High p; Particle Production and Jet
Modification in Nuclear Collisions

Ab-initio approaches in many-body QCD confront
heavy-ion experiments
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Bottom-Up: Particles Top-Down: Reconstructed jets
> Spectra at high p; > Spectrum
> Leading particles + Underlying Event > Angular distribution
> |dentified T, K, p, A, D > Jet fragmentation

> Particle correlations

single particles detailed fragmentation

jet like properties

Jet-like properties:
> Spectral shape, back-to-back
correlation

Experimentally clearly defined. ) ﬁ*”* 'aggle _ Related to theoretically
Biased: fragmentation, surface...  ““790°°0 °*"  well defined parton properties.

fully reconstructed jets

soft ® hard
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Picturing Jets/Jet Quenching

depth of field
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T T \Westdusawe A Close to Perfect Picture

MUNSTER

PHENIX Au+Au (central collisions):
M Directy
J'EO

10"

0 2 L 6 8 10 12 14 16
p; (GeV/c)

PRL 96 202301 (2006)

0 as proxy for hard scattered partons strongly suppressed
Color neutral probes unaffected - Strong final state effect.
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Nuclear modification
factor:

2
__d@°N,,/dydp,
T,,d°0, dydp,

R

(P

Taa = Neoil/onn

... the most popular
observable for hard
probes since 2001
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Only above Q? = (2 GeV)? pQCD and factorization is applicable
Transmission: Hard scattering without final state interaction (e.g. from surface)

also over final state particles

(jet with certain R) /

'S 25.c NPDFa(x) ® NPDFp(X) ® d"ab%x ® FF¢/n(2)
dona
J 3" ap.c PDFa(x) ® PDFp(x) ® ags—ﬁgmx ® FF¢/n(2)
[ 3 ap.e NPDF4(x) ® NPDF(x) @ Pacex @ FFTedum(2)

+(1-T)- e dodsp
J 2 ap,c PDFa(x) ® PDFp(x) ® %% ® FF/n(2)

simple: Leading parton FF™ed = P(AE) FF(z - AE/E)
realistic: geometry, time evolution, position, energy conservation
medium pick-up?

nuclear PDF pQCD cross section = p;™"

Raa=T -

1) Transmission (P(AE) = 0) yields a constant offset to R,, (modulo nPDF)
2) Parton energy loss (P(AE) > 0) filtered by steeply falling partonic cross section
3) Ry, averages over medium evolution and path-length
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=l High p; spectra from

Minree RHIC to LHC

Data from:

ALICE PLB717 162 (2012)
ALICE EPJC74:10 3108 (2014)
PHENIX PRC83 064903 (2011)
PHENIX PRD76 051106 (2007)

GEDSSANPGIEONE « Power law at high p; characteristic for

(mb GeV°c’)
(mb G_?V'zcs)

L Pa =g QO‘%% QCD hard scattering
o r'c 0 E d3 ’
- E—3 X —
do®  p}

» To first order n reflects slope of parton spectra
- Spectra harden significantly with Vs

* Leading particle bias reduced at LHC,
sub-leading fragments contribute more

* Reduced sensitivity to leading parton energy loss

7000 GeV (ALICE),
2760 GeV (ALICE),
900 GeV (. ALICE?
200 GeV (PHENIX)
7o P =200 GeV (PHENIX) , n
n pp\s =624 GeV (PHENIX)

Heidelberg 12.2014 CKB 6



WFI.SHT:fA;I:-CUHNEIVERSITKT Confronted Wlth pQCD

e VIUNSTER

bired s g(;;st,s:tZt Tev Tstoy’s{t,gsia(:'g Tev QQEZtZtTeV "g u bp E ; é7é Lr‘ev | | | pp 2.76 TeV -
combine pec. [ ] u — el _ "_f
th combined — — S Q| 31 [e 0 ALICE T e
oL S S = oo N9 r=05p - ]
. 35NL0ﬁ32|‘;(BKK) -------------------------------------- i 3l Htg ﬁ=l2)p s
- T R PN — B
2" 3°?a) i 4 F 2/~ — Pythia 8, Tuné 4C ]
255 - = T T e - i
20— ‘ - - i
e E e T et e o ciee e o o ]
1.05 = 17 ]I[;IIIZWE% e |
0.5— —= B 7
9.:' 3.5 = | B
Z‘.— 30? é . | | | L L L | | ! ! Lo ]
2o E 0.4 1 5 3 4 5678910
15 5 ALICE EPJC74:10 3108 (2014) p. (GeVic)
1.0E A =
0.5 o ‘ o —=
9= 35;—0\) T LI ‘ T T LI ‘ B E
z~ 3= e =
25; . ‘,u’“ .- é
20? "‘:’:.7‘: _____________ '—“_\- é
To- P ++;'L.:_;;;';"'-';L¥F— | Efl For nuetral pions pQCD over predicts the increase
0%E L . i1 BRI \\ith /s and misses the spectral shape

ALICE PLB717 162 (2012) SRl for p, < 20 GeV.

Need to revisit fragmentation functions ...
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T=0.2,AE = 7 GeV 1 i T=0.2,AE = 7 GeV

. = mmmn « T= 0-0, AE =0.23 pTc . = moimmn « T= 0.0, AE =0.23 pTC

| RHIC: n=8 at high p; LHC: n = 6 at high p;

For constant fractional
energy loss Sg= 1 — R,,"#2)= 0.23 (*)

10 20 30 40 10 20 30 40
P (GeV/c) P, (GeV/c)

(*) PHENIX PRC 76 034904

Very little discrimination power with central R,, at RHIC.
Same simple picture at LHC - Separation but higher R,, (due to harder parton spectrum)
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= Nuclear Modification
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70 ALICE 0-10% Pb-Pb .Neutral.p|0n pI’OdUCt.Ion ShOW.S
men \s,, =2.76 TeV increasing suppression, despite

70 PHENIX 0-10% Au-Au flatter spectrum.
0 S, =200GeV ¢ Vs, =624GeV
o {8y =39 GeV LHC: S¢(0.10) = 0.43

m® WA98 0-13% Pb-Pb : 18)=0.2
wags _ 015% M RHIC:  S40.18) = 0.25

Increasing suppression with Vs, but pure
surface emission (flat R,,) not ruled
out here.

Temperature and geometry dependence

12 14 - -
centrality/event plane) provide more
ALICE EPJC74:10 3108 (2014) p_ (GeV/c) g:onstrain%s plane) p
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ALICE, Pb-Pb, |'s, = 2.76 TeV
charged particles, Inl < 0.8 norm. uncertainty

@ ALICE (0-5%)

ASW (Renk)

== AdS/CFT (Renk)
elastic (Renk)
WHDG =° (Horowitz)

ALICE PLB 720 52-62 (2013) p, (GeV/c)

Suppression of single hadrons, rise and flattening of R, generic in all energy loss models

The Kinematic Lever Arm
Charged Hadron Ry,

norm. uncertainty

® ALICE (0-5%) -

—— JEWEL (Zapp et al.)
= YaJEM-D (Renk)

== Higher Twist (Majumder)
I Higher Twist (Chen et al.)

0 10 20 30 40

AdS/CFT and pure radiative energy loss over-quench (mixture of mechanisms needed)
« Calculations/simulations beyond leading particle (right) slightly preferred

Include more particles in the observable: Jets

More direct access to the medium modification of colored probes.
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Data from:

ALICE PRD 86 112007 (2012) -1
ALICE PLB 72113 (2013) pp,Vs=7 TeV,det =2.2nb
PHENIX PRL 97 2502002 (2006)
e b(—=c)—e
vc—e E
—FONLLb (—=c¢) —e ]

—FONLLc — e

(mb GeV ¢’

E d30
dp’
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| o HFE pp \)@ = 7000 GeV (ALICE) , n ~4.7
b(—c)—e pp\s=7000 GeV (ALICE), n=4.3

o c—e pp \'s = 7000 GeV (ALICE) , n ~5.4

- o HFE pp \'s = 200 GeV (PHENIX) , n ~6.9

dunlibidibteb oo oo b bbb o oo Lokl

b(—c)—elc—e

wmmmn

ALICE PLB 721 13 (2013) P, (GeV/c)
5 10 -

P, (GeV/c) Heavy flavor electron spectra harder than light

Heavy flavor electrons flavor pions and better described by pQCD.
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ALICE Preliminary B
Pb-Pb, s, = 2.76 TeV, 0-10% central, |y|<0.6

® with pp ref. from scaled cross section at \s = 7 TeV
*  with pp ref. from FONLL calculation at Vs = 2.76 TeV -
— - Cao,Qin,Bass: b (—c) > e i

Cao,Qin,Bass:c — e

)
©
S
>
o
>
©
[erm—
=
>
qv)
)
T

O e ,
A OO © o

Slightly larger than single hadrons,
- : in between charm and beauty
i L 1 1 | [ | L 1 1 | L1 1 | [ | L 1 1 | [ | L1 1 | L 1 1 ] eXpeCtatlon

2 4 6 8 10 12 14 16 18 BALEHERUENEEeNo R olETelir:]
p. (GeV/c) BEuElLE
T Closer to parton pT with Ds...

O
)

o
o
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S, =276 TeV i Pb-Pb, \/SNN =2.76 TeV
— = MC@sHQ+EPOS2, D mesons (8 < p <16 GeV/c) - === TAMU elastic, D mesons (8 <p_<16 GeV/c)

— = MC@sHQ+EPOS2, Non-prompt Jiy T(6.5 <p <30 GeV/c) — = TAMU elastic, Non-prompt JAy {6.5 < p_<30GeV/c)
MC@sHQ+EPOS2, Non-prompt JAy (with c-auark energy loss) = TAMU elastic, Non-prompt JAy (with c-&uark energy loss)

ALICE Preliminary D mesons
8<pT<16 GeV/c, ly|<0.5
[ Correlated systematic uncertainties

\‘m [ Uncorrelated systematic uncertainties
~
~
~

ALICE Preliminary D mesons

8<p <16 GeV/c, |y|<0.5
[ Correlated systematic uncertainties
(] Uncorrelated systematic uncertainties —

0.6

\\\
\\

L

..... ~

- .."""“"l'n
® CMS Preliminary Non-prompt Jiy E
6.5<p, <30 GeV/c, |y<1.2 6.5<p <30 GeVre, Jy|<1.2

[ Systematic uncertainties CMS-PAS-HIN-12-014 [] Systematic uncertainties = CMS-PAS-HIN-12-014
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII O IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
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pa co

part co

=3
l
|
|
|

0.4

(@]

0.2 ® CMS Preliminary Non-prompt Jhy |i|

Models reproduce suppression and centrality dependence with different
energy loss for charm and beauty.
Magnitude of the effect (modulo spectral shape) shows large deviations.
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W:ELSHT:fA;I:-CUHNEIVERSITKT Jet PrOdUCtlon In pp @ 276 Tev
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Charged Jets Full Jets

—&B— PYTHIA AMBT1
—&— PYTHIA Perugia-0
—+4— PYTHIA Perugia-2010
—A— PYTHIA Perugia-2011

*
-
4% —%— HERWIG

—#= = ALICE
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anti-k; R=0.4
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ALICE PLB 722 262-272 (2013)
NLO pQCD with hadronization reproduces full jet data well,
some variance in overall normalization of different MC/tunes.
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Comparing Single Particles and Jets

I I I I I I I I I I I I I I I I I I I
- track: (z) = 0.59

- [ charged jet (R =0.2):(z’) = 0.76

- [ full jet (R =0.2):(z)) = 0.91

® track — P, =29p,

—h

o charged jet (R=0.2) ---- P’ =14 p_

o full jet (R = 0.2)

T

[ PYTHIA pp Vs = 2.76 TeV
~ 40 GeV/c < p, < 60 GeV/c

PYTHIA pp Vs = 2.76 TeV

do/dp_dn (mb c/GeV)

Different parton p; at same reconstructed p-.
Effective conversion possible, depends on fragmentation pattern + slope
Heidelberg 12.2014 CKB




= RpA

— e Minsen T Charged Jets and Hadrons

| minimurln-bias p-Plb VSxn = 5|.02 TeV |
—=— charged jets ALICE Preliminary
anti-k; R=0.4,|n_ |<0.5
charged hadrons, NSD, n,,,<0-3

uncertainty reference +
Glauber (charged jets)

I normalization I

III|IIllllllmllllllllllllllll

| | | | | | | | | | | | | | | | | | | |
) 20 40 60 100 Similar limiting value

p_or p_ (GeV/c) R,x= 1 for hadrons
T T.jet and jets.
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_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIIIIII_ " i Pb_Pbm:z_?sTeV

ALICE, Pb-Pb s, =2.76 TeV 0-10% Centrality

Charged particles, 0.8 i
IR ECPRLERE L0 | i Charged+Neutral Jets

Centrality: 0-5%
Anti-k; R = 0.2 |<0.5
Leading charged track p, > 5 GeV/c

P onet ~ 0.15 GeV/c
Biased pp reference

ALICE

PRELIMINARY

%

||||||||||||||||||||||||||||||||||||||||||||
10 15 20 25 30 35 40 45 o0 0 40 50 60 70 80 90 100 110 120
p_(GeVi/c) peem (GeVic)

effective conversion hadron - full jets = 3

ALICE PLB 720 52-62 (2013)

Similar limiting value R,, = 0.45 for hadrons and jets.
Same underlying parton p; seen with different depth of focus
- fragmentation not strongly modified compared to pp

Heidelberg 12.2014 CKB
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ALICE EPJ C74 3054 (2014) CMS QM 2014 arxiv:1410.2576
TTT TTITrT TTTT TTrTT TTIrTIrT TTrTrT LI TTT ol ol . T T T T T T T T T T T T T
mg_ r T T T T T T T T T ] [ T T T T T T T 1 | T T
= I, Pb-Pb (ALICE) @ h", p-Pb ysy =5.02 TeV, NSD (ALICE) - Pb-Pbvs, =276TeV —&— ive j -59 1C inosi
% FAMPOPDCMS) 4 v, POPD s, =276TeV,0-10% CMS) { | Sw=lB e Inclusive jet R, (0-5%) ml<2 ] B oo Lominosiy unc. - bietR,, (0-10%), i<2
< \San = 2.76 TeV, 0-5% € W=, Pb-Pb | s = 2.76 TeV, 0-10% (CMS) ) . - - pPb Reference Unc.
F ' ’ ] -Pb Vs, =502TeV —H— <
@ 2 Vv 2%, Pb-Pb s, = 2.76 TeV, 0-10% (CMS) P A Inclusive jet RpA Incml 05 EI b-jet R;’:T”'A, -2.4<n, <16

CMS Preliminary CMS Preliminary

T ] T 17 |
) I | I I - l | I

11 1 1 I | NN N TN N S T | I 11 1 1 I 11

u]
J g O o
___________ goe_ "89808 8.0 p a_,_" N
g ] __ ......*# [ ’ + —_
1 _I J . l L1l | L1l I 1111 I 1111 I 1111 | 1111 | 1111 1 1 ! I | I 1 1 1 I 1 1 1 1 I L 1 1 1 ]
100 50 100 150 200 250 300 350 100 200 300 400
P, (GeV/c) or mass (GeV/c?) p; (GeVic) b-jet p, (GeV/c)

Soft: Dominated by non-perturbative production, flow, coalescence
Semi-Hard: Minimum Ry, (set by surface emission?) and slow increase
Hard: pr > 8 GeV, rising R,4, N0 obvious difference between species, only from b
increased sensitivity to (mixed) mechanisms
Hardest: pr > 35 (100) GeV for hadrons (jets), identical flat R,5, pure power law parton spectrum

mass differences no longer important? Complete Absorption of jets?
dominance of radiative energy loss? , ideal ground for isolating effect on fragmentation,
L dependence: Ry, = e*
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100 = T T TTT III| T T IIII| T T IIIII| T TT IIII| I T TTTTIT LN __i—_i_u_ulu_ui{'»__l_i_"_'_"_"__l_'_'_'_"_':

10 — Mixture of ener o ————————————;

= cross sections 3

& ST O U Ol o2 N SO SRS B _
g s Constant Cross sectlon 3
I //'|‘/ : —

@ L 3 ‘ S 5 Scale: Radiation length .
= T E | | s 5 719 X, = pair creation (y) =
o - A j X, = radlatlve energy (e) 1
§ 001 = S S SERIERTEETRE SCHITIIEEIRIRES T T Rt RISRIRIETRY AITITIT —
= - =
kS - 7 .
80001 =y A —
3 - -
< 4 | ]
L0 7 g N —3
107 e PRt -
10_6 i | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIIT

10 eV 100 eV 1 keV 10keV 100keV 1MeV 10MeV 100MeV 1 GeV 10 GeV 100 GeV
Photon energy

A constant cross section at high p; and power law spectrum would lead to constant R, ,
Is this a coincidence (ignoring path length fluctuations, evolution)? Or first step ...
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« Hadron triggered semi-inclusive jet

distribution %
= RecoilYield[20-50] - RecoilYield[10-15]

Arecoil

« Data driven background removal
— arxiv:1208.1518

* No fake jets in A ., !retcoil
je

« Same unfolding techniques as for
Inclusive spectrum

® p[%:10-15 GeV

 Validation in Pp » -p}::giw:zoeev

— Comparison to PYTHIA and pQCD - |, ALICE
« (Deliberate) biases 1ot 2012003

— Minimum Q2 .

- harder spectrum PbPb \S,,, = 2.76 TeV 0-20% f

— Surface bias . anti-k; R=0.4 A>0.4 £°"*'>0.15 GeV
Goal: Access parton fragmentation L L
at lower jet p; and larger R. peh =pieee-p A (GeVic)

Heidelberg 12.2014 CKB 20
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ARecoiI(R=0'2)/Anecoi|(R=0.4)

WILHELMS-UNIVERSITAT

14 —4— ALICE data
B % Shape uncertainty
1.2 [] correlated uncertainty
- ALICE Il PYTHIA Perugia:Tune 0,10 &11
= PRELIMINARY
L R
0.8
B T
- 2
0.6— 3
0.4~ 8:
- = TT[20,50]-[8,9]
0.2 £ p$°"s‘>0.15 GeV/c anti-k,
B T Pb-Pb \s,\=2.76 TeV 0-10%
_IIII|IIIlillII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
00 10 20 30 40 50 60 70 80 90
p$'}et(GeV/c)

100

“Structure

Apecoil(R=0-2)/Ageci(R=0.5)

Ratio”

o)
9 a4
o Tk —$— ALICE data

1 B % Shape uncertainty
5 1.2 [] correlated uncertainty

©  ALICE [l PYTHIA Perugia:Tune 0,10 &11

o I~ PRELIMINARY

&, L e bR
<] L
& o8-
Nos-

]
Tl - < ey S S —
0.6 3

e £ —— |

§04:_ _%: |_ | _|
<1rr - = TT[20,50]-[8,9]

0.2~ £ p$°"s‘>0.15 GeV/c anti-k;
L T: Pb-Pb \s,,=2.76 TeV 0-10%
_IIII|IIIIiIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
00 10 20 30 40 50 60 70 80 90
p;t}et(GeV/c)

No significant modification of jet structure for up to R = 0.5.
- Naturally extension with PID/Q/y tagging in the next run.
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* Increasingly differential picture of parton energy loss
— Collisional and radiative energy loss, energy re-distributed to large angles

— R, Observable alone cannot reflect this complexitiy but still highly popular
Wish for simple, clear pictures

« Availability of parton energy loss has become MCs essential

— Development of new observables

— Comparison to all existing observables, with evaluation of (event-by-event)
biases and separation of effects averaged/washed out in R,

« Two qualitatively different regimes at LHC
— Parton p; larger = 100 GeV: isolation of radiative energy loss
— Below: mixture of processes and separation of flavor/mass dependence
— + Energy (T) dependence with RHIC

Heidelberg 12.2014 CKB 22
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Time-of-Flight (TOF) —

Transition Radiation Detector (TRD
(R0)gs”

AL

WA

High Momentum Particle
Identification (HMPID)

)

Photon Spectrometer (PHOS)

Dipole Magnet

Heidelberg 12.2014 Forward Muon Arm 23



WESTFALISCHE Reconstructed Jets in ALICE

e VIUNSTER

Pb-Scintillator sampling:
* In|<0.7,14<ep<Tm
« Track matching to account
for double counted energy

AR
AN

Neutral constituents

Fulljet - (R - oo
Charged constituents

kol , _ votopology PhOtON
Heidelberg 12.2014 - 00 1% el IIFCH I 24
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ALICE Preliminary

Pb-Pb, |s,, = 2.76 TeV, |y| < 0.5, 0-5%

o * K *K® #p mo

SeEs
T

2 4 6 8 10 12 14 16 18 20
p_ (GeV/c)

Low py: Flow and possible quark-recombination (baryon-anomaly).
pr > 8 GeV:  Common suppression pattern, parton energy loss dominant.
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2IIIIIIIIIIIIIII|III|III|IIIIII

ALICE
0-20% centrality
Pb-Pb,\/s\, = 2.76 TeV

<
<t
T8
1.6

1.4 e Average D°, D*, D™, |y|<0.5

o Charged particles, n|<0.8

1.2 m CMS non-prompt J/vy, |y|<2.4

1
0.8
0.6

0.4

A o i

0||||||||||||||||||||||||||||||||||| PromptDmesonscompatible
0 2 4 6 8 10 12 14 16 8

with charged hadrons and below
ALICE JHEP 1209 (2012) 112 pt (GeV/C) non-promgpt Jhp.

"

0.2

T T L R T T
0
-
|||||||||

ol NI
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T Charged Hadron R,
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e ALICE (NSD)
" NLO pQCD: shadowing, EPS09s (n°)
LO pQCD + cold nuclear matter

[ JHUJING 2.1
1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1

P R T
10 20 30 40

No strong nuclear modification

at high p.

Hint for peak below 10 GeV.
[OMM(CIAVI9 M Confirmed with PID:

ALICE: EPJC74 3054 (2014) ! Mass ordering, baryons enhanced

oL
o
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Resolving Hadron Species

2 See talk by Alexander
ALICE preliminary Kalweit

18
16
14
12

1

0.8

0.6

NSD, p-Pb \'s,,, = 5.02 TeV
[ m_ | m+m,-05< Y ous < 0 for p. < 2.0 GeV/c
-03<y <03forp >2.0GeV/c

0.4H

0.2

K'+K,-05<y

-03<y

[ m ] p+p,-05<y,

[ ®m ] &

(;Mg 0 for P 23.0 GeV/c
MS<03forp > 3.0 GeV/c

<0 forpT<28GeV/c
<03forp > 2.8 GeV/c

0

2 4 6 8

Heidelberg 12.2014

10 12 14
(GeV/c)

Seperation of Baryons and
Mesons.
“Classical’-Explanation
cannot account for this.
Flow and recombination

in pPb?




- WIELSHT:fA:I:-CUHNEIVERSITKT Jet MOdIflcatlon

MUNSTER

Interactions of the hard parton with the medium modify the jet relative to pp,
but a jet is not uniquely defined (algorithm, radius, p; cuts, ...)

p+p (vacuum) .
Out-of-cone radiation:

* Energy loss, Rys < 1
d’N,,/dydp.
RAA('DT):T d’c_dyd

AA Upp y pT

Taa = Neoi/onn
—# ) )
In-cone radiation:
* R, UNchanged

q
1\& « Jet broadening

‘444¢¢;;»~"

Experimental challenge in A+A:
Separate jet signal/constituents
from large soft background

Heidelberg 12.2014 CKB AS



: Reconstructed Jets In

WILHELMS-UNIVERSITAT
MUNSTER

* Input to jet reconstruction Sl e o
— Charged tracks (ITS+TPC): p; > 150 MeV/c
— Neutral energy clusters (EMCal): E; > 300 MeV

e Correction for matched tracks avoids
energy double counting

— High precision at single particle level down to very low p-
« Jet reconstruction via FastJet®
— Anti-k; for signal
— k; for background density
— Boost invariant p; recombination scheme
« Correction for detector effects via unfolding
— Momentum resolution
N.B.: Different parton p; scale

— Energy reSOI_Ut'On at same jet p; for charged and
— Track matching neutral jets.

*Cacciari et al. EPJ C72:1896 (2012)

Full jets

Heidelberg 12.2014 CKB K10



= Theory Comparison

WILHELMS-UNIVERSITAT RAA and IAA

e VIUNSTER

B ALICE h* ALICE Preliminary

— Renk ASW 0-5% Pb+Pb \/s),=2.76 TeV
Renk YaJEM

Need simultaneous comparison to - Renk YaJEM-D

several measurements
to constrain geometry and E-loss

Here: Ry, and I,

[ 0-5% Pb+Pb .
[ 8<p <15GeV 44
Three models: 5L e S

A
I _'T_..i"' H
ASW: radiative energy loss i ii
YaJEM: medium-induced virtuality - ,,./H_'
YaJEM-D: YaJEM with L-dependent [

virtuality cut-off (induces L?) _ | m ALICE (v, bkg)
-2 — Renk ASW

i Re:ll‘faJEH

== Renk YaJEM-D

4éﬂl10
P> (GeV)
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The Kinematic Lever

| | WESTFAUSCHE
WILHELMS-UNIVERSITAT

e VIUNSTER

ALICE, Pb-Pb, |'s,, = 2.76 TeV
charged particles, nl < 0.8

@ ALICE (0-5%)
AE ~ T4L3 mcwms (0-5%)

Heidelberg 12.2014

* Models tuned to RHIC data

norm. uncertainty — Identical expansion model
Renk PRC85 044903 (2012)

— LHC-extrapolation: Test of
T-dependence

» Flattening of Ry,
— Generic property of all models

ASW (T.R.)
—— YaJEM-D (TR) e |LHC data favor

= = = elastic (T.R.) large Pesc

- = = elastic (T.R.) small P
— AE~ T3L"(n <2)

Further constraint of energy
loss scenarios.

CKB 32
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7\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\\\\\\\
ALICE, charged particles

—
©
T | T

" e p-Pb |5, =5.02TeV, NSD, |n_|<0.3

1.61"a Pb-Pb |5, =2.76 TeV, 0-5% central, | | < 0.8
A Pb-Pb \s =2.76 TeV, 70-80% central, | n|< 0.8

\\‘\\\‘\\\‘\\\‘\\\l\\

==
0

S
N
~

X E ALICE, p-Pb, Sy, =
2 FVOA Multiplicity Class

E o] 0-5%
= 60-80%

L]
- )N
© NN -

—k
(o))

0 2 4 6 8 10 12 14 16 18
pT(GeV/c)

— —h
(RN

5.02TeV _3_ ALICE, Pb-Pb, |5\, = 2.76 TeV

es (Pb-side)
e 0-5%

—=— 80-90%

o o
fo2Jie N

o o
(SIS

- o
— _«_:: ;}' R E%E E

(=)
O mm

2 4

Heidelberg 12.2014

6 8 2 4 6 8
p. (GeV/c)



L
|
— E———  WESTFALISCHE
WILHELMS-UNIVERSITAT
e M UNSTER

h* 0-10% Pb+Pb |'s, = 2760 GeV

(ALICE [Abe12a])

ch. jets R = 0.2 0-10% Pb+Pb |s, = 2760 GeV
(ALICE prelim., corrected ref.)

jets R =0.2 0-10% Pb+Pb |'s, = 2760 GeV
(ALICE prelim.)

ch. jets R = 0.2 0-10% Pb+Pb |'s, = 2760 GeV
(JEWEL [Zapp12])
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h* 0-10% Pb+Pb |, = 2760 GeV
El (ALICE [Abe12a]): 2.9 p_

ch. jets R = 0.2 0-10% Pb+Pb |'s, = 2760 GeV
(ALICE prelim., corrected ref.) 1.37 P,

jets R = 0.2 0-10% Pb+Pb |'s, = 2760 GeV
(ALICE prelim.)
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- Jet Structure

2 1_83_ Pb-Pb /s _=2.76 TeV & PbPb 0-10% f_ Pb-Pb s =2.76 TeV Centrality 0-10%
6!: 18 % : i:;?:u'aﬂ% = [[® ] ALiCE Charged Jet
= 4 ALICE = A  PYTHIA+JEWEL
N A PRELIMINARY -
ﬁ: 1'2:_ + :_ PR?LII:EI:I(;«I:HEM' * +
T I e ﬁkd_éﬁig;-;-ﬁ—
= —t—t =
el e m%‘ % =
e T -
0.4 - Charged Jets - Charged Jets
02 E I:I correlated uncertainty Anti-k T E Anti-k T
b ey | poptseeve | [P eoppeal andr TS | priopasceve
% 20 40 0 80 100 ) 20 40 &0 80 100
charged charged
p_ 9% (GeV/c) P> 9% (GeVl/c)

Ratio consistent with vacuum jets for peripheral and central collisions.
No significant jet broadening.
Consistent with expectation from JEWEL* energy loss MC.
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= (Charged) Jet Production

\&I{jL;l:;.&S-UNlVERSlTKT pp @ 7 Tev

102E (i """"""""'""""—::—'"'('t'))'""""'”'""""""""""'—::—'"'(")'”"""""""""'""""':

£ a —#— ALICE ¥ ; T C ]

- —4— PYTHIA Perugia-0 T pf) 1s=7TeV T % ]

10'3:—% —A— PYTHIAPerugia-2011 | p7** > 0.15 GeV/c 1 _

E % —f— PYTHIAAMBTH + % "] < 0.9 I E

B —— HERWIG T % B ]
% ¢ PHOUET : :

T

| IIIIIII|
T IIIIII||
| IIIIIII|
T I|IIII||
| IIIIIII|

—
<
[$)]

17 <0.3

Fastletanti-k; R=06 ==g=

17 < 0.5

T T TTTTIT
| | IIIIII‘
LU
| 1 IIIIII‘
T IIIIII‘
1 1 IIIIII‘

P /dp_dn (mb c/GeV)
T TT IIIIll'b

FastJet anti-k; R=0.4

—
Q
[22])
II|II|
I|II|
IIIII|
II|II|

ki
S q5
©)
=
0536 30 40 50 60 70 80 90 10020 30 40 50 60 70 80 90 10020 30 40 50 60 70 80 90 100
ALICE arxiv:1411.4969 det,ch (GeV/ce) ﬂet’Ch (GeV/c) det,ch (GeV/o)

Larger variance of MC/tunes at higher Vs (important for increased LHC energy)
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- A Closer Look

WILHELMS-UNIVERSITAT Jet Structure |n pp II

e VIUNSTER

pch
Scaled transverse momentum: — Lt
pT,track
s 45 T T T T T T [ T T T T T
< T 1T { T 1T { T 1T { T 1T _.‘E 1T 17T { 1T 17T { 1T 17T { 1T 17T jU’ L 4 -0(615— 60 - 80 GeV/c
2 ot & _ ] F pp Vs =7TeV
2 pp \'s =7 TeV FastJet anti-k; o pp \s=7TeV 60 - 80 GeV/c > ALICE pp\'s =7 TeV ] 8 F -
S el s A 04 Sh A Sl mo0.30cevie PI>015GeVie | 3 L. T Y
= " 5,R=04 7 4 2 g+ - e 4 ,$ $$
E‘E R ] 1@ — e z I <0.9 ] F
ar [ 1n"%1<0.9 ] —o—Oo— " —o0—7% = r ®30-40GeV/c . 1 [ I < 0.9
g0 ] Fastletanti-k;  17"%1<0.9 == r FastJet anti-k; ] 0.5 Pk 50,15 GeVic
- =a= peks0.15 GeV/e 0.5 R=04 1y*<0.5 pi*>0.15 GeVic 35 [ A 40-60GeV/c R=04 ] [ ! -

O P, E HA A .. | s
E Goy, 8= ] { { { [V 60-80GevVic *1<0.5 i I 40-60 GeV/c FastJet anti-k;
= %, =H= ] 40 - 60 GeVic i ] [

+ 4 ja- o F 1 r R=04
700 == 1.5 O PYTHIA Perugia-0 o] F
i 2 5 ] 7§7 3+ | 1 1 171 <0.5

104 ¢OE!E i‘g O : F : Eg=
: S 52 2= gt i o Y 1 ot -

F , B= 3 [ I~ i L
Lo e, == . ] 25 - e - r EIS
F = 00) $ B [ - : L y y
| | i ' ' ' '
g!g $ 4 1.5+ _N/—

103? 80 - T { 11T { 11T { 11T [ ] . 30 - 40 GeV/c -
£ %) =8= = A PYTHIA Perugia-2011 30 - 40 GeV/c 2 - L
F Goy, =B= % 1.5 O PYTHIAAMBT F E 8 - ] 1B ,%ﬂ{y’ﬂ: ,,,,,

L OAV E r ] G %, Iy
L o == ] [ —y— ] X
. [ ] &
> ?i == | 15 A B s
102E oo 4 y 05F
£ (4 3 [ ] [
: “% - 7 - e i F
r Gor, " == = . - 1 i P
[ © == ] - b ] 151 20 - 30 GeV/e O PYTHIA Perugia-0
== v HERWIG 20 -30 GeV/e—o] ] b A\ PYTHIA Perugia-201
10 W ALICE == 15 [ < [ OPYTHIA AMBT1
E o PYTHIA Perugia-0 3 ¢ PHOJET — H iéf e E 1t T HERWIG
[ A PYTHIAPerugia-2011 v HERWIG ] 05 v A N O PHOJET
F O PYTHIAAMBT1 ¢ PHOJET =¥~ [ =% ] 0.5F
= —AV— A [
1 I ‘ I ‘ I ‘ I L & v < r
0 L L L L :t*Aﬁ ! 1 1 ! L ! ! 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 1 2 3 4 5 6 0 1 2 3 4 5h 6 l7h n'8|
i : ch _ jet,ch , . particle = lo et,ch / particle
Distance r Distance r &7 =log(p™"/p™™) £ = log(pr*/py

Radial structure well reproduced by MC. Hump-backed plateau, well reproduced by MC.
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+ A Closer Look Il

I - ldentified Fragmentation

pp Vs =7 TeV
ALICE Preliminary

particle ratio

¢ 5-10 GeV/e
T,jet

—— PYTHIA Perugia0
PYTHIA PerugiaONoCR
PYTHIA Perugia2011

P 10-15 GeV/c

T.jet

anti-k;; R=0.4; ™'|<0.5

ptTfa°k>o.15 GeV/c; M™<0.9

p" 15-20 GeV/c

T,jet

5507 0% 0E 16 More discriminating between different

MC tunes.
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T T | T T T | T T
- p_Pb SNN=5.O2 TeV
0-10%, VOA Multiplicity Class (Pb-Side)  ___ jet R=0.2

chl >1O GeV/c, anti-k+ o jet ,:;:0'3

HH |n |<0 75-R, |n |<0.75 = jet R=0.4

—¢— stat error

[ ] systerror
—— PYTHIA8 Tune 4C

—e— inclusive

%t

ALICE Preliminary

P T "
0 . 12
P o (GeViC)
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- W:ELSHT:fA:I:-CUHNEIVERSITKT Event BaCkg round
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__ Fec _
PT jet = pT,jet —p X Ajet

* p: Median of p;/area, determined
event by event via k; clustering

— Here k; clusters |n| < 0.5,
excluding two leading clusters

— Advantage: robust statistical

measure
» Natural connection of p to event
properties/characteristics of p entrige”
spectrum
- p=N<p>

« Typical value for R=04,A=0.5
— 50 - 100 GeV/c background

LIRS . 1000 2000 3000
Background increases linearly Naw

. . . . . ALICE JHEPO3 (2012) 053, arxiv:1201.2423 input
with input raw multiplicity.
Depends on p; cuts and R.

Heidelberg 12.2014 CKB 41




——— = Westuscme Background Fluctuations

e VIUNSTER

» Region-to-region deviations from LHC2010 Pb-Pb (s=2.76 TeV
median

— Statistical fluctuations (~VN)
— Collective effects (~ v, N)
— Mini-jets
— Non-uniform detection
« Data driven determination
— Random cone, probe embedding
in Pb-Pb events

5pT = PT,rec — A - P — PT,probe
— Width of distribution dependent
on R and p; cuts
These change multiplicity within cone

0-10% centrality
RC Pb+Pb anti-k,

A E . 4 R=0.2 6=4.47

PERFORMANCE

15/03/2012 v R=0.36=7.15
A R=0.4 6=10.18

°
p‘Tr“" >0.15 GeV/c

probability density

ALICE tracking capabilities essential
to characterize background properties.
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WILHELMS-UNIVERSITAT Comblnatorlal JetS
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* Reconstructed jet clusters which do not
originate from hard process

— Determined by fluctuations of particle number
and pT o. —e— Inclusive

. p*eins 5 2 GeVie
— Bump around zero after background subtraction e
similar to dp+

Pb-Pb \/57NN=2'76 TeV Anti-k; R=0.2 Inl < 0.5

f 0.15 GeV/
0-10% Centrality Priack > eVic

E:user > 0.30 GeV

leading
—— > V/
pT,track 5 GeVic

v p995 8 GeV/c
Ttrack

* No clear separation possible ' §E 10 Govie
— Impact reduced for smaller jets
* Leading track bias to tag a hard process '
— p>5,8, 10 GeV/c after jet I e
reconstruction | ‘

— No reconstruction bias, only
fragmentation

« Hard jets dominate beyond p; = 60 GeV/c

-40 -20 0 20 40 60 80 100 120 140
raw
pTJet (GeV/c)

Full jets (raw)
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—_— — W:ELSHT:fA;I:-CUHNEIVERSITKT Jet pT reSOIUtlon
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« Background fluctuations and detector effects partially compensate
— Low jet p;: background fluctuations dominate
— High jet p;: detector effects dominate

Charged jets Full jets
An‘ti-kT‘R=0|.2 Céntral‘ity: 0|-10°/L
= Background fluctuations

A Detector effects
s Combined

Leading track p_> 5 GeV/c

ALICE

PERFORMANCE
28/06/2013

| | Ar‘lti-kT‘R=0|.2 Céntral‘ity: 0|-10‘V|o
= Background fluctuations
s+ Detector effects
¢ Combined

Leading track p_> 5 GeV/c

ALICE

PERFORMANCE
e 28/06/2013

.....
(] s00engy,
seas gy
e Y YL Y IV ,..:A‘AAAAAAA‘AAAzg‘2::’!!”,.,’,,,.!..
g,
m

Hl\\l\‘ll Il\l\\‘\H\l\\ll‘ll\ll\ll\l\\l\‘\HI
Ib‘ll\ll\l\\‘\H\l.‘\.l‘ll\ll\ll\l\\l\‘\HIA

\l\\I\ill\ll\l\\‘\H\l\\II‘II\Il\II\lHI\‘\HI‘

\II\|I\I\‘\\\\‘I\II|II\I‘\\\\‘\I\Il\ll\‘\\\\‘\\l\ \II\|III\‘\\\\‘\\II|II\I‘\\\\‘\I\Il\ll\l\\\\‘\\lﬂ
0 20 30 40 50 60 70 80 90 100 110 0 20 30 40 50 60 70 80 90 100 110

p_ﬁir; o (GeVic) p_‘;jgt (GeVic)
Resolution main effect on jet spectra: Corrected via unfolding
(x?, SVD, Bayesian)
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— = W:ELSHT:fA;I:-CUHNEIVERSITKT Jet PrOdUCtIOn In Pb-Pb

MUNSTER

Charged jets, R=0.3 Full jets, R =0.2
4 centralities, no leading track bias central events
Pb-Pb \s=2.76 TeV

Centrality

D - o0%

ALICE = 10-30%
PRELIMINARY

4 30-50%

v 50-80%

—
Q
]

-
<
IS

Pb-Pb {/s,,,, = 2.76 TeV

0-10% Centrality

(GeV/c)™
eV/c)’

e
&

Charged+Neutral Jets

b/
(@
%

Anti-k, R = 0.2 7|<0.5

Charged Jets
Anti-k; R = 0.3

Leading charged track p, > 5 GeV/c
p‘T"“"k >0.15 GeV/c

==
| |
= =
]
= =28
-

==

iy
e
3

o
FS

- [__] correlated uncertainty ALICE
- [Z] shape uncertainty PRELIMINARY
10-10HH‘\H\‘HH‘\H\‘\H\‘HH‘HH‘HH‘HH‘HH 10_6 ||||||||||||||||||||||||||||||||||||||||||||

10 20 30 40 50 60 70 80 90 100 110 30 40 50 60 70 80 90 100 110 120

p_crharged (GeV/C) p-CI:J];:Bm (GEV/C)

p

>0.15 GeV/c
T,const

—_
e
o

o
)
<
Z
[aV]
©
s
(O]
Z
S
F—
°
O
pd
<
—

1/N_,,d°N/dp

i

10°

—_
S
©
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NPe! - d*N/dydpr|

o = oo P
NcoII -d N/dyde‘peri

Jets clearly suppressed in central collisions.

Centrality ordered suppression pattern.

No strong p; dependence

Heidelberg 12.2014

(0-10%)/(50-80%)
(10-30%)/(50-80%)
(30-50%)/(50-80%)

(0-10%)/(50-80%)
(10-30%)/(50-80%)
(30-50%)/(50-80%)

Charged jets

CKB

Rep
Charged Jets

Pb-Pb |'s,=2.76 TeV

Charged Jets

Anti-k; R=0.2

plreck > 0.15 GeV/c IC

PRELIMINARY

[ correlated uncertainty
@ shape uncertainty

Pb-Pb |s,,=2.76 TeV
Charged Jets
Anti-k; R=0.3

plreck > 0.15 GeV/c ALICE

PRELIMINARY

[ correlated uncertainty
@ shape uncertainty

charged
T (GeV/c)

46



— Jet Structure
WILHELMS-UNIVERSITAT CrOSS SeCt|On Ratio

e VIUNSTER

L] I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L]
- ALICE charged jets p-Pb 5.02 TeV
" FastJet anti-k; jets R =0.2/0.4, |nlab| <0.5

=0.4

ALICE preliminary

0.2/ dN jets, R

0.8

0.6

dNiets, R

+

0.4

Centrality classes (ZN)
e 0-20%
0 20-40%
~— 40  60-80%

20 30 40 50 60 70 80 90 100
P1 ch jet (GeVic)

0.2
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- Jet Structure

WILHELMS-UNIVERSITAT CrOSS SeCt|On Ratio

MUNSTER

Cross section ratio tests
jet collimation

Charged jets Full jets

ppNs=7TeV

FastJet anti-k;

7% < 0.3; 1@ < 0.9
p‘T’E’le >0.15 GeV/c

anti-k;, n|<0.5
[ ALICE pp Vs =2.76 TeV
[ Systematic uncertainty
227 LO (G. Soyez)
NLO (G. Soyez)
NLO + Hadronization (G. Soyez)

1
=0.4)
=

0.2)/c(R
.

—h

—1—

o(R
e
0

RIRRRRRK KKK KKK KKK KKK KKK KX XXX IR KRHXHKKXX

g

I A,

[ = 1]

-

¥
_*_<1

B ALICE

=4
>

A PYTHIA Perugia-2011

V HERWIG

70 80 30 40 50 60 70 80 90 100
pT’iet (GeV/c)
Consistent with PYTHIA, pQCD+hadronization.
Larger collimation at high jet p-.
Spectra approach similar slope.

N
o
w
o
N
o
(@]
o
(@]
o
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—— W:ELSHT:fA;I:-CUHNEIVERSITKT RCP LHC-Comparlson
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 N.B.: Different

Anti-k, algorithm R = 0.3 — Jet constituent objects
CMS Preliminary 0-10%/50-90% Particle Flow Jet _ Momentu m Cut_offs

— Treatment/suppression of UE
background fluctuations

ALICE Preliminary 0-10%/50-80% Track Jet

ATLAS 0-10%/60-80% Calo Jet

Similar message from all LHC experiments:
Jets are strongly suppressed over a broad

0 50 100 150 200 250 300 gesEnrrs

Jet P (GeV/c) Low p; region (rise?), most difficult/interesting.
Sasha Milov: QM 2012 T Other methods to explore reconstructed jets?
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- —4— 0-5%, stat errors ALICE Preliminary 7

- Pb-Pb Vs, =2.76 TeV |
" [ ] systerror (Shape) R = 0.2 anti-ky, In |<0.7

B - syst error (Correlated)

p >0.15GeV/c, p >3 GeV/c
T, track T, lead

- —$— 30-50%, stat errors ALICE Preliminary

- Pb-Pb Vs, = 2.76 TeV
" [ ] systerror (Shape) R =02anti-ky, n_|<0.7

- syst error (Correlated)

p >0.15GeV/c, p >3 GeV/c
T, track T, lead

v PHEP, |An|>0.9 }
v H{EP, |An|>0.9 }

p(v =0, 40 < p™ <80 GeV/c) =0.44 - p(v =0,30 < p® <70GeV/c)=0.13 -
1 1 1 1 1 T’]et 1 1 1 _I 1 1 1 1 I 1 1 1 1 I 1 1 1 I2 I 1 11 1 IT!IleIt 1 1 1 1 1 1 1 1 1 1 1 1 '_

40 50 90 100 20 30 40 50 60 70 80 90
p" (GeV/c) p" (GeV/c)

T, jet T, jet
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el Cross Section Ratio

e Mingrrn T ERSTAT Charged vs. full Jets

I 1 1 I 1 1
PYTHIA8 Tune 4C =
=
== E.=$=’=

T =

=
——

=0.4)

0.2)/c(R

==
ch. jets 2760 GeV
= full jets 2760 GeV
— ch. i_ets 5025 GeV
full jets 5025 GeV
ch. jets 7000 GeV
full jets 7000 GeV

.
3

o
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Pb-Pb, \'s,, = 2.76TeV — Peak Pb-Pb, |'s, = 2.76TeV, 0-10% central
0-10% central = Bulk |

st 2,0 < p. < 2.5 GeV/c, |n| < 0.8 - N
May 2151’ 2012 T ’ I Bu I k II 4 |I’ Bulk Ratio (-0.52 < A¢ < 0.52,10.6 < An < *1.5)
S{ 1.5 4 B Iy Peak - Bulk Ratio (-0.52 <A¢ < 0.52, -0.4 < A7} < 0.4)

.£& [ PRELIMINARY
- Pythia (Peak - Bulk Ratio)

— 5.0< Prig < 10.0 GeV/c

"

|III||IIIIII]II

LI

|lIIIlIIIIIIllIIIlIIIIIIlIIIlIlIIIIl

1 1.5 2 2.5 3 3.5 4 4.5
p . (GeV/c)

T,assol

Near-side peak (after bulk subtraction): p/m ratio compatible with that of pp (PYTHIA)
Bulk region: p/m ratio strongly enhanced — compatible with overall baryon enhancement
Jet particle ratios not modified in medium? Could this still be surface bias?
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—— WIELSHT:fA:I:-CUHNEIVERSITKT COIOr NeUtraI PrObeS

MUNSTER

« Also hard production CMS \/s,=2.76TeV L_(PbPb)=6.8ub" L, (pp)= 231 nb"
— t~1/Q «1fm/c 2
— Not affected by medium —e— R,, (0-10%)
— Effective quark-jet tag Systematic Uncertainty
Y

— pr <20 GeV/c: fragmentation _ —— PbPb(EPS09)/pp(CT10)
photons start to dominate PbPb(nDS)/pp(CT10)
° Other sources PbPb(HKNO7)/pp(CT10)
— — EPS09 PDF uncertainties
— Production from thermalized 0
partons and hadrons 10 20 30 40 50 60 70 80

— Jet-medium interaction Photon E.. (GeV)

CMS PRL 106 212301 (2011)
Direct photons are produced and escape throughout the full evolution of the system!
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Hard (Colored) Probes in Heavy-

lon Collisions

MUNSTER

 Probe the created medium

— Parton scattering prior to QGP

formation (t= 1/Q « 1 fm/c)

« History imprinted into jet structure

— High p; partons interact strongly with
QCD medium prior to fragmentation

(“jet tomography”)

« Experimental access
— Single particles at high p;
— Two-particle correlations
— Reconstructed jets
— Jet fragmentation pattern Vv
Direct effect on high p,/jet
observables compared to p+p.
Heidelberg 12.2014

increasing
influence of
underlying event
background on
observable

CKB

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46
Fill : 1482

Run : 137124
Event : 0x00000000D3BBE693
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