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* introduction

* results from pp

* jets in heavy-ion collisions

* results from Pb-Pb collisions
* jets in p-Pb collisions

* outlook: LHC run 2

Oliver Busch — Tsukuba 2014 /03/13 2



§/R£E

Introduction

Oliver Busch — Tsukuba 2014 /03/13



CQO‘FQE Jets: seeing quarks and gluons L A

University of Tsukuba

/ " Hard scattering

* jet: collimated spray of hadrons

- quasi-free parton scattering at high Q?:
the best available experimental equivalent to quarks and gluons
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%}g@E Jet fragmentation KT,

- initial hard scattering: high-p; partons
» cascade of gluons: parton shower

- at soft scale (O(Aq¢p)): hadronization
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Fragmentation = Parton shower + hadronization
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LHC aerial view .4
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4) JetsatALICE (LHCrun1)  #

University of Tukuba

EMCal

° charged particle tracking:
- Inner Tracking System (ITS)
- Time Projection Chamber
- full azimuth, |n |< 0.9
pr > 150 MeV/c

* EMCal :
- neutral particles
-AP =107°, |n|<0.7
cluster E; > 300 MeV

* jet trigger with EMCal and TRD
* “charged’ (tracking) jets and “full’ jets

* full jets from charged particle tracking and EM energy:
conceptually different and complementary to traditional approach 7



gﬁgﬁi

Results from pp collisions
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Qgéf Full jets in pp at v/s =2.76 TeV

i

SR

University of Tiukuba

« good agreement to NLO calculations for R=0.2and R=0.4

* reference for Pb-Pb at same energy
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) pp charged jet cross-sections ..

University of Tiukuba

« measured in minimum bias collisions atVv/s = 7 TeV

« good agreement with ATLAS charged jet measurements

(despite slightly different acceptance and track p; range)
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CQO‘FQE pp jet fragmentation aty/s =7 TeV

ticl t.ch pe 4ot e
o 26N = pharticie /plth et distributions

of charged particles in
charged jets
* scaling for z> 0.2

 bulk production at low z:
~ 5-10 charged particles per jet

nucl-ex/1411.4969
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CQQE PID in jets : "TPC coherent fit

i

* particle identification via specific ionization in TPC ('dE/dx'):

 TPC coherent fit:

use energy loss model parameterization as input,

adjust model
parameters and particle
fractions “on the fly”
during fit

* regularization requiring
continuity of
particle fractions

« complementary and
consistent:
multi-template fit

ALICE Preliminary, pi“jet 15-20 GeV/c, | nack | <0.2
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Qog Particle identified fragmentation
CIiRTSE

dN/dzeh
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University of Tiukuba

« identified charged hadrons in charged jets atVv's = 7 TeV
1, K, p, 5 < p;*hiet < 20 GeV/c

« scaling for z¢" > 0.2 for higher jet p; bins

.....................
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. L 3
e Particle ratios in jets BB,

« strangeness content strongly enhanced for z¢h — 1

* leading baryons suppressed
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O- . &
X, Event generator comparison ..

e comparison to PYTHIA
(p+ ordered parton shower,
Lund string fragmentation)

particle ratio

* data reasonably well
described

* best reproduced
by Perugia tune without
color reconnections
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Jets and Quark-Gluon Plasma

Oliver Busch — Tsukuba 2014 /03/13
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gr}g@f QCD phase transition

° in heavy-ion collisions at ultra-relativistic energies,
a quasi macroscopic fireball of hot, strongly interacting matter
in local thermal equilibrium is created

* lattice QCD predicts phase transition to deconfined,

chirally symmetric matter HotQCD, PRD 90, 094503
70 rr1rrrr1rrrtrr 1T 11T TP 1T TPt 1T 1T 17T 1T 17T 1T 17T 1T 1T 1T 1T"
_ = non-int. limit o
° energy density 60 I ”
from the lattice:

rapid increase around Tg, 50
indicating increase of
degrees of freedom
(pion gas -> 30
quarks and gluons)

40

20
* Tc = 154+/- 9 MeV
Ec = 340 +/- 45 MeV/im®  °[ TiMev] |
0 | I [N N AN NN N N NN NN N NN NN NN S N NN S NN NN N NN S N N |

130 170 210 250 290 330 370
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%ggf Partons in heavy-ion collisions ,zx:,

* hard partons are produced early and traverse the hot and dense QGP
* enhanced energy loss: “jet quenching’

* ‘vacuum’ expectation calculable by pQCD : ‘calibrated probe of QGP’
: oy : JET Collaboration: arXiv:1312.5003
* jets sensitive to properties of
the medium (energy | —— McGillAMY
density, ¢, mfp, coupling ...) = HI-BW g ==+ GLV-CUJET

* ... but also jet/medium
interaction not trivial
(strong / weak coupling,
parton mass / type,
fireball dynamics ...)

| _Au+Au at RHIC,
_Pb+Pb at LHC,
< !

0.2 03 04 05
T (GeV)
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CQ&QE Hadrons in heavy-ion collisions sy

* hard partons "proxy’ for jet

* jet quenching for charged hadrons,
Pb-Pb collisions at Vs, = 2.76 TeV

s 1 d2Ng, /dndpr Iﬁ
aa(pr) = ‘
AalPT) = e d2aPP /dn dp 1

* hadron observables biased towards
leading fragment

10
— study the effect for fully reconstructed jets

University of Tsukuba

PLB 720 (2013) 250

L L DL L L
ALICE, Pb-Pb, |, = 2.76 TeV
charged particles, n| < 0.8

RRRRRRRRRRR

@ ALICE (0-5%)
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g‘g . Underlying event in heavy-ion collision 7%,
* jet reconstruction in heavy-ion collisions :
difficult due to the high underlying event background
not related to hard scattering

* correct spectra for background fluctuations and detector effects
via unfolding LHC2010 Pb-Pb\ s, = 2.76 TeV

10°

FastJet k; R = 0.4 (cut 150 MeV)

° not possible down to 0 p;

p (GeV/c)

104

ALICE 10°

ALICE performance
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CQO}QE Jet nuclear modification factor ﬁff

University of Tsukuba

» strong suppression observed, similar to hadron R,

-> parton energy not recovered inside jet cone nucl-ex/1502.01689
* increase of suppression JEWEL: PLB 735 (2014)
with centrality YaJEM:PRC 88 (2013) 014905
< 1.2 _ _
 mild o @ ALICE Pb-Pb \s,=2.76 TeV - Antik A=02 [n <05 g9"> 5 GeVie
dependence L o I
¥ Data0-10% [_]Correlated uncertainty ¢ Data 10 - 30% [ ]Correlated uncertainty
0.8 - & Shape uncertainty I - Shape uncertainty
| e—JEWEL | ===« JEWEL
- JEWEL and 0 [ — YaJEM L - - YaJEM
YaJEM O
jet quenching 0.4l
models reproduce
suppression 02f
0 1 1 1 1 l 1 1 1 1 I | 1 | 1 1 I ! 1 1 l I 1
0 50 100 50 100



e

Jet structure

* ‘jet structure ratio’ R=0.2 / R=0.3 for charged jets

* sensitive to potential broadening of jet shape

- consistent with PYTHIA pp:

no modification observed
within small radii
(jet core)

JHEP 03 (2014) 013
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Results from p-Pb collisions

Oliver Busch — Tsukuba 2014 /03/13
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CQOQE Charged jets in p-Pb collisions &

University of Tsukuba

» p + Pb collisions at Vsy, = 5.02 TeV

 check potential initial state effects
(nuclear modification of PDF)

nucl-ex/1503.00681

and effects of cold nuclear matter 5 MAMMAAAALIAAR
o —@— anti-k;jets R=0.2, Inlab|<0'5
_g 10" anti-kT j:els R=02, -0.65< 7 < -0.25
* measured spectrum consistent with =, T ke R 0L 08 < Ny, <1000
POWHEG NLO calculations Sl T POUEG P YTHAS wih CTEQS 4E9509
(= NLO + PYTHIA fragmentation) = ¢ —— ]
i ]
103 &) . 3
10-4 _F _E
£ —iﬁ:
::::'::::'::::'::::'::::'::::'::::'::::'::::'::::-
9 1_5__ | | | | | | | | I -
=z L e e e e e e e ]
(1] L J
© 1.—'—'—$=.=4:——9=$=—+—.
D Qi (! G S (G G S S S———— V) (S (NS O T GO VGO - (- ol
[ _ _ _ NLO systematic uncertainties ]
R} NS TS P Y PP Y P P P P
20 30 40 50 60 70 80 90 100 110 120
pT, ch jet (GeV/c)
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.l Charged jet R p, i

- SAY:
C | R E University of Tiukuba

* R,.pp Using scaled charged jet spectrum measured at 7 TeV as reference

* no jet suppression observed in p-Pb
-> suppression in Pb-Pb is final state effect

nucl-ex/1503.00681
g 2 N I 1 1 1 I 1 L I I Ll 1 L l 1 L I I 1 I 1 I J i I T Ll L I Ll L I I Ll I I I 1 Ll 1 I 1 1 1 I J
—0 - e - 4
£ %1.8F ALICE p-Pb sy, =5.02 TeV 1k :
x [ Charged jets, anti-k, |nlab| <0.5 1 [ ]
1.6 - Reference: Scaled pp jets 7 TeV 1t —
1.4F Jd E .
- IGlobal normalization uncertainty 1t 1
1.2 3 - -

0.8 } }
0.6} - - 5
0.4F 1 F -
0.2F Resolution parameter R = 0.2 1 F Resolution parameter R = 0.4 .
0 [ l L 1 1 l 1 ' 1 l I 1 1 l 1 L L l L L 1 l : : l 1 ' ' l 1 ' L l L L L l L 'l 1 l 1 L 1 l :
20 40 60 80 100 120 20 40 60 80 100 120
P; hist (GeV/e) P; ol ot (GeV/e)

Oliver Busch — Tsukuba 2014 /03/13 25



.l Jet structure in p-Pb @

CiRTSE B e
* “jet structure ratio’ R=0.2 / R=0.4 for different centrality classes

* no modification, even for most central p-Pb

; 1.2 i Ll Ll Ll Ll l Ll Ll Ll Ll l Ll Ll Ll Ll l Ll Ll Ll Ll l Ll Ll Ll Ll l Ll Ll Ll Ll l Ll Ll Ll Ll l Ll i

< L ALICE charged jets p-Pb 5.02 TeV .
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2 06 -

ooy -
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0.2 = 0-20% N
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Perspectives for LHC run 2

Oliver Busch — Tsukuba 2014 /03/13
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.y LHC run 2

CIiRTSE
°* LHC run 2: 2015 - 2017

&

NPT

University of Tsukuba

° increased CMS energy for Pb-Pb collisions from 2.76 — 5.1 TeV

* quenching strength g ~ s ~ €3/4

° expect (modest) increase in g, T
— measure energy density
dependence of jet quenching

° note: also a dependence on
parton ‘input spectrum’
(increased Ry, 777 )

)
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*  AuAu(0-5 %) PHENIX
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¥ AuAu(0-6 %) PHOBOS

A pp NSD ALICE
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¢ pp NSD UA5 oc 8015
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x pp NSD STAR

10°
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av ALICE in run 2: DCal nt

PR

University of Tukuba

EMCal

acceptance
Ap=107°

______

» U

11ns
2 FMD/TO/VO

3TPC OB
4TRD
STOF

& HMPID

7 EMCAL
EPHOSCP
9 MAGNET
10 ACORDE
11 ABSORBER
17 TRACKING CHAMEER?
13 MUON FILTER

14 TRIGGER CHAMBERS
15 DIPOLE MAGNET

~R7°
16 PMD A(P i 6 ¥
17 COMPENSATOR MAGNET

182DC An ~14

DCal(+PHOS) -
acceptance

° run 2: DCal upgrade

- significantly extended jet acceptance
- back-to-back in azimuth (di-jet topology)
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X Summary k.

University of Tsukuba

* jet cross sections and properties in pp

* identified jet fragmentation in pp

* strong jet suppression observed in Pb-Pb collisions

° p-Pb results: initial-state and cold-nuclear-matter effects negligible

* looking forward to LHC run 2!

Oliver Busch — Tsukuba 2014 /03/13 30



CiRTSE
 Establish correspondence between

detector measurements /
final state particles / partons

* two types of jet finder:
- iterative cone
- sequential recombination
e.g. anti-k;)

Jet reconstruction

* resolution,parameter R —smgr=n

hep-ph/0802.1189

kR
University of Tsukuba
10'm
Jet3 Jet 2
—
.g Deposited Energy:
] 1/ [ Hadronic
[T
(] [ Electromagnetic
Track Hits
10 5m
0
c
O Mesons: - Baryons: —
g Pions, Protons,
T Kaons, Neutrons,
etc. etc.
<10**m
) Gluon Quark
c
Q
s
]
o _ T
Proton ' a Proton
K. Rabbertz




%) Jetfinder comparison ¥

University of Tiukuba
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) Multi Template Fit -

University of Tsukuba

« TPC multi-template fit
- best possible description of dE/dx from external reference
- parametrize dependences on n, TPC nClusters
- templates in transverse momentum (z, xi) slices

» dE/dx in one z slice (0.6 <z < 0.65), 10-15 GeV/c fitted with

- e T o R e ——
4 templates 2 Fppiss7TeV, po" 10-15GeVic, 2 0.6-0.65 ALICE Preliminary 7
= - anti-k, R=0.4 .
10° E-— Measured o -
- — Multi-template fit o . ]
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- o i R
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o v o L4 -* “Fut
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: | o ® el - v. :
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< S L SR SR i R R
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%\r'géf Method comparison ST,

 uncorrected hadron fractions from Multi-Template Fit and
TPC Coherent Fit

§, 0 93 an'ti-I;T,' R=0.4, M < 05"
® oF P, oo > 015 GeVie g
- 2 complementary methods & = <08
. . 0.8 —
obtain consistent results 3T
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g‘géf pp jet structure at /s =7 TeV @
| University of 73‘7111'11[111
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%‘g - QCD matter at LHC ﬁm

* direct photons: thermal radiation from the early stage of the fireball

* indicates initial temperature way above T

% 1()3 1 1 1 I 1 1 ] ' ] ] ] I ] I I I 1 1 ) l 1 1 I l 1 1 1 I
§ 10° 0-40% Pb-Pb, s, = 2.76 TeV
g 10 ALICE
oS | —4— Direct photons PRECIMINARY
c; — Direct photon NLO for p = 0.5,1.0,2.0 p, (scaled pp)
'-“.2: 10" —— Exponential fit: A x exp(-pT/T), T =304+ 51 MeV
N
10° e
J
10°
10
10°
10°
10 7 1 1 1 l 1 1 1 I 1 1 L I 1 1 1 | 1 1 1 l 1 1 1 I 1 1 1
4 6 8 10 12 14

P, (GeV/c)




CQ?FQE Reaction plane dependence aﬁm

* different medium thickness in- and out-of plane

* sensitive to path length dependence of jet quenching
pQCD radiative E-loss : ~L?2
collisional E-loss : ~L
strong coupling (ADS/CFT) : ~L3
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greéf Local background subtraction

* prerequisite: take event plane dependence of background density

into account

° event-by-event

local p fit

150

IIIIIII

100

1 I 1] I 1 1 l ] 1 1 L I T 1 1 1 I T 1 L ] l L 1 | | I
Pb-Pb 15, = 2.76 TeV

ALICE Preliminary

single event
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Jet v2 : results

* charged jets, R=0.2

* quantify azimuthal asymmetry via 2"

* strongly hints to non-zero jet v2
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P > 0.15 GeV/e, P,

T, track

IIIIIIIIIIII

T rr v r [ rrrrjp1

- syst error (Correlated)
>3 GeV/c
lead
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Recoil jets

CIiRTSE
'.:\ 10-1 E
S = 050‘ "o Pb-Pb | 5,,,=2.76 TeV 0-10%
% - . * Charged jets, p:°™*'>0.15 GeV/c
S 102k o —.— anti-k; R=0.4 A>0.4
Zg 3 E ¢ — e TT[8,9] Integral:0.832
Sl8- F $ T—ﬂ'—:.: o TT[20,50] Integral:0.832
T10° o W geee(TTI20,50)-[8,9]) *
zZ : — == "’F
104 :F
3 ﬁf uncorrected
- _?_+ *
S 1 .
- ALICE Jet
10 Ll | | o , o RERFORMANCE , , | , , o 1 o, o 1 4
-40 20 0 20 40 60 80 100 120

pcorr.ch=preco.ch_p A (GeV/C)

T, jet T,jet

° semi — inclusive recoil jet spectra :
- reduce fake jet background through ‘dijet’ topology
- residual combinatorics subtracted in A, observable

Ntrig de pT,trigeTTSig Ntrig de pT,trigeTTRef

ArecoiI —

&

LR

University of Tsukuba

trigger
hadron

* trigger hadron surface biased — maximize path length for jet
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University of Tiukuba
» fully corrected A,.; : R=0.2 and R=0.4
Difference of semi-inclusive recoil jet yields Difference of semi-inclusive recoil jet yields
(?3 i Pb-Pb 0-20% \ s, = 2.76 TeV g i Pb-Pb 0-20% | s, = 2.76 TeV
S - anti-k;, R=0.4, p;°"*' > 0.15 GeV/c S - anti-k;, R=0.2, p°"*' > 0.15 GeV/c
— —+— Diagonal element of covariance matrix — —+— Diagonal element of covariance matrix
g 10% ALICE g10% ALICE
k) - PRELIMINARY Shape uncertainty k) = PRELIMINARY Shape uncertainty
% N [] correlated uncertainty % N [ correlated uncertainty
2 2 r
z o 2| z | ——
T10°E = T 10° —
. - :*:] . = ==
: , = g T . o= =
L ho. . = ho. -
< |(‘plrig ‘p:coll Tt|<0.6 m < |‘ng ‘P:coll 7t|<0-6
Signal trigger hadron: 20 < p.* < 50 GeV/c :f:l Signal trigger hadron: 20 < p.° < 50 GeV/c :¥:
4 41
107E" Reference trigger hadron: 15 < p"l° <20 GeV/c 107E" Reference trigger hadron: 15 < p""I <20 GeV/c
- T - T
_llllllllllllllllllllllllllIlllllllllll —IlllllllllllllIlllllIIlIIlllllllllllll
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. 70
p" (GeV/ic)

Tjet
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° measurement down to constituent p; of 150 MeV/c,
for large radii (up to R = 0.5) and low jet p,
without biasing leading constituent
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recoil recoil

* Al,, : compare to PYTHIA pp reference [AIAA — APb_Pb/App J

s _1.6
E‘ g : I(P:‘ﬂg. (p’:cw~7t|<0.6
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0.8}
- ! °
B 'Y L ]
0.6 L ] v °
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N PRELIMINARY Shape uncertainty
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° suppression observed
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QO‘< Jet structure ratio

CiRTSE

* A Ratio R=0.2/R=0.5:
sensitive to potential broadening of jet structure

Anecoi(R=0-2)/A g cos(R=0.5)

—_—
0 4
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* consistent with PYTHIA within large experimental uncertainties
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