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® |ecture 1 (22.11.): introduction
® basics of relativistic heavy-ion collisions

® lecture 2 (29.11.): soft probes
e hadron yields & spectra
e hydrodynamics & collective motion

® |ecture 3 (13.12.): hard probes
® jets
® heavy-flavor hadrons

® |ecture 4 (20.12.): quarkonia & el.magn. probes
® quest for Jy suppression/enhancement

® direct & thermal photons
e dileptons
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Hard probes

® basic idea:
particles from hard parton scattering as
orobes of the hot and dense medium

e production of particles with large momentum
e jets
e et quenching

e production of particles with large mass

e W& Zbosons
e hadrons carrying heavy quarks (charm, beauty)
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Phases of an AA collision @&

e investigation of an extreme system
e short lived: ~102? s (~30 fm/c)
e small volume: ~104?> m3(~1000 fm?3)
e large energy: ~8 x 10> J (~500 TeV)

edifferent observables to
characterize different

phases of the collision

1. final state

yield and momentum distributions
of produced particles

= thermalization, hadrochemistry
2. Initial state
hydrodynamic expansion

3. how to catch a glimpse of the
hot and dense phase?
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® a view back to the year 1909

A view Inside

e Geiger, Marsden, and Rutherford discover the atomic nucleus

by scattering a particles on an Aluminum foll

® tomography — investigation of matter using probes

e calibrated probe

e "external" probe
excluded

e probe has to be
generated in the
early phase of
the collision
(before the
medium forms)
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e calibrated interaction

> scattering experiment can reveal
properties of the matter investigated

® nucleus-nucleus collision

I
vacuum

nuclear
matter
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Tomography of QCD matter

e hard (large Q%) probes of
QCD matter Probe
e jets, photons, W, Z, heavy quarks

e self generated in the collision
att~1/Q (ort~1/m)<0.1fm/c

e “tomographic” probes of
the hottest and densest phase
of the collision

HPQCDJ!

probe out
HPQCD” s Pre-Equilibrium
probe in Phase (< 1)

. e . - -
Modification?
d \\
QCD medium A -
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Tomography of QCD matter

e hard (large Q?) probes of —
light quark s k"

QCD matter o ‘ e

e jets, photons, W, Z, heavy quarks ¢ gluon

1 . . d t
e self generated in the colliSion  giuon ,o; .0 ms8 RCHEON
att~1/Q (or t ~ 1/m) < 0.1 fm/c  (color octef)

Radiative
: energy
e “tomographic” probes of heavy qua* loss
the hottest and densest (slow, triple
phase of the collision &8 i o
. i singlet/octet) Dissociation
“PQCD"
probe out W.Z |
pQCD” (S color) —< —
probe in Vv =
= T (no color) ‘
Modification? |
QCD medium

QCD medium
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Jets
e correlated high p; particles

e discovery: ~1980
e confirmation of QCD |
®jet productlon Cross section

E....Eb(Pb Rilc LI-_IC

—{1 kHz

3
T

e 4 Hz
)
f

Cross section

UAZ2 2-jet event, ~1982

1 mHz

Event rate at L=10?cm2s""

H -!"- ,?"/ ,"_ o= Vinial
Gl S )
’ 7 / "

10 10° 10° 10*
Energy (GeV)
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Jets at the Tevatron

® di-jet event In proton-antiproton collisions

@ Vs = 1,8 TeV

Eveni : 73268 Bum : 138306 Evert Type : DAT A| Unpaese: 0,3233.234 572011 13.1£,17,18,19,30,2] 53,2233 1

Ewexd : 73262 Brm: 138396 EwenoType : DATA| Trpesc: 03233233 45.7820.0113.16.17,18.19 2021 53,3223 55 24
4 A " ™
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CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010
Run/Event: 136100 / 103078800

Lumi section: 348
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Hard scattering:

® hard scattering treatment: perturbatlve QCD

e large momentum transfer Q?

— large transverse momentum p; and/or

— large mass m

® hadron production in AB collisions

e pQCD + factorization + universality
(Collins, Soper, Sterman Nucl. Phys. B263(1986)37)

d3
dp3 X Z _/dz dmldmz 22 %/A(mlaQ )f fB(ﬂ?zan) Dy, Al
a,b,e,d

perturbative QCD:
parton-parton

E

structure functions:
partons in initial state

Cross section (from DIS)
(calculable in pQCD in I e
orders of ay, i.e.. LO, \ B s o

NLO, NNLO, ...)

()
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theory“

dglab—ed) AN?
— 4 )+ 0| —
7 (s+u+t)+ (m)

fragmentation:
jets = hadrons (measured,

e.g. in ee collisions)
35 F

ey Q%)

3—0:% ATLEPH 91 GeV ﬁ
gﬂﬁ 2 SIDsieN qﬁ 4
g 2 we"
515 E *

N * %
1y + 4
“—'52‘ j ¢
N

0 01 02 03 04 05 06 07 08 09 1
g
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How to measure jet production

® (leading) particle
at high p- it
® angular correlations

of 2 (or more) |
particles f\\

0 |
¥~Fiihrendes Hadron:

(2) = ( Prstron ! Poareon)
~ 0.25

K. Reygers

e ,complete” jet

reconstruction on an event-by-event basis

(hadrons -> scattered partons)
e feasible in pp collisions

e more difficult (but possible) in nucleus-nucleus

collisions
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Calibration in pp collisions

p+p Collision leading particle

quark or gluon quark or gluon
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Hard probes: pp @ RHIC

® jets
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Data-Theor

® photons
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Hard probes: pp @ LHC

® jets ® photons ® hadrons
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® extensive hard probe measurements at RHIC and the LHC

® data are consistent with pQCD calculations within
experimental and theoretical uncertainties
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Jets In the medium

Au+Au Collision leading particle

Y
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Jets In the medium

Au+Au Collision leading particle very high p; jets stick out

jet of the underlying event

e® how to quantify the interaction of the probe
with the medium?

a - .
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Direct photons at Vs, =200 GeV

® photons from quark-gluon Compton scatterin LA g

% 10°F -
o n scaled NLO QCD .
E p-p ';I:LENIX Preliminary 1 w meary-
B Eimnsiond I :
= vopscomwarke | 10 Au-Au number of
T w=12p, P 2P; " -4 | -
:Eg 8 106'_ InBlas x 10° O “blnary”
i 4 6 ..
107 g 10 _ collisions,
10°L -10% x 10 _
£ I - determined
2 101°L 0-20% x 10 f th
Z°10'12:: 0-30% x 107 rom . €
10 - \¢ ol ; collision
- - - - 0-40% x 10°
E \ ™ ol geometry
' oF D (Glauber)
1F P 10 i v 0-60% x 107
AN N E ®
- - 0-92% x 107"
_I"'|"'|"'|"'|"' A 10-22__|||||||||||||||||||||||||||||||||||||
4 6 8 10 12 ‘4p(‘Giw;)8 0 2 4 6 8 10 12 14 16 18
pr (GeV/c)

® direct photons = calibrated probe

no strong final state interaction
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Nuclear modification factor R, ,
® geometry of a nucleus-nucleus coIIisiQn
e participating nucleons: Ny, /
e binary collisions: N,

® nuclear modification factor:

R.4(pr) = 1 dNaa/dpr _ 1 dNpa/dpr
AANET Ncot1 AdNpp/dpT Tpp dopy/dpr

R 1.4
1.2 ® N0 medium effect

10 === == : e AA collisions as sum of N,

08 Independet pp collisions
R<1 — R, =1at highp

0.6 (pAaArtiCIe product?on

0.4

" " dominated by
02 soft hard processes)
0.0

, ® medium effect

o 1 2 3 4 5 6 .
Tranverse Momentum (GeV/c) e Raa# 1athigh p
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n°in Au+Au collisions at RHIC@E®
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® interpretation is not trivial!
EMMi_/Heidelberg, 13.12.2012 |
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® peripheral collisions
e probe survives
e AU+AU =Ny, X PP

® central collisions

e suppression of pions
at high p; by a factor
of ~5!
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Control: d+Au @ 200 GeV

e potential explanations for n® suppression

Au+Au collisions = final state effect

e [Interaction of pions with the medium produced In

e reduced parton density in the Au nucleus compared

to the proton = initial state effect

= h*+h" 0-20%/ N+N

( 2_ T ‘ T | T | T | T | T ‘ T | T = 2_ T | T |
I Au+Au 200GeV S
0C 48 185
1.6 W hHh0A0% /NN T n000%INWN | 4 gC
1.4/ 1 14 .
1.2 | — 12—
C N C A
- . S L)
1 1
- | ] o
0.8 ] 0.8— Nrd
- ] L 'I‘.
0.6/ 4 oe- !
0.4F ﬁ; o i 0.4
- L5 . - d+Au 200GeV
0.2 0 Dﬂ"g‘ﬂrﬁ'aﬂ?ﬁ 0.2
P S S R N R R R R N S R T
o 1 2 3 4 5 6 7 8 o 1 2 3
p; [GeVic]
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Control probes at the LHC

e photons, W, Z follow the expected scaling

2.5 i S B O N TN M St N I S QMG B G SN (N N G _ Isolated ,Y,:
oo emi ety T mcortiy | ATLAS, ATLAS-CONF-2012-051
b ook [Lane a0 o . mao ] CMS, PLB 710 (2012) 256
: ¥ W p >26GeVic n'|<2.1 : Z boson-
- % Deluiedphoton - LA ATLAS, arXivi1210.6486
18 | ATLAS, PLB 697 (2011) 294]]
< | 1 CMS, PRL 106 (2011) 212301
m - .
1 - - - - + ------ ¢ 3* W boson:
i + 1 ATLAS, ATLAS-CONF-2011-78
- 1 CMS, PLB 715 (2012) 66
0.5 .
i PbPb 0-10% Central -
0 i | | | L | i | 1 I | l 1 | 1 I | 1 1 ] |
0 20 40 60 80 100

E; (GeV) or m (GeV/c?)
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Charg ed particle R,, at the LHC@&#

Q[ ALICE, Pb-Pb, |'s,,, = 2. 76 TeV

charged particles, tnl <08 norm. uncertainty
_______________________________________________________________ -

- arXiv:1208.2711

- e
®.
....... == « HT (Chen et al_) lower density
..... ===« HT (Chen et al.) higher density
10" N\l e e HT (AM.)

..... wmn ASW (TR))

wiems YaJEM-D (TR)
=== elastic (TR large P

@ ALICE (0-5%) === elastic (TR)small P

lllllll

—
—
p—
—
—
e
—

oy mesms WHDG (WH.) n° upper limit
| I m CMS “}T B) e WHDG (W.H.) =° lower limit
I R | I R | (T O AR Y N A Y e OO DY 10 S
0 10 20 30 40 50
P, (GeVic)

® strong suppression: maximum close to 7 GeV/c, followed
by slow rise = sensitivity to energy dependence of
guenching or initial state effect?
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1.8
1.6
1.4
1.2

Rpr ) RPbe

® approximate binary scaling of charged particle yields

R,, 1N p+Pb at the LHC

arXiv1210.4520 G

LI | TI|'|1T

Iflll"llll'TII'l'lTll'II
ALICE, charged particles

e p-Pb \[s, =5.02 TeV, NSD, | nﬂms| < 0.3

= Pb-Pb \.JSNN =276 TeV, 0-5%central, | n| < 0.8

4 Pb-Pb \js,, =276 TeV, 70-80% central, | n| < 0.8

I|III]1[I|I'II|II

f'lll[l'll]

IIIIII|III|III|IIIFIII||II|III|III||

20

§ 1§
| -
.-------.---!! -
'_IIIII.II|JJLILII|.1II|.JIIJJJ.I|.II|JII[|IIJ
2 4 6 8 10 12 14 16 18
pT(GeV/c)

at high p; = initial state effects are small
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p+PDb: models VS. data

arXiv-1210-452
® Mmost models 1.8f- p-PD |5, = 502 TV -
1.6F — @ ALICE, NSD, charged particles, In__| < 0.3 -

describe R p,

12} yr
y well -

0.8F
0.6}
0.4F

reasonab
at high p; Ssraton (06O M
P Saturation (CGC), IP-Sat

1.8F
1.6F
1.4;
1.2}

i
0.8
0.6
0.4F

Shadowing, EP508s (n°)
LO pQCD + cold nuclear matter

e differences mainly
at low p+

RpF‘b

— 5,028
... DHC, sfu.zﬂ

- DHC, no shad.

1.8F
1.6F
1.4}
12F |

HUING 2.1

1-".;
0.8 -

n.s;
0.4F

0 2 4 6 8 14 16

! =
18 20
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Jet R,, In central collisions

b4 1.9 _ Pb-Pb |/, = 2.76 TeV
1 0-10% Centrality

Charged+Neutral Jets

Anti-k; R =0.2 n|<0.5

Leadlng charged track p,> 5 GeV/c
PP 0.15 GeV/c

1+ © Biased pp reference
.  CMSR,, R=0.20-5%
Read from HIN-12-004-PAS

Sys. Unc. not included {
O'Sj +, i],;;4}{{ } {‘
ot
ALICE
1 I | s SR B0 l Bl R V) | I gy I | IPIREILIIMIINRIRT 1
¢ 50 100 150 2th 250 300
p;jete’“ (GeV/c)
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Jet fragmentation function

10k CMS Preliminary * PbPb Systematic uncertainty Jat P> 100GeVe, n| =2 E

g Lh'. - 12‘9’].lb| — pp reference Track pT = 1GeVie, r<023 E

e P i S
P ] L]

I F E
=z | ]
o [ ]
Z'E..U.-E-_ i_i

i 50-100% 0-10% ]
107 3
— e .

d T T 7
25 + + 5

& 2 i i +

£ : . +: o

£ 1.5 +-- . + - . 3 ™ C

s s 1 1 T o _ ¥ . ____ o _ ]
'-""'iT-'-"'"_'55"“_'_":]'-"'___':"*"'-'...t 5'1' * e e
05 s 3 ]
{I | PN BN IR EPESES BN B J EFEATTTE BRI PR PR PRI B BT PR PR BPTEETE BT N J IR PRI BPETTE B PR
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 @ 1 2 3 4 5
= & =In1/z) g =In{1/z)

e fragmentation function is modified
-> more particles at low p; (below 3 GeV/c)
In central PbPb collisions compared to pp
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Hard probes in HI collisions

trigger particle , , @ observation

ns PHE;NIX»;):%A:‘ST:;:TI collisions): e photons’ W’ Z are not
10 e g suppresses

B GLV parton energy loss (dN“/dy = 1100) . .

B —no strong interaction

i H"{' L —yields scale with N,

17’. ..... apa. -..'-'.'-#..._-+_..+...f..*..+...-+,....'.'-'.'"......'."" .............................. .

= S A A e hadron suppression

- Ak - b di

s A ﬁ& not observed in

: %ﬁ@#ﬁ%&ﬁ%&%wﬁé% ; % d+Au & p+Pb collisions
107 i % % - no dense medium

S N I I N S I I T —strong suppression in

0 2 4 6 8 10 12 14 16 18 20 .

p, (GeVic) central AA collisions
% * Au+Au Central _

g o1f e azimuthal angle correlation
z [ F | —away-side jets disappear in
Tk PRI . AT SV central AA collisions

bk il i gL = -> absorption in the medium?
T s > alot to learn from angular

) A ¢ (radians) correlations
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How do partons loose ener g y

® clastic energy loss

® radiative energy loss
e emission of gluons while : 3 2 8
the parton propagates through A Medium
the dense, color charged medium

® parton energy loss «» medium properties

e parameters to characterize the medium‘s opacity

e transport coefficient ¢

—momentum transfer (<p;2>) per unit path length
from the medium to a hard gluon

e gluon density dN _/dy
e energy density ¢,
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Model Opac:ity Parameter PQM: A. Dainese, C. Loizides, G. Paic, Eur. Phys. J C38: 461
(2005). C. Loizides, Eur. Phys. J.C49, 339 (2007).

PQM <(_:|) =13.2 (+ 2.1 - 3.2) GeV2/fm | GLV: 1. vitev, Phys. Lett. B639, 38 (2006). M. Gyulassy, P.

Levai, |. Vitev, Nucl. Phys. B571, 197 (2000).

GLV ng/ d}' = 1400 ("‘270 -150) WHDG: WA Horowitz, S. Wicks, M_ Djordjevic, M.
Gyulassy,in preparation; 5. Wicks, W. Horowitz, M. Djordjevic,
WHDG ng/dy = 1400 (+200 -375) M. Gyulassy, Nucl. Phys. A 783, 493 (2007); S. Wicks, W.

Horowitz, M. Djordjevic,M. Gyulassy, Nucl. Phys. A 784, 426

ZOWW | g0 =1.9 (+0.2 - 0.5) GeV/fm?3 (2007).
ZOWW: H.Zhang, J.F. Owens, E. Wang, X-N Wang, Phys
Rev._ Lett. 98: 212301 (2007).

< O-6L pHENIX =¥ (Au+Au 0-5% Central) < O-BFPHENIX = (AutAu 0-5% Contral) < O-BLPHENIX = (Au+Au 0-5% Contrall |
o I},ﬁf—GIOBEI Systematic Uncertainty +12% o 0‘5f_ﬁ|nbal Systematic Uncertainty +12% o 0.5 F Global Systemat:}c‘ﬂnci_r:talnty#ﬂi“}’u ]
o4 ——— | | i WHDG T
: _il:[— o3f | 1 0.3f ﬂf:;_j'z—_—:t_t;_:‘:—j
0.2} 0.22— :;_____—;f_—’”_—__jj_:
0.1F 0.1 -
TE T T FETE e Pee | ' I W E [l 1 [ i [ i I i 1 PQM):___'—'_I—I_
002463101214161320 %2453101214151320 ':b 4 6 8 10 12 14 16 18 20
thGeWc] p,(GeV/c) p (GeVic)
2 O-5FPHENX # (AusAu 0.5% Ceniral)
e O.Sim Systematic Uncerfainty £12% . . . .
: e only experimental uncertainties considered
0.4
oaf e additional theoretical uncertainties exist
o e radiative energy loss describe pion suppression
0.1

2 4 6 8 10 12 14 16 18 20
p, (GeVic)
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Summary: jets

@ jets In pp collisions

e pQCD calculations are in reasonable agreement with
measured cross sections

® jets in AA collisions

e partons from hard scattering interact with the hot and
dense medium produced in AA collisions

e measurement of nuclear modification factor R,
Indicates energy loss of scattered partons

e measured hadron R,, consistent with
radiative energy loss scenario in a QGP

e jet observable are sensitive to QGP parameters
e detailed studies are ongoing, in particular at the LHC
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Heavy quarks as hard probes @i

e heavy quarks (cc, bb)
e hard process (m, >> Aqcp)
e bound states (J/y, Y)

e complementary probes

e radiative energy loss

e color (Casimir) factor

e "dead cone" effect
(Dokshitzer & Kharzeev, PLB 519(2001)199)
- energy loss decreases with
Increasing quark mass m,

Q———‘i(&-ar

AEltzus.s(g) > ﬂElcm:s.s.(G') > ﬁEluss(Q)

(color factor) (dead-cone effect)

Check R,.(TT) < R,,(D) < R,.(B)
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Rq(Py)

1.0—

0.8

0.6

0.4

0.2

0.0 —

L

D Meson
g
c —
H)
Cc J/W’ v A
g
Wicks et al, Nucl. Phys. A784 (2007) 426
I | | | | | ] |
S, 4
. 7))
N

PR NN N TN TN TN NN SNHN ST

4 6 8 10 12 14 16 18 20
p; (GeV)
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How to measure heavy quarks
e ideal (difficult at high multiplicity)

wansneznocey] ® COMplete reconstruction of

—
T

R

g3 @ decays (e.g. DI — K* 1) K+

) ¢ |esignificant improvementin S/B /\ />n
x vt | Viareconstruction of /

§

p3ceve | Secondary decay vertex

~100 ws{,
ap Nand 100 M) _&F

PRL 94, 062301 (2005)
1.8 1.9
M., (Kn) (GeV/c?)

o

P £ . . .
Meson >* () e indirect alternative
Mass Lereneey e contribution of semileptonic
BR D° —> Kn (3.85 £ 0.10) % heavy-flavor hadron decays
BRD > 67X 17267 % to single (pair) lepton spectra
BR D --> p +X 17.2 (6.6) %
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e* from HQ at RHIC:&%

edata In comparison with FONLL p -
(Fixed Order Next-to- Leading Log: Cacciari, Nason, Vogt PRL 95(2005)122001))

"""““]1 IIII""I'"'I""I""I""I""I""I""I"E
Cily P sezexacancey (@ o e* from charm/beauty
@ 10° 4 hadron decays
g * PHENIX data E _ _
na 0 E FONLL(total) + —at upper limit of
v F- —— FONLL(c - € E : —
R FONLL(o o < theoretical uncertainties
W 1o° - FONLLb—c—e) 4 —gimilar to charm
0 ¢ = measurements elsewhere
0o = — DESY (photo production)
1L ~— 2 — FNAL (hadro production)
= PH-ENIX | = :
104“'%_ i NI P PR T E,: .hlgh pT
L 3E PRL 97 252002 2006 E
J25 (2009 | B3 —Dbottom decays start
gt;hw o« 5 | - E to dominate
T 1 : -
Oost — =

o
-
ra
2
e
-
[=1]
-l
oo
[Le]
o

>
D ol
o
<
.}

(.
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Separation of c2e and b—2e

e clectron-hadron correlations |
e differences between charm and bottom :
e e-DY azimuthal angular correlation - ‘

(=]
[=]
[
o

C @ pep 200 GeV, p 2 3 Gevie
[ — PYTHIA, charm+beauty (fit)
0.02 [ =00t MC@NLO, charm+beauty (fit)

STAR Preliminary

1itrig dN/dAG [rad™)

ot
o
-
t

0.01

0.005

A
o_ 1 1 1 1 Il 1 1 1 1 1 1
Ad(e|p”) [rad]
' Essentially Charm + Bottom

from B decay decay

\[IIW\

— 14
(] C @ 0 i ..
+ C 423“%1‘:%[;:3%0 STAR preliminary
@ 12 o e-h, Run5 (PYTHIA fit)
= o | A e-h, Run6 (PYTHIA fit)
/ f.' e PHENIX e-h, Run5+6 (PYTHIA fit), prel.
e [ —— FONLL
~ edatavs. pQCD 081
—consistent 0.6 +
—experimental and b ; +
theoretical E ++
uncertainties 0.2
n p+p @\s = 200 GeV
are large R R N G B
2 4 6 8 10

P, (GeVic)

(. ; |
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s PRL 98, 172301 (2
‘F 10 {II‘IIII|\I\I|II\I|‘II
g 2 He |+, F
> 107°E, g §2'5E- Y
g 10 E g 22— f‘iii % - 5 27I T T T T T T T T T T T \I\ T \I\ I I:
Z% 1 ] Egns_ ....f ; + & 14 1 8: RA - 0-10 % Point-by-point error B
& - - E O = H _|
o|g- 107 28 0;* K, - AutAu @ ’_sNN =200 GeV [ | Scaling ferrolr .
a" “E 1.6— I Uncertainty in T, , -
1 4:_ A 7° without scaling error _:
T B nwithout scaling error |
1.2 oplli L ® et from heavy flavor —
- e -
T .
C (] ]
0.8 °. ]
0.6 "o .
u A 4 A 0,00 .
o 0.4 * i ¢ I =
10-10 f Min-Bias x 10° Rk , I —~— A*‘ A A A*A *
0-10% x 102 0.2¢ Nl A —
S : “PHENIX : W ‘ . i
A 20_400/°X100 0 | I I I I | I I I L1 1 | L1
102 v 106070 10" Y en : 0 1 2 3 4 5 6 7 8 9
af © semiio:  PHIFENIX 4 p_ [GeVic]
10 & ppx10%42mb  Au+Au @ \S|, = 200 GeV =
10_14IIII‘IIIIl\I\IlII\IlII\I‘IIIIl\IIIlII\IlII\III
0 1 2 3 4 5 6 7 8 9

P; [GeV/c]

eR,, ~1atlowp;
e Charm production scales with N, (as expected)

® R A(C,b>e*) ~ Rya(n?) ~ Raa(m) at high py

e mass hierarchy expected from radiative energy loss not observed!
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Energy loss mechanism?

chks et aI NPA 784, 2007 426 ¥

ec*R,,: data vs. AE models

e radiative energy loss only
— Djordjevic et al., PLB 632(2006)381
— Armesto et al., PLB 637(2006)362)
->not sufficient

e additional elastic energy loss
— Wicks et al., NPA 784(2007)426
— van Hees & Rapp, PRC 73(2006)034913

-2>significant improvement, but still not
perfect

® alternative approaches

e cascade of hadron formation and
dissociation in medium
— Adil & Vitev, PLB 649(2007)139

e increased baryon/meson ratio
(as observed in light quark sector)
— Sorensen & Dong, PRC 74(2006)024902
— Martinez, Gadrat, Crochet, PLB 663(2008)55

- measurement of heavy hadrons needed!
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0.8

Electron R, ,(p,)

0.2

0.0

0.6

0.4 H

O STAR
A PHENIX

dM fdy 1000 |

P, (GeV)

T

T

No nuclear effect

- Central Au+Au +
1

T % T

Adil & Vitev, PLB 649(2007) 139

1 0.5(e’+e’), QGP dissociation & = 2-3
® PHENIX 0.5(e"+e), 0-10% Au+Au
m  STARO0.5(e'+e), 0-5% Au+Au
® STARO0.5(e'+e), 0-12% Au+Au

hiaAi

I L 1

p; [GeV]

T 6 8 10
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Heavy flavor with ALICE

ACORDE

EMCAL

T — eI\ ABSORBER
HMPID
‘

( TRACKING )

CHAMBERS

/ MUON
FILTER

ZDC
~116m from I.P,

T

a - .
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Heavy flavor with ALICE

ACORDE

ABSORBER
( TRACKING )
CHAMBERS
ZDC MUON
~116m from I.P, FILTER

= R
: 7 s
i o -
e ’ N — J7e
;- ¥ ! - o

D.* 2 KK=, c1~150 pm

() 0
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Heavy flavor with ALICE

HF 2 e+X: [n|<0.8
TPC: tracking + PID
ITS: vertexing + tracking ===

EMCal: PID + trigger,. = e TRACKING
) N (CHAMBERS)

ToF: PID (HPID)
/4
FILTER

ACORDE

| TRD: PID
e —

= //

D.* 2 KK=, c1~150 pm
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Heavy flavor with ALICE @@

N 17 .3.{-: ,,*
HF = e+X: |n|<0.8 _ <k
TPC: tracking + PID gEgtH+xl-(_2-5<y<4-0
ITS: vertexing + tracking = ===55¢533\\ j racking

EMCal: PID + trigger. ~ Bl =N »RRC: P!SCJN(EF'QQGV
ToF: PID ‘quMPID:“\* | i | Q:HAMBERS

/ MUON
| TRD: PID

odi e . ey v D
: s v o é “*:«.;Z://

| ACORDE

. ‘ ) g
: T, 8 F + 1 Yﬂ,@gp‘
1. Tc, ‘ | |
D” =
D> D
~ D.* 2 KK=, c1~150 pm
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Heavy flavor with ALICE &=
HF > e+X: |n|<0.8 7
TPC: tracking + PID _ :

ITS: vertexing + tracking = ===55¢533\\ CPC: UEEL e
EMCal: PID + trigger Mmoo\ (#RRC: PID + trigger
ToF: PID HMPID | e  cHABERS
(Iﬁ »PID PMD

oy

HF D p+X: 2.5<y<4.0

ACORDE

g .
\\l il 8] o 5
o *‘“7“:"‘ B [\y i iR K el F.
N el Sl T IR TRIGGER
"= . ] L el \CHameeR

s 7 \ﬁ:\\\

FesX ,
B 2 e+X, ¢1~500 pm
T HE D ptX

D mesons: |y|<0.5
TPC: tracking + PID

ITS: vertexing + trackihg
ToF: PID

!

|| D°>K=m, c¢t~123um
s D* > Knz, Cct~312 pm

( %Eﬁ DO

~ D.* 2 KKn, ¢1~150 pm
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HEAVY FLAVOR
MEASUREMENTS
IN PP COLLISIONS

PQCD at work?
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HF - leptons: pp at Vs =7 TeV

HF - e* <0.5 HF £, 2.5<y<4.0
o 10" pr—— 9 llll ,|y\| """""""""" 3 —_ 9 u ! y
) ] &) s
> 0 —4-ALICEc,b—e S 105 >, ALICE pp {s=7 TeV, pt«HF in 2.5<y<4
S ol B FONLLc,b—e - & .
£ f _‘g - NN
% 3 -~ 104 g:'."*-..i
g "F E S =
= o] - e
5 s 10°E
g 10k E 4 =
Q) = -
= 8 10° =
10°F 3 -
i 10 E L,=16.5nb" e
106k PP \s=7TeV,|y| <05 4 = o o . ) \:__-::S‘__
F additional 3.5% normalization uncertainty 1 1 =3 3:5% r?ormallzaltlon uncelnalnty nolt mCIUdecli -}‘I"
- T T T TS S -l e I — — — I
2 4 _ 2 255
e 4 ALICE, arXiv:1205.5423 - ) =
T 35 3 e 2F
S 3 3 e o
e - 3 ..g 1.55
2k 3 o 1F
1.5 E =
1E 0.5F
0.5E 3 E

2
2

7 8 i
p, (GeVic)

e Fixed-Order-Next-to-Leading-Log (FONLL, -5¢80 e,
PQCD calculations agree reasonably well with

measured HF decay lepton differential cross sections
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Beauty = e*: pp at Vs =7 TeV

® measurement of electrons
from b-hadron decays

® |y|<0.5

® ct~ 500 um for B hadrons
- e* selection via p; dependent
Impact parameter (d,) cut
(e.g. |dy| > 250 pm for p; ~ 2.5 GeV/c)

® cocktail subtraction of
remaining background

T

1/(2np,) d°/(dp_dy) (mb/(GeVrc)? )

Data/FONLL

=>differential b=>e* cross section

(c>e* = HF>e* - b>e?)
—->FONLL describes both

b->e* and c2>e*

differential cross sections
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Data/FONLL

b(—c)—e/lc—e

47

102

i

10*

ALICE, arXiv:1208.1902

_ ; pp,\s=7 TeV,ILdt =22nb’

vecoe
—FONLLb (—c)— e
—FONLLc — e

e b(»c)—e %

additional 3.5% normalization uncertainty
FETS TETETS (RPN T IO P (o
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D mesons: pp at Vs = 7TeV

~ALICE, JHEP 01(2012)128

_..11,w.v.[v.r1|y.v.,vyy':

ALICE E
D° ,ppis=7TeV,L, =5 nb’!

e differential
DO, D*, and
D™ cross
sections
measured
in the range#
1<p;<24 GeVic

(ub/GeV/c)
)

lyl<0.5

"

do / dp, |

‘.
%

2Omos
g Q322
gEgae

Data

B, (GeV/o)”

e p-differential D.* cross section %
measured for 2 < p; <12 GeV/c

- FONLL and GM-VFENS (;223”13:326439

PQCD calculations in good
agreement with measured
Cross sections

; """""""""""""" 3 ’G 3 """""""

% ALICE %
Q 1 D,pp\577TeV,Lm‘75nb i Q
o g
= =

0 E 0

(=] o

A i

uul
do / dp, |

H
.
2 0moe
fegis
E 23

ALCE

bl

Data

Ll bbbl
Data
GM-VFNS  FONLL

ol
o}
=

p (GeV/c)

ALICE arX|v 1208 1948

o
oLy

p (Gewc)

ALICE
D..pp\s=7TeV,L =48nb"
Theory prediction |
@ [CJGM-VFNS
==
ALICE data points
-# stat. unc. $
[Jsyst. unc.

+ 3.5% lumi, + 5.3% BR norm. unc. (not shown)

— 103
=
o 2
o 10°¢
Qo -
= -
10
0 F
i &
S
B i
- 1E
[oR E
o r
= C
-1
g 10
%) of
slE  15f
B> -
= 05
%
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HF data: pp at \s = 2.76 TeV

& 10'35 L L i
o F ]
> 0 [ ]FoNLL ]
107 =
) E -o- ALICE, (b+c)—> e 3
e o ]
€0t E
> E =
o] = 4
o T 1
O 10

2 =~ E
o C .
E . —
B E .
& [ ppis=276TeV,|nj<0.7,L =11.9 nb”' .
— 10 ?Additional 1.9% normalization uncertainty _§'
- P IR B S| | ] L]

%’ 38; =

Q25 ¢ :

g 1§_ ———e—| :
S| U.%bz_ ' ; ‘ - ‘ E
2 4 6 10 12

P, (GeV/c)

data/FONLL

ALICE, PRL 109(2012)112301

;_\ALICE PP 18=2.76 TeV, u*HF in 2.5<y<4 _

—— data ]
[ ] ute<HF, FONLL .
— —- u*echarm, FONLL ]
utbeauty, FONLL

L,=19 nb”

= 1.9% normalization uncertainty not included

Wﬂw%

2 4 6 8

1

10
p. (GeV/c)

(ub/GeVi/c)

Py ||y|<0_5

do/d

Data / Theory

10°

-

10

10°E

-
o
T T

ALICE, JHEP 07(2012)101

. ALICE 3
i D% pp \s=2.76 TeV, L;m=1.1 nb
] E
- stat. unc.
[Isyst. unc. |
EJFONLL E
DGM-VFNS + 1.9% lumi, + 1.3% BR norm. unc. (not shown)
TERTI EIRIIN ENTIERVIN TINVIRIN BENVRNVIN BRI RN ETI!

Data / FONLL

® FONLL and GM-VFNS pQCD calculations describe HF
cross sections for pp collisions at Vs = 2.76 TeV

- experimental baseline for Pb-Pb collisions,
but limited statistics for et and D mesons
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Baseline for Pb-Pb data at Vs, = 2.76 Te

e HF © p: pp data at Vs = 2.76 TeV

e HF - e*and D mesons: 7 TeV pp data scaled to 2.76 TeV

® scaling factor: ratio of FONLL cross sections at 2.76 and 7 TeV

® scaled and measured cross sections at 2.76 TeV
—>compatible with each other

1 3 ALICE, JHEP 07(2012)191
:\’J—h % W T T ‘ T T T | T T T ‘ T T T ‘ T T T [ T % — 1 O E T I T T T I T T T | T T T ‘ T T T [ T T T I T T T E
"6- F Heavy flavour decay electrons E ._(;)__ C AL|CE =
‘>- ® pp, \s=7TeVscaledto\s=2.76TeV, |y|<0.5 (rebinned) 7 > r 0 ]
o 100°F additional 3.5% normalizaton uncertainty 3 Q L D" meson |
O] F arXiv : 1205.5423 (D
= B pps= 276 TeV, |yl<0.7 Y 102k -
> 107 F L additional 1.9% normalizaton uncertainty = o) F 3
© E E - 7
5" ; g == :
e I 1 L
N‘Z“ 10° 3
E 3 o] =
S ; o 10: —* ]
g 10} 3 ~ a
§ 1 ALICE =
— b PRELIMINARY - %
10° ¢ = _8:-‘ 1 _
i — E = 276TeVdata —
10°%E . E o) T [ syst.unc.
F - © » =7 TeV scaling
107 L = i 10 = [Jsyst unc. 3
J - +3.5% lumi (7 TeV scaling), +1.9% lumi (2.76 TeV data)
] . — L +1.3% BR norm. unc. (not shown)
D 35F
3 3 £
o 25F ©
8 2F &%
@ 1.5F =
o 1f =
0.5F ©
0 ' o
0 2 4 6 8 10 1
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HEAVY FLAVOR
MEASUREMENTS
IN Pb-Pb COLLISIONS
effects of the
hot and dense medium?
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HF 9 e*: O- 10% central Pb-Pb

& L LA LA L L LR DL § - L I
— Heavy flavour decay electrons L _ o

Sl e 276 TeV Pb-Pb (0-10%), [/<0.6 gL FO-PD\syy =276 TeV, 0-10% ]
8 10 o pp7TeV—276TeV x(T,, ) (ALICE) C e pp ref (scaled cross section at 7 TeV) ]
9} s pp7Tev—276TeV x(T,, ) (ATLAS) 160 _ B
; 1 0.2 L — FONLL 2.76 TeV (Uncertainty band) | - * ppref (FONLL calculation at 2.76 TeV) j
°

o

S10°}

1.4} 1%%%' s
ALICE

Heavy flavour decay electrons R

% _ 1.2}

10k ALICE | 1
8 5 : :
105} ] 08 .
0l ] oot _H_ % 1%&
e TR T
107 E ALICE, arXiv:1205.5423 o2k -@-H-'Ef -EH- ]
[ ATLAS, PLB 707(2012)438 T T T T T
100 2 4 6 8 10 12 14 16 18 % 2 4 6 8 10 12 14 16 18
P, (GeVic) p, (GeVre)

e HF->e* measurement using = 1 dNyu/dpr

2011 Pb-Pb data (EMCal trigger) {Taa) dop,/dpr

® clectron identification with TPC and EMCal

® background from other electron sources subtracted via invariant
mass analysis (Dalitz decays and y conversions) and cocktail

® pp reference: scaled 7 TeV pp data and FONLL (at high p-)
-> strong suppression observed over the full p; range
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HFE = p*: 0-10% central Pb-Pb

ALICE, PRL 109(2012)112301

S T

51'6; ALIGE Pb-Pb | 5,,=2.76 TeV, " HF in 2.5<y<4 | ® HF>p* measurement usin
14 —10-10% 2010 Pb-Pb data (MB and
1.2 muon triggers

; -1 40-80% ggers)
1 R R | E e background p* from decays
0.8" I i | 1 of &, K subtracted
0.6- SR { q+ | ® 7, K cross sections
ol Nl L - extrapolated from
0.25_ T —fJEE 4 " m|d-rap|c_i|ty.data
' - Filled boxes: systematic uncertainty on normalization ® assumption:
b2 7 6 8 .10 O0<Ru"(2.5<y<4) <2 R (y~0)

P, (GeV/c)

® pp reference: measured 2.76 TeV pp data

-> strong suppression observed in the
10% most central collisions

-> less suppression in more peripheral collisions
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— L L L L L B B [rrrrpros
= 10 E
> : * E
8 E D" meson .
— 1 E NSI‘JN=2‘76 TeVv PRE[I;EICNHERV 3
'-Q c
T - B
51 0-1 = BE Systematic uncertainties =
_'_ E -
% F E - |:| from Data
.2 10—2 - E - from B feed-down subtr. =
= —- +4.8% norm. unc. on pp ref. not shown -
-O r -!- BR syst. unc. not shown
103 —— 3
104k - E
| a—
1 0_5;_ Centrality 0-7.5% —B— il
= | —— Popb —F— =
F | —=— pp rescaled reference
1076;_ —&— Pp p,-extrapolated reference -
Evvva b b b b b by n 10003

RAA prompt D

—_ —_ —_
» (2] o]
T

-
N

N
T

—
T T

T I LI T TT LI T TT ‘ TTTT I T TT | TTT \_

- Ap° I
e ’
F "D lvi<05 ALICE e
ep™ PRELIMINARY ]
0-7.5% centrality ]

Pb-Pb, | s, = 2.76 TeV

— Filled markers : pp rescaled reference ™|
Open markers: pp pT-exlrapolated reference -

~ a0
o

® D-meson measurement using 2011 Pb-Pb data

(MB and centrality triggers)

e prompt D mesons: feed-down from B decays subtracted

e assumption: 1/3 < R ,(D€B)/R,,(D)<3

® pp reference: scaled 7 TeV pp data and high-p; pQCD extrapolation
- strong suppression of D meson in central Pb-Pb collisions
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First D." measurement

e enhancement of strange w.r.t. non-strange D mesons ==

at intermediate p; through in-medium hadronization?
(Kuznetsova & Rafelski, EPJ C51(2007)113; He et al., arXiv:1204.4442; Andronic et al., arXiv:0708.1488)

2
o
a
o
o
n

g : D _I T 17T | LI | T 1T 1T I T TT I T TT | T T 71T | LI | T \_
24000:_PE)-Pb \SPN = 2+.7§ TeV, 16 x 10° events rel ’ Bi Pb-Pb,\ s, =2.76 TeV E
s B 2K BUICE s | ]
2 3500 24/07/2012 g 16 it -
= C < o e -
5 . . CE<1 a- * Average D, D*, D 0-7.5%, |y|<0.5 =
3000:— -y & s ¢ D 0-7.5%, |y|<0.5 .
c - ° 1.2 » Filled markers : pp rescaled reference ™|
2500 __ C Open markers: pp pT-extrapoIated reference -
- Centrality 0-7.5 % AR =
2000 i A :
C 4 < pT(D;“) <12 GeV/c 0.8~ -
1500 C ]
S 0.6} .
26556 - Significance (30) 4.8+ 1.3 - .
- S@0) 7742217 Mean = 1.970+ 0.003 0.41 H E
- B (30) 25078 + 56 Si _ C - 7
5001 igma = 0.012 £ 0.004 o —H— i
- S/B (30) 0.0309 0.2 il A ;
0: I 1 1 1 I | 1 | 1 I 1 1 1 1 I 1 1 1 1 l 1 1 L 1 O_I 111 | | I | | 111 | | L1 I L1 | 111 | | | . | L1 1 \_

1.85 1.9 1.95 2 2.05 0 5 10 15 20 25 30 35 40
Invariant mass KKr (GeV/c?) P, (GeV/ce)

e first measurement of D,* cross section and Ry,
® observed suppression similar to non-strange D-meson suppression
- need better precision for conclusive statement
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Azimuthal anisotropy

® initial state of produced out-of-plane
QCD medium y
-> spatial asymmetry

e path length dependence of
heavy-quark energy loss
- azimuthal anisotropy of

heavy-flavor suppression at’\p

high p,? \

e dynamical evolution of the medium
- collective motion (flow) at low p+

- final state momentum asymmetry
TN TN 5y cas(n(e-¥,))

= vV _cos(n(e -
d'p  p,dedp,dy i )

® do heavy quarks flow/thermalize?

- focus on elliptic flow strength v,
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v, of HF = e*: 20-40% central Pb-Plf#a
® HF>e* measurement: 2010 & 2011 Pb-Pb data S
® electron identification

e TPC-TOF (MB/centr. trigger)
e TPC-EMCal (EMCal/centr. trigger)

® vV, measurement:
event plane method

(1+a)vs incl._ ; backg. 0.1

o
w
|

0.25

ALICE

PRELIMINARY

o
no

+
Heavy flavour decay e" v,

o
—_
(&)}

vg HF

with a = Né HF/Ne backg

[lllTIlTllllllllll

0.05

® background electrons :
-0.05[-20-40% Pb-Pb, | s, = 2.76 TeV, |1|<0.7

i 0 I L1 1 11 | 11 1 L1 1 11 1 11 | 11 1
e mainly from =n°, n Dalitz decays e e b

and photon conversions p, (GeV/c)

® v, calculated via cocktail using
measured meson v,

- heavy-flavor electron v,> 0 at low p-
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D-meson v,
e D measurement: 2011 Pb-Pb data (MB/centr. ;

. in—plane out—of—plane
® v, measurement: e p, = Lm0/
R 4 Nin—plane  yout—of—plane
event plane method with R = event plane resolution
E : T ‘ LI LI L LI ‘ 17T | 1T | 1T | T 17T I: Oa\ 0-4-_I T T T | T T T T T T T T | T T T T | T T T T | T \_
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. F i 1 - et ]
> 0.2 7 ='0.2— ]
0.1F 1 H = o1b -
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- —% . 0_ -
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- e D° EP2A¢bins ] . -0.1— @ D’ EP2A¢bins, 2<p <3 GeV/c 7
02:_ * D.+' EP2 A¢ bins Empty box: syst. from data _: E - DO' EP 2 A¢ bins, 3<IDT<4 GeVic Empty box: syst. from data E
B ® { D +s E|P 2 A‘DI bins | Filled tl)ox: syst. from B fleecl—down: -0 2‘_ | | | Filled box: sylst. from B feecll—down_“
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p, (GeV/ic) Centrality (%)

= indication of v, > 0, consistent for all D-meson species
-> indication of centrality dependence at low p+
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DY%-meson R,, VS. event plane

e mid-central (30-50%) Pb-Pb collisions

OD 2_| T T | 1T | L | L | 1T | 1T | LI | | L | L I | I_
— - 0 - —&— D’R,, InPlane N
o 1.8— D'-» Kr* A . —
E E 9.5¢1 06 events — g::grat(::ts(;;tp IL?::ertainties E
g- 1.6 :— pﬂ&}gﬁv Pbépea,tl\'aslri\‘tl;zczl:;g;ev 3 Unc'orrelated syst. uncer’(avint.ies _:
< L Anticorrelated syst. uncertinties _|
D:<: 1.4— I Global norm. uncertainty ]
12 T —

L | ]
(e =

o8- " - ) 1 =
0.6 ST "l :$: i —
0.4:— - $_i__*_ = :1: —:
0.2F - = -

N N B B B I B Ll
0 2 4 6 8 10 12 14 16 18 20

p. (GeV/c)

® p- =10 GeV/c: suppression of DY meson out-of-plane
larger than in-plane
- elliptic flow at low p;?

-> path length dependence at high p?
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HEAVY FLAVOR
MEASUREMENTS
IN Pb-Pb COLLISIONS

DATA & MODELS
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Centrality dependence of HF R, ,
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ALICE

Pb-Pb, \s\, =2.76 TeV A

@ Average D", D", D”, 6<p <12 GeV/c
¢ Charged particles, 6<pT<12 GeV/c i
4 HF muons, 2.5<y<4.0, 6<p.<10 GeV/c |
u CMS non-prompt J/y, p,>6.5 GeVic

(CMS periph. point shown at (Npan weighted by Nm“))

& |$

J L1 1 \ 1

| L1 1

| common normalization uncertainty on ALICE data: 7% (peripheral) to 4% (centrai
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0

ALICE, arXiv:1203.2160
ALICE, PRL 109(2012)112301
CMS, JHEP 05(2012)063

50 100 150 200 250 300 ﬁISO 400

part

e R,, of D mesons and HF muons at high p+
= similar trend with centrality

e charged particle Ry, < D-meson R,,?
-> data not conclusive

® beauty R,,: non-prompt J/y consistent with HF muons
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R,a: pr dependence in central Pb- u

5 ALICE, PRL 109(2012)112301 5 ALICE arXiv:1208. 2711 HLICE
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< ¢ - =t - .
o 1g- OTO S =270 TeV 1 T 4.8F Pb-Pby sy =276 TeV E
1 I #Average D°, D", D 0-7.5%, |y|<0.5 B 1 6:— S
"~ wHeavy flavor decay e* 0-10%, [n/<0.6 . ’ - o Average DO D* D*+ <0.5. 0-7.5% ]
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e R,, of HF decay e* (]y|<0.6) and p* (2.5<y<4.0) similar

e compatible with R,, of D mesons (|y|<0.5), taking into
account decay kinematics: p.® ~ 0.5 p;"F at high p-

e R,, of D-mesons, charged particles, and n* similar
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R,. VS. models in central Pb-Pb

comparison with models predic;ting R,, of HF muons and D MesBre
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e R,, of HF decay p* and D mesons can not be explained by
shadowing alone in the range p; >4 GeV/c
- final state effects are dominant
- p-Pb data are needed to quantify initial state effects

® models with final state effects describe the data well
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R., VS. models In central Pb-Pb

ALICE, arXiv:1203.2160 accepted by JHEP
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e models describe R,, of D mesons and charged particles

reasonably well
e AdS/CFT:. underestimates charm R,, and has limited predictive

power for charged particle R,,
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HF 2 e* R,, and v,
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e simultaneous description of R,, and v, of HF>e*
presents a challenge for models
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D mesons: R,, and v,

® simultaneous description of R,, and v, of D mesons
presents a challenge for models
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Summary: heavy quarks

e heavy-flavor production in pp collisions

e pQCD calculations are in reasonable agreement with
measured cross sections

e heavy-flavor in Pb-Pb collisions at the LHC
e e* and p* from HF decays as well as D mesons

are strongly suppressed at high p; in central collisions

e R,, shows similar trends with p; and centrality
for D mesons, charged particles and pions

e e* from HF decays and D mesons show an azimuthal
anisotropy (v,>0) at intermediate p-
e hint of centrality dependence of D%-meson anisotropy at low p+

e models including energy loss of HF in the medium
describe heavy-flavor R,, data reasonably well

e simultaneous description of R,, and v, remains a challenge

e initial state effects = upcoming p-Pb run
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