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Jets in heavy-ion collisions

mt, o, K%, KO, p, n, ...
In heavy-ion collisions

Parton hard scattering scattered partons
Q2 >>1 GeV?2 interact with the hot
dense medium
~J L’ ETy

Radiation of soft gluons
and quarks

Hadronization into a
colorless spray of
particles

Jet quenching
v suppression of jet yield
v broadening of jet shape
v’ di-jet energy imbalance
v’ etc.

Eto<Brq

\

Challenge: large, fluctuating background!
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Tracking: [n| < 0.9, 0° < ¢ < 360°

Ana IySIS OVG ereW TPC: gas detector

— Charged tracks
Charged ’

particle
correction EMCal clusters

Cthar?(ed Corrected EMCal
. "
acks EMCal Pb-scintillator

, _clustei
‘ F sampling calorimeter
In| <0.7,80° < ¢ <180°

Jet finder

Particle level
jet spectrum

Centrality in Pb-Pb
collisions determined
Average background using the VO detector:

subtraction Unfolding scintillator counters at

‘ forward rapidity

D level —
j ;tz;’fétri\:s ‘ fdet (p_rdet) - RMcomb (p_l_det, p_l_part)x € (p_l_part) X fpart(p_rpart)

RM,,, = Background fluctuations response matrix RM
RM, = Detector effects response matrix comb

= RMp g ¥ RMg¢
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ALICE

Jet reconstruction

« Input to the jet finder
* p;recombination scheme: constituents assumed to be massless
« Charged tracks with p; > 150 MeV/c
- EMCal clusters with E; > 300 MeV after charged particle correction:

corr or1g _ matched corr
L cluster cluster f Ep L cluster = O
f = fraction of subtracted momentum = 100%

 Fiducial cut requires jet fully contained in the EMCal acceptance
Jet finding algorithm = working o 6] [ antik,RET ]
definition of jet which must be used [2]

consistently in phenomenological models
and experiments

Sequential recombination algorithms
« anti-k; (stable area, signal jets)

*  k; (background)

« Infrared- and Collinear-Safe

« FastJet!l implementation

"IM. Cacciari, G.P. Salam and G. Soyez [2IM. Cacciari, G. P. Salam and G. Soyez,
Eur.Phys.J. C72 (2012) 1896 [arXiv:1111.6097] JHEP 0804 (2008) 063 [arXiv:0802.1189]
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Average background density

/G 6
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Yale

Event-by-event charged
background density:

E charged

Median approach reduces bias
from signal jets

Scaled to account for neutral

energy:

10 scaled

= Sgmc!’

IO charged

Background density in most
central events:

~ 200 GeV/c per unit area
~ 25 GeV/cforan R = 0.2 jet!
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Detector level jet spectra

Average background subtracted
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Charged leading hadron p; > 5 GeV/c (full symbols)
Suppress combinatorial background
Bias towards harder fragmentation
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ALICE Preliminary Pb-Pb \'s, =2.76 TeV
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Comparison with inclusive
jet sample (open symbols)
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Background fluctuations

_g 10_15 ALICE Preliminary Pb-Pb VSTIN=2.76 TeV - Background density
= =y e
3 0, random cones fluctuates within event
> ol . uy R=0.2 .
= 10°F * e <05 - Smears jet momentum
© - o u® ni <. . .
S ook o e 010% - Fluctuation size
- - e s s characterized by dp-
4 __ . - . c = o. eV/c )
10 % = "o " 1090% 6pT = EpT,part - pscaledﬂR
C "o RMS = 4.5 GeV/c . . . .
P I . - asceve - Asymmetric distribution
S . - LHS: Gaussian-like
107 ° e dominated by soft particle
- "mfoes | production
111 | | | 1 1 1 | | | | | | ﬂ.l *“I |

104520 "0 2040 60 80~ i00 - RHS: tail due to hard
3p_(GeV/c) particles (jets overlap!)

ALI-PREL-79202
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Jet momentum resolution

0-10%
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Background fluctuations
« smaller for 10-30% centrality
« dominate for p; < 30 GeV/c

10-30%

5 1
t o
8 " ALICE Preliminary Pb-Pb |\/s =276 TeV
_E} | NN
3 Zoal anti-k_R=0.2
S ' L leading
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I 10-30% Centralit
0.6 ° d
. Background fluctuations
[: A Detector effects
0.4, :
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l..
B [ )
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ALI-PREL-79787

Detector effects
* ~independent of centrality and p-
« dominate for p; > 30 GeV/c
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Jet p+ spectra in Pb-Pb collisions

S - ALICE Preliminary ~ Pb-Pb \'s,, = 2.76 TeV Two Centrality classes
> - o ANk R=02p [<05 0-10% and 10-30%

G 10°F pT,Char‘Zed >5 GeV/c

= . pp measurementl’]

z gg e NEW Background subtracted
2107 Ll £ Corrections applied for
-2 3 *1}: both detector effects and
13 4 background fluctuations

2 107F iy o-10% @E$ through unfolding
_ I 1p°p' 0% 1% Unfolding methods
109 oL Pb-Pb: SVD, Bayesian, %2
0O 20 40 60 80 100 120 pp: bin-by-bin correction,

p,. . (GeVic) Bayesian

Jet

[1'The ALICE Collaboration, Physics Letters B, 722 (2013) 262 (link)
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Nuclear modification factor in Pb-Pb collisions

< . .
s ALICE Preliminary ~ Pb-Pb |/s, = 2.76 TeV - Strong jet suppression
L antiky R=02 I |<05 observed
eading £ v/ - Dependence on centrality
T,charged NEW claSS
0-10% _ o
- - Systematic uncertainties are
+ | 10-30% mainly driven by unfolding

and tracking efficiency

- Partially correlated between
centralities

- Consistent with ALICE
published results on
charged jet R-p

%|||||||||||||||||||||||||||||||||||||||||||| -TheALlCECO”abOI"ation,
0 40 50 60 70 80 90 100 110 120 JHEP 1403 (2014) 013

P o (GEVIC) [arXiv:1311.0633]

ALI-PREL-77644
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Jet p; spectra in p-Pb CO||ISIOnS
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] 0_7 ‘E EPS + Uncertainty |
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- Jets measured by ALICE in p-Pb collisions at 5.02
TeV using similar techniques

- Crucial test of Cold Nuclear Matter (CNM) effects
- Compared with different MC pp references

Quark Matter 2014

ie) T LU LA LA BN B BRI R
T 1.4 —]
o - Pb \Syy = 5.02 TeV ]
A A T ¢ ALICE Preliminary ]
;1_3 1.2 :_ |:| syst error |7]J_e||<0.5 _:
Z C B ]
‘,3,. 1:_ m pp Vs=276TeV _:
o - ]
N. 0.8_— _._+—— ]
o C ]
¢ 0-6%@ | 1
_ 1 ]
0.4 H—‘ =
0.2 —
:....I....I....I....I....I....I....I....I....:

20 30 40 50 60 70 80 90 100 110

pT’jet (GeV/c)

ALI-PREL-75744

* Results consistent with
no CNM effects on jets

 Posters: M. Connors
(E-06), C. Yaldo (E-39)

« Similar conclusions from
charged jet analysis: R.
Haake (E-09)

J7 spectra of charged jet
constituents: J. Kral
(E-16)
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Comparison with theoretical models

2 ALICE Preliminary Pb-Pb \'s,, =2.76 TeV 2 ALICE Preliminary Pb-Pb \'s,, =2.76 TeV
ac L NN oc i NN
anti-k; R=0.2 anti-k; R=0.2
L - JEWEL 0-10% L
ik Mgl<05 . 1k Mgl<0s —5- JEWEL 10 - 30%
pf;i:;ed S5GeVic YaJEM 0-10% I p'ﬁi‘:]:;ed >5GeV/c
[ # ] 0-10% - [ § ] 10-30%
0.5 0.5F
i e i $ L +
= AP I o = Il e+
| 0 I
0-10% _ 10-30%
IIII| IIIIIIII |IIII| IIIIIIII |IIII|IIII| IIIIIIIIIIIIIIIIIIIIIIII |IIII|IIII|IIII|IIII
%0 40 50 60 70 80 90 100 110 120 %0 40 50 60 70 80 90 100 110 120
LLLLLLLL 80008 pT,]et (GeV/C) ALI-PREL-80347 pT,Jet (GeV/C)

- Well-established models: realistic geometry, initial state conditions,
hadronization
- JEWEL.: arXiv:1212.1599, arXiv:1311.0048
- YaJEM: T. Renk, Phys. Rev. C 78 (2008) 034908, Phys. Rev. C 84 (2011) 067902
- Both models fitted to single particle R,
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ALICE

Comparison with CMS
- ALICE Preliminary Pb-Pb \/s,, =2.76 TeV Agreement with CMS
T anti-ky A =0.2 in the narrow region of
{- = ALICE 0-10% o
+  ALICE 10-30% overlap (only 0-10%)
» OMS 0% ; It would be interesting
v OMS 10-80% l to extend the p;
I ranges of both
i analyses to have a
0.51 T ¢ more significant
E H comparison
— : CMS: Read from HIN-12-004-PAS Calorimeter triggered
data being used by
I CMS: Syst. Unc. R =0.3 ALICE to extend to
O | | L L | | | L | | L | | L L | L 11 hlgher pT
50 100 150 200 250 300 Poster: R. Reed (E-27)

Pr e (GeV/c)
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Event plane dependence of jets

| NEW
Charged-only jets
—— 0-4 _l L I T 17T I T 17T I LI I LI I LI B | I T 17T I_ —_—— 0-4 _I T T I LI B | I L I L I LI I | I T 1T T T I T 1T T T I_
2 - —+— 0-5%, stat errors ALICE Preliminary 1 2 - —+— 30-50%, stat errors ALICE Preliminary 1
L Pb-Pb =276 TeV A n Pb-Pb Vs, =276 TeV |
% 031 |:| syst error (Shape) R=02 fn“{E“_kT, |njet|<%_7_ g 0.3+ |:| syst error (Shape) R-02 aiNt'iq-kT, |njet|<%'7_
E : - syst error (Correlated) i o : - syst error (Correlated) i
L - p >0.15GeV/c, p >3 GeV/c i Ll - p >0.15GeV/c, p >3 GeV/c i
= 02 | " T,track T, lead 1 § 02 | " T,track T, lead 1
L 0-5% I U 30-50%
0.1 — 0.1 i
O 50 0, 40 p" _~s0Gevic)—04d| o i I p(v.=0,30 < p™ <70 GeV/c) = 0.13 -
1 1 1 1 1 1 | S N S T TN T TN TN RS TN SN TN NN SN NN [ N N S — 1 1 1 1 _I 1 1 1 1 I 1 1 1 1 I 1 1 1 I2 I IIIII T’IJelt IIIIIIIIIIII '—
30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90
" (GeV/c " (GeV/c
ALI-PREL-75239 pT’ let ( ) ALI-PREL-75243 pT’ Jet ( )
- Path length dependence of jet energy loss can be investigated by
measuring jet v,:
jet _ I 7 Nin _Nout
2

) REP Z Nin+Nout
- In central events (0-5%) zero v,c"et hypothesis can’t be excluded

- Indication of v,chet # 0 in the 30-50% centrality class (2 sigma significance)
- Poster: R. Bertens (E-02)
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Conclusions and outlook

- ALICE has measured jets in various
collision systems

":G t ALICE Pr(ﬁﬂnary anti-k; R=0.2 |njet|<0.5
- pp: test of pQCD at LHC energies, 5 oo W pP0ys5 02 Toy
- - T 10
bas_elllne measurement for heavy-ion Sls e
collisions 0| 2 e
: T 107 LSS
- p-Pb: crucial test of CNM effects, also - | W -+
. = " pe™ 5 5GeVic
baseline for future Pb-Pb measurements v2810_8’ T ey i*q:.
m 0-10%
at 5 TeV 510 50% -i#
- Pb-Pb: strong centrality dependent jet 10-9;‘ oo ptemzeTed T
suppression observed relative to pp 0 20 40 60 80 100 120

i : Prie (GeV/c)
(binary scaling assumed) S

- CNM effects cannot account for the observed jet quenching
» Strong indication of hot nuclear matter effects
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Backup slides
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Jet cross section in pp collisions
; ‘anti-k ,R=‘0.2, <0.5 | & % 3 ‘anti-kT,R=‘0.4, <0.5 | ]
?': 10°) " ' ALICEh:)lp Vs=2.76 TeV: L, = 13.6 nb“é % b EE! L] ALICEhIllp s=276TeV: L, =13.6nb" E J et CI’OSS
_g 10 % [] systematic uncertainty é _g 10° % Eg Systematic uncertainty é . .
ETF 1 ETY g { sections in
T 10° ERCS E= E . .
%10-62 j §1o-eiNLO(N Armesto) === === i pp COIIISlonS
S F i = o.:g = [Z]NLO (G. Soyez) E
] 107 | % “ 10_; B NLO +‘Hadron|zat|o‘n (G. Soyez) | | ﬁ have been
3 S ———— measured by
Z o z ‘ =
— ALICEI"
= %%5 20 60 80 100 B9 - 20 20 60 80 100 150

P, t(GeV/c) (GeV/c)

3 e am:kp AricE PP Vs =2.76 TeV .
Tia- ] Systematic uncertainty Anti-k , R=0.2and R=04
8 f =] NLO (G. Soyez) . Sogen .
S * Excellent agreement with pQCD NLO
ST with hadronization effects
Ratio R=0.2/R=0.4 gives

~ewo  information on the jet structure

['1'The ALICE Collaboration, Physics Letters B, 722 (2013) 262 (link)
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Effect of the leading hadron bias

o
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B A grrennsgeanzegees
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ALI-SIMUL-76620

- PYTHIA pp
- 5 GeV/c over inclusive
- Pb-Pb collisions
- 10 GeV/c over 5 GeV/c
- Compatible with PYTHIA pp

o 16
g C
3 T Ph. _ Anti-k; R=0.2
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o C Py onet > 0-15 GeV/c
Szl ’
s - [ = ] ALICE Pb-Pb
(0]
2 L o PYTHA
Q'Z 0.8 C % f f i)
0.6/— i l
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_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
% a0 50 60 70 80 80 100 110 _ 120
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ALI-PREL-44480

” Pb-Pb |s,,=2.76 TeV Anti-k; R=0.2

0-10% Centrality il <0.5
>0.15 GeV/c

(GeV/e)!
g
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N
New Nogy dp dn

-
(=]
4
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1

10°®
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ool Lo L Lo Lo Lo nn Lo L L1
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Background fluctuations - Embedding

= - ALICE Preliminary Pb-Pb VSNN =2.76 TeV = - ALICE Preliminary Pb-Pb VSNN =2.76 TeV
V)] -1 ) -1
C = C —
() 10 g %% Centrality 0-10% (&) 10 g e“o Centrality 10-30%
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2  of g ® R=0.2 2 of S . R=0.2
5 10 £ ) 5 10 £ o
© = S ® ml<0.5 © g ) . | <0.5
3 C C
o 3l o ® ® Random Cones o 3l 5 ® ® Random Cones
o 10 3 b ® RMS = 5.8 GeV/c o 10 3 ° o RMS = 4.5 GeV/c
C (@) ) LHS C LHS
L c = 49GeV/c Al 5 ) c = 35GeV/c
1 0'4 = o‘ e o Embedded Track 10 & . ° o Embedded Track
- Q' RMS = 5.9 GeV/c C o RMS = 4.6 GeV/c
10° B . . o = 52GeVic 10° B o Q@ o = 37GeVic
= = )
C QQQQQ C [ gg
B B 8
s« 0-10% % s o 10-30% %
10 & o o 10 E 400
= g?g @ o = ¢ 0(?(?
: W ; s
_7II?llllllllllllllllllll%*_ééi _7III|III|III|III|III|II|III

1040 20 0 20 40 60 80 100 1940 20 0 20 40 60 80 100
) ,oT (GeV/c) ) pT (GeV/c)

ALI-PREL-79340 ALI-PREL-79518

Single particle embedding dp; (open symbols) is compared with random cones (full
symbols)
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p°2" = particle level jet p;
p-9et = detector level jet p;

Detector effects

1.2
- i
% - ALICE Simulation
ALICE Simulation PYTHIA pp s =276TeV S L
eading |5 £ 111 PYTHIApp |[s =276TeV
anti-k. R=0.2 p >5GeV/ ¢ w - NN
T T,charged c |
Detector Response Matrix '% i
< 250 i = T
S 8 B :l:'j ° ° °
[ o i o
§ 5200 C ool [
" 3 G [ ] Systematic uncertainty
[ 0.8
150 i - anti- kT R=0.2
100} 0.7~ p*" . 5GeV/c
L B T,charged
- 0-6_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
50_ 30 40 50 60 70 80 90 100 110 120
p . (GeV/c)
i ALI-SIMUL-76764 T.jet
Lo b Lo Lo by by g L Ly - P H H
020 406080100 120 140 180 180 200 10 ’ Jet efficiency dominated by single track
P, (@eV/0) efficiency of the leading hadron

ALI-SIMUL-76830

- Detector effects extracted from a PYTHIA+GEANT simulation

- Response assumed to be the same as for pp collisions, except
tracking efficiency
- HIJING simulation used to determine multiplicity effects in Pb-Pb collisions
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U nfOId I ng ° . ALICE Prefiminary Pb-Pb ﬁ:z.m TeV
10 = anti-k_
- R=0.2
— 2 L - 10-30% Centrality
8 ~  ALICE Preliminary —— Nominal (k = 5) 10k SVD Regularization - d vector
§ '8 pppPb|s =276Tev —— k=3 -
- NN k=4 L
= B i-k R=0.2 - K= -
é 1.6 — anti - 0 s L
= - -30% i 3
‘;’ ‘4 :_ 10-30% Centfallt.y K7 g
o - SVD Regularization k=8 B
g 12 10"
1E C
u oYl S T I MO A T N N N O B B
08l 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
T H k
: ALI-PREL-79717
06 SVD regularizationl'! acts like a “high
04 frequency filter” of a Fourier decomposition
- | | | | | | Driven by an integer parameter k
0. I 11 1 I I | I I | | I | I I | I I | | I I |
30 40 30 60 70 80 90 100 [T A. Hocker and V. Kartvelishvili, Nucl. Instrum.

p_(GeV/o) Meth. A 372 (1996) 469 [arXiv:hep-ph/9509307]

ALI-PREL-79690

fdet (p9et) = RM o mp (P19, prP2M)% € (pPart) x frart(p part)

Mathematically ill-posed problem: regularization needed to suppress
unphysical oscillations (see k = 8)
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List of systematic uncertainties
_Jo10% 1030% [N

Unfolding: method, prior

choice, regularization strength 102 s unce I’taintieS are
Measured p; range 5% 3% pT dependent
Unfolded p; range 1% 2% ° The ValueS Shown
Total unfolding 11.2% 7.9% .

EMCal energy scale 3% 3% In the table for
Clusterizer 10% 6% each category
Resolution 1% 1% correspond to the
Nonlinearity 3% 3% m aX| mum

Total EMCal 10.9% 7.4% .

Scale factor 2% 2% unce rta I nty

Tracking efficiency 10% 10%

Hadronic correction 7% 5%

Bkg. fluctuations (op+) 5% 2%

Flow 1% 2%

Total others 13.4% 11.7

Total ~21% ~16%
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ALICE

E;luster }lfack
Average background sEMc=(E Efmzkp )

T
— - « 2r
S n 4n8 gQ = n 1-6 distributi
E 250 510 : 0-10% Centrality N 1.9 % -o distribution
~ (0] F — [
< i : 1813
L . . . w7
200 — 0 100 200 300 400 C
B p(GeV/c) o6
i ALICE Preliminary RS
150 " af
Pb-Pb\/s =276 TeV e
NN o
13F
- - P 12 ALICE Preliminary
100 — charged E
L 11 Pb-PbVS =276 TeV
- scaled o NN
[ 7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
1050 15 20 25 30 35 40 45 50
B Centrality (%)
50—
CL111 | 111 | L1111 | 111 | 111 | L1111 | L1111 | 111 | L1111 | 111

0 5 10 15 20 25 30 35 40 45 50
Centrality (%)

krjet

Event-by-event charged background density: |0.....[= median(pT—)

. : . . Aijet
Median approach reduces bias from signal jets

Scaled to account for neutral energy: | Pgcated| = Semc|{Pcharged
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Charged jet Rp

1.4 ;— Central: 0-10% Pb-Pb \/s,,=2.76 TeV —; 1.4 ;— Central: 0-10% Pb-Pb |s,=2.76 TeV —;
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