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Jets in heavy-ion collisions

» Hard scattered partons produce
collimated sprays of particles

» Jet is a phenomenological object

defined by an algorithm

» Well understood theoretically in
pQCD in elementary reactions

> Jet quenching in presence of

Quark-Gluon plasma
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Jets in ALICE

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

> Jet reconstruction:  anti-kt algorithm (FastJet package [1])
For given jet R, charged jet acceptance is [Mjet] < 0.9 —R

[1] Cacciari et al., Eur. Phys. J. C 72 (2012) 1896.
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Quantification of medium-induced jet modification

F. Krizek

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

Y. trigger
3 hadron

%
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Quantification of jet shapes by functions which depend on
4-momenta of constituents (angularity, prD, jet mass,...)

oo X (ZVER)

i€constituents

Clustering history (grooming, N-subjettiness)

[1] A. J. Larkoski, J. Thaler, and W. J. Waalewijn, JHEP 11 (2014) 129
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Selection of jets using fragmentatlon bias

LICE Pb-Pb JSw-276 TeV
Inclusi
Leadmg track p_>5 GeV/e
Leading track p_ > 10 GeV/c
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» Hard scattering, rare process embedded in large background

v

Correction of jet transverse momentum for mean background energy density [1]

reco,ch ch,raw
Tjet pTJet

p = median i jets {PT jet/ Ajet }

— p X Ajer where Aje; is jet area and

v

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

v

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

in fragmentation bias on jets

[1] Cacciari et al., Phys. Lett. B 659 (2008) 119.
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Hadron-jet coinciden
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[1] ALICE, JHEP 09 (2015) 170
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TT = trigger track ALICE

TT{X,Y} means
X < priig < Y GeV/c

reco,ch __  _ch, raw

T jet = Pt 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 [1]

[rrig —

Pjet — m| < 0.6 rad

» Assuming uncorrelated jets are independent of trigger pr
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Arecoil InN Pb—Pb at \/syy = 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
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Alpp and Aeeoi ratio in Pb—Pb
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> Left: Alaa with Reference APYIHA from PYTHIA Perugia 10
Suppression of the recoil jet yield

> Right: Observable sensitive to lateral energy distribution in jets
Red band: variation in the observable calculated using PYTHIA tunes
No evidence for significant energy redistribution w.r.t. PYTHIA

ALICE, JHEP 09 (2015), 170
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Jet broadening and the transport coefficient g

ALICE

(k) 1 [Pk,

q= L _L/(zyr)ZkLP(kL)

P(kJ_):/d2XJ_e_ikLXJ‘WR (XJ_) q%ki
(%

Wr (x1) = expectation value of the Wilson loop

» 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) < 1/k% tail emerging
from single hard Moliere scatterings off QGP quasi-particles =
Use recoil jets to search for QGP quasi-particles [1] by looking at
enhancement in large angle deflections w.r.t. reference pp

Trigger hadron jet

j Scattered recoil jet

F. Krizek 9

[1] D’Eramo et al., JHEP 05 (2013) 031.



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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Y (Agp

thresh) in Pb—Pb and PYTHIA

ALICE
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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
JHEP 09 (2015), 170
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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)
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(d) N>110, 1.0GeVic<p <3.0GeVic

PP i = 5.02TeV
©20%)- (60-100%)

W
g
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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
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ALICE, Phys.Lett. B 719 (2013) 29-41
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Event Activity biased jet measurements in p—Pb at LHC .

ALICE
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Alternative: Hadron-jet conditional yields
F. Krizek 13



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
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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

1 d’ N 1 d’Ne
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ALICE, Phys. Lett. B 783 (2018) 95-113.
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Ratios of Event Activity biased A,eco; distributions

ALICE
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2 > Medium-induced spectrum shift 5 for high relative
z to low Event Activity p—Pb

g 5 =(—0.06 + 0.344a¢ + 0.024ys:) GeV/c for VOA
3 5 = (—0.12 4 0.3544a1 & 0.034ys1) GeV/c for ZNA
&

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 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 = ‘Acht,i
icjet PT,jet
ARjet,; = angle between jet constituent and jet axis; pr ; = jet constituent transverse momentum

» Momentum dispersion

/ 2
Ziejet Pt

prD =
Ziejet Pr,i

pr,i denotes jet constituent transverse momentum

Underlying event corrected for by area-derivatives method [1]

[1] G.Soyez et al., Phys.Rev.Lett. 110 (2013) 162001

F. Krizek
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Jet shapes in pp and Pb Pb (0- 10% centrallty)
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pp collisions at \/s=7 TeV Pb—Pb collisions at |/syy=2.76 TeV

v

Anti-kt track-based jets with R = 0.2 and 40 < pTJet < 60GeV/c

v

Fully corrected on detector effects and underlying event

v

pp: jet shapes well reproduced by PYTHIA

v

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

ALICE, JHEP 10 (2018) 139
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Jet substructure from iterative declustering
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lterative declustering in Pb—Pb (0-10% centrality)
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Summary

ALICE

» Hadron-jet technique allows to measure jet quenching in heavy-ion
collisions and small systems
> does not require the assumption that Event Activity is correlated with
collision geometry
> provides systematically well-controlled comparison of jet quenching as a
function of Event Activity
> Pb-Pb at \/syn = 2.76 TeV: suppression of recoil jet yield, but no

evidence of intra-jet broadening of energy profile out to R = 0.5
> p—Pb at \/syn = 5.02 TeV: no significant quenching effects are observed
when comparing recoil jet yield for low and high Event Activity. At 90%
CL, medium-induced charged energy transport out of R = 0.4 cone is less
than 0.4 GeV/c
> Jets in Pb—Pb are more hard and collimated w.r.t. pp

> Suppression of large angle symmetric splittings

F. Krizek 21
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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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QGP signatures in small systems N7

» 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
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Event Activity assignment in p—Pb ALICE
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» 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
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> 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



