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Heavy Ion collisions

Heavy-ion collisions produce ‘Hard probes’

soft ‘thermal’ QCD matter Hard-scatterings produce hard partons

Dominated by soft partons

p~T ~ 100-300 MeV pr>>5GeV

.f/

‘Bulk observables’
Study hadrons produced by the QGP
Typically p; < 1-2 GeV

/ ‘
Two basic approaches to learn about the QGP
1) Bulk observables

2) Hard probes
Both measure the same system — expect consistency

This talk: focus on experimental results
Physics interpretation given for context; fineprint omitted in many cases

= Probe medium through interactions



Low p-: thermal production, flow
Initial geometry

(Not a focus of Hard Probes Conference
Some results shown at ICHEP)



Low and intermediate p-

F. Bellini@ICHEP

Schukraft. Mueller. Wvslouch. arXiv:1202.3233

STAR: Au-Au 200 GeV x A/A
with 10% feed-down correction

- ALICE preliminary:

- Pb-Pb \s, =2.76 TeV

[~ stat. errors only

= syst. error ~10 % ALICE, |y|<0.75

i A Pb-Pb 0-5%

4+ Pb-Pb 60-80%
gq_ \s=7TeV

A Au- Au 0-5%

¢ Au-Au 60-80%
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Low p+:

<p;> increases with mass
(more than in pp)

- Flow velocity

->Hydrodynamical calculations agree with

measurements

P, (GeV/c)

Intermediate p+:
large baryon/meson ratio:
- Flow
- Hadronisation via quark coalescence?



More flow: v,, v,

C. Perez Lara@ICHEP

- ALICE preliminary, Pb-Pb events at \ sy, = 2.7€¢ TeV
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matter behaves like a fluid

Sensitive to medium density profile
—> Compare with hard probe measurements

0ol ALICE preliminary, Pb-Pb events at \s,, = 2.76 TeV
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High p;: probes of the medium
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Z
= p+p
E % Au+Au
High-p; partons scatter off
partons in the medium D
: T
and radiate gluons _ _ _
Energy loss: suppression of yield at fixed p;
dN/d
Nuclear modification R,, = Pr
factor Neon AN/ dp; p+p
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Nuclear modification factor

Charged hadron p; spectra
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Large suppression

Raa rises with p; = fractional energy loss AE/E

decreases



R,, VS theory/models

M. Floris, P. Luettig@HP
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R Similar for all particles above p;~6 GeV

Suggests fragmentation dominant production process
No large modifications of hadronisation (color reconnection,

coalescence) above p; ~ 6 GeV



Proton/pion ratio in jets

M. Veldhoen@HP
Pb-Pb, \s,, = 2.76TeV, 0-10% central

Di-hadron correlation
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p/m ratio low, similar to pp when associated with high-p; hadrons
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Heavy flavour

1) Produced in hard scattering, no thermal
production in the QGP expected (Im < T)

2) Parton energy loss: dead cone effect
expect AE less than light quarks

11
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Heavy flavour via leptons in pp

Electrons from heavy flavour Muons from HF decay
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Good agreement with FONLL theory
Nice complementarity with ATLAS
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Comparison to theory expectations
Good agreement
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1/2np d’c/dp dy [mb/(GeV/c)’], lyl<0.8

Electrons from beauty: 2 methods

M. Kweon, M. Heide, M. Volkl, D. Thomas@HP

Impact parameter selection B/D separation via decay kinematics
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B/D ratio agrees with FONLL
Method being refined

Good agreement with FONLL

Important baseline for AA, parton energy loss
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Difficult charm hadrons: D, and A,

G.M. Innocenti, P. Pagano@HP
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Raa pPrompt D

D meson Rua

Z. Conesa del Valle@HP
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Rax < 1: charm also loses energy
Agrees with model calculations
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Jets in pp and Pb+Pb

Out-of-cone radiation:
suppression of jet yield: R ¢ < 1

In-cone radiation: softening
and/or broadening of jet structure

ALICE: use charged tracks p; > 150 MeV to ‘catch’ soft gluon fragments

16



Jets in pp at Vs=2.76 TeV

EMCAL installed in Dec 2010: [n|<0.8, ¢ ~n/3

Charged tracks+EMCAL, R=0.4
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Reasonable agreement with NLO calculations
Need to include hadronisation for jet shapes
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PbPDb jet background
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Main challenge: large fluctuations of uncorrelated background energy

(Size of fluctuations depends on p; cut)
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PbPDb jet spectra . Verweil @HP

Charged jets, R=0.3
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Jet spectrum in Pb+Pb: charged patrticle jets
Two cone radii, 4 centralities
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Jet broadening: R=0.2/R=0.3
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Comparison to JEWEL
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Good agreement with JEWEL energy loss MC

(tuned to charged particle R,,)
— Towards understanding energy loss mechanism with MC-data comparisons
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Di-hadron correlations

J-F Grosse-Oetringhaus, A. Morsch@HP

5 0.6
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Not expected for jet fragmentation
Longitudinal flow?
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Di-hadron correlations

J-F Grosse-Oetringhaus, A. Morsch@HP
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Width larger in n than ¢ | AMPT model has similar behaviour
Not expected for jet fragmentation Mechanism not clear yet...

Longitudinal flow?
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J/ ¥ Production Probability

J/y production and suppression

Motivation:

Jhy and quarkonia melt
In Quark Gluon Plasma

—

Debeye screening

statistical regeneration

sequential suppression

Energy Density

T/T¢ 1/(r) [fm1]
)
2 |- | Y(1S)

Xb(lp)

1.2lel 7/v(15) Y'(25)

% (2P) Y'(35)
x(1P)  w'(25s)

Thermometer:
Suppression depends on
local temperature
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I Raa

J. Wiechula, C. Suire, L. Massacrier@HP

Forward rapidity, low p+

1.4 — ; 1.4
é i ALICE Preliminary, Pb-Pb m =276TeV,L =70 pb” §
= W Inclusive J/ y, 2.5<y<4, O<p ‘<B GeV/c global sys.= £ 11% m
1.21 JALICE ALICE (arXiv:1202.1383), Pb-Pb {5, = 276 TeV, L = 2.9 b’ 1.2
i [ Inclusive J/ y, 2.5<y<4, 0<p '<8 GeVic global sys.= + 8%
't
0.8 _— @ 0.8
06 I # E
i L] @ L] E E 0.6
02 0l
0 i | | ‘ | AL‘ICE commo‘n glob. sys.‘ =+9% =
0 50 100 150 200 250 300 350 400 0
N part

2011 data: clear improvement
in statistical uncertainties

"

Forward rapidity, high p-

PRELIMINARY

r ALICE Preliminary, Pb-Pb ys,, =2.76 TeV, L= 70 ub’

- % B Inclusive Jiy, 2.5<y<4, 5<pl<8 GeVic  global sys.=+ 16%

ALICE CMS (JHEP 1205 (2012) 063), Pb-Pb |5, = 2.76 TeV, L = 7.3 b
O Inclusive Jiy, |y|<2.4, 6.5<p|<30 GeV/c global sys.=

+ 6%

1
Cod

2

0 50 100 150 200 250 300 350 400

Suppression observed: melting, but also other mechanisms?

Compare SPS

High-p- results agree with C

, RHIC

MS measurements

N

part

25



Jhy Ry, VS pri regeneration/coalescence?

§ 1.4 i é 1.4
Vg i ALICE Preliminary, Pb-Pb |fs,,, = 2.76 TeV, L = 70 b’ Vg - ALICE Preliminary, Pb-Pb \/s; = 2.76 TeV, L = 70 pb”’

1.2 aLIce 1.2 aLIcE
| PRELIMINARY  pg  Inglusive Jiy, centrality 0%-90%, 2.5<y<4 global sys.=+ 7% | PRELIMINARY B Inclusive J/y, centrality 0%-90%, 2.5<y<4 global sys.=+7%
1 + Transport Model (X. Zhao & al., NPA 858 (2011) 114} 1 L
B —— Total with shadowing L Transport Model (Y.-P. Liu & al, PLB 678 (2009) 72)
0 8 | «--=-- Primordial Jiy F
Y E—— e Regeneral ted J/y O 8 — . .
L — Total without shadowing - —— No shadowing, B quenching = 0.4
r <eaee- Primordial Jhy i
06 j ,,,,,,,,, Regenera ted Jiy 0 6 | —— EKS98 shadowing, B quenching = 0.4
0.4 " i
I ; 0.2+
0 1 i 1 ) [ Tt T

7 I8 0:\\\\‘IIIIlIIIIlI\\\‘\\\\‘\\Illlllllllll
pt(GeV/c) 0 1 2 3 4 5 6

7 8
P, (GeV/c)

Low py Raa > High pr Ry

Jhy formed by recombination of c-cbar pairs at low p; ?

26



dN,, /dy
(N, Jdy)

Multiplicity dependence in pp

arXiv:1202.2816, PLB

107 ALicE pp Vs =7 TeV
W Wy spt(25<y<4) = fg‘ B . .
" - eei<on 252, omassuron
B Z | Z :O 0
T T I
i Normalization uncert.: 1.5% 1- Bg& 4 6a
N [+j I ’ 76 Hoo ©
i i E@QBBB@D
: & o 2 4
I 4 dN.,/an
I - (dN_/dn)
ch
s | |
0 2 4 Not understood:
dN,,/dn e.g. Pythia expects opposite
(dN_Jan)

Jhy yield in pp increases with event multiplicity

Do we understand J/y production?
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First glimpse of Charm flow

Jhy D mesons
>N 03: ' >N :I T II T T T T | LI | T T T | T | LI | T T T | LI |:
< Centrality 20%-60% 04" (P Pb-Pb  (Sy=2.76 TeV ]
:_ HLICE 0.3_PRELIHINﬁT¢Y _ ]
0-2: PRELIMINARY - -
u C S "# ]
0.151 0.2~ M —
0.1F - LIRS -
c * 0'1j T ¢ '.]_ ¢ 4
0.05F $ A ]
C O ]
F H 0.1 —
-0.05¢ - ¢ Charged hadrons, EP, An|>2.0 ||| .
-0. 1; '02:_ ¢ Df’ EP2 A¢| bi.ns Empty box: syst. from data _:
r ~ 2% relative syst. error from 6, correction C + D ) EP2 A(P bins Filled box: syst. from B feed-down]
_0-1 5 Cii1 I 1111 ‘ 1111 I I I 1111 | 111 1 I 1111 ‘ | I 1111 ‘ 1111 ol | | 11 1 | 11 1 | I 1 1 | 111 | 1 11 | 1 11 | - | 1 11 | =
0 1 2 3 4 5 6 7 8 9 10 0 2 4 6 8 10 12 14 16 18
p, (GeVrc) p, (GeV/c)

Hint of non-zero v, for charm: interactions with medium
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Comparing open charm and J/vy

q::1.2_ L '| L |' L L L I L 'I Lj L L L] '| L L L 'I L
-y .
o [ Pb-Pb,|s,, =276 TeV .
| ategatraate —
= m ALICEDmesonR,, and stat. unceriainties, B<p <12 GeVic
B [ Uncorrelated syst. uncertainties -
B I Correlated syst. uncertainties 7]
0.8 =
0.6 I $
0.4 v & -
0.2 @ Mg
e CMSJhy HM and stat. uncertainties, 6.5<p <30 GeVic
- [ ] OMS Jiy syst. uncertainties
D |||||||||||||| | L |

i | L L 1 L 1| I | L 1 I_

0 50 100 150 200 250 300 35 400
N

Open charm: parton energy loss and fragmentation 7 A priori, do not expect

Jhy: production and dissociation (+regeneration?) similar values for Ry,

J. Schukraft: Apples&Broccoli
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Summary/outlook

Many new results:

— Identified hadrons

— Open heavy flavour

— Jets

— Jly
Comparisons to theory/models ongoing

— Should lead to consistent understanding of medium density

(evolution), parton energy loss and charmonium melting

Future:

— Increase data sample of Pb+Pb (2011 data and future runs)
* B, D, A, di-jets, jet structure, photons ...
— Early 2013: p+Pb run for cold nuclear effects

— Higher energy: 5.5 TeV systematically constrain
models/interpretation
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Extra slides
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Medium-induced radiation

Landau-Pomeranchuk-Migdal effect
Formation time important

radiated Energy loss
gluon n
AEmed 0[5 CRqL F(m1 E)
propagating
parton Cr: color factor (q, g)
—————— Radiation sees Q: medium density
length ~; at once L: path length
20 m: parton mass (dead cone eff)
0y = W2 E: parton energy
T
1
Energy loss depends on density: A4 o« ;

: Path-length dependence L"
and nature of scattering centers n=1: elastic

(scattering cross section) n=2: radiative (LPM regime)
, n=3: AdS/CFT (strongly coupled)
o)

Transport coefficient = 7
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Two extreme scenarios

(or how P(AE) says it all)

|_
Scenario | <_§ Scenario Il
P(AE) = 3(AEy) > P(AE) = a §(0) + b 8(E)
S
‘Energy loss’ ZE 0+p ‘Absorption’
—i
/ . Downward shift
u+Au
Shifts spectrum to left S

Pr

P(AE) encodes the full energy loss process

R NOt sensitive to energy loss distribution, details of mechanism
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ldentified hadron Ry,

1.6
14

1.2

0.8
0.6
0.4

0.2

ALICE, Pb-PbNs =276 TeV. 0-5%

oK' |y|<075

m A" |y|<075

» unidentified charged particles, |n |< 0.8

:_ Yo+m,|y| <08 _:
e l
= " —
- - . ALICE Preliminary E
- " —
: . ) ir-!.--‘;
_I 1 1 1 | 1 1 L 1 | 1 1 L 1 | 1 1 L 1 ]
0 5 10 15 2

34



RAA

2.5

1.5

0.5

R,, COmMparison

Schukraft, Mueller, Wyslouch, arXiv:1202.3233

iﬁm

| Fo
PbPb\s, = 2.76 TeV
—e—— Charged Particle 0 -
—=s—— Charged Particle 0 -

5% (CMS)
5% (ALICE)

——a— Isolated Photon 0 - 10% (CMS)

—x— Z°

0 - 10% (CMS)

—+—— Jhy from B 0 - 10% (CMS)

D° 0-20% (ALICE)
D" 0-20% (ALICE)
D" 0-20% (ALICE)

++#fﬁ++++

o

60
P, (GeV/c)

80

‘IOO

120
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Single muon R,,

Centrallty dependence

d.2r

0.2-

: Open: Uncorrelated systematic uncertainties

0.8}
0.6¢

0.4-

Filled: Correlated systematic uncertainties

ALICE Pb Pb \J SNN—E 76 TeV e HF in 2 5-=:y-=:4 7

[ 6<p <10 GeV/c -
1_ ___________________________________________________________________________ |

0..

PN IR R AR
50 100 150 200 250 300 350 400

part

<12
<

c

D. Stocco@HP

Pr dependence central bin

1

0.8

0.6

0.4

0.2

ALICE Pb-Pb \5 5.,=2.76 TeV u — HFin2. 5<y<4 I—

Centrality 0-10% i

36



Hard Probes conference

* Parton energy loss
— Jets, high-pt hadrons, heavy flavours

* Color screening
—J/psi, Y

* Thermal production/radiation
— Photons, di-leptons
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ALICE, arXiv:1205.6761

Agrees with energy loss models

at high p;

Suggests:

Medium density profiles from bulk

models consistent with high-p-
observations

> L ALICE @™ h*+h' (10-50%)
0.3—Pb-Pb s\, =2.76 TeV | W 7r+7 (10-50%)
i A p+p (10-50%)
i Ay v  7n® PHENIX (10-50%)
L === 1" WHDG LHC
0.2 o 4 Extrapolation (20-50%)
L vi_ © i
i é s Qo
> ST
01§ A ¢ +
_u PRI T ST N T BRI 1 1 | I
o
> =
0.15_— AL +
L A
R 4
0.1 choe +
- @ -.O
C S L) +
L @
0.05— @ ©
v + |
o A W O 1
PR BRI AP 1 ol e b e L ]
0 2 4 6 8 10 12 14 16
P, (GeVi/c)

Vv, at high p;: path length dependent energy loss
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High-py v,

]
o
u
A
v

v {EP, IAn>2.0}
v {4}

v,{EP, An>2.0}
v {EP 1AnI>2.0}
v, {EP 1AnI>2.0}

t

ALICE Pb-Pb “%:2.76 TeV  5-10%

10-20%

== v, WHDG LHC

Extrapolation

: Wy %.kﬁl
3 “"""'T""-F

TH5 0
pi(GeV/c)

| I BUEPEEP
0 5 10

P, (GeV/c)

P, (GeV/c)
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Heavy flavour in pp 2.76 TeV

Comparison to scaled 7 TeV data:
(pp reference for RAA)

Good agreement

(ub/GeV/c)

t ||y|<0.5

5

Data/ Scaled

D mesons

1 03 E T T T T | T T T | T T T | T T T | T T T | T T IE
= ALICE A
[ O D” meson
102 B =
= Z. Conesa del Valle@HP, 3
E arXiv: 1205.4007 E
10 == E
L == 7
% %276 TeV data ; o %
T[] syst unc. ' ]
N B-7 TeV scaling n
10 E [ |syst. unc. 3
= + 3.5% lumi (7 TV scaling), + 1.9% lumi (2.76 TeV data) .
: + 1.3% BR norm. unc. (not shown) :
of %
e :

0 2 4 6 g 10 12
P, (GeV/c)
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Use impact parameter distribution

Jly from B In pp

Fraction of J/y from B

m 1 [T ‘ T T TTT ‘ T TTTT ‘ T TT]
£ Y - 2
Z10% e ¢ data 2.92 < M(e'e') < 3.16 GeV/c? - oy
- ' — ALICE 0.9 /5= —
% B . fit. prompt Jiy ‘ 22Idof = 27144 0.9 S Yyl pp, \Vs=7 Te i
= - —— — fit, J/y from b-hadrons - —
c B fit, background . . y ATLAS, |y [<0.75 .
woL B arXiv:1205.5880 08F i
ol ALICE pp,Ns =7 TeV 07 = CMS, |ny‘”|<0_9 .
=P 1.3 GeVic C # 1\ ]
i "o %/ E
L 0.5 —
1 — e E ‘." '~ e 4 ) E % E
- i OIS 04— ]
- / ™ . .
- | ' 03[~ 1 E
_ (|- i . 4 ]
I‘-'I-.-’I 11 ‘ | | ‘ 1L 111 ‘ U1 Ir.l 1 ‘ I 1 1 | | L 111 | | I\‘ 11 “ | I ‘ : :
-2000 -1500 -1000 -500 0 50 1000 1500 2000 02— —
pseudoproper decay length (um) C J
01— ————— = -
0 b ‘ A ) T ‘ A S o | ‘ | T | \:

-1
10 1 10 pT (GeV/c)

Clear increase from pT~5 GeV

Good agreement between experiments — different p; ranges
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Jhy n, pr dependence

14
é i ALICE Preliminary, Pb-Pb s, =276 TeV, L= 70 ub™ § 1.4 + ALICE Preliminary, Pb-Pb ys, = 2.76 TeV, L = 70 ub™
F B Inclusive JAy, centrality 0%-90%, 0<pl<8 GeV/c  global sys.= 6% m i B Inclusive Jhy, centrality 0%-90%, 2.5<y<4 global sys.=+ 7"1/0
1.2+ B CMS (JHEP 1205 (2012) 063), Pb-Pb /s, = 276 TeV, L = 7.3 ub’
i pReLIEE&nERv ALICE Preliminary, Pb-Pb /s, = 2.76 TeV, L= 1.7 ub”’ 1.2 | ALICE @ Inclusive Jiy, centrality 0%-100%, 1.6<|y|<2.4  global sys.=+ 8.3%
i ® Inclusive Jiy, centrality 0%-80%, |y|<0.9 | PRELIMINARY PHENIX (PRC 84(2011) 054912), Au-Au {fs,,, = 0.2 TeV
' ' = 4 Inclusive Jhy, centrality 0%-20%, 1.2<|y|<2.2 global sys.=+ 10%
1 1
- ; E I
04 0 Shadowing in Pb-Pb ys_, =2.76 TeV E E 0.4 r E E é +
r — EPS09 shadowing (R.Vogt & al.), pt>0 i E E $
021 nDS i i 5
L g shadowing (E.Ferreiro & al.), pt>0 0 2 L m @ E] #] ]
i | | | | | ALIClE commor\] glob. sys.‘ =+4% | i
| I L1 || L 111 | - L 111 | L 11| L 111 -
-00.5 0 0.5 1 1.5 2 2.5 3 3.5 4 0\\\Illl\\‘\III‘\\\Illl\\‘IIII‘\\\Ill\\\‘llll‘\\ll

0 1 2 3 4 5 6 7 8 9 10
y p, (GeVic)
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