT, UB, INT) Heavy quarks in small syst. (INFN Torino)
Analytical jet suppression (Bergen U., BNL) Perturbative splittings in HI (CERN, Heidelberg)
Moliere scatterings in QGP (MIT, Stanford)

® 7 talks at Hard Probes ‘23, 5 talks at Quark Matter ‘23, plenary at Quark Matter "23.
Invited by ALICE, PHENIX, STAR for jet theory talks several times.

® Secondment institution: Oviedo U.
Working with student on antenna scatterings.

Working with host supervisor on holographic energy loss.

® Now moving to Santiago for postdoc. Wish me luck.
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. QCD “Phase Diagram”

Thanks for your
A e attention!

» o
&

e
-
®

B . ‘
o

34 : ,. | .

{q * Quark-Gluon Plasma

. RHIC ~

A ' e Buon Natale!
T '

Temperature

E Atomic nuclei Neutron stars

>
Baryon density
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Parton Energy Loss
pQCD

B emit quanta, which in turn emit more quanta, and should (eventually) hydrodynamize.

High energy partons in the QGP:

I k 2 ke
o I I I
BiL = - T
D k D D D q k
| | [ [ [ | | |
| I I | | | | |
tn tr to tr. to tr tn tr

D(z, k,t) is one-gluon distribution.
Blaizot et al. - JHEP ‘13 & ‘14, PRL ‘13
® Turbulent cascade develops, with a sink at E ~ T.

® Necessary length to reach the turbulent regime?

Daniel Pablos INFN Torino



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):

dIgLy o p-q (p—q)°
W = 32T « C’Rqo/ ds/ 1 — cos S
dw ] 0 pq P2(P—q)*(q® + p?)? w |

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
v(x,t) =C — (1 — e*?) = Z§(2?, J J
(@,8) =Ca | 71 —e77) = 14l dependence
* 2 ~ 1/X2
dr 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

Daniel Pablos [/ INFN Torino



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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Jet Substructure

® Monte Carlo jet quenching models have provided crucial insights:

» Naturally include multi-particle nature of jets.

Essential in our current understanding of jet substructure in heavy-ion collisions:

di-jet asymmetry in PbPb

s ,.F LA B L p | loss of quark jets in pp 7-jet events in JEWEL+PYTHIA

o 5 - ——— JEWEL+PYTHIA full geometry . T L e L — =

2 == ; —— JEWEL+PYTHIA central production - = - 7

:‘% 2 — 4 ' — \_{ 0.2 - f_h ——

zZ . : & i - . .

= 15| L ~ : = o

N H i 0.15 =
33 | . : F* | T
0.5 :— — J EWEL 0.1 i — 25GeV < p(r) < 50 GeV _
: - = —— 50GeV < p’ < 100GeV :
10 —t—t— I | B — 1 I —— : | S a— — — IOOGQV < p(I] < 150 Gev -
4 = e —— (in)
: : 0.0 —— 150GeV < p7 < 200GeV

s TE | E ’ 200GeV < pf' < 250 GeV

= T — | = : — eV < p_l. < € :

== :

g F AR S E — — 250GeV < p <300GeV -
o F R N _ i N T BN I
CE oo by o by by L1 1 0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1 (in) / (in)
A m-/pP,
Full geometry Dijet asymmetry dominated by
VS mass to momentum ratio,

Central production Milhano & Zapp - EPJ ‘16 proxy for # vacuum splittings.
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Jet Substructure

® Monte Carlo jet quenching models have provided crucial insights:

# Naturally include multi-particle nature of jets.

Essential in our current understanding of jet substructure in heavy-ion collisions:

1.4
Jet suppression | o
VS
Hadron suppression !
< 0.8
Leading partons belong = .
to narrower, less
suppressed jets 04
(high z enhancement). 0.2 [
0

10

Casalderrey, Hulcher, Milhano, DP, Rajagopal - PRC ‘19

Daniel Pablos

1.8

1.6 |

Actual jet FFs

Vacuum jet FFs « « &

Inverted jet FFs

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

IHadrolnsl
Jets R =04

Jets R FF actual
Jets @ FEF Vactt

JetS R FF inverted

100

Hadron or Jet pr [GeV]
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Jet Substructure

® Monte Carlo jet quenching models have provided crucial insights:

» Naturally include multi-particle nature of jets.

Essential in our current understanding of jet substructure in heavy-ion collisions:

2'5 ! ! ! ! 1 ! ! ! ! 1 ! ! ! ! 1 ! ! ! ! ! 1 ! ! ! ! 1 ! ! ! ! 1 ! ! ! !
- no wake, all AR wzzz 1
_ no wake, AR < 0.1 zzzz | R=04,80< ch}get < 120 GeV
- no wake, AR > 0.2 zzz2 ¢ ’
=2 2 i ma— all AR s | }
S AR < 0.1 mm |
< - e————— AR > 0.2 wom |
£ 15| 1 _
NQ W
=
= : |
e 05 i M 1 i
| I 0 —10%
HYBRID
0 A I B R P R | L .
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.5
g g

Casalderrey, Milhano, DP, Rajagopal - JHEP ‘20
Daniel Pablos

Strong ordering in AR
(if parton shower resolved):

Larger AR,;

Larger phase-space
for emissions;

Larger quenching,
smaller survival rate;
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Proxies for jets as falling strings
S — G

boundary

A e dressed quarks are open strings
attached to a D7 flavour brane

hoae N e charged under U(1) gauge field
sourcing baryon current at boundary

radial coordinate

| e depth of string endpoint determines
w,, orzon _ localisation of excitation at boundary

presence of string perturbs metric GuN

satisfies linearised Einstein’s equations L5

near boundary expression uw
of energy-momentum tensor (ATH(t,z))

Chesler & Rajagopal, JHEP ‘16 / \

hydro (long wavelength) non-hydro (jet modes)

(AT™) = () — (T)
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0

| |

Chesler & Rajagopal - PRD ‘15, JHEP ‘16

Null falling string approximation

<

=
\

=

Schwarzschild-AdS
I du?’ u
P42 2 —1 — —
- fdt* + dx” a f=1 "

V=N

1. Solve E.O.M. by finding null geodesic profile: Zgeo (), Ugeo(t)
2. Find energy carried by each geodesic: 11 (0) (peaks at the endpoint)

3. Construct the string energy-momentum tensor:

- M N
JMN — /dGJMN (0,) JMN I-IO ngeo ngeo 1

— 3
particle particle — GOO dt dt \/—T:a ((B — mgeo)é (u f— Ugeo)
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Holographic quenching with pure strings

Null trajectories of -\
string segment'_s_________.l.»-v_;;,ﬁ;; N

Black hole
horizon

the string is treated as a
model for the jet as a whole

Rajagopal, Sadofyev, van der Schee ‘16

e consider an ensemble of such jets by choosing initial distributions of energy & angle from pQCD

e competing effects: each individual jet widens, while wider jets lose more energy

o for the same jet suppression different final angle dist.
. s — . . = _— . o
| .. w—— Dp collisions ‘ 9 ] 1
0.8 0.08F ™. <eeen (a,b) = (6.0,0464) - Cfa) = E 2iZj 7] Cf ) = aog
8t - «iivie (@, b) = (4.0, 0.406) ] - R
' 0.07f ™. = T, ee- (a,b)=(25,0.325) ] t.J Toyyn = b TQCD
g 060 s = ---== (a,b) =(1.75,0.271) measures jet angle in pQCD
p: e m,,,.,.-,.-m.msmuw.-..-...........a...,.-- ~= 0.06}: (@ b)=(15,025) 1
R (), 4 ansanaaeaen S B e 3
0.05F et oemss—— e, ] .
. — also observed in pQCD
Bl _ 0.04; . - (
N l . . . Milhano & Zapp ‘15
'(%O 100 150 200 50 100 150 200
Ejet (GeV) Ejet (GeV)




Diagnosing Jet Energy Loss

® Experimentally, so far is impossible to know how much energy a given jet has lost.

® Moreover, due to steep falling jet spectrum,

what we observe is jets that lost the least energy. Selection (or survival) bias.

» Hinders our ability to analyse true effects of energy loss. E.qg.:

® Measure jets above pt> 100 GeV.
® Observe that they are narrower in PbPb than in pp:

% Energy loss makes jets narrower?
% Observe the surviving (less quenched) jets, which are narrow?

® Exploit deep learning techniques to extract energy loss jet-by-jet.

Z ’;f Final, measurable jet energy.

Energy loss ratio: X’ — —

E ) Vacuum energy (had there been
/] no medium).
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Average of normalized
jet image, 0.25<y;, < 0.50

v =~
N w R

o
-

|
o !
bt

Translated Azimuthal Angle ¢
S o
(¥} o

&
w

&
>

Average of normalized
jet image, 0.70<y;, <0.85

Y

-0.2 0.0
Translated Pseudorapidity n

o
»

©
w

o
N

o
-

g
(&)

|
g
[

-0.2-

Translated Azimuthal Angle ¢

-0.3

-0.4
-0.4

® Use jet images as inputs for CNN. Main resuilt.

® Use jet observables as inputs for FCNN.

A

0.2 0.4 —0.4

Deep Learning Jet Modifications

Average of normalized
jet image, 0.50<y;, < 0.60

Average of normalized
jet image, 0.85<y;, <1

.east
modified

-0.2 0.0 0.2
Translated Pseudorapidity n

Average of normalized
jet image, 0.60<y; <0.70

Correlation of x;, with
per-pixel of jet image

04 -04

-0.2 0.0 0.2
Translated Pseudorapidity n

Mainly used for interpretability.

Du, DP, Tywoniuk - JHEP ‘21

Daniel Pablos

0.4

107!
‘ | 1072
. 103
1074
103
| | 10°%
u

i

0.3

0.2

0.1

0.0

-0.1

-0.2

-0.3

® Most models: Energy loss transfers

jet energy to large angles
In the form of soft particles.

INFN Torino



Deep Learning Jet Modifications

Average of normalized Average of normalized Average of normalized
jet image, 0.25<y;, < 0.50 jet image, 0.50<y;, <0.60 jet image, 0.60<y; <0.70

)
- _l A
Average of normalized Average of normalized Correlation of )j, with
jet image, 0.70<y;, <0.85 jet image, 0.85<y;, <1 per-pixel of jet image

o
>

o
w

o
(N

o
-

|
o !
bt

Translated Azimuthal Angle ¢
S o
N o

|
o
w

|
o
>

o
»

o
w

o
N

o
-

modified 1 !

. 0.0

-0.1
'—0.2
-0.3

|
o ¢
[

Translated Azimuthal Angle ¢
o
o

204  —0.2 0.0 0.2 04 -04  —02 0.0 0.2 04 -04  —0.2 0.0 0.2 0.4
Translated Pseudorapidity n Translated Pseuderapidity n Translated Pseudorapidity n

® Use jet images as inputs for CNN. Main resuilt.

® Use jet observables as inputs for FCNN.
Mainly used for interpretability.

Du, DP, Tywoniuk - JHEP ‘21

Daniel Pablos

Predicted x;x

True x;n versus predicted yj;

=
o

O
O
]

O
o0
]

©
~J
]

©
(o))
I

O
(o))
1

0.4

0.3 'V

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Good performance across
a wide range in X

® Consistency check:
pp (vacuum) jets get ¥ == 1
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10

Accessing True Path Length Distributions

Creation points for centrality 0-5%

FES

| FES—élauber |

-

IES

| IES—dlauber |

IES, Pred

'IES, Pred-Glauber

X (fm)

X (fm)

0.008

0.006

1 0.004

10.002

11 10.000

1—0.002

1 —0.004

—0.006

—0.008

® FES: Select jets according to final energy.

Ef > Bt

® Surface bias compared to actual
nuclear overlap density.

True
label ® |[ES: Select jets according to “initial” energy.

Ef/X > Feut

# Production point density
unbiased w.r.t. true
underlying distribution.

Predicted
label

Du, DP, Tywoniuk - in preparation

Daniel Pablos
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Accessing Initial Jet Anisotropies

v, VS y for centrality 30-40%, Du, DP, Tywoniuk - in preparation

R=02 @ ysyy =2.76 TeV

‘91 Hybrid, FES, pr > 50 GeV

0.3

0.2 -

0.1 - —8—

~0.1- e
~0.2 - +&—I—I—I

—0.3

of4 of5 Or6 of7 ofs 019 1i0 111
X
® Intuitive origin of high-pr jet anisotropies:

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

- Vo < 0 .

and viceversa for large X.

Daniel Pablos

v VS Centrality forR=0.4 @ ysyy =5.02 TeV

0.08

‘9 Hybrid, FES, pr> 100 GeV

|§'| Hybrid, IES, pr> 100 GeV & pr/x > 200 GeV
0.06 - Hybrid, IES, pr> 100 GeV & p/xP > 200 GeV

——+—@—
——
0.04 -~
—e— —e—

oo>4 H®&— ——

H—|+|W a_—8
0.00 +------————Co=diooti=== D EE - - = __

0 10 20 30 40 50 60 70
Centrality (%)

® However, if use IES:

Reveals initial azimuthal anisotropies.
Vo 0.

In this model: none -

And in experiments?
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Tomography with Deep Learning

. . 25y <0. INn-plane 95<xp < 1.
Determination of =073 P i
prOdUCtion pOint \\ T o010 e \ To.lo I
INn transverse plane.
Differential in:

@ Orientation w.r.t. < '
event plane- s "> 100 —10.0-7'5-.—. y v 7 " 100 —10.0-7'5-' "> 100 —10.0-7'5-. [ 0.024
_ 0.25<xn < 0.75 O Ut—Of—p lane 0.95<x;, < 1.00
@ .
Energy loss ratio X 5 e
0.10 010 t o010
Production points swap [
in order to traverse more
medium with increasing

energy loss.

75 —7. 75 —7.
100 -10.0 100 -10.0

S
D -
S
B e
oV < S
s D0 500 By 0LV 008 TT IR O B & XVL MG ~ & . 2
GV X580 Ty &y OB VO T B e -] ,"., L . q'.\
el LS o P y \
5 . - Q
LY 4
¢
q
»
‘“

75 —7.
100 -10.0

less quenched

INFN Torino

more quenched

Du, DP, Tywoniuk - in preparation
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Collectivity from interference

Motivation

Absence of jet quenching phenomena
(energy loss of high pt particles by traversing a medium)

in small systems (pA, pp)

calls to question the presence of deconfined medium (or hydro behaviour).
Are jet quenching effects too small to be observed (yet)?

Origin of collectivity in small systems is not final state interactions?
Can it be guantum interference?

B. Blok's talk at QM



B. Blok’s talk at QM A simple model

» Schematic picture: pp collision = multiple parton-parton interactions at positions y..

" a e
// ! 7 ’ 2/" a3
| \ b 4 z LA A
— K b, — - T
b3 e - e
o a4 - am
Source lines start (end) with colors b; (c) of 1st (2n) hadron.
» Diagrammatic rules: gluon emission keeps track of color and phases exactly.

(basis for understanding QCD interference effects)

C

wa, =|Tpe. /dx f(x — y Tlf‘icz,exp 1y.Kk|

<

2

2—

1 Y1 Y2
\ Y2) — 5 €X
Simplifications: p(¥1,2) (27 B)? p_ 2B 2B
- Don’t specity the kinematics, flat rapidity dependence
-+ Assign a to the distribution of sources in hadron

(GPDs in mean field approximation). B scale from pp soft processes

B can be related to Qs, but note azimuthal isotropy!




B. Bloks talk at QM m gluons from N sources

» This model has N™ different m-particle emission amplitudes:

Y€y, 6 Yn S

k., a,
' )( }O OC (
'a)(.;'f)bé':SZSCU'\_ YOQOOO J
km ] am-1
T I THO0000000°
O OOO0R0000 | L -
T OOPOO000 thk‘:a?
O00O0O000GCO000000O00000000 RO } _—
k ; a, k} 0
b] b) bN bj b bN

» Summing up and squaring these emission amplitudes returns a
gluon spectrum for a fixed set of transverse positions y:;.
Averaging over transverse positions with a ,
one finds the spectrum

s -
= dy; | p({vi}) 0 ({k;}, {wi})
dkl...dkrn / z=H1 y p y y

We want to calculate this spectrum and its azimuthal anisotropies v {2k}
for arbitrary m and N.



B. Blok's talk at QM
Simplest case: emitting m= 2 gluons from N=2 sources

» Color can be read easily from diagrams - |

Tr [T“TbTbT“] Tr[1) = N2 (N2 — 1)%| «—: |

diagonal -> no interference

Tr [T“Tb] Tr [TbT"'] = N2 (N2-1

off-diagonal -> interference

vanish in QCD

» ForB=1/Q?, this QCD agrees with

correlation in azimuth arises
from two gluons emitted from
same source pair

i —B(k;+k3)? —B(k; _k2)2) ] .
az ' Flky) '2 | F(ks) |2 1+ (e e CGC calculations,
dkidks (N2 —-1) Altinoluk et al, PLB 751 (2015) 448; PLB 752 (2016) 113
5 - Lappi, Schenke, Schlichting, Venugopalan JHEP 1601 (2016) 061

but it does not invoke saturation effects.



B. Blok's talk at QM

Odd harmonics

N=m=4

Tr[1] Tr [T" TC] T [T" TéTh T“] T [T“ Td] _

|
-~
O & O &

Tr[1] Tx [T" T“] T [T" T T T“] T [T“ T"]

-
0 s
<
0w
I
—
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To order 1/N, differences in color factors break the k to —k symmetry

i1 ko Ay, ( 1 k3. Ay,n 1 —z'ks.Aymn)
€ € :ZE?

e—z’ ko Ay..n (

1

—€

2

1k3. Ay,

= 3cos (ka.Ay,,, ) cos (k3. Ay, ) —sin(ks. Ay, ) sin (k3. Ay, ) .

Odd harmonics arise due to non-abelian nature of QCD

e—z’ kg.Aymn>

OOOQ@OOQ'

BOOGO00G00)

(5.

OO\V




B. Blok’s talk at QM o
Results for flow coefficients

» Once spectrum is known, azimuthal phase space averages can be formed

Tn(k1, k2) = (Tg) //027r dp1 dpy exp [in(p1 — ¢2)] (/ ﬁ ky dky, d¢b) Y
P b=3

27 m
// do1 doo (/Hkb dky, d¢b) o
pIv b=3

_ /. in(é1—bs _ Tu(ky, ko)
n {2} k1, z) = (€™ (ks k) =

» Suitably normalized, o (m)
T(k1,ke2) =
these define v,’s (k1 k2) = {
(2"? order cumulants)

<<ein(¢l +¢2—d3—pa) > >C — <<ein(¢l +¢2—¢3—¢>4))>

_ {{on(P1—93) in(P2—@a)\\ _ [{oin(d1—d4) in(¢2—¢3)
associated to hydro behaviour ({e (e ) — (e e ))



Collectivity in Small Systems

14FALICE  (sw=502Tev.yi<0s7  Baryon to meson enhancement
1.2 - . . .

S 1 observed also in pp collisions.
LUy il —— 0-10% Pb-Pb
: {Jr - 30-50% Pb-Pb :

s/D°

A

0.8

i Y -
0.6_—~_~$~<$> =
0.4:".}} =
- - .
0.2~ T -
SN T B B B -
0 5 10 15 20

P, (GeV/c)

® Hadron spectra and yields can be described by thermal distribution... even in proton-proton!

$ Connection with microscopic description of hadronization? Colour-reconnection, entanglement...

® Improve understanding of hadronization, in large and small systems, using heavy quark probes.

$ Model proton-proton system as a droplet of liquid QGP.

$ Use novel hadronization mechanisms involving recombination.

Beraudo, De Pace, Nardi, Prino, DP - in preparation
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Concurrent Mini-jet+Hydro Evolution

Elements of the framework:

® Initial state from IP-Glasma. T = O
® Finite mini-jet production probability at each binary collision.
T =0.4fm/c

® Hydro. energy-momentum from IP-Glasma.
® Mini-jets lose energy to the QGP (Hybrid Model) above T¢:
» Gaussian source into hydro. e.o.m.

® Cooper-Frye bulk.

. . Tfreeze-out
® Hadronize non-stopped partons through Lund string model:

— If parton close to hypersurface, sample thermal partons to build colourless string.

— If not, construct single colourless string with all such “corona” partons.

® Everything evolves with UrQMD.
DP, Singh, Gale, Jeon - PRC 22

Daniel Pablos INFN Torino



Further Improvements on Single Charge Energy Loss

x = 41.8 (ngL = 12.2)

@ All order resummation of
medium induced radiation spectrum.

® Resummed Opacity Expansion (ROE)
to cover Bethe-Heitler regime.

Feal et al. - PRD ‘18 & ‘19
Andrés et al. - JHEP 20 & ‘21

lsaksen et al. - arXiv:2206.02811

Gluon jet

T 2T

[
-
—

ek
-
o

Gluon distribution: y/xD,(x)

i’
1072 | \
(Ta Elost) (Ta Elost)
03 | 2.4, 8% — 6.5, 35%
3.9, 1% — 7.9, 4% —
o L 52 26% — 95, 53% —
0.001 0.01 0.1 1
Momentum fraction: z = £

E

Schlichting & Soudi - JHEP ‘20
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10F

19 K

\ — Full :
\ --== HO + NLO
\ -— GLVN =11
Low-w limit

# Features turbulent cascade,

.“.i . ....HiO e

100 . 103 )
U)/%LH3E[

® In-medium fragmentation of hard parton in QGP
through effective kinetic theory.

# Includes 1+—2 and 2+—2 processes.

modified chemistry around the jet.

99

Detailed analysis of dynamics, can account for medium response.

INFN Torino



.
S
@,
®
LL
@),
=
L
@,
0
D
)
@
O
D
=
=
2
)
D
T

® Bare quenching factors (dashed)

less quenching for larger R

recover) the

(

emitted (thermalised) modes.

Easier to keep

® Resummed quenching factors (solid)

larger R can lead to more quenching.
Interplay between energy recovery
and size of quenched phase space.
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Mehtar-Tani, DP, Tywoniuk - PRL ‘21
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