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From Heavy-lon Collisions to Quark-Gluon matter

Constantin Loizides
(LBNL)

e Partl: Introduction and
background

« Part Il: Results mainly
related to bulk properties

e Part lll: Results mainly
related to hard probes

CERN summer student programme 2016


http://home.web.cern.ch/students-educators/summer-student-programme

What guantities to measure? 2
(Recap part )

Freeze-Out A time Tro Ten To
Ve /
f Observables
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Multiplicity

HBT

Particle yields
Particle spectra

central region

Transverse flow
Thermal photons

,< 1 fm/c

Hard probes
& N z (jets, heavy flavor,
N 2 EW bosons)

Experimental approach is to study various observables
with different sensitivity to the different stages of the collision



Tomography of QCD matter 3

» Hard (large Q?) probes of QCD matter:
jets, heavy-quark,

QQ,y, W, Z

e Measurable in pp/pA
and/or calculable in pQCD

e “Self-generated” i

at proper time 1= 1/Q? << 0.1 fm/c

« “Tomographic” probes of hottest

n the collision

and densest phase of medium
“‘pQCD”"

“‘pQCD”

probe in
[

QCD medium

probe out

/

Modification?
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Hard processes in pp



Hard processes in pp 5

In pp collisions, the following factorized approach in pQCD is used:

GppﬁHx :PDF(xaﬂgz)PDF(xb9Q2)®qab—>q§ ®Dq%H(Zq?Q2)

| AN \

Cross section | | Parton Distribution Functions Fragmentation
for hadronic X,, X, are momentum fractions Partonic of quark g into
collisions (pp) | | of partons in hadrons a,b cross section | | hadron H




Hard processes in pp

In pp collisions, the following factorized approach in pQCD is used:
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Successfully
describing
data over
many orders
of magnitude!


http://arxiv.org/abs/arXiv:1112.6297

Hard processes in pp

In pp collisions, the following factorized approach in pQCD is used:
PHENIX, PRD 76 (2007) 051106(R)
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.051106

Hard processes in pp 3

In pp collisions, the following factorized approach in pQCD is used:

GppﬁHx :PDF(xaﬂgz)PDF(xb9Q2)®qab—>q§ ®Dq%H(Zq?Q2)

| AN \

Cross section | | Parton Distribution Functions Fragmentation
for hadronic X,, X, are momentum fractions Partonic of quark g into
collisions (hh) | | of partons in hadrons a,b cross section || hadron H

In AA collisions, in absence of nuclear dNaa _ dNpp

and/or QGP effects expect N, scaling: dpr coll dpr




Glauber Ncoll scaling

(see e.g. arXiv:0701025)


https://arxiv.org/abs/nucl-ex/0701025

Nuclear geometry and hard processes: 10
Glauber theory

Glauber scaling:
* Apply to hard processes with large momentum transfer
* Short coherence length — successive NN collisions independent

A — — :/jﬁ\[\: Normalized nuclear density p(b,2):
U /dz d*b p(b,z) =1

Nuclear thickness function: T'a (b) = /dz p(z,b)

p+A collisions: PA T

Inelastic cross section for gsinel /de (1 . [1 . TA(b) 011\1111%1} A)

hard inel
ONN <K ONN

hard hard 2 hard




Experimental tests of Glauber scaling: 11
hard cross sections in p(u)A collisions

hard _ Ao_hard

Glauber scaling: 0,2 NN
0, for 7 GeV muons on nuclei Opaiyar/A In p+A at SPS
M.May et al, Phys Rev Lett 35, 407 (1975) NAS5O0 Phys Lett B553, 167 (2003)
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These hard cross sections in p+A found to scale as A'°



http://dx.doi.org/10.1103/PhysRevLett.35.407
http://dx.doi.org/10.1016/S0370-2693(02)03265-3

Glauber scaling for AB collisions 12

Nuclear overlap function:

Tap(b) :/dQSTA(S)TB(S—b)

A
Average number of binary NN collisions s A
for nucleon from B at coordinate s;: ?C‘\ /(‘ —
ﬂ

NZdi(b = s8) = ATa (b - s) oNN BN

particip mt

Average number of binary NN collisions for A+B
collision with impact parameter b:

NAR(0) =B [ d%sn To(sn) N2 (0~ s)= ABTan(b) ol

NAZ, (b)= NAR () okt /ol = NAR (6) N

coll coll




Glauber test at RHIC: 13
Scaling of direct photon yield in pp vs AuAuU

Direct photon inclusive yield R dNAA/de
normalized by N AA —
( y coll) NCOH dep/de
Z = 10_; —
=1 PHENIX | @ i @ 200 GeV Au+Au Direct Photon
< | '
= | g é 1
N F > 1.5
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Direct photons in Au+Au scale with Ncoll



http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.94.232301

Glauber test at LHC:

Scaling of control yields in pp vs PbPb

ANa 4 /dpr

R —
AT Neon dN pp/dpT

|solated vy:
ATLAS, ATLAS-CONF-2012-051

CMS, PLB 710 (2012) 256

Z boson:

ATLAS, PLB 697 (2011) 294
CMS, PRL 106 (2011) 212301

W boson:
ATLAS, ATLAS-CONF-2011-78
CMS, PLB 715 (2012) 66

2.5

0.5

0

11 | O L ] I L ] S I ] ™1 I
" CMS Preliminary T . Uncertainty |
" PbPb \s,, = 2.76 TeV
. i 2 lyl<2.0
" 0-10%, JLdIlT-ﬁD ub 1
=~ W p. >25GeVic |n'|<2.1
—@— Isolated photon  [n|<1.44
+ ]
- - + + ------- + ------ . x
PbPb 0-10% Central -
| | L J 1 | 1 ] . 1 | | | 1 1 ]. 1 1 1 J. .
0 20 40 60 80 100

E; (GeV) or m (GeV/c?)

Control probes (direct +isolated y, Z, W) scale with Ncoll



http://cdsweb.cern.ch/record/1451913
http://arxiv.org/abs/1201.3093
http://arxiv.org/abs/arXiv:1012.5419
http://arxiv.org/abs/arXiv:1102.5435
http://arxiv.org/abs/arXiv:1205.6334
http://cdsweb.cern.ch/record/1353227

Parton energy loss

15



Nuclear modification factor 16

RAA B dNAA/de l-; B antishadowing Fnecls.tl}gz_l
— 5 :
Ncoll dep/de
1.0 ;
R, > 1— enhancement wrt binary scaling Ss 5 L
Rpa=1—no0 deV|at|_on from plnary scqllng Yo adowing
R, < 1 — suppression wrt binary scaling L 5
0.2 — X, X,
i | | IIIIII| | Illlllll | IIIIIII
10” 107 10" 1
T

e By definition, R,,=1 in absence of nuclear or QGP matter effects

e Binary scaling can be broken due to initial state effects
« Transverse k; broadening (called “Cronin effect”)

 PDF modifications in nuclej (shadowing) (Prime reason for
iz, Q%) = R (z, @) 7 (2, Q%) measurements in pA)

e Binary scaling can be broken due final state effects



Breaking of binary scaling 17

 Final state effects

« Change of fragmentation
due to the presence of the medium

- e.g. Jet quenching or jet modification
e Parton traversing the medium
lose energy via |

e Scattering with partons in the medium
(collisional energy loss)

* Gluonstrahlung (radiative energy loss)

- Radiative mechanism dominant at high energy



Breaking of binary scaling

 Final state effects

-

1

« Change of fragme 4y
due to the presen

T TTT

- e.g. Jet quenchi 1
« Parton traversing tr

| 'I'III'III'|

—D(z) Vacuum
------ D(z) Medium

m
o]
by

lose energy via nf;ljet . INncreases
. Scat_te_ring with pe 10‘;— . .
(collisional energy . Zan€t> - decreases
e Gluonstrahlung (r 101_""""""""""""""' SR S e
_ Radiative mech 0 0.2 0.4 0.6 0.8 1.0
« The net-effect s ¢ z=phf pjet

— Quenching of the high p; spectrum
- Modification of jet properties



e

Fermi National Accelerator Laboratory 19

TRMELAB-Pal82/50 0 Bjorken, 1982

Energy Loss of Energetic Partona in Quark-Gluon Plasma:
Possible Extinction of High Py Jets in Hadron-Hadron Collisions.

J. D. BJORKEN
Fermi National Accelerator Laboratory
P.0. Box 500, Batavia, Illinois 60510

First idea by Bjorken
tostract on collisional energy
High energy quarks and gluons propagating through quark=gluon IOSS in pp CO”iSionS'

plasma suffer differential energy loss via elastic scattering from

gquanta in the plasma. This mechanism is very similar in structure to

ienization loss of charged particles in ordinary matter. The dE/dx 1is
roughly propertional to the square of the plasma temperature. For
hadron-hadren oollisions with high assocciated multiplicity and with

transverse energy dE_/dy in excess of 10 GeV per unit rapidity, 1t is

T
possible that quark-gluon plasma is produced in the collision. If so, a
produced secondary high-pT quark or gluon might lose tens of GeV of its IN

initial transverse momentum while plowlng through quark-gluon plasma

v
3

produced in its local environment. High energy hadron jet experiments
should be analysed as function of associated multiplicity to search for

this affeat. A&n intereating signature may be events in which the hard

sollision occurs near the edge of the overlap region, with one jet

escaping without absorption and the other fully absorbed.



http://lss.fnal.gov/archive/1982/pub/Pub-82-059-T.pdf

Radiative energy loss 20
(BDMPS approach)

(Crude approximation

~ 2 rXiv: _
(AE) x as Cr g L2 g™

Energy loss
from parton Casimir factor

0 = QCD coupling constant

CR = Casimir coupling factor
Equal to 4/3 for quark-gluon
and 3 for gluon-gluon coupling
g = Transport coefficient
Related to the properties
(opacity) of the medium:
Defined as average transverse
momentum kick per unit path length
of probe (prop. to gluon density)

x approaches)

Transport coefficient

Length traversed
IN medium

T I || T ot

L* dependence related to the
fact that radiated gluons interact
with medium



http://arxiv.org/abs/arXiv:1002.2206

Average energy loss (example) 21

Baier, NPA 715 (2003) 209

* The transport coefficient relates 10.0¢
to the energy density via '
3

g X €4

1.0F
« Use energy density from
multiplicity measurements
to get an order of magnitude
estimate

g ({Gav" /fm)

 » | Pion gas

 For central RHIC collisions ;
ey = 0.4 GeV/fm3 | Cold nuclear matter

0.01F

G = 1GeV? /fm S

€ (GeV/f)
as = 0.2 > (AE) ~10GeV
Cr = 4/3 (From formula
L =3fm on previous slide)

Enormous! Only high-p; partons

100

survive (or those that are produced

“close to the surface” of the QGP)


http://dx.doi.org/10.1016/S0375-9474(02)01429-X

Leading hadron suppression at RHIC 22

PHENIX Au+Au (central collisions):
| Direct y

10 A % Preliminary
e
GLV parton energy loss (dN%dy = 1200)

----- l Hmmfiﬂrf-
bay §'

Tét%fmﬁﬁméé 'F‘kélk % % WL '

RAA

T I[I][[Il

Factor 5 1
suppression

for hadrons

T I]IIIH*

-1

10 t
(first reported in PRL 88 (2001) 022301 ), |
2 4 6 8 10 12 14 16 18 20
p;(GeV/c)

O TTTTT

Strong suppression of hadrons in central Au+Au collisions
(extracted transport coefficient similar to initial expectations, see arXiv:1312.5003)


http://arxiv.org/abs/1312.5003
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.88.022301

Di-hadron correlations 23

PRL 90 (2003) 082392
N e e
o~ 0.2_— — p+p min. bias |
,_e_
2 ) 4<p. (trig)<6 GeV/c ﬁsﬂ R |
g p;(assoc)>2 GeV/c .
L)
g i
= [
< I
0_ Trigger
_.I..p.a.rti(.:l.G..l....I....I....I....
-1 0 1 2 3 4

A ¢ (radians)

Study two particle angular correlations
relative to high-p; (trigger) particle:
Proxy for di-jet measurements


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.90.082302

Di-hadron correlations 24
PRL 90 (2003) 082392

— p+p min. bias

* Au+Au Peripheral < STAr
4<p.(trig)<6 GeVic

p-(assoc)>2 GeVic

1/Ny 10 ger AN/A(A0)
T T T T l T T T T [ T ]

0 o A l'"'l':' - TUTER™ : : % : -. | A X

T
=
=
Q "
@

*

|

L. .particle . T
-1 0 1 2 3 4

A ¢ (radians)

No clear change visible (relative to pp) in peripheral collisions


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.90.082302

Di-hadron correlations 25
PRL 90 (2003) 082392

- — p+p min. bias .

= 0.2
2 - * Au+Au Central 7; TAR -
o - d<p.(irig)<6 GeVic ~ ’
S i i
O - p.(assoc)>2 GeV/c Jet quenching
o 0.1 —]
o
o -
= i
pd
.“““' B [}
F ] -
- +. Ey T o
0 H=tgper----- -ed--- = Rl - . V) EITEREEE CRLRL -
X% Trigger * X K i
_I I 1 1 plalrtlclle L 1 I 1 1 L 1 I 1 L L 1 | 1 L L 1 | 1 L 1 1 ]
-1 0 1 2 3 4

A ¢ (radians)

I
Recoiling jet is strongly altered (swallowed) by medium
Clear evidence for presence of very high density matter



http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.90.082302

dAu control experiment at RHIC 20

PHENIX

PHOBOS

UR— 2 -

Articles published week ending
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Parton energy loss is a final state effect


https://journals.aps.org/prl/issues/91/7

Leading particle suppression at the LHC 27

ALICE, PRL 110 (2013) 082302

1.8 ALICE charged pamcles E
" e p-Pb \5,,=5.02TeV, NSD,|n_ |<0.3 .
1.6 4 Po-Pb |5, =2.76 TeV, 0-5% central, | n| < 0.8

: pPb (minbias)

0 2 4 6 8 10 12 14 16 18 20
P, (GeV/c)

e Strong leading particle suppression also at LHC energies

e Qualitatively similar to the one at RHIC

e As at RHIC from final state (ie not observed in pPb collisions)


http://arxiv.org/abs/arXiv:1210.4520
http://arxiv.org/abs/arXiv:1210.4520

Jet quenching

28



Jet quenching in dijet events 29

L MNYS -'I'ih'l'. E sijswrimmumid al |LSC | DERMN
Lot risooeded. S [boy 14 170 3030 3090 DEST
“i e ] TETE LB =]
T Lo st tion 2449

det 1, pt: 70.0 GeV|

Can even be seen in event displays!!!

bt — Ero T
— , A > —
Er1 + Evs P12

Aj :



Dijet imbalance: clear signal in PbPb at LHC

40 100% 20 40% 10 20% 0-10%

40-100% 20-40% | ' 10-20% \{ \=2.76 TeV 0-10%
_ ATLAS

7 E‘ 8] Pb-+Pb ]

++ L=1.7 ub”

) dN/dA

int™

(N

1 T
@ Pb+Pb Data

) dN/dA)

Op+p Data
OHuING+PYTHIA

avl

(1/N

2 A(.'ZPE

Momentum imbalance wrt to MC (pp) reference
Increases with increasing centrality.
No (or very little) azimuthal decorrelation.

ATLAS, PRL 105 (2010) 252303 4 _ Er1 — E1o Aoro o T
CMS, PRC 84 (2011) 024906 J_ET1+ET2’ P12 5



http://prl.aps.org/abstract/PRL/v105/i25/e252303
http://prc.aps.org/abstract/PRC/v84/i2/e024906

Where does the radiated energy go? 31

Out-of-cone radiation (Jet R,,<1)

ﬁﬂﬁ

In-cone radiation
(FF modification)




Jet R, up to very high p; 32

< — T . . — arXiv:1506.08656
C ATLAS anti-k, A =0.4 jets 2011 Pb+Pb data, 0.14 nb™" |
: [Syy =2-76 TeV 2013 pp data, 4.0 pb™"
B S S . s SRSt pp data, 4.0P0 ] R AN4 4 /dpr
[ - ] AA =
(e == 4 :

even at up to 200-300 GeV

12<|| » Radiation not captured
iInside cone R=0.4

* Where does the energy go?



http://arxiv.org/abs/1506.08656

Where does the energy go? 33

« Calculate projection of p; on leading jet axis and average over
selected tracks with p;>0.5 GeV/c and |n| < 2.4

« Define missing p;

e Averaging over event sample in bins of A,

L= Z _p?ack

Tracks

find missing p; consistent with zero

0-30% Central PbPb

LI 1
[ CMs
- Pb+Pb \)s,=2.76 TeV

40t .
fl. dt = 6.7 ub

20

0-30% _

T

COS ((PTrack _

excess away
from leading jet

<!> (GeVio)
o
Kt

8

excess towards
leading jet

0.1 0.2 0.3
/7 A,
balanced jets

0.4

AN

'

unbalanced jets

QbLeading ]et)

§ Leading
é.:; % jet

= g%’;— defines
’% § direction

%@w @u?@&

PRC 84 (2011) 024906


http://journals.aps.org/prc/pdf/10.1103/PhysRevC.84.024906

Where does the energy go? 34

0-30% Central PbPb T Calculate missing p-
AL DL DL LN DL DL
[ CMS . .
[ PbePb Vs =2.76 TeV s In b|nS Of traCk pT
40F [La=67.' —+—] | excess away _ _
o — |from leading jet ® >0.5GeVic
g ST e [ 0.5-1.0GeV/ic
8 ok [ 11.0-2.0GeV/c
<+ | ] 20-4.0GeV/ic
-20f excess towards [ 4.0-8.0 GeV/c
ol leading jet BN > 8.0 GeV/c
: el e o b e e o boaoaa Lguog g ¢
0.1 0.2 0.3 0.4
A, AN
balanced jets unbalanced jets
:(c) | In-Cone ] @ Out-of-Cone |
| CMS 0-30% 4
401~ Pb+Pb \5,=2.76 TeV AR<08 T AR=0.8
r det:S.?gb" T T

N
(=]
l

o

The momentum difference in
the leading jet is compensated

by low p- particles at large
angles with respect to the jet axis |

<p=> (GeVic)




Where does the radiated energy go? 35

Out-of-cone radiation (Jet R ,<1)

ﬁ(

In-cone radiation
(FF modification)

Is there an observable difference in the jet cone?



Jet fragmentation function

36

arXiv:1406.0932

Fragmentation functions constructed using tracks with p:>1 GeV/c
in R<0.3 and the reconstructed (quenched) jet energy

IDLcmé

[ 150 pb~"

E PbPb /Sy = 2.76 TeV

50-100%

* PbPb
—— pp reference data

e B e e
_l_ 100 < pF' < 120 GeV/c _l_p}fﬂﬂ“;-mewc,ﬁ-:n.a
f 03<n®|<2 S

1 0s0% i

PbPb/pp

EE|: 30-50%

B L | | L L

LB LR T T

: b= % - - — g

:-I.. i bicicii b bl o o8l PR Y

0 1 2 3 4 0 2 3 4
E=1In(1/2) E=In(1/2) E=In(1/2) & =1In(1/2)

R=0.3

100<p7<120 Gevic Fragmentation function is modified:

Track p>1 GeV/c

__ _track /_Jet
2 =Pr /PT

More particles at low p; in more central collisions


http://arxiv.org/abs/1406.0932

Energy loss of massive quarks

37



Energy loss of (open) heavy flavor 38

The study of open heavy flavor in AA collisions is a crucial test for
the understanding of parton energy loss

A smaller energy loss is expected for D or B mesons
relative to that of light flavored hadrons

In particular at LHC energy

« Heavy flavor mainly come from quark fragmentation, while light
flavor from gluons — smaller Casimir factor, smaller energy loss

e Dead cone effect:
Suppression of gluon radiation at small angles dep. on quark mass

Suppression for
0 < My/Eq

e Should lead to a suppression hierarchy
AEgluon > AEcharm > AEbeauty

Raa(light hadrons) < R (D) < R (B)




D-mesons 39

2_IIII|IIII|IIII|II\I|II\II IIIIIIII {IIII_
1.8 Pb-Pb,\ s, =2.76 TeV =
. ALICE -
1 '6:_ * PRELIMINARY _:
- » Average D°,D*,.D*, |y|<0.5, 0-7.5% 1
1 -4; O with pp pT—extrapoIated reference =
1.2F o Charged pgrticles, M|<0.8, 0-10%
—} = Charged pions, n|<0.8, 0-10%
1 ________________________________________________________________

s

cev v b v b v b Ly
0 5 10 15 20 25 30 35 40
pT(GeV/c)

IllllilllllllII|III|III|III

e Similar trend vs p; for D,

charged particles and
charged pions

e Hint of R . (D)>R,(11)?
an(D)>Raa(TD) ALICE, arXiv:1203.2160


http://arxiv.org/abs/arXiv:1203.2160

Beauty via non-prompt J/t

E1._4_1III|I'-1'|1III|I'rr[1lll'|I|I|||r1I'|IIII

T | Pb-Pb, | Sy =276 TeV

1.2 8 ALICE Preliminary D mesons
- Ha:p <16 GeVic, |y|<0.5

= =« LOjordievic D mesons [I!-clzt1 < 16 GaV/ic)
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n.4j— D E[ E@_ ------
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-
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-
-
s

0.2 ® CMS Preliminary Non-prompt J/y . _______ m -
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[] Systematic uncerainties CMS-PAS-HIN-12-014
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Quarkonia melting at high temperature 42

Screening of strong ® o
interactions in QGP (¢ (T ‘ 0 C ] O
® o ©

Perturbative Vacuum ColorScreeninyg

e Screening stronger at high T

§ i X s (0.59 fm) ]
C{QO.G :] - ] ]
: W 0serm 1« Ay~ maximum size of a bound state,
al: E decreases when T increases
04 - éf-/% Debye length from lattice QCD B _ _ _ _
; ] « Different states with different sizes
o3 b J /0,29 tm) E
i ] . ¢ /(r
oz © \ E Resonance melting e VO
204 § 2 | Y@s)
s T {0.13 fm) ] B
0.1 “”%, ] - | x(tP)
: | | | | | | n 1.2 J/y(1S)
0 1 1.5 2 2.5 3 3.5 4 4.5 <1 % (1P)

e QGP thermometer
(original idea Matsui and Satz, 1986)


http://www.sciencedirect.com/science/article/pii/0370269386914048

Regeneration at high temperature 43

At sufficiently high energy, the cc pair multiplicity becomes large

In most SPS RHIC | LHC
central A-A 20 200 2.76
collisions GeV Gev | TeV
Ncmrr‘event ~0.2 ~10 ~60

« Statistical approach

e Charmonium fully melted in QGP

« Charmonium produced together
with all other hadrons at chemical
freeze-out according to statistical

weights

Kinetic recombination

 Continuous dissociation and
regeneration over QGP lifetime

J/ W Production Probability

—

statistical regeneration
or recombination

sequential mppwﬁik

Energy Density

Contrary to the suppression / melting scenario,
these approaches may lead to J/Yy enhancement




HAA

LHC: J/y production in Pb-Pb 44

arXiv:1311.0214
1.4
[ Pb-Pb |5, =276 TeV and Au-Au | s, = 0.2 TeV
1.2 ® ALICEJ/y — p'w, 2.5<y<d, centrality 0%—20% global syst. = + 8%
: ¢ PHENIX Jiy — p*p’, 1.2<|y|<2.2, centrality 0%—20% global syst. = £ 10%
. |

O.B}H
0.6 H “S(J/\l»') statistical

EI recombination

0.2 — ql 0 [ E}] IT 0.6

thermal
) AEPINENS ISP ISP A IV I A S dissociatio
0 1 2 3 4 < 6 7 8 e
p_ (GeV/c) LHC

Different p; (and centrality) dependence of J/y R,, at LHC and RHIC


http://arxiv.org/abs/arXiv:1311.0214

HAA

J/Y production in Pb-Pb 45

arxXiv:1311.0214

1.4

- Inclusive J/y — u*w’, Pb-Pb \ 5, =2.76 TeV
1.2 ~ W ALICE (arXiv:1311.0214), centrality 0%—80%, 2.5<y<4 global sys.= + 8%

i Transport model (Y.-P. Liu & al, PLB 678 (2009) 72)

= =« Primordial J/y (w/ shadowing)
0.8 H _‘ --+Regeneration J/y (w/ shadowing)
0.6 & H S(Jly)  statistical

i recombination
0.4 ... L - g $ --------- o
02k e 0.6

IR Ly N thermal

D _l AR T B BN B R BN B -|n1.-L'.l"'ﬁ"'l'ul.l.a.l-L T T T I A A T dISSDC|at|D
%
0 1 2 3 4 5 6 7 8 SPSTRHIC

p. (GeV/c) LHC

As expected in a scenario with cc recombination, especially at low p,


http://arxiv.org/abs/arXiv:1311.0214

Suppression of Upsilon states
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PRL 109 (2012) 222301
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®— T(15), stat. unc.

T(15), syst. unc.
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CMS F’hF’h MJEN =2.76 Te‘u’

L., =150 ub™
ly| <2.4
p. >4 GeVic

30407

40-507%: 20-30%

W++ +

b

10-20%%
5-10°% 0-5%

'y

-

L,

T

50 100 150 EDD EED SDD 35[] 4[][]

M

part

Suppression of Y(1S) ground, and excited Y(2S) and Y(3S) states.
Ordering of R(3S)<R(2S)<R(1S) consistent with sequential melting.

(For R(3S) only upper limit for 100% centrality could be measured)


http://prl.aps.org/abstract/PRL/v109/i22/e222301

Summary on measurements 47

Kinetic freezeout =100 MeV
dN/dn=1600 | Radial flow velocity ~0.65c

Harmonic flow vy (values for central Volume = 5000 fm3
(v, up to 0.1) PbPb at 2.76 TeV) Lifetime =10 fm/c
Mass ordering Freeze-Out k¢ o T 1o
g s g
T T Chemical freeze-
Dense medium e out =160 MeV
| ; (Grand-canonical)
Parta;\werr;]eerl?}/rleogsis (a) 'QGP Viscous hydrodynamics
Upsilon suppression | fmic N/s=0.2
— db((\ 69@ -
Density fluctuations ) 2 —
l Initial temperature
Interactions/Pressure >300 MeV
l
Momentum anisotropies

All observations (+ absence in control systems) point to the formation of hot deconfined matter!



Collectivity in small systems
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wo-particle angular correlations 49

CMS N =110, 1.0GeV/c<p_<3.0GeV/c CMS PbPb |5, =2.76 TeV, 220 < N;*™ < 260
0.0005% of MB; rakouigie
( p p - - 1= P:.-;m <3 GeVic ## t . 5 P b P b

Near-side ridges
apparent in high
L ET N multiplicity events
ZE013 at LHC energies

R(An,AQ)

e

CMS, PLB 724 (2013) 213

CMS, JHEP 1009 (2010) 91

p-Pb\s,, =5.02 TeV
0-20%

2< meg <4 GeVic
l<p. . ..< 2 GeVic

PyPD \5,=5.02 TeV
0.5<p3°<4 GeV "

CMS pPb \[s,,, = 5.02 TeV, N°7""* 2 110
1<p, <3GeVic

= E% 1.1
: 4
o T2 1.01 4
2
pPb q: pPb - pPb ™
(3.1% of MB) " (2% of K1BY P (20% Sf MB) % 1. 2o

CMS, PLB 718 (2012) 795  ATLAS, PRL 110 (2013) 182302  ALICE, PLB 719 (2013) 29


http://arxiv.org/abs/arXiv:1305.0609
http://arxiv.org/abs/arXiv:1210.5482
http://arxiv.org/abs/arXiv:1212.5198
http://arxiv.org/abs/arXiv:1212.2001
http://arxiv.org/abs/arXiv:1009.4122

wo-particle

CMS N =110, 1.0GeV/c<p_<3.0GeV/c

R(An,AQ)

CMS,

CMS pPb \s,, = 5
1<p <3GeVic

d2 I,\lpair

angular correlations
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CMS PbPb |5, = 2.76 TeV, 220 < N < 260

CMS PbPb s, =2.76 TeV, 220 < N™™

il e
1<p° <3 GeVic E

1<pI™“<3GeVic

P

< 260 CMS, EPJC 72 (2012) 10052
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In PbPDb, long-range harmonics (v,) are explained

as a result of pressure gradients created in initial stage

CMS, PLB 718 (2012) 795

013) 213

Pb \ Sy =5.02 TeV
0-20%

< K .
W T
B 2 -

ATLAS, PRL 110 (2013) 182302  ALICE, PLB 719 (2013) 29
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http://arxiv.org/abs/arXiv:1305.0609
http://arxiv.org/abs/arXiv:1009.4122
http://arxiv.org/abs/arXiv:1210.5482
http://arxiv.org/abs/arXiv:1212.5198
http://arxiv.org/abs/arXiv:1212.2001
http://arxiv.org/abs/arXiv:1201.3158

Ridge properties in pPb

e Vv, coefficients

e Significant forn=2to0 5
e Substantial to even high p;

e Multiparticle correlations
« At least 8 particles correlated
° V,{4}=V,{6}=V,{8}

« Particle species dependence

e Cross of v,(proton) with
V,(pion) at about 2 GeV/c
for p;<2 GeV/c

v2{2 PC, sub}

Features qualitatively similar
to those seen in PbPDb collisions.

Suggests same physics at place?
arXiv:1602.09138

| elerliV'1409 1792
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http://arxiv.org/abs/1409.1792
http://arxiv.org/abs/1502.05382
http://arxiv.org/abs/1307.3237
https://arxiv.org/abs/1602.09138

Interpretation: active debate 52

- Iérxiy:j?:0.7-l59§0| I oo PRD 87(2013) 094034
018F  p-Pb5.02TeV ALICE Data 0-20% - GLASMA _ ALICE Data o
0.16 - 0.88 | Q groton =0-336 GeV; N0 = 12-14
LIt ] 0.86 | 2<pl9.4GeV;1<pi*<2GeV |
0.12F E < < i P <

0.1F 0.84 |
ggz 0.82 |
0:04; 0.80 |
0.02f 078 |t
oF
1 0 1 2 3 4
A

« Two orthogonal approaches with (semi-) quantitative predictions:

e Formation of mini-QGP with hydrodynamical evolution
« Entanglement of gluons in the initial state (GLASMA graphs)
 Many alternative ideas but often only at qualitative level

« Change of paradigm wrt role of “control” systems (under debate)


http://arxiv.org/abs/arXiv:1302.7018
http://arxiv.org/abs/1307.5060

arXiv:1606.06198

And even Iin pp collisions
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http://arxiv.org/abs/1606.06198
https://arxiv.org/abs/1606.07424

Summary 54

 QCD is a quantum field theory with rich dynamical content,
complex phase structure, and important open questions

* Heavy-ion collision experiments attempt to create and probe QCD
matter at high temperature and energy density

 The medium (at RHIC/LHC) behaves almost like a perfect fluid
with the characteristics predicted for a QGP, in particular with
spectacularly strong effects on hard probes (jets, quarkonia, ...)

« With the advent of the LHC we answered some of the long-
standing questions, but we also face new interesting questions,
which may be tackled with the help of you!

If you have questions about today's lecture please send them to “cloizides at Ibl dot gov”
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Leading particle suppression at t

R | | | | | | | | | | | | | | | | | | |
AA ALICE Pb-Pb \[s,, = 2.76 TeV (0 -5%)
STAR Au-Au \[s, , = 200 GeV (0 -5%)
" PHENIX Au-Au \Jﬂ =200 GeV (0-10%)
P
e L.
| 'Y | | -
[ ] .. E
s A" E -
) } !
r ‘ E i 4
* B
. ]
¢ L ]
0.1 PLB 696 (%011) 30 —
] | | | | ] | | | ] | | ] | | | ]
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e Strong leading particle suppression also at LHC energies

P, (GeV/c)

e Qualitatively similar to the one at RHIC

ne LHC

56


http://www.sciencedirect.com/science/article/pii/S0370269310013973

LAC jet quenching:

Comparison to pQCD-based models

Raa

1

10

- PLB 720 (2013) 52 mina

ALICE, Pb-Pb, s, = 2.76 TeV

charged particles, n| <0.8 norm. uncertainty
_______________________________________________________________ - —

= = HT (Chen et al.) lower density
== » HT {Chen et al.) higher density

e HT (AM.)
mmnnn ASW {T H }
=im YaJEM-D (TR.)

=== elastic (TR)large P__
@ ALICE (0-5%) === €lastic (TR)smallP__

P T WHDG (W.H.) n° upper limit |
WOMS(0-9%) .. WHDG (W.H.) n2 lower limit

0 10 20 30 40 50
P, (GeV/e)

« Qualitatively: energy loss picture consistent with data

5/

Models calibrated at RHIC and scaled to LHC via multiplicity growth

Key prediction of p;-dependence of R,,: AE~log(E) ok!


http://www.sciencedirect.com/science/article/pii/S0370269313000920
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Various technigues

for heavy flavor measurements

* |ndirect measurement via non-photonic electrons
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« EXploit semi-leptonic decay channels of heavy quark mesons

Direct reconstruction of hadronic decay channels

« Fully combinatorial analysis (build all pairs/triplets etc) unfeasible

* |Instead use invariant mass analysis of decay topologies
separated from the interaction vertex (need ~100um resolution)

« Kaon identification (TOF, dE/dx)
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Beauty via displaced J/y 59

B mesons via secondary J/y:
CMS, JHEP 1205 (2012) 063
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Fraction of non-prompt J/y from
simultaneous fit to m+m- invariant mass
spectrum and pseudo-proper decay length
distributions (pioneered by CDF)



http://arxiv.org/abs/arXiv:1201.5069
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Heavy-quark v, at the LHC 60
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Indication of non-zero D meson v,: It implies that heavy quarks

also thermalize and participate in the collective expansion.
— Need more data and to measure at lower p-


http://arxiv.org/abs/arXiv:1405.2001

LHC D-mesons: Data vs models
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Consistent description of charm RAA and v2 challenging for models.
Can bring insight into medium transport properties, and
with more data from future LHC runs.


http://arxiv.org/abs/arXiv:1405.2001

The dilepton invariant mass spectrum

7° 1 Dalitz-decays
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Jhp CMS Preliminary

PbPb I =2.76TeV
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* The study of lepton pairs also allows to extract information about

the early stages of the collision

» Dileptons (like photons) do not interact strongly and once
produced can without significant re-interactions (not altered by

later stages) escape the collision
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data / model

Identified particle spectra 63

T ALICE, PLB 278 (2014) 25

i E ————————
1 B\ ALICE, p-Pb, (55 =5.02 TeV [— Blast-Wave = 0.2 N—
Wy, 0<y, <05 == EPOS LHC o .
SN =x R SO
10 B = - -
1 Ny, R (100 OESIEL g 016 W [ ALICE
1D'T - -,_ £ K (10x) — 0.14 :_ PRELIMINARY _:
102 oy - .
10° Rpp(ix) 0‘125_ o N " Q _E
S, CPoq S
- X (i 0.08 4  ALICE, p-Pb, s, = 5.02 TeV =
" ok C o ALICE, Pb-Pb, |s,,, = 2.76 TeV ]
107 - A+R (001 0.06F 4 ALICE, pp, \s =7 Tev =
10° - 004 PYTHIAS, \s = 7 TeV (with Color Reconnection) -
. - —=— PYTHIA8,\s =7 TeV (without Color Reconnection) 2
Er+m 00 -IllllllllllllllllllllllIIIIl]Il]IlIIIIlIllIIIIl]I-
’ %.2 0.25 0.3 0.35 0.4 045 0.5 055 0.6 0.65 0.7
K'+K <)8T>
o W 2_4_|||||||||||||||_|||||||||||||||
t e = =+
p+p = 2.2 - ALICE, p-Pb, (s = 5.02 TeV —— ALICE, Pb-Pb, |/s\, = 2.76 TeV
< 2F Fejo-5% =+ Fedo5%
" ' 1.8 [-=160-80% = [5180-90%
1.6 +
- 1.4F —+
A+A — =+
é 1.2 E3
8 10 N3 E3 @@
p, (GeVic) 0.8¢ EJ
0.6 e = R i ==
0.4F L e - |_ WL, T
" » — o ._:l_l
SpeCtra ConSIStent Wlth 0-3 E_I L1 I L1 1 I L1 1 I L1 I—E_II 1 I L1 1 I L1l lg%i
0 2 4 6 8 2 4 6 8

radial flow picture (also in pp) b (GeV/o)


http://arxiv.org/abs/arXiv:1307.6796

Multi-particle correlations: CMS 64
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Multi-particle correlation results are the same within 10% in pPb
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» Characteristic mass splitting observed as known from PbPb

e Crossing of proton and pion at similar p; (2-3 GeV/c)
with protons pushed further out in the pPb case

 |f interpreted in hydro picture, suggestive of strong radial flow


http://www.sciencedirect.com/science/article/pii/S0370269313006503

Radial flow

66

CMS, arXiv:1307.3442
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e Spectra measured vs. multiplicity

e For kaons and more for protons
shape changes with increasing

multiplicity

Radial flow expected to reflect in
spectra, in particular in p/1 ratio

Shuryak and Zahed, PRC 88 (2013) 044915

* As expected from radial flow

(Note also present
in high mult pp)


http://arxiv.org/abs/arXiv:1307.3442
http://arxiv.org/abs/arXiv:1301.4470
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J/Y production versus rapidity in p-Pb 67

1.4

1.2l

p-Pb\ s, = 5.02 TeV

ALICE arXiv:1308.6726: inclusive J/y—pu*u, D-:p <15 GeV/ec
Ly, (-4.46<y__ <-2.96) = 5.8 nb™, L, (2. 03<y, -:3 53) = 5.0 nb”

ALICE Prellmlnary inclusive Jf‘qi—)E e, P, >0 GeV/c
o (137<y, <043)=52,6" New preliminary

.- ELoss, q,=0.075 GeV?/fm (Arleo et al.)
- —— EPS09 NLO + ELoss, qn=0.055 GeV?/fm (Arleo et al.)

-IIIIIIII|IIII|I1II|IIIIIIIII[IIIIlIIIIIIIIIIIII

4 4 =2 4 0 14 2 B8 4
ycms

Suppression at mid-
and forward rapidity

« Consequences for
R, Suggests even

stronger
recombination

Consistent with
shadowing models
(EPS09 NLO) and/or
coherent parton
energy loss

Specific CGC
calculation disfavored


http://indico.tlabs.ac.za/getFile.py/access?contribId=170&sessionId=3&resId=0&materialId=slides&confId=30

Observation of double ridge 68

ALICE, PLB 719 (2013) 29 2<p,, <4GeVic p-Pb \'s,,, = 5.02 TeV
1< ptassoc <2GeVic (0-20%) - (60-100%)
2< pT'mg <4 GeV/c p-Pb | s, =5.02 TeV
1< pT.assoc <2 GeVic 0-20%

1.4

S0C (rad-1)

dAndag
-
(%)

d&?N,,,

Nlrig

1

1.0\ ad

e Extract double ridge structure by subtracting the jet-like
correlations from 60-100% low multiplicity class

e Standard technique in AA collisions
 Checked that correlations in 60-100% look similar to pp


http://arxiv.org/abs/arXiv:1212.2001
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