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In-medium modification of QCD shower

F. Krizek

Jet shower in vacuum

e
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Highly virtual parton radiates
gluons

Angular ordering due to quantum
interference

» Precise understanding in pQCD

» Accurately calculable with

QCD-based Monte Carlo models

Jet shower in medium
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» Superposition and interference of

vacuum shower and
medium-induced gluon emission

Angular ordering is modified or
destroyed

Color coherence phenomena:
medium resolves color dipole as
independent charges only when
the charges are separated enough
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Jets in ALICE

» Charged jets:  tracks || < 0.9, 0° < ¢ < 360°, p§°"* > 150 MeV/c

> Jets: anti-kt algorithm (FastJet package Cacciari et al., EPJ C72 (2012) 1896.)

For given jet R, charged jet acceptance is [Mjet] < 0.9 —R
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Quantification of medium-induced jet modification

ALICE

> Inclusive observables (pr spectra, high-pr hadron-jet correlations)

¥, trigger

3 hadron
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» Quantification of jet shapes by functions which depend on
4-momenta of constituents (angularity, prD, jet mass,...)
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pT,i ARjeti>
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b Z (pT,jet) ( R

i€constituents

A. J. Larkoski, J. Thaler, and W. J. Waalewijn, JHEP 11 (2014) 129

> Clustering history (grooming, N-subjettiness)
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Selection of jets using fragmentation bias

LICE Pb-Pb |/5,=2.76 TeV
Inclusive

Leading track p_> 5 GeV/c
Leading track p, > 10 GeV/c

Centrality: 0-10%
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» Hard scattering, rare process embedded in large background

» Correction of jet transverse momentum for mean background energy density

reco,ch __ _ch,raw
Tiet  — PTjet

p = median kT jets {pT,jet/Ajet}

— p X Ajer Where Aje; is jet area and

Cacciari et al., PLB 659 (2008) 119.

» Spectrum of reconstructed jets at low pt is dominated by combinatorial jets

» Suppression of combinatorial jets by high-pt jet constituent requirement results

in fragmentation bias on jets
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Hadron-jet coincidence measurement
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ALICE
TT = trigger track

TT{X,Y} means
X < PT trig < YGeV/C

recoch __ _ch, raw _ .
Tjet P1; Jet px AJet

» Hadron-jet correlation allows to suppress combinatorial jets including

multi-parton interaction without imposing fragmentation bias

Data driven approach allows to measure jets with large R and low pr

In events with a high-pr trigger hadron, analyze recoiling away side jets

|90trig — Pjet — 71" < 0.6 rad

> Assuming uncorrelated jets are independent of trigger pr
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Arecoil in Pb—Pb at /SN = 2.76 TeV
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1 d® Mt

o . ch ‘
PT.tig ET T{20,50} Nt”g de,jetdn PTigETT{8,9}

1 d2 AA—h+jet+X
= AAShIX ch ) ‘
PTaigETT o dpTe djet prac€TT

> Alecoil cOrrected for background
smearing of jet pr + detector
effects

» Medium effects

AIAA = Arpet:::aﬂb/Arecoﬂ

Need pp reference at the same /s

ALICE, JHEP 09 (2015) 170



Alsa in Pb—Pb

ALICE
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ALICE, JHEP 09 (2015), 170

> Left: Alaa with Reference APYTHA from PYTHIA Perugia 10

recoil

Suppression of the recoil jet yield

» Right: Cartoon ilustrating spectrum shift due to energy loss
Medium-induced charged energy transport out of R = 0.5 cone is
5= (8 + 2stat) GeV/c
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Hadron-jet correlatlons in STAR at RHIC
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Medium-induced charged
energy transport out of jet

cone:
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ALICE

AusAu @ 200 GeV, 0%-10% J

= T
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STAR, PRC 96, 024905 (2017)



Jet broadening and the transport coefficient g
K2) 1 [ d*k
g= M1 (K e )

L LJ (2m)
P(kJ‘):/d2XJ_e_ikLXLWR(XJ_) q%h
e L

Wr (x1) = expectation value of the Wilson loop

D'Eramo et al., JHEP 05 (2013) 031.

> Strongly coupled plasma (AdS CFT) : P (k) is Gaussian

> Weakly coupled plasma (perturbative thermal field theory) :
P (ky) is a Gaussian with a power-law P (k) o< 1/k% tail emerging
from single hard Moliére scatterings off QGP quasi-particles =
Use recoil jets to search for QGP quasi-particles by looking at
enhancement in large angle deflections w.r.t. reference pp

Trigger hadron jet

j Scattered recoil jet
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Search for large-angle single hard Moliere scatterings

ALICE
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For recoil jets in 40 < p{,, < 60 GeV/c define

®(Ayp) = 1 ﬂ _ iﬂ
Nirig dp%rjjetdA(p TT{20,50} Nirig dpsl'},]jetdASO TT{8,9}

Quantify the rate of large angle scatterings
T —APthresh
E (Apmear) = | o (Ag) dAg
/2
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> (Ap

thresh) in Pb—Pb and PYTHIA

ALICE
A_CO.OS T T T T T < T T T T T T T
g ALICE 1 z o[ ALICE Statistical errors only_|
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ALICE, JHEP 09 (2015), 170
» Raw data are compared with PYTHIA smeared with detector response
and embedded into real events
Ratio < 1 corresponds to the suppression of recoil jet yield
Shape of the ratio depends on underlying processes
Fit of the ratio by a linear function gives a slope consistent with zero =
No evidence for medium-induced Moliere scattering
» To be further studied in Run3 with more statistics and for lower jet prs
F. Krizek 12



Jet shapes in pp and central Pb—Pb collisions

ALICE, Medium modification of the shape of small-radius jets in central Pb—Pb
collisions at \/snn = 2.76 TeV JHEP 10 (2018) 139

> Angularity
pr,i
g = ‘ARjet,i
ic€jet PT jet
ARjet,; = angle between jet constituent and jet axis; pr ; = jet constituent transverse momentum

» Momentum dispersion

/ 2
Ziejet Pt i

prD =
Ziejet pr,i

pr,i denotes jet constituent transverse momentum

Underlying event corrected for by area-derivatives method

G.Soyez et al., PRL 110 (2013) 162001
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Jet shapes in pp and Pb Pb (0- 10% centrallty)
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Pb—Pb collisions at

ALICE, JHEP 10 (2018) 139

pp: jet shapes well reproduced by PYTHIA

Fully corrected on detector effects and underlying event

SNN:2.76 TeV

Anti-kr track-based jets with R = 0.2 and 40 < p%*jjet < 60GeV/c

Pb—Pb: decrease in mean angularity = jets are more collimated
increase in mean ppD = jets are more hard

qualitatively consistent with more quark-like fragmentation
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Iterative declustering and grooming with Soft Drop

ALICE

Grooming aims to select hard splittings within jet shower
Recluster constituents of anti-kt jet with the CA algorithm
CA algorithm combines protojets which have the smallest anglular distance

Undo the last clustering step to get two branches with pt; and pt2

vVvyVvyYVvyy

Check whether the branches pass the Soft Drop condition:

min R
2= min(ery pr2) s

PT1+ PT2
» If condition passed, use groomed jet.

» If condition failed, take the harder branch and continue by undoing the next
splitting of that branch,

F!nal pT’1
jet
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Jet substructure in pp at /s =7 TeV

ALICE

» Track-based jets with R = 0.4 and 40 < p%—hjet < 60GeV/c
> Soft drop condition: z > 0.1
» 2z, filled with z of the first splitting where z > 0.1
g
» ngp the number of splittings that fulfill z > 0.1 when we follow the hardest
branch
» Tension between PYTHIA and the data for nsp =0
T ey 3 Facem ey SR ey
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ALICE, submitted to PLB, arXiv:1905.02512v1
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z, in Pb—Pb (0-10% centrality)

1IN, dN/dz,

Ratio to
PYTHIA

F. Krizek

10

T y T T T T T T T
ALICE Pb=Pb y/s,,, = 2.76 TeV 80 <py <120 Gevic E@= 0-10% Pb-Pb —-= Smeared Hybrid Model
Anti-k; charged jets, R = 0.4 o SoftDrop zg, =01 +  H8E Emb. PYTHIA +  — Smeared Jewel (wirecoils)

ALICE, submitted to PLB, arXiv:1905.02512v1

Raw spectra compared to PYTHIA smeared by detector effects and embedded

to raw Pb—Pb events

Anti-kr jets R = 0.4 and 80 < p§,, < 120 GeV/c

Normalization includes jets with nsp = 0

Small enhancement of small angle asymmetric splittings +

suppression of large angle symmetric splittings w.r.t. PYTHIA:

qualitatively expected from color coherence

JEWEL with medium response (K.Zapp, Eur.Phys.J C60 (2009)) and HYBRID model
(J. Casalderrey-Solana et al. Nucl. Phys. A931 (2014)) capture the trends of the data
although thay do not incorporate color coherence

Large angle splittings are formed earlier and are affected more by the medium

ALICE

17



nsp in Pb—Pb (0-10% centrality)

ALICE
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ALICE, submitted to PLB, arXiv:1905.02512v1

> Data show shift towards the lower number of splittings passing Soft Drop:
harder, more quark-like fragmentation (cf. g and ptD)
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Summary

F. Krizek

ALICE

Hadron-jet correlation technique is suited for measurement of jet
quenching in heavy-ion collisions and for quasi-particle searches in

QGP

Estimated charged energy transport out of R = 0.5 cone is
5= (8% 2tat) GeV/c

Jets in Pb—Pb are more hard and collimated w.r.t. pp

Suppression of large angle symmetric splittings
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Corrections of raw jet spectra

» Background fluctuations:
embedding MC jets or random cones 1

Spe=>_pti—Ap

> Detector response:
based on GEANT + PYTHIA

> Response matrix:

two effects are assumed to factorize
rec part
Rfull pT'jetapT'jet

t
6pt <p‘r|§§et7 pgr?jtet) 02y Rinstr (P%?jtep p‘T’?jret)
> Rf:ﬁ obtained with Bayesian [z and
SVD 3 unfolding with RooUnfold [
[1] ALICE, JHEP 1203 (2012) 053
[2] D'Agostini, Nucl.Instrum.Meth.A362 (1995) 487

[3] Hocker and Kartvelishvili, Nucl.Instrum.Meth.A372 (1996) 469
[4] http://hepunx.rl.ac.uk/~adye/software/unfold /RooUnfold.html
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21



QGP signatures in small systems N

» Indication of collective effects in p—Pb

> Is there jet quenching in p—Pb?

» Considerations i
.2 zﬁ;é_oao

o AE o« gL %1307
W,

F. Krizek

2<p,,, <4GeVic
1<p__<2GeVic

p-Pb m =5.02 TeV
(0-20%) - (60-100%)

BDMPS, Nucl. Phys. B483 (1997) 291
A~ 1a
© Glppb = 7GlPbPb
K.Tywoniuk, Nucl.Phys. A 926 (2014) 85-91

~ 2
Lo PbPb = 1.9+0.7 GeV< /fm
q| ( ) / ALICE, Phys.Lett. B 719 (2013) 29-41
JET Collaboration, Phys.Rev. C 90, 014909 (2014)

< é\’|Co|d Nuclear Matter ~ 002 GeV2/fm
W.T.Deng, X.N.Wang, Phys.Rev. C 81, 024902 (2010)
o AE = (8 £ 2:tat) GeV/c medium-induced E transport to R > 0.5 in Pb—Pb

ALICE, JHEP 09 (2015) 170
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Event Activity in p—Pb at \/syny = 5.02 TeV

ALICE
3 :ALICE P-Pb {5y = 5.02 TeV 1o - 1
3 freen = Pb-going
P e . .
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g
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P M
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c Eo. ata
> [ —— NBD-Glauber fit 1o ] .-
goee o XD 1 110,040 ;}\ ITS 6-layered silicon tracker
2 41 n € (2.8,5.1 . . .
\%"O 3 4 ¢ ) TPC time projection chamber
10 7;
10° é

i b N ALICE, Phys. Rev. C 91 (2015) 064905

00 300 400
VOA (Pb-side) amplitude (arb. units;
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Event Activity assignment in p—Pb ALTCE
3003 T T T T T T T _2:.003 T T T T T T T
BT ALICE p-Pb |5,y = 5.02 TeV | e ALICE p-Pb |5, = 5.02 TeV]
5 T o MB ] & [o o MB 1
© r o TT{6,7} 1 © e o TT{6,7} 1
g r o TT{12,50} 1 = r o TT{12,50} 1
= 0.02F . = 0.02- -
| = | 8L == i
Qo L === 4 Qo L 4
[<] —o— o —o—

0010 —s—o o 5 o o o o 0.01 et o o

L High EA == Low EA | - High EA =5= Low EA -

L —0— i L o= 4

L —o— L ==

0. | | | | | | | | | 0 | | | | | | | | =04
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

ZNA percentile VOA percentile

» High-pr track requirement (TT) biases event to large Event
Activity

» Similar Event Activity bias for TT 6-7 GeV/c and
12-50 GeV/c

ALICE, PLB 783 (2018) 95-113.
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Ratios of recolil jet yields obtained with different R

ALICE
s 16; ALIE‘“““" & 16’LE‘““"
o F 0-10%, Pb-Pb =276 TeV 1 o £ 0-10%, Pb-Pb =276 TeV ]
Qlé 1.4~ Anti-k; charge: jets — Dg 1.4~ Anti-k; charge jets =
= [ 7-Ap<0.6 ] = [ m-Ap<0.6
3 2 TT{20,50} - TT{8,9} 3 3 2 TT{20,50} - TT{8,9} I
s . s f
gk - g b 1
~ 08 3 - & 08 H -
o %% e —— o %% e ﬁ 1
: = g 1 : s g —e— -
? 0.6~ £ %:j — ? 0.6~ £ ﬁ— —
o L & ] o L g ]
—= % £ e AlUCEdaa 7 =% £ e AUCEdaa E
8 £ s i Shape uncertainty 3 8 £ s i Shape uncertainty ]
© 02— 5 i [ Correlated uncertainty - @ 02 5 i [ Correlated uncertainty —
< r ‘ T X -‘ PY‘THIA‘Perug‘ia: Tu‘ne 20‘10 & %011 | < r ‘ T X -‘ PY‘THIA ‘Perug‘la Tu‘ne 20‘10 & 2‘011 bl
GO 90 100 G0 90 100
" (GeV/c " (GeV/e
PTiel ) P )

> Observable sensitive to lateral energy distribution in jets
> Red band: variation in observable calculated using PYTHIA tunes

> No evidence for significant energy redistribution w.r.t. PYTHIA up
to jets with R = 0.5

ALICE JHEP 09 (2015), 170



QGP signatures in small systems

» Indication of collective effects in pp and p—Pb

(b) CMS MinBias, 1.0GeV/c<p, <3.0GeV/c

R(An,A9)

F. Krizek

(d) N>110, 1.0GeVic<p <3.0GeVic

PP i = 5.02TeV
©20%)- (60-100%)

W
g
A

3
e
(R

R(AnA9)
[

Similar “ridge” in high multiplicity pp
(even similar p; dependence) h
2

CMS, JHEP 09 (2010) 091

» Is there jet quenching in p—Pb?

o AE x gl?

BDMPS, Nucl. Phys. B483 (1997) 291

© §lopb = 38|Porb
K.Tywoniuk, Nucl.Phys. A 926 (2014) 85-91
o AE = (8 £ 24tat) GeV/c medium-induced E transport to R > 0.5 in Pb—Pb

ALICE, JHEP 09 (2015) 170

ALICE

ALICE, Phys.Lett. B 719 (2013) 29-41

26



Event Activity biased jet measurements in p—Pb at LHC

ALICE

Jet Rypy in p—Pb at \/syn = 5.02 TeV p-going direction _ALTAS, PLE 745 (2015) 392-413
;; [+21 <y 2.8 A<y <+2.1‘w i
.. . H 161 1 7
Event Activity from Et in Pb-going ¥ g@‘lﬁ ¥
direction —4.9 < < —-3.2 rof @Q W’ﬂ 1*1 :'@@g@tﬂaﬁ 1
04l R 1T b ]
cent L 1L ]
R _ _]etS /de [F08<y <+12 JL+03<y <+08 4
PPb = er o T # 1
pb - dopp /dpT I GEURE|
P PP 10k ﬂg ‘@ vy ,Mﬁgﬁ@ i
o ]
o4 o L
> Rypp depends on rapidity range 084y <03 ]
16 F ,
L 9;: ﬁﬁ ‘ ]

1.04- AW. g i
Caveats: X 15 e *ﬁ*\Iﬂ:
> Top, assume Event Activity o I+ oo ]
correlated with geometry i<y <2 ]
(Glauber modeling) [ ii@ﬁm wenl ]

gEei
"O:'ﬁﬁmﬁ e M&ﬁ? -
1 i 0.4 2013 p+Pb data, 27.8 nb"! 1 5y = 5.02 TeV ]
> Conservation laws and fluctuations [ 5ora o s 200 I e meoa 4| ]
; e 40 100 1000 40 100 1000
Kordell, Majumder, arXiv:1601.02595v1 Ph-going direction P, [GeV]

Alternative: Hadron-jet conditional yields
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Semi-inclusive hadron-jet observables and Taa
Calculable at NLO pQCD p

2 pAA ;
1 d*Nigt _ 1 d2gAA—hHet+X ’
AA | ch ! - AAShX ch !
Ntrig deyjetdnjet PragETT o de,jetdnJet prh€TT

measured from theory

In case of no nuclear effects

2 pnjAA i
1 AN B 1 dPgpehieniX ‘ T
AA ch . - pp—h+X ch .
Ntrig de,jetdnJet PraigETT o dp‘r,jetdmet prn€TT Ta

» This coincidence observable is self-normalized, no requirement of
Tana scaling

> No requirement to assume correlation between Event Activity and
collision geometry, no Glauber modeling

[1] D. de Florian, Phys.Rev. D79 (2009) 114014
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Aecoil In p—Pb at \/syy = 5.02 TeV

ALICE
Raw spectrum Fully corrected
T T T T T T E | | .
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Event Activity selected by - ZNA zero degree neutron calorimeter n ~ 10
- VOA scintillator array n € (2.8,5.1)
both detectors are located in Pb-going direction
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Ratios of Event Activity biased A,eco; distributions
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» Medium-induced spectrum shift s for high relative

to low Event Activity p—Pb
= (—0.06 £ 0.344at £ 0.025ys¢) GeV/c for VOA
= (—0.12 £ 0.354at £ 0.034ys¢) GeV/c for ZNA
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5 = (8 & 2uat) GeV/c in Pb-Pb

ALICE, JHEP 09 (2015) 170

» Medium-induced charged energy transport out of
R = 0.4 cone is less than 0.4 GeV/c (one sided

90% CL)
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Jet substructure

ALICE

» Explore splittings within the jet

» Lund plot maps jet shower splittings in plane opening angle
and pt fraction
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