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ALICE detector 4
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ALICE acceptance
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Low material budget for inner barrel 6

arXiv:1402.4476
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* Integrated radiation length for R<180cm
e 11.4£0.5% X, from comparison of MC and data
« ~5xless than ATLAS/CMS (at |[n|<1)

w | » Work ongoing to further reduce uncertainty and
e e 7S X {em) improve understanding for R>180cm and |n|>0.9
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Main features and performance 7

arXiv:1402.4476
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« Excellent+unique PID performance (practically all known techniques)
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Main features and performance 8

arXiv:1402.4476
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« Excellent+uniquePID performance (practically all known techniques)

« Excellent vertexing and tracking efficiency down to very low p;

e Quarkonia (mid- and forward rapidity) down to zero p+


http://arxiv.org/abs/arXiv:1402.4476

Reminder: Scientific approach

Local structure of QCD anaI+QCD Local QCD

vacuum +

initial state/cold nuclear matter o
initial state/cold nuclear matter

+
(Adapted from G.Roland) Quark-Gluon Plasma




PA: More than just a control experiment 10

Gluons from sat. Nuclei (CGC) —» Glasma —#» sQGP —» Hadrons

e Study pAto benchmark AA

Black disk (T=1)

- Measure properties of hard processes to Y=in(I’X) " High density
disentangle initial from final state effects e G
» Characterize nuclear PDFs at small-x ’@ p T
e Study high-density QCD in saturation region : 6’!: el ¥/
= f oY Low
- Saturation scale (Q,) enhanced in nucleus (~A"®) = BFKL density
z E | Color transparancy (T<<1)
e In perturbative regime at the LHC: Q.~2-3 GeV/c *1/ @\ DGLAP (°*°.)\
. . '@ .-'I ,'\_.. .c,'
* Qualitatively expect x~10= at n=0 (vs 0.01 at RHIC) — —
InAgcp nQ

« Study interplay of different concepts

* pPA contains elements of pp and AA
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RHIC's major discoveries

_STAR, PRL 86 (2001) 402 _
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« Discovery of strong elliptic flow

e Larger than possible from
hadron gas models alone

 Even huge cross sections needed to
describe with pQCD 2 - 2 processes

* Described by (ideal) hydrodynamics

using lattice equation of state

<
<
c

0
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PHENIX, PRL 88 (2001) 022301

Au+Au vs,,= 130 Ge'u’
central 0-10%¢
| = (W +h )/2
[ ]
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e Discovery of strong hadron

suppression (jet quenching)

 Final state effect due to
Interactions with hot medium?

 Role of initial state and
cold nuclear medium effects?



What's needed partonically to getv,? 12
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[ | I | | .
b= STAR prelim. (Filimonov, Nov '{Ill T PartOn transport mOdeI-

T Bolzmann equation with
\J¥ |- 2-to-2 gluon processes
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D.Molnar, M.Gyulassy
NPA 697 (2002)
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Need large opacity to describe elliptic flow, ie elastic parton
cross sections as large as inelastic the proton cross-section.



Elliptic flow and hydrodynamics

Ideal relativistic hydrodynamics
T"'=(e+p)u"u —pg""
6HT“V=O
5,N'=0,i=B,S,...
p=ple,n) Closure with EoS

Vs

Assumption:

After a thermalization time
(s1fm/c) a system in local
equilibrium with zero mean
free path and zero viscosity
is created
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Initial conditions (IC)

Equation of state (EOS) — » Hyd O —» Observables

Freeze-out cond. (FO) —»

Today we use
viscous hydro
with finite n/s




dAu control experiment at RHIC

Articles published week ending
15 AUGUST 2003

Q@ Published by The Americun Physieal Soclety

PRL 91 (2003) vol 7
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Jet quenching is a final state effect
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https://journals.aps.org/prl/issues/91/7

Eventually lead to a new paradigm 15

BNL -73847-2005
Formal Report

Hunting the Quark Gluon Plasma

RESULTS FROM THE FIRST 3 YEARS AT RHIC
ASSESSMENTS BY THE EXPERIMENTAL COLLABORATIONS

The quark-g_luon liquid

April 18,8005

PH ENIX BRAHMS

Relativistic Heavy lon Collider (RHIC) = Brockhaven National Laboratory, Upton, NY | 1974-5000

i « Manifestation of strong coupled QGP
RHIC whitepapers: NPA

757 1-283 (2 '

57 1-283 (2005)  Not freely roaming quarks and gluons

* Instead, strongly coupled reaching
almost the minimum value of shear

viscosity to entropy density ratio (n/s)


http://www.phenix.bnl.gov/WWW/info/comment/
http://www.phenix.bnl.gov/WWW/info/comment/

Elliptic flow coefficient, v,{4}

Similar properties at the LHC
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http://prl.aps.org/abstract/PRL/v105/i25/e252302
http://www.sciencedirect.com/science/article/pii/S0370269310013973
http://prl.aps.org/abstract/PRL/v105/i25/e252303
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~@ . collectivity from PbPb
” collisions at the LHC




Initial and final state anisotropy

Reaction
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X (defines W,)

(self quenching)

dN/d((])-\|f2) arbitrary scale

Initial spatial anisotropy:
eccentricity ¢

—
Interactions
present early

Science 298 5601 (2002) 2179-2182
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Momentum space anisotropy:
elliptic flow v,=(cos(2¢—2W¥;))


http://arxiv.org/abs/cond-mat/0212463
http://arxiv.org/abs/1108.6018

Flow methods 19

Extract from data or
v,=(cos (2(P_ 2IPR)> use only relative angles
-

Two-particle cumulant Measures:
v{2}=y(cos(2¢,~2,)) v{2}*=(v)’+ 0y +8
Can suppress “non-flow” v>>1/VM

by employing cuts in |An]
If p_ cuts are used:

V{Z}:\/V(pT,l)v(pT,Z)

Jet
(Near-side region)

Recoil-jet
(Away-side region)

Ollitrault, Poskanzer, Voloshin
PRC 80 80 014904 (2009)



Two-particle angular correlations 20
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2< thrig ’ p_l_assoc<3 GeV/c

PRC 86 (2012) 014907



http://prc.aps.org/abstract/PRC/v86/i1/e014907
http://arxiv.org/abs/arXiv:1203.3087

Multi-particle correlations: v.{4} and higher 21

Cumulants to extract
genuine k-particle
correlations excluding

those from k-1 particles

To first order for k=2
and k=4

v, {2 }—<v2> +0 +9,
v,>>1/\/M

V2{4}2: <V2>2_0\2/

v,>1/M>*
« eg. M=100, v,>>0.03

Care is needed when
averaging over M, as
cumulants are also
sensitive to multiplicity
fluctuations

(o] o 0O g gg
O 00 O O
O 0 O 0

o "}O
<€im[~:,|r;| ={f' ]|>

Four particle correlations (Q-cumulant method):
e 2o +—:- caf) = (@) —2
| v V2{4}:€/_Cn{4}
< MR F3~a J> _ < o P3) > < P J> _ < o= J> < PR ;>

(From S. Tuo)

//

mw.w ~3=s )

-((2))?

Multi-particle correlations (cumulant) studies
extract the genuine multi-particle correlation




Multi-particle correlations: v.{4} and higher 22

> ALICE Preliminary, Pb-Pb events at \/s,, =2.76 TeV

, | gEEEEEfoo
Two-particle 0 Th o

methods i >

Multi-particle
methods

0.05 -

. v, (charged hadrons)
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L II' Vg{s}
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centrality percentile

Multi-particle correlation v2{n} results converge for n=4,
indicating that non-flow contribution is negligible for n=4



Integrated elliptic flow and hydro 23

PRL 105 (2010) 252302
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Measured v, well within the range of viscous hydro predictions


http://prl.aps.org/abstract/PRL/v105/i25/e252302

v

d3N

dp

Radial flow and kinetic freeze-out

Different shape for particles
with different masses
Indicate radial flow

Hydro calculations can
describe the data

Blast-wave fits assuming

a boosted thermal source
with a common temperature
and radial velocity

BW model: PRC 48, 2462 (1993)

Radial flow

flow __
Pr =prtm

B flow ﬂow

1/N,, 1/27p_ o Ni(dp_ dy) (GeV/c)®

Data/Model

O 2 MNMOoO o MO o N
]

2 3

—
(]

—
=

-
=
[

~ f(pr) / mr K1 (mrcoshp [Tro)lo(prsinhp [Tso)rdr where my =

24

PRL 109 (2012) 252301

— — Blast Wave Fit O

| == VISH2+1
- = HKM
= Krakdw

e, - PHENIX, Au-AU, | Sy, = 200 GeV ]

& ALICE, Pb-Pb |8, =276 TeV ]

—+— STAR, Au-Au, s, = 200 GeV 7

e 1047 (< 100)
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O
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m2 + p2; B,(r)

<
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= Bs(%)"; p =tanh™'B,.


http://prl.aps.org/abstract/PRL/v109/i25/e252301

Radial flow and kinetic freeze-out 25

« Different shape for particles PRL 109 (2012) 252301

. . e 0.2 11— ]
with different masses > : ALICE, Fit Range :
. . . (B 0.18| n05<p <1 GeV/ic -
indicate radial flow < o1k 80-00% ggg;pp =15 GeVic
e Hydro calculations can 0.14 ;—m 80% E
describe the data 0.12 - | L . 05%
: : 0.1 STAR. Fit Ran TN
« Blast-wave fits assuming 008 . 05 < p. fo Baevic RHIC oo T °
T EK0.2<p, <075 GeV/c 1
a boosted thermal source 0.06[-p: 035 < p, < 1.2 GeV/c (a)
with a common temperature 0.25 0.3 035 0.4 045 0.5 055 0.6 065 0.7
and radial velocity By
BW model: PRC 48, 2462 (1993) o Strong radial flow
up to BLHC,centraI =0.65c
Radial flow =
BLHC,centraI =1.1 BRHIC,centraI
e Similar kinetic freeze-out T,
pé?ow:pT+ WZBﬂOW flow

y
I
d’N

R
E "~ f(p) = /ﬁ mrKi(mrcoshp [Tso)lo(prsinhp [Tso)rdr where my = y/m2 + p%; B,(r) = Bs(%)" p =tanh™'B,.


http://prl.aps.org/abstract/PRL/v109/i25/e252301

ldentified particle elliptic flow versus p; 26

arxXiv:1202.3233
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Observed mass ordering in v, due to radial flow
can be described by hydrodynamical models


http://arxiv.org/abs/arXiv:1202.3233

v,{SP|A1| > 0.9}

0.3

— 0-5%

2-10%

ALICE

Pb-Pb y'm =276 TeV
nl <0.8
and |y| < 0.5

arXiv:1405.4632

Particle species
H::I:

- p+‘[i

* A+A

0

217


http://arxiv.org/abs/arXiv:1405.4632

V,{SP,An| > 0.9}

0.4

The ® meson

At low p_ follows mass ordering

At high p; close to p in central and close
to 1T In mid-central

In central collisions p and ® have similar
shape up to ~4 GeV/c.

« As expected from radial flow

Mass (and not number of constituent
guarks) scaling drives the v, and spectra

In central collisions

ALICE 10-20% Pb-Pb |5, = 2.76 TeV ALICE 40-50% Pb-Pb s, = 2.76 TeV
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http://arxiv.org/abs/arXiv:1405.4632
http://arxiv.org/abs/arXiv:1404.0495
http://arxiv.org/abs/arXiv:1404.0495

Higher harmonics and viscosity 29

Initial spatial anisotropy not smooth, leads
to higher harmonics / symmetry planes.

Z_]z]p“’l@05[2(@_%)]"'@03[3((P_%)]
"'@05[4(@_11)4)]"'@05[5 (=) ]+ ..

1=0.4 fm/c 1=6.0 fm/c, ideal
600

Alver, Roland

500
400

300

y [fm]
e [fm™

200 _hywo
e-by-e hydrB

100
B. Schenke et al.

-10 -5 0 o 10
X [fm]

x [fm]

ldeal hydrodynamical models preserves these “clumpy” initial conditions


http://arxiv.org/abs/arXiv:1102.0575v2
http://arxiv.org/abs/arXiv:1003.0194

Higher harmonics and viscosity 30

Initial spatial anisotropy not smooth, leads
to higher harmonics / symmetry planes.

1+®COS 2 P Wz @05[3(@_%)]
@ s[4(g—1p,) ]+ @05[5(@_%)}"'

1=0.4 fm/c 1=6.0 fm/c r]/s=0. 16
600

500 Viscous 10

400

Alver, Roland

300
200 _hywo
e-by-e hydrB

100
B. Schenke et al.

y [fm]
e [fm™
y (fm]

-10 -5 0 o 10
X [fm]

-10 -5 0 5 10

Viscosity suppresses higher harmonics,'™
— V, provide additional sensitivity to n/s


http://arxiv.org/abs/arXiv:1102.0575v2
http://arxiv.org/abs/arXiv:1003.0194

Initial state fluctuations and flow ridges 31

Alver+Roland, 2010

ALICE, PRL 107 (2011) 032301

Centrality 0%-1%, |n| < 0.8 ]
o |An|>1 ]

1.008 :_ V2.3.4.5{2~ IAnf > 1} Z
1.006 £ CAD)~1+) vicos(AD)
1.004 [ SR

= 1.002 £

2 F

O 1 ==

IIIII|III|I1I

-1 0 1 2 3 4
Ao (rad)

Structures seen in two particle correlations are naturally explained
by measured flow harmonics assuming fluctuating initial conditions.


http://arxiv.org/abs/arXiv:1003.0194
http://prl.aps.org/abstract/PRL/v107/i3/e032301

Mass-dependent splitting of v, and v, 32

Elliptic flow Triangular flow
0.2
Pb-Pb |s,, = 2.76 TeV 10-20% =’ Pb-Pb \s,,, = 2.76 TeV 10-20%
0ol VASP 1 + ¢ : K :
’ IEITI: + - i
. . vs2}
Ep‘ ' — = = Glauber (n/s = 0.08)
0.15—
0 . sae wee eas KLN (1y/s = 0.20)
i 0.1 VISH2+1 PLB 707, 151 (2012)
0.1 '
VISH2+1 (CGC, n/s=0.2) PP
— T L : : :: -
— -
0.05 — S 0.05
= & s
AIP Conf. Proc. 1441, 766
: ALICE
PRC84 044903 PRELTMINARY BHHELI;EIERERY
| | | L”
% 0.5 1 15 2 25 3 35 0 3
p, (GeV/c) p, (GeV/c)

« Particle mass dependent splitting
from radial flow characteristic for v,

Similar mass splitting for v,

e Qualitatively described by
« Can be described by hydrodynamical models
hydrodynamical models (+ hadronic afterburners)

(+ hadronic afterburners) « Provides additional

constraints on n/s



D-meson elliptic flow 33

arXiv:1405.2001
:‘N |||||II|III|III|III|III|III|III|II|| ||||||I|||||III|III|III|I||||||||||| III|IIIIIII|III|III ||||||||||||||||
0.6~ ALICE 1 ® Pomptoyos, vien 1 )
L Pb-Pb, |5, =276 TeV Dsyﬂ.fmdata
T - Syst. from B feed-down

{H:_ __F ¢ Charged parides, v.{EP JAnk2} | h

0.2+ -+ 4 .

[ Cantrakty 0-10% Cantrality 10-30% [ Centrality 30-50%

i miommmmmmmmmmmnmmmmimmmmmmmmmammmomi
2 4 6 8 10 12 14 16 148 2 4 6 8 10 12 14 16 18 2 4 6 B8 10 12 14 16 18

pT GeV/c) pT (GeV/c) pr (GeV/c)

Even charm mesons exhibit elliptic flow


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

CMS Experim

Orbit'Crossing: 98470229 1 201

ontrol experiment:
p+Pb collisions
at the LHC

15’5\ ATL A High multiplicity p+Pb event E———
g Run: 217946 No (p; > 0.4 GeV) = 273,
MEEXPERIMENT Biest: 32201081 Ny (0, > 10 Gov) = 106 (shown) 7
T 77 11 Date: 2013-01-20 FCal A (Pb going side) XE. = 139 GeV
http://atlas.ch

1Y
= - Xi\%\_\

11




pPb and Pbp rapidity S|gn convention

o P- -Pb
& proton going
towards muon arm
(low-x in PDb)

p (4 TeV)

° Pb-p

= Pb nucleus going
towards muon arm

(low-x in p)

* Center-of-mass energy 5.02 with Ay=0.465 wrt lab system
In direction of proton beam

e Usually results reported such that positive rapidity corresponds to
proton direction and negative rapidity to Pb direction

 Be aware that some results (in particular correlation results)
are done in the laboratory frame
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PA Average number of
RX (p )= dN /d collisions from Glauber
PAN ST - PP (or cross sections):
(N ) d NS/ d
Cﬂllf Pr <N >= A Gpp/GpA ~ 6.9

Nuclear modification factor

do

pA—X

o« f7(x, Q7)o fH{x, 000" ¥
de

XX, prlz, QQJOD,@,X(Z; QEJOFS{?]TECIS

* |n absence of final state effects
provides information on nuclear PDF

FA(e, Q2) = RA(z, Q?) fOTFM (5 o2y T

 Two regimes important at LHC:

« Shadowing and Anti-shadowing

=1

e

A

JHEP 0904 (2009) 065

1.0

0.6
Yo -

0.2

/

antishadowing Fermi-
motion

|||||||||||||||||||||||||||||||||||||||||

shadowing

-Ye

10

1
[l

107 10

1


http://arxiv.org/abs/arXiv:0902.4154

Rap =

1.8

1-5: = Pb-Pb |, =276 TeV, 0-5% central, | n|<0.8
2t pPb(minbias)
31.2— ~F H H H) H
T g HHHHH EH$
s -

0.6
0.4 4% PbPb (0-5%)
0.2__. --.... m m N m & N L]
bow o Lo by o by | I | I TR B
0 2 4 6 8 10 12 14 16 18 20

Charged particle R g,

dNap/dpT

<Ncoll>dep/de

'_I T T | I I | rTrryrrrypnra | T | | T |
. ALICE, charged particles

" e p-Pb \5,,=502TeV, NSD,|n_ |<0.3

a

P, (GeV/c)

F{ pPh

No surprises at high p_in first results:

Supports existence of strong final

state effects (at mid-rapidity) in PbPDb.

1.8
1.6

1.4f
1.2}

0.4
1.8

1.6F

1.8}

1.6

o4=. . .0
0 2 4 & 8
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ALICE, PRL 110 (2013) 082302

0.8f
0.6F

— p-Pb |5, = 5.02 TeV =
— @ ALICE. NSD, charged particles, |1‘|m5| = 0.3 —

Saturation (CGC), rcBK-MC
Saturation (CGC), rcBK =
W Saturation (CGC), IP-Sat

— I Shadowing, EPS09s (r7) —
2 LO pQCD + cold nuclear matter

1.4]

— 5 =028 B
n HIJIMG 2.1 o DgHI::: sg:D.E-B .
== DHC, no shad.

— DHC, no shad., indep. frag.

O ="

B TR TRy T T
p. (GeV/c)


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

Charged particle R g,

_ dNAB/de
<Ncoll>dep/de

ALICE p-Pb y5,,=5.02 TeV, NSD
charged particles

T -~

Hp Pb

-13 < Moe = 0.3

0 5
P (GeV/c)

10 15 20 25 30 35 40 45 50
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arXiv:1405.2737

L L L R L LR L LR BN |
p-Pb {s,, = 5.02 TeV, charged particles, |7__| <0.3

e ALICE (NSD)

0.6 B NLO pQCD: shadowing, EPS08s (x°) .
LO pQCD + cold nuclear matter 1
0.5
[ THUING 2.1 1
L l I T M L i M .
0-% 10 20 30 40 50
P, (GeV/c)

Extended measurements up to 50 GeV/c: No change of message


http://arxiv.org/abs/arXiv:1405.2737

£, ’f —e— ALICE charged jets p-Pb 5.02 TeV
fb:n anti-k; jets R=0.4, |]<0.5
- Reference: Scaled pp jets 7 TeV
1.5F wees Systematic uncertainty ]

[ Uncertainty reference +
. Glauber
[ .. ALICE
- ALICE, preliminary PRELIMINARY |
M M " 1 M M M 1 M M M ] " M
%0 40 60 80 - 100
PTlet (GeV/c)
ALICE, preliminary
L A L LA L AL L LA B
- p-Pb | 5, = 5.02 TeV, u* c,b decays 3
C o 2. 5<y <3 54 1
- ALICE Preliminary forward ]
2F HFE - :
1.5 .
(LR 1 52 0 12 2 -
0.5 —— NLO (MNR) with EPS09 shadowing -
L systematic uncertainty on normalization ]
0'...|...|...1...|...|...|...|...|‘
0 2 4 6 8 10 12 14 16
p. (GeV/c)

No significant effects at high-p-

nuclear modifiation factor
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arX|v 1405 3452v1

| B T T T | | T
n':’ﬁ CALICE. p- b, t,r— _5.02TeV
1.6_ —I—Averﬂge DEI= DI,D-l ]
i -0.96<y_ <0.04 ]
14 ]
121 ) -
= . e e
o[> | .
0.6 - -
0.4 R
-+ CGC (Fuji-Watanabe)
02 | =—= pQCD NLO (MNR) with CTEQ&M+EP509 PDF
L === Vitew: power corr. + kT broad + CNM Eloss
L 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1
% 5 10 15 20 25
p, (GeV/c)

ALICE, preliminary

3
o —— ALICE bc — (8" + &)/2, TPC-TOF, ALICE reference H F E
=~ —— ALICE be — (&" + @)/2, TPC-EMCal, ALICE reference
25— —- ALICE bc — (e" + e)/2, TPC-EMCal, FONLL reference
= B rormalization uncerainty
- B FOMNLL + EPS09 shad.
21—
1.5— [
! :— --.. -
05— I
= ALICE p-Pb, \ 5y, = 5.02 TeV, min. bias, -0.14 < Yoo < 1.06
N PRELIMINARY
....... l « o+ o 1 4 4 o 0 ¢ 4 o 1 v o 1 & 4 4 |
0 2 4 6 8 10 12 14
p. (GeV/ic)


http://indico.cern.ch/getFile.py/access?contribId=182&sessionId=18&resId=0&materialId=slides&confId=218030
http://indico.cern.ch/getFile.py/access?contribId=50&sessionId=16&resId=0&materialId=slides&confId=204432
http://arxiv.org/abs/1405.3452v1
https://indico.cern.ch/event/219436/session/17/contribution/123/material/slides/0.pdf
http://arxiv.org/abs/1405.3452v1

Event multiplicity/activity classes in pPb 40

selection and usually provides
(corrected) multiplicity at mid-rapidity

« Event class definition (aka event
activity) may matter for particular
measurements NI

 Systematics from different selections Signal related to charged
particle multiplicity (a.u.)

« Define event classes by slicing various 5 e R Sums02 e :
multiplicity related distributions Zf —Rhe G
2 =
« Every experiment uses its own < = 50-100% VOA
0
1

VZERO-A
(2.8<n<5.1)

« Relation of multiplicity to centrality D [ Bior ATLAS pPb [su=502Tel, JLETuo"
via Glauber model not straight-forward 9@ | g —
« Correlation between collision geometry @ *°L SR
and multiplicity not as strong as in AA [ W eSS .
c B
« Use minimum-bias collisions instead S 100 8
(Ncoll =A 0-pp/O-pA) —(% ;.
« Centrality discussion (later) Z L S E N S

E. in forward calorimeter (GeV)



Di-Hadron Correlations (DHC) 41

e CMS: pp, pPb at LHC CMS, JHEP 1009 (2010) 91  CMS, PLB 718 (2012) 795

CMS N = 110, 1.0GeV/c<p, <3.0GeV/c CMS pPb \[s,, = 5.02 TeV, N[> 110
1<p, <3GeVic 1

* Long-range near-side
correlations (ridge)

appear at high-multiplicity L[5 187
SlE 1.7 L :
- Collective effects Fjg 1 6l ‘,‘:.‘::,"3‘ i \\.
in pp and pPb? PR A

OO
SR

- CGC initial state effects? <i§ 2
-4
e STAR: dAu at RHIC
STAR, arXiv:1005.2378
i BaCk-tO-baCk (Jet-llke) d+Au = 1P+, Vs = 200 GeV, 0<T0m <500 d+Au —> nn+X, va = 200 GeV, 2000 < F Q< 4000
. . 0 0.018F PurZGev/c, | GeV/cipuipn 0.03f Pro? Gev,/c, 1 GeV/ < pra<pr
correlations in forward Tt ol <me=S2E <ao =329 L4 <mo=34,<noe319
correlations disappear in ol {l’- . Frﬂ
high-multiplicity events oot | N A TR ooz [y b
o \ W . L/ TR o e Y
_ Compatlble Wlth CGC -3.003;; ".4_,.'.4_'| M 0,0155-* Fphf ¥, | + 1+++.
. . 0,006 g Peaks
predictions ool Feaks > s o
: '47$/L g 5 i 0 0.483+0.024
* LHC mld- and RHlC forward-n a.00zf -R1AF i g:gg‘?i&géjs 00051 E/QT'?‘R. m 1.758£0.212
[ Preliminary  Prefiminary .

probe a similar x regime T B R
Peripheral Central


http://arxiv.org/abs/arXiv:1009.4122
http://arxiv.org/abs/arXiv:1210.5482
http://arxiv.org/abs/1005.2378

DHC: Correlation measure 42

ALICE, PLB 719 (2013) 29
e Associated yield per trigger particle
(Wlth thrig>pTassoc)
. g <4 GeVic p-Pb | s, = 5.02 TeV
1 d*Nisoc S (An, Ayp) . £0.100%

Nirig dAndAg B (An, Ay)

e Signal (same event) pair yield
1 '['lzih"'rsanm
Nivig dAn dAp

e Definition as ratio of sums
Is multiplicity independent
Npair ! Z}ET“’"“’ anij(nij —1)
Nirig 5o Neye 3~ Neguree

Nevt{Nsource) 3 (n(n — 1))
- Nevt (Nsource)(n)
1 (n(n—1))

2 (n)
« Background (mixed event) pair yield

1 dz—'n"'rmixed
B(0,0) dAndAe

S (An, Ayp) =

B (An, Ap) =



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

* Low-multiplicity p-Pb (60-100%)

DHC: Multiplicity dependence

ALICE, PLB 719 (2013) 29

g 4 GeV/c p-Pb\s,, =5.02TeV
60-100%

pp-like (jet-like)
correlation structures

0-20%

Zoomed
scale

43

<4 GeVic p-Pb\s,, =5.02TeV

NS
ridge

* High-multiplicity p-Pb (0-20%)

Near-side ridge appears

(first seen in CMS)

Higher yields on near- and

away-side


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

DHC: Multiplicity dependence 44

ALICE, PLB 719 (2013) 29

Compare associated yield B 0.20¢ 0-Pb |5, = 5.02 TeV
iIn pPb multiplicity classes = «* e 020%  2<p, <4GeVi
and PP § 0.15:— . = 20-40% 1<p, ... <2GeVic
: ’ - ’ : . 4 40-60% stat. uncertainties only
 Projectto Ag over |An<1.8 5 - v 60-100%
. S 010 **%
« Subtract baseline at Ap~1.3 & ¢ ’ Pp278TeV o :
3 -
L . 2 0.05 .
Low multiplicity pPb is similar 2l
to pp (at 7 TeV) e T
. . Eﬁ 0,00 o e T
Yield rises on near and away T - 0 1 2 3 4

side with increasing multiplicity Ao (rad)

In contrast with away-side
suppression observed in dAu
at RHIC at forward n (similar x)


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

Extraction of double ridge structure 45

ALICE, PLB 719 (2013) 29 2<p,, <4GeVic

1< Procooe < 2 GeVic

p-Pb | sy, = 5.02 TeV
(0-20%) - (60-100%)

2< Pryig < 4 GeVic p-Pb |\ s, =5.02 TeV 2< Piruig < 4 GeVic p-Pb |'s,, =5.02 TeV
1< P assoc < 2 GeVic 0-20% 1<p, .. <2GeVic 60-100%

e Extract double ridge structure using a standard technique
In AA collisions, namely by subtracting the jet-like correlations

« Assumed that 60-100% class is free from non-jet like correlations


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

Away-side ridge yield per An

O

O

o

o

Extraction of double ridge structure 46

ALICE,
PLB 719 (2013) 29 >

“0-20%”
=N minus

- p-Pb)\s,, =5.02TeV ‘ - 1 OOO/ ”
08— { Us 0
06| ’ <

§ | g o0ss5
04 \ 23 0.80

i ] z|5

i l 1075
02— | == '_|2" 2

i TF{' -

r_L' J.:. ”. | 5 L . | A 5 1 | L ! \ | \
0.00 0.02 0.04 0.06 0.08

Near-side ridge yield per An

Extract double ridge structure using a standard technique
In AA collisions, namely by subtracting the jet-like correlations

« Assumed that 60-100% class is free from non-jet like correlations

The near-side ridge is accompanied by an almost identical ridge
structure on the away-side


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

Dependence on event selection 47

ALICE, PLB 719 (2013) 29

« Aresidual jet peak at (0,0) remains even after subtraction
of 60-100% from the 0-20% multiplicity class

« Effect at large |An| stable using different event class definition

p-Pb |'s, = 5.02 TeV 2<p,,, <4GeVic /. P-Pb|sy, =5.02TeV
1N (0-20%) - (60-100%) 1P o <2GeVie “™,(0-20%) - (60-100%)

SPD event selection .~

2< [.‘)_I_‘tﬁg <4 GeV/c 2< p'r,trig <4 GeV/c

1< P sss00 < 2 GeVic

. P-Pb|sy,=5.02TeV
\.(0-20%) - (60-100%)

ZNA event selection ~

';E' E 1.00
G o 0.95
=2 |2 0.90
% 3@ o 390.35
‘-|2= 0'%0 1—|zo"- 2
-2 20 -2
ZNA VZERO SPD

n separation



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

Ridge v, and v, and hydrodynamics 48

ALICE, PLB 719 (2013) 29

= 0.20
:.n i v, v p-Pb |s,, = 5.02 TeV
hN | Y e 0.5 < p‘!.llig < p‘l’,assoc < 1.0 GeV/c
B A A 10<p <p  <20GeVic
0-1 5 _— + ¢ O 20 < p_':": <Py < 4.0 GeV/c
0.10F + + { L
Y +
[ A % . % | ® |
L 1
L Q .fL. O T
L T .
I
0.00 0-20% 20-40% 40-60%
Event class

« Sizable values for v, and even v,
reached for high-multiplicity events


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

Ridge v, and v, and hydrodynamics 49

ALICE, PLB 719 (2013) 29 Bozek and Broniowski, PRC 88 (2013) 014903
N 0.20 - . p-Pb | s, = 5.02 TeV V " p-Pb5.02TeV 0-3%
h:u - .2 " 05< b <p__ <10GeVic 2 ——1/s=0.08 7 =0.6fm/c <R*"?=1.5fm
- A 410 cpm <p::::: <2.0 GeVic 0217 —-n/s=0.16 B}
0.15 N ¢ O 20< p'l'-"bg Py oeeee < 40 GeVic ----<R%"%=0.9fm
L + [ s 1,=0.2fm/c
0.1 0:— + + { L 0.1f _
i o + " - 5 Glauber+NB
0.05(- } % ® J( _ . l 0o 05 1 15 2
L © S o | p) [GeV]
L T l T T T T T T T
l 0,
Event class 3 o T LIRS
015 —-n/s=0.16 .
[ --- <R%"220.9fm
« Sizable values for v, and even v, ol e 1=0.2fmic _

GlaubersNB .7~

reached for high-multiplicity events
0.05

« Results qualitatively consistent with
viscous hydrodynamic calculations with
initial state fluctuations from Glauber

=

e Caveat: Calculations in pPb less robust
wrt changes of assumptions than in AA


http://arxiv.org/abs/1304.3044
http://arxiv.org/abs/arXiv:1212.2001

Multi-particle correlations: v.{4} 50

Submitted
to arXiv today
pr Pbe Centrality (%)
82 65 5243 31 177
LA i | | I | | | ] [ | I ] | | ] ] [ ] I_ o B - |
E_1 2 ALICE p-Pb ‘,m - 502 TeV _| }0_1 o ALICE Pb-Pb |s,,, = 2.76 TeV _
[ @ V2, jAn|> 1.4) 5 ﬁi} an| > 1.4)
01_— L] 'I-"'g{*q-} 7 01: N 1.«"2{5} ® B
[ 0.2<p <3.0CeV/c : [ 0.2<p,<30GeV/c @ ® ‘..‘ :
0.08[ 4 0.08F oln iiﬁ,i. .
: o000 © ® o ¢ I o .
0.061 o®g®® 4 0.086F @ —
: (] ] i »
0.04f oy o a 1 o0.04f g
0.02F %j 4 0.02F !;‘:
U_l||||||||||||||||||||||_ O_l Lol Lol L1
0 50 100 150 200 10 102 107
Nch{|n|ab| <1) Nch{ln|ab| <1)

Genuine four particle correlations present in pPb,
but magnitude smaller than in PbPb (which is driven
also by the event plane)



Multi-particle correlations: v.{6} 51

Submitted

to arXiv today %1076
et = oL © O ' ALCE | I
v216} = [ 7216} Sl ® p-Pb |5, -502TeV |

v,{6}=4.5%

2r O Pb-Pb |5, = 2.76 TeV —
- | — V,{6} = 4.5% -
- 0.2<p <3.0 GeVie il
! o 1
1~ ? f:-D O N
- O © I
i + 0 o © < 1
_ 1 o

T
v
t||
:&:
o

10 10° 10°
Nep(_ [ <1)

Results consistent with v,{6]=v.{4} in pPb, but not enough
events to determine whether v,{6} is finite or not.




Multi-particle correlations: CMS 52

[ T T T T [ T T T T | T I T T I I | I I I I | I I I I | I I I I I I
- PbPbys, =276 TeV T PPbys,, =502TeV
0.10- [}3-=:p <3.0GeVic;inl <24 - 50 04 U.B-e:pr-:B_[}GeW{:; ml <24 |
N J :
4 D D -
o t‘ ¢ o © 0 © il J 1
< ] 1 i
05(5” o wewbd 17 Gobig ek 8 -
R 1 VA4) | » |
+ v,{6} 1 q]
¢ V,{6} 1
o Vv{LYZ} | CMS Preliminary
Lo e ey ey by by
0 100 200 300 0 100 200 300
Nlaﬁline il
rk Tk

Multi-particle correlation results are the same within 10% in pPb



swmited  MUIti-particle correlations: v.{2} 53

to arXiv today

ol Tt ?DD4|| | T T TTTT] | T T T 111 | |
5[ pPb i) T e :
0.005% ¢ |An|>0.4 B A | ® p-Pbys,=502TeV |
' 1.0 = -
y v I{iﬂl i ED 03‘ O Pb-Pb (5= 2.76 TeV PbPb -
02<p; <3.0GeVic ol L 02<p_<3.0GeV/c B,
X }K ::':' — e, I:::I LF:W-". 7]
| D et "‘--"ID i
X -
X % I pPb (% + N}
¢, 0.02 5
| L .‘ L ¢ | — l# il
P L ¢ ¢ ¢ . #T ]
ore @ ¢ ? — o i
I I I 0.01— +{3 —
50 100 150 : ® :
N[ <1) I ]
D_l | | ] | I T I I | ] | 1 1 1 111 | ] _|
10 10° 10°

Nl | <1)
e Large dependence on An gap (as also for v,{2})

e Same dependence on Nch as in PbPb

« Implications for understanding of initial state?
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2 per An (rad’)

% dAg

dNass C

|dentified particle v, 54

0038 A P ALICE, PLB 726 (2013) 164

p-Pb tSNN =5.02 TeV 15« PT < 2.0 GeV/c ALICE
0.037p= (0-20%)-(60-100%) 3 p-Pb \s,, =5.02 TeV

h-p
) 15< P, < 2.0 GeVic

. Data — a,+ ) 2a,cos nag fit (0-20%)-(60-100%)
n=1
0.036f--p=1  --p=2 - n=3
|An| > 0.8 (Near side only) Scale unc. = 5% E
0.035 ;‘:»9 0.034
78 0.033
2 =
0.034 % 3@0.032
1—|2-:

0.033f . . o/,

A (rad)

e Per-trigger yield with identified particles (1, K, or p)
as associated particles of trigger particles (h)

 Identified particle v,: v};{ZPC}:VS;i/ v,ﬁ‘;"‘

e Same strategy as before:
Subtract low- (60-100%) from high-multiplicity (0-20%),
then Fourier decompose long |An| range


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

v,{2PC, sub}
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m A AT ¢ .
*K op | _:
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+Ef:_ —+— l _‘
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~ 0.25 - S
> (P, 1) SRETROSSTET  PD-Pb |5y, = 2.76 TeV 10-20%
- [(m]= Dk : o
w)p [®lp+p + '
0.2k .
i B
gt
0.5 " -l«.‘; .
-
.
- -':l. “
l.l. .! .
0.1~ l.-. L] .
- s
" -
I. " L
0.05 o *
. - ]
|
e e
% 1 2 3 a 5 6
P, (GeV/e)

« Characteristic mass splitting observed as known from PbPb

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

If interpreted in hydro picture, suggestive of strong radial flow


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

V,{2PC, sub}

|dentified particle v, versus hydro models 56
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Werner et al., arXiv:1307.4379
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ALICE |An| > 0.8 (Near side only)
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Bozek et al., arXiv:1307.5060

I
=  p-Pb5.02TeV ALICE Data 0-20%

palisl

|||I.I.||||IJ|||I

p-Pb |s,, =5.02 TeV ‘ i
o (0-20%) - (60-100%) ]
N - 3
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« |f interpreted in hydro picture, suggestive of strong radial flow

Models that include a hydro phase can describe these features
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|dentified particle p; spectra

0<y,,s<0.5, VOA selected
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ALICE, arXiv:1307.6796
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|dentified particle p; spectra

0<y,.,s<0.5, VOA selected
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ALICE, arXiv:1307.6796
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|dentified particle spectra
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Tweermissewie | The Cronin peak region 61
« “Cronin peak” from 2-6 GeV/c

 Dependence on particle type

« Enhancement dominated by protons

1+ Nowadays would attribute effect
to be due to radial flow?

charged particles, |ncms| <03
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Intensity interferometry (HBT) 62

1

 Two particles whose origin or
propagation are correlated
exhibit wave properties in the
relative measures (e.qg.
momentum difference)

e Correlation sources range
from actual interactions
(Coulomb, Strong)
to quantum statistics (QS)
correlations

 Measurements of two same-
particle correlations at low
momentum allows to access
the space-time characteris-
tics of the source

(@)~ [ S(ra)v(a. NP
q=pPi—P:

r=r,—r,

At freeze-out the characteristic
distance of particles is O(fm)

Need Ap<0.5 GeV/c so that
AXAp~1 to be sensitive to BE
correlations

Expect a moving source to look
smaller than at rest

e Study source as function of
pair transverse momentum

Kr=|pr 1+Pr2l/2



Intensity interferometry: Rinv 63

1
(@)~ [ S(ra)v(a. NP

q=pP:—P2

« Experimentally measure (in bins of k;)

C,(q)= Nz(pl,pz)

N1 (P )/N, (p,) Non-fertoscopic

« Parameterize the source
(and address background)

Ca(q) = N((1 = f2) + f2K2(a)C5” (a)] B(a)

~
Correlated fraction +

interaction term

OzQS (99 = 1+ )\E\?v(RinV q)e iy @

in PRF (p,+p,=0)



Intensity interferometry: 3d radil 64

1
(@)~ [ S(ra)v(a. NP

q=pP:—P2

« Experimentally measure (in bins of k;)

_ N,(p.p,)
Gl =R N (0

« Parameterize the source
(and address background)

Ca(q) = N(1 — f2) + f2K2(q)C5™” (Q)]B(Q)

~
Correlated fraction +

interaction term

S _ _
CQQ (Q) — 1 _I_ A exp(_Riutqiut_Riide qiide_Ri)ng qi)ng)

in LCMS (p, 4+p.,=0)
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k: dependence of radii in PbPb

sl

| © STAR Au-Au 200 GeV

0

® ALICE Pb-Pb 2.76 TeV

0 02 04 06 08

1

(k_) (GeV/c)

Hade “I‘TI;'I

0

02 04 06 08 1
k) (GeVic)

E
=4
=

R

—~ 10,

E L

PLB 696 (2011) 328

0.2 0.4 06 08 1
(k_) (GeV/c)

The expected trends with k; are clearly observed in central PbPb


http://arxiv.org/abs/arXiv:1012.4035

k: dependence of radii in pPb 66
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Exhibit different trend (with linear fit over measured region)

Radii in pp and pPb at similar measured Nch are with 5-15%

while larger difference (up to 30-50%) between pPb and PbPb

Not much room for a hydro-dynamical expansion in pPb

beyond what might already be there in pp



Radius (fm)

Comparison with IP-Glasma 68

- ___GLASMAppR 1« Similarity between radii in
- GLASMAp-PbR - pPPb and pp can be described
nima - . .

Or GLASMA Pb-PbR__ - by Yang-Mills evolution alone

- D - —]

I GLASMA PP Ry -- 1+ They also can be reproduced
8r GLASMAP-POR, -0 N by adding a hydrodynamic

: GLASMA Pb-Pb R, i 1 phase
O~ <« ALICE pp —

| o ALICE p-Pb |
Al- © ALICE Pb-Pb |
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cC
GLASMA points are first scaled such that the calculations in pp match the ALICE pp data.
Scale = 1.15. GLASMA calculations have uncertainty due to infrared cutoff (m=0.1 GeV).

Schenke, Venugopalan, arXiv:1405.3605


http://arxiv.org/abs/arXiv:1405.3605

Initial system size scaling across systems 69

arXiv:1404.5291
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1
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Scaling with R across systems:

lal expansion
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http://arxiv.org/abs/arXiv:1404.5291

And the jet at low p;?

Ridge and jet seem
additive in 2PC

Subtract ridge to obtain
jet yields

Resulting jet yields are
constant over ~60% of

70

2<p,, <4 GeVic p-Pb s, =5.02TeV
1< Plassoe < 2 GeV/c 0-20%

dAg

What happens -
to jetat low p;? ..l
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e

ALICE preliminary
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http://indico.tlabs.ac.za/getFile.py/access?contribId=95&sessionId=6&resId=0&materialId=slides&confId=30

P(2S) production in p-Pb /1

arXiv:1405.3796

D:i 1.8F  ALICE, p-Pb |s),= 5.02 TeV, inclusive J/v, w(2S)—u‘’
" a Jhy
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1.2\
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New preliminary

-5

w(2S) w(2S)
- ALICE p-Pb
1 PHENIX d-Au
T

Not expected by initial state + CNM effects and coherent energy loss

Stronger relative suppression in backward direction:
Qualitatively expected from break-up due to comoving system

But also strong suppression in forward direction

 Final state effects?


http://indico.tlabs.ac.za/getFile.py/access?contribId=170&sessionId=3&resId=0&materialId=slides&confId=30
http://arxiv.org/abs/arXiv:1405.3796

Centrality dependent nuclear modification 72

ALICE, PRL 110 (2013) 082302
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1 _3:_ ALICE, charged patrticles
RAB = dNAB /de - e p-Pb \5,,=5.02TeV, NSD,|n_ | <03
<Nc011 > dep /de 1.6 - = Pb-Pb 5, =276 TeV, 0-5% central, | n|<0.8

1.4 Pb-Pb \Sp = 2.76 TeV, 70-80% central, | | < 0.8
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In reach for
central pPb collisions

[ |
| =3
)
[ =
[ 3
(]
]
= 3
=
= =
H=——+

<Ncoll>=16

1|

<Ncoll>=168Q 4 w = = =

"Seggm m E N
1 1 1 1 1 1 1 1 |||||||||||||| |||||||||||||_
o 2 4 6 8 10 12 14 16 18 20

P (GeV/c)

How to perform a centrality dependent measurement?
dN*/dp,  dN™dp;

R::mt { ) == . =
P A PT (Tpa)do™/dpy (Negy)dN™/dp,



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

Nuclear geometry and collision centrality 73

Nuclei are “macroscopic”:
Characterize collisions by
Impact parameter

ZDC v

s VO

Perfarmance, Nov 2010

| | |20%

Forward neutrons

Events
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VZERO Amplitude (a.u.)

Charged hadrons n~3

« Correlate yields from disconnected

parts of phase space

» Correlation arises from common
dependence on collision impact
parameter

» Order events by centrality metric

- Typically, classify them as “ordered”
fraction of total cross section

- eg. 0-5% most central
 Number of participants (volume)

Participants

Impact parameter (b)
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e Due to small dynamic range
several biases are present

« Multiplicity bias
 Jet veto bias
e Geometrical bias

* Include (and indicate) bias

In the definition
<dePb/de>cent
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nuclear effects
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Centrality from 74
multiplicity

Toy Model: Glauber+Pythia
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Centrality from 75
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« Multiplicity bias
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e Due to small dynamic range
several biases are present

« Multiplicity bias
 Jet veto bias
e Geometrical bias

* Include (and indicate) bias
In the definition

Q _ < NGlauber> <dePb/de>cent
pPb, cent

dN [ dp,

cent

« Not R, as not 1 in absence of
nuclear effects

Centrality from 7g
multiplicity

Using amplitudes
at forward rapidity (VOA)

p-Pb H:s.oz TeV 0-5% 40-60%
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Alternative approach using neutrons

Use forward neutrons to bin
event classes

* Not expected to lead
to selection bias

« But smaller dynamic range

Obtain scale factor from data
using only minbias values for ™
Glauber (N)=(N,){(S,)/{S)

Assume

Q

(

e <Npart>: mid-rapidity signal
« <Npart>-1: forward signal
e <Ncoll>: high-p; yield

Methods lead to consistent
results

« Qpp flat at high p; (>10 GeVi/c)

 <Ncoll> within 10%
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* Charged
particle Q,,
consistent
with unity
at high p-

* Cronin peak

develops
with multiplicity

« DmesonQ,,

iIndependent
of p, above 2

GeV/c

* Consistent with
unity

NB. Estimators have
different dynamic range
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1 4 |- Inclusive Jiy, (28) — pw'w ALICE Preliminary
| p-Pb\s,,=5.02TeV, 2.03 <y < 3.53 (p-going direction)

80-100 60-80 40-60 20-40 5-20
ZN Energy Event Class (%)

1 4 [ Inclusive Jy, w(2S) — w' ALICE Preliminary
[ p-Pb |s,,=5.02TeV, -4.46 < Y me< “2.96 (Pb-going direction)
1.2F "
2
| S ———— R )
0.8F
0.6F
0.4F
0 2 s & e
. low N, — high N_,
O -
80-100 60-80 40-60 20-40 5-20

ZN Energy Event Class (%)
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Jhp =2 pu: Multiplicity dependent
suppression in p-going direction:

« Shadowing region; <x> ~ 10+

No suppression in Pb-going
direction

* Anti-shadowing region; <x> ~ 107
Y(2S) = y: Multiplicity dependent
suppression in both directions
Similar as at RHIC
Jhp consistent with shadowing

P (2S) needs additional effects
- Final state?



Summary

The pPb control experiment did not give the expected “null” results

Observables known to exhibit collective effects in PbPb
show the same in pA

« In particular at high multiplicity where the effects are almost as strong
« Some effects are also present in high multiplicity pp collisions

Not surprisingly, most can be described by hydrodynamical model
calculations, but some also with microscopical models

Jet quenching not observed
but Y(2S) suppressed relative to J/P may be first indication

80



Some guestions 31

What is the smallest (in terms of size and energy content) droplet of
QGP to which a fluid dynamical description can be applied?

Is observed collectivity in momentum space driven by the spatial
structure (i.e. the pressure gradients) of the initial matter distribution?

Are there mechanisms other than hydrodynamics that can generate and
guantitatively reproduce the observed collective features in these
collisions?

How does collectivity emerge as a function of system size and energy
density? What are the relevant scales (time, energy, size) controlling
the degree of collectivity observed in the final state?

Can one (does it make sense to) disentangle initial from final effects?

To which extent can a collective effect observed in a larger system be
reduced to a superposition of more elementary collisions?

How can we use our ability to probe different collision energies,
centralities and other event characteristics for further measurements?

How is collectivity in small systems correlated with hard probes of the
medium, such as jet quenching and quarkonium spectroscopy?



Some Iinteresting topics | left out 82



Collective flow without fluid dynamics 83

arXiv:1401.1364v1

1.2 - - : . . . . . . : .
| BAMPS, charged hadrons — 0.16 | BAMPS, parton —
BAMPS, gluon BAMPS, gluon e
1  BAMPS, quark i 0.14 | BAMPS, light quark
. ALICE, charged hadrons, 0-5% e 012 CMS, charged particles, v{4} -~
5%, - . - _ .
0.8 | CMS, charged h_admns, 0-5% - | Pb+Pb5=2.76 TeV
“ Pb+Pb,s=2.76 TeV 0.1 ¢ g improved GBl,_x={].3
=< i e 1 _ | o B running coupling
00 ]| s L 7008 “.§ =08 Gev/m®
0.4 0.06 B
“improved GB,X=0.3 0.04 '
0.2 running coupling
£=0.6 :‘3ewrm51 0.02 1
oL - b=3.61fm . 0 , , . . . . .
0 20 40 &0 80 100 120 140 0 50 100 150 200 250 300 350 400 450
pr [GeV] <Npar>

« BAMPS: Boltzman equation with 2->2 and 2->3 processes

« Can get R,, and v, qualitatively
(by adjusting one parameter at RHIC energy)


http://arxiv.org/abs/arXiv:1401.1364v1

Ridge modulation v, and v, and CGC 84

 Two symmetric ridges predicted
by CGC glasma graphs found to
describe the ridge yields and shape

- However, a large v, component and o =2t
multi-particle correlations would be
a challenge for the model 2 .
e N (at large An) Na%im

3 4

1 2
! 0 AQ ua‘“

-2 1
n | I |
Minijets
| ALICEI Data —&
0.88 | Q3 ro0n =0-336 GeVZ; N2 = 12-14 ]
Glasma 0.86 | 2<pl9<4GeV;1<pi*<2GeV {

A

() T

Dusling and Venugopalan, PRD 87 (2013) 094034



http://arxiv.org/abs/arXiv:1302.7018
http://arxiv.org/abs/arXiv:1302.7018
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Dusling QM 2014

IP-Glasma model 85

8 T T T
CMS data’ (220 < NOT"e 260y + m— -
r - Imer‘ferentcr:g Diagram —=— | SChenke QM 2014
6 —— —-
5L I
. BN DURIER HARMONICS
i ! . "OLLABORATION, PHYS.LETT. B724 (2013) 213-240
St \\. ENKE, R.VENUGOPALAN, ARXIV:1405.3605 (2014)
2 o
1 L
0 T
|
-1 Q%(proton) =12 GeV2 =777~ R
21 Q3(lead) = 4.4 GeV? ! 65— . |
_3 ) | | | | T T T
CMS Pb+Pb v, o+ CMS Pb+Pb v, & |, /o
0 2 4 o 8 10 12 4 1ICMSp+Pbv, e 0025 | |CMS p+Pb vy e [VS70-18
PT o ||Pb+Pb v, e | nfs=0.18 Pb+Pb v5 e
o p+Pb v, - L | p+Pb vy
. o 0.1t -
Jet-Glasma interference 5. 1 °
> - & ® N .
= 006 g
004 |
0.02 | ™

0
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offline

80 80 100

offline
Niri

120 140

Nk

Open symbols: Pb+Pb

Filled symbols: p+Pb

|IP-Glasma (which otherwise is very successful) fails to describe pPb:
Maybe because:

a) It does not keep the IS Glasma induced correlations
b) Initial configuration of proton simply taken symmetric



(p1) [GeV]

ldentified-particle mean p;vs multiplicity 86

5 | |:5+Pb p'+p | | 2McLerran et al., arXiv:1306.2350
KE o e 1.8 | P+Pbp+p
£ o 1 i6|pp = o
15 oL I a N ] + = i
Tt Mhha S 2 e e m@t‘l@
Bt (] O * _UL
11 et = 4| X
- || - ..-'ug. L aa a s a s E i] ﬂ':lm
- :a‘uaaa*f”' ‘. - ~ 0.8 | = :mémﬁhfm
mgt s 5 = -ll"‘""" | B 2 w—ﬁﬂ' “
05 | & 1_.:_.;."’.-' | 06 - -
o ® 0.4 | - * ©
] i 1 1 0.2 | ] L ] L L
O 50 100 150 200 250 115 2 25 3 35 4 45 5
1/2
Nirack (Nirack/ST) ~ [1/fm]

The data in pp and pPb can also be related via geometrical scaling
assuming at high multiplicity

1 dN; ( T rm)
“y 2 — F
St dyd pr Qs @

(S; is calculated in the CGC framework)



http://arxiv.org/abs/1306.2350
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Implications of RpPDb rising?

Nuclear Modification Factor

Also ATLAS:
t:E-E_IIIIII --I T T T T 1TT1T ]
[ ATLAS Preliminary
ol p+PD Lirl=25nb1 P ]
[ |55 02Tev 1<y’
1.8 0-90%

16}
1.45
1.23
1:

08

Charged Particles

5 CMS Preliminary pPbL=35nb"; PbPb L = 150 ub™

87

Anti-k; R=0.3 Jets

pPb |, = 5.02 TeV PbPb |§,, = 2.76 TeV

2. _I 1 T | T L T | L T 1 | T 1 T I 1 T T I_ _II1IIIII||'IIII|IIII|I||1|'1rII|IIII|III'I_
[ —*— Charged particles R, (0-5%) <1 ] i T % Inclusivejet R (0-5%) ml<2 ]
2} —=— Charged particles R, In_ | <1 _- _ —=— Inclusive jet R, In_1<05 _
1 sk ) 1 L b
i - a - i
i .- o - i L
- o . - nnﬂ o
e _______3 [__fgbBp_ D808 g g aq__._%]
+ i i
2 * + - n "'--"+¢# " + §
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4 MS: EPJC 72 (2012) 1945 , HIN-12-004, HIN-12-017, HIN-14-001

If taken literally leading hadron suppression
must be must stronger.



Average p; versus N 388

PLB 727 (2013) 371 °* Pp
é_pp Is=7TeV &

ALICE charged particles * Within PYTHIA model increase in
L S mean p; can be modeled with Color

: Reconnections between strings

{p_) (GeV/c)

T

ATHAL a4 « Can be interpreted as collective effect
o without CR ; (e.g. Velasquez et al., arXiv:1303.6326v1)

¢ with CR E

1 pPb

e Increase follows pp up to N.,~14 (90%
of pp cross section, pp already biased)

# EPOS

O DPMET * Glauber MC (as other models based

L HLIMG . .. .
A AMPT on incoherent superposition) fails

—Glauber MG

e Like in pp: Do we need a (microscopic)
concept of interacting strings?

« EPOS LHC which includes a hydro
evolution describes the data (also pp)
Pb-Pb |5, =276 TeV -

+ PbPb
A Data .

50 o ;3"'3 e As expected, incoherent superposition
= can not describe data



http://www.arxiv.org/abs/1303.6326v1
http://arxiv.org/abs/1307.1094

(P2 (GeVie)

Coherent MPI effects 89

ALICE, PLB 727 (2013) 371

<p,> VS Multiplicity

Fpp 1s=7TeV 4
- @ Data b

PYTHIA 8, tune 4C
¢ without CR
= with CR

20 40
N
ch
ALICE,charged particles

171<0.3, 0.15<p_<10.0 GeV/c

Rise of <p;> can not be reproduced
by incoherent superposition of MPI

long strings to remnants
= comparable ng,/interaction

= (pL)(nen) ~ flat.

shorter extra strings
for each consecutive interaction

= (p.)(ney) rising.
T. Sjostrand



http://arxiv.org/abs/1307.1094

Centrality (and energy) dep. of dN/dn 90

-
o

pa

(AN, /en)/(0.5(N )

(=2} o0

=N
IIIIJ-

— arXiv:1202.3233

RHIC Au+Au b
avg x 2.14 i ¢ § *°

ERRRN

B

4, 4

l—.—l
I—.—l
==
e
==
-9

R

® LHC PbPb 2.76 TeV

T 1
L

B  RHIC AuAu 200 GeV x 2.14

¥ pplinel 2.76 TeV

_ ALICE, PRL 106 (2011) 032301
_ CMS, JHEP 1108 (2011) 141 A pp Inel 200 GeV x 2.14
| ATLAS, PLB 710 (2012) 363

Number of participants ¢ Npa "

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 100 200 300 400

LHC Pb+Pb
average

Centrality dependence is strikingly similar to RHIC.
This actually holds all the way down to 19.6 GeV (not shown)


http://arxiv.org/abs/arXiv:1202.3233
http://prl.aps.org/abstract/PRL/v106/i3/e032301
http://prl.aps.org/abstract/PRL/v106/i3/e032301
http://www.sciencedirect.com/science/article/pii/S0370269312001864

Charged patrticle elliptic flow versus p; 91

PRL 105 (2010) 252302

S é ALICE

> 025 F 10-20%

c C

o 02
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8 0.15 nll ..

&) -
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L 01
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E- 0.05 Lines/bands are STAR 200 GeV data

w -

0 1 o 2I M N N o :; " M N N ; " " M N 5
P, (GeV/c)
1_;__ Ratio to fit function |
ol 1 » i _

Observe V,(pr)inc = Vao(Pr)ruc above 1 GeV 1_‘;%f'%9_§.$i% ﬁfi% ---------- +* ------------ N
to about 5% despite factor 14 increase in )8} : [ 1 +_'
energy, but consistent with hydro predictions! 6} v 1
(Int.v, 30% larger due to radial flow) 0 1 3 4


http://prl.aps.org/abstract/PRL/v105/i25/e252302

Extra

92



QGP cross-over phase transition 93

_I I I 1 I 1 I 1 1 1 I 1 1 I I I 1 1 d
. SB
— S. Borsanyi et al., JHEP 1011, 077 (2010) — 15

150 200

| 1 1 1 1 1 1 I 1 1 | I | 1 1
200 400 600 800 1000
T[MeV]

Lattice predicts a cross-over phase transition
from hadronic to partonic degrees of freedom

T.=145-175 MeV
e. ~1GeV/im3




Shear viscosity In fluids 94

Shear viscosity characterizes the efficiency of

momentum transport
quasi-particle

F v interaction cross
L Z = 7 z section
n = p(v) Amfp e

Comparing relativistic fluids: n/s

® s = entropy density
* scaling param. n/s emerges from relativistic hydro eqns.

* generalization for non-rel. fluids: n/w (w=enthalpy)
(Liao and Koch, Phys.Rev. C81 (2010) 014902)

Large o =»small n/s
=>Strongly-coupled matter
=>”’perfect liquid”




Tomography of QCD matter 95

 Hard (large Q2 probes of QCD matter: |('C ﬁlérM i
jets, heavy-quark, QQ, y, W, Z 2.

gluon
« “Self-generated” in the collision at

) o qs radiation
gluon ;
1<1/Q (or 1<1/m) < 0.1 fm/c (color octet) Radiative

« “Tomographic” probes of hottest leor;irgy
and densest phase of medium hselgv\\,/ tﬁ'&aﬁk erq
pQCD” QQ (slow, =
probe out singlet/octet) ﬁ\ Dissociation
“‘pQCD”
probe in / Wz .—(
> e 4 (no color)
Modification? y N Control
(no color)
QCD medium QCD medium

 Nuclear modification factor
_ Yield(AA) _Yield("Medium”)
" Yield(pp) Yield(“Vacuum”)

1 % dNaa/dpy _ dNaa/dpy
dN,/dp;  Taado,,

RAA<’pT>:N

coll

« Quantify change of production rates from expected binary scaling



(va/n/(vI ),

ALICE
Pb-Pb {50, = 2.76 TeV

ml <0.8
and |y <05

arXiv:1405.4632

Particle species

o K
=p+sp  *0

* A+A FE 4T
40

(my - my)/ng (GeV/c®)
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http://arxiv.org/abs/arXiv:1405.4632

Azimuthally sensitive pion femtoscopy 97

New preliminary _

— 50 Local co-moving system (LCMS)

£ | Pb-Pb, Vs,,=2.76 TeV )

vg» 40 . w

30F - ————e el N Ry (—"

Ap=0 ( ~ Cc? _,_E;m
Rside large -
Rout small

R ke=|prytpral/2

10-5%  20-30%
5-10%  30-40%
£10-20%  40-50%

¢, - Vepo (rad) ¢, Ve (rad)

Expected dependence of 3D radii in LCMS relative to event plane angle


http://indico.cern.ch/getFile.py/access?contribId=30&sessionId=12&resId=0&materialId=slides&confId=248321

Particle ratios and chemical freeze-out

98

PRL 109 (2012) 252301

Statistical (thermal) model

[ | [ | [ i
d 1 1= %}% tg’ + X 5 x 10 —
N . ocV f N ' §
B (H T[I] T
e Chemical potential depends 0.6~ I %@—_
on baryon number, strangeness [ [ e ALICE PoPb, o576 T, 05% ‘[?h b ¢ -
and iSOS in 0.4 « STARAu-Au, Vs =200 GeV, 0-5% —
P [ [ o PHENIXAu-Au, Vs =200 GeV, 0-5% ]
. - | © BRAHMSAu-Au, Vs =200 GeV, 0-10% 7
« Two parameters: T, Ug 0.2 Cleymans etal., T_ = 170 MeV, y_=1MeV ]
] - | == == Andronicetal,, T, =164 MeV, u_ =1 MeV 0-5% PbPDb -
Obtain: T, =164 MeV = T, P e I —— el
= K P K K K&K F p (D
T K* p n nt (tt4m) T T (atm)

« Holds for Vs, > 10-20 GeV
Ratios except p/mt well described

Disagreement for p/1t may point to
the relevance of other effects like

« Rescattering in hadronic phase
* Non-equilibrium effects
* Flavor-dependent freeze-out

New preliminary results using
a much larger set of particles
including mult-strange particles
points to slightly lower Tch


http://prl.aps.org/abstract/PRL/v109/i25/e252301

ALICE, Pb-Pb, |'s,,, = 2.76 TeV

charged particles, | < 0.8
________________________________________________________________ _-...___

PLB 720 (2013) 52
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Jet suppression
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JHEP 1403 (2014) 013

1.4~ Central: 0-10% Pb-Pb |s,,,=2.76 TeV —
& 1of Peripheral: 50-80% Charged Jets =
e Anik R=03 3
- ALICE p"‘“:“ > 015 GeVie .
ﬂ_EL: Leadmg frack p =5 GeVie o
0.6/ -
0.4F ﬂ:p:ﬁ:#:#: -
0.2 shape uncerainty -

" [ correlated uncertainty
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0.2 shape uncertainty —
= 1 correlated uncertainty -
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http://dx.doi.org/10.1016/j.physletb.2013.01.051
http://arxiv.org/abs/arXiv:1405.2001
http://dx.doi.org/10.1007/JHEP03(2014)013

HAA

J/Y production in Pb-Pb 100

arXiv:1311.0214
1.4
| Pb-Pb |, =2.76 TeV and Au-Au | s,,, = 0.2 TeV
1.2 -— B ALICE Jiy — u'y, 2.5<y<4, centrality 0%—20% global syst. = + 8%
i ¢ PHENIX Jhy — p*p’, 1.2<|yl<2.2, centrality 0%—20% global syst. = £ 10%
1 I
0.8F
061 H [s@n)  statistical
04 ! EI recombination
4l 5 N
0.2 [ ) [ E}] T 0.6
i thermal
0 i | [ | | I | 1 | | I | | | | | | | | | I | | 1 | I | | | | I | | 1 | I | | | | diSSOCiatiO
%
0 1 2 3 4 5 6 7 8 SPS Wik
p_ (GeV/c) LHC

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


http://arxiv.org/abs/arXiv:1311.0214
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J/Y production in Pb-Pb 101

arXiv: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

pPb and Pbp collisions at the LHC 102

* 2-in-1 design for magnets
* |dentical bending field in two beams

* Locks the relation between the two beams:
- p(Pb) = Z p(proton)
— Different speeds for the two beams!

* Adjust length of closed orbits
to compensate different speeds

* Different RF freq for two beams
at injection and ramps

* Short low lumi (~2/ub) pilot run on 12/9/2012

* First run in Jan-Feb 2013: ~ 30/nb
* p(proton) =4 TeV

, LHC 2013 HI RUN (4.0 Z TeV/beam)
10 T T T

10'

10° ¢+

* Center-of-mass energy 5.02 TeV

10 H
10 —e— ATLAS 31.20 nb™!

—A— CMS 31.69 nb™!
—o— ALICE 31.94 nb™!

* Center-of-mass with Ay=0.465 wrt lab i _1
system in direction of proton beam T - ichzizib”

Il I
04 05 06 07
Week in 2013

Delivered integrated luminosity (nb™')

* Two beam configurations were provided



Charged particle pseudorapidity density 103

Tracklet based analysis

Dominant systematic uncertainty
from NSD normalization of 3.1%

Reach of SPD extended to |n|<2
by extending the z-vertex range

Results in ALICE laboratory system

e« Ay...=-0.465 (direction of proton)

Comparison with models

Most models within 20%

Saturation models have too steep
rise between p and Pb region

See for further comparisons
Albacete et al., arXiv:1301.3395

NB: HIJING calculations are expected
to increase by ~4% from INEL to NSD

ALICE, PRL 110 (2013) 032301

III|,IIII|II

- -
------

- -
- =--

------

_______

P
A 7
- HIJING: E
-+ ALICE NSD %1 no ghzaad. .
- — 2.1 s,=0. ]
- Sat. Models: - ]
. — — |P-Sat BB2.0 noshad.
[ e KLN BB2.0 with shad. i
[ rcBK - DPMJET i
1 | 1 1 1 | 1 1 1 | 1 1
-2 0 2
nlab
Q:l Pb
YCcms
(per NN)



http://arxiv.org/abs/arXiv:1210.3615
http://arxiv.org/abs/arXiv:1301.3395

DHC: Two ridges 104

ALICE, PLB 719 (2013) 29

« Acloser look at the two ridges: E“-Ba:_";“';u\j;m;jfjoTj L e arside
. . o - (0-20%) - (60-100° o |Ag-7| < way-side
the near- and away-side ridges 3 ossf- 2<p,, <4GeVic . Remaininga
_ _ g - 1< pnaﬁm <2GeVic
« Are essentially flat in An 3 084
8 N
- Slight excess on near side Lf 0821 o o o 5
due to small residual jet peak 3, [ ¢ 8 o w8 B 4
5 0.80— v 0 4;
. ni = T
Have the same magnitude o s s 4 &, s & 4
. : 0.76[— . . 1 l %
* Projection to Ag 2 1 0 1 2
An
e Exclude residual peak 0.88—p-Pb|s,, =502TeV  « pata
(lAr]<O8| on neal’-Slde) - (0-20%) - (60-100%) —_— 3y +a, Cﬂsi2ﬂ¢;+ﬂs cos(3A¢)
o . . 86 2 < <4 GeVic  rereee- + a, cos(2A¢
exhibits a modulation UBBZ 1 :T’mg :2 ;ei:rc :uasel?ne for yield extraction
84 \raseoc 5 HWING shifted

* In HIJING, the correlation
shows no qualitative
changes with multiplicity

« Quantify the ridges
- Ridge yields

o
o
]

III|III]II'I|

o
=)

1/ Nyjg ANygsoc/d A per An (rad™)
o

0.78 [1=-a'

0.76—

— Fourier coefficients


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

* |Integrate two ridges above
baseline on the

Near side (|A|<11/2)
Away side (11/2<|A|<3T11/2)

 Near and away-side ridge yields i

 The correlation between near-
and away-side yields suggests
a common underlying origin

Change significantly I

Agree for all p; and
multiplicity ranges
Increase with trigger p;
and multiplicity

Widths are approximately the
same (not shown)

DHC: Ridge yields

105

ALICE, PLB 719 (2013) 29

=
E - Near side Away side P-Pb | sy =5.02TeV
Q - ® O D.E-:pT . <1.0;05< P, ss0c = 1.0 GeV/ic
_g' 0.10 ™ ] 1.D<pt:: <20;05< pT:sm <1.0 GeVic
° B A A I]{p_l_h_ <20; 1.ﬂcp_r'“m < 2.0 GeVie
4 L 4 v 20< pT'ﬁg <40;05< P assoc < 1.0 GeVic
O i * S 20< pT:ﬁg <4.0;10<p <20GeVc
E’-‘ i ¢ o 20<py, <40:20<p,  <40GeV/c
0c
0.05— #
£ J
0.00 LI 1\%9
’ 0-20% 20-40% 40-60%
Event class
5 L p-Pb|s,, = 5.02 TeV {
= B
2 B
>0.06 e
@ - 1
[=)] - =
e .
Q 0-04 ._— "‘I.-'
o I ~
§‘ 0.02 | —+
L =
q - -
A N R SRR S
0.00 0.02 0.04 0.06 0.08

Near-side ridge yield per An


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

”Ntrig AN, ss0c/dAQ per An - const (rad“}

0.05)

DHC: Symmetric ridge 106

 What would the assumption
of a symmetric ridge give?

e Determine the near-side ridge in 1.2 < |An| < 1.8

« Mirror to away-side and subtract

0.20

3 p-Pb\s,, = 5.02 TeV

= -

B @ s 0-20% 2< p‘l’,trlg <4 GeV/e
0.15 sine RO TP, <2GeVIC

- [ |

‘s 4 40-60% stat. uncertainties only
- v 60-100%
[ [N

0.10|- o b-lie ---pp276TRV  ,* *

Subtract

'

1/Nyyig dNyssoc/dAQ per An - const (rad™)

et
)
o

ALICE, PLB 719 (2013) 29

|An|<1.8
NS 1.2<|An|<1.8

0.15—

A
p-Pb\s,, = 5.02 TeV
_ * 0-20% 2<p,,,, <3GeVic
" 20-40% 1< pTamc <2 GeV/ic
i 4 40-60% stat. uncertainties only
B ¥ 60-100% ridge subtracted
---- pp 2.76 TeV

0.10—

0.05/

ot
o
=]

* No significant other multiplicity dependent structures left over
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Particle ratios versus p-
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ALICE, arXiv:1307.6796

Particle ratios in pPb show similar
trends than those in PbPb

The strength of the effects is similar
to those in peripheral PbPb collisions

Increase of p/t and A/K in PbPb
usually explained by radial flow
and/or parton recombination

o 24prTTTTTUTUTTTIT
2.2 = ALICE, p-Pb, {5y = 5.02 TeV
2 o 05%

1.8 = 60-80%

1.6
1.4F
1.2
13
0.8
0.6
0.4F
0.2F
) TETINE B I S

IIIIIIIIIIIII
ALICE, Pb-Pb, |5, = 2.76 TeV
6 0-5%
- 80-90%

X
<

IIIIIIIIIIIlllllllIlllllllllllllllll
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Multiplicity scaling of ratios 108

0<y,,.<0.5 ALICE, arXiv:1307.6796
o Fit ratio vs dN/dn in p; bins X b ey esee ]
Wlth I A B th _d N/d 2 : o Pb—Pb\lsNN= 276 TeV 2,60 {p,<_2.BDGeU:c{2x:- :
power-law (A x®with x= n < r.. . s
. . . . . ) ,-HH'HL
Same increase of ratio for similar - N

iIncrease of dN/dn in pPb and PbPb

« Same power-law scaling exponent

200 <p_« 2.20GeV/c(1x)

T IIIITII

-
-
T
¥ 3
i

p ool

o f.h,...‘..;

: i g -
(B) in pPb and PbPb .
p 090 <p_« 1.00 GeVic(1x)
107 =
« Underlying mechanism? Pl il
ying 10 107 10° 10*
» Similar scaling found for p/m o5 ONefin
0.45— A KE = A (dN,/dn)® —
03F = T
0.1F =
oF —o—
-0.15— E
02F =
-0.35— —e— p-Pbys,, =502TeV _g
Similar scaling also holds for pp 0.4f —o— PP 5, =276TeV 3
I:,.5[;...|..l.|....|....|..l.|....|....|.. .:E;

1 2 3 4 5 6 7
p; (GeV/c)


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

Insights from data 109

10° ALICE preliminary

Two-particle angular
correlation analysis at low
p; are ideal to statistically

study mini-jet production

pr > 0.7 GeV/c
(>>Nqcp to be insensitive
to string breaking)

p-Pb\ s, =5.02 TeV
0.7<p____ . < Priig < 5.0 GeV/c

30-35% VOA Multiplicity Class (Pb-side)

Double
ridge

ALICE subtracted

PRELIMINARY

700
Near

00

2
aQ
)

1/Ny; AN,eeoc/dA (rad™)
[=1)

300 Away
Analysis similar to pp Side
(ALICE, JHEP 1309 (2013) 049) 2% S
except subtraction of 100
double ridge

. . . 0 -1 0 1 2 3 4

Obtain yields from fit as Ag (rad)
Niorigger Fit with Double Gaussians:
< Ntr'lgger == N— A.._,\Z (A,—\ — 27-)2
e o f(Ap)=C+ A1 exp (—2 _'T'/ 2) + A1 exp (— ; 2“ ) +
< Nassnc,nearside == (Al b —+ AE ) JE) o1 o1
Neigeer +A exp | — Apz + Ax exp | — (Ap — 2»,—;)2 +
V2T 2 €Xp 2 - 0% 2 &P 2. a%

(As - 03)

< Na ssoc,awayside - —
N trigger


http://dx.doi.org/10.1007/JHEP09(2013)049
http://indico.tlabs.ac.za/getFile.py/access?contribId=95&sessionId=6&resId=0&materialId=slides&confId=30

Number of uncorrelated seeds 110

ALICE preliminary ALICE, JHEP 1309 (2013) 049

A, 22F 5 Pb s, =5.02 TeV ~ F
? 20 - P | Snn . " B _+_ p. =07 GeVic, n| <100
3 - 0.7<p <5.0 GeV/c 2 50 "
3 18 Z_ Tassoc Tt § n _+_
k= » s - p,>07 GeVie, In| <0.9
g 16 pr . e 40
£ 14 5 " E . Pythia6 Perugia-0
%l - HLICE & 9 . pp@Vs=7TeV
12 - PRELIMINARY . £ 30F
K z
8- . 20
6 . ¢ i
C ™ ® __
4 o 10;
2F  _.*"  VOA Multiplicity Classes (Pb-side) [ .
: . I. L | Ll | L | L | Ll | L I L1 | L g =T | i i i i | i | i i | i i i | |
% "0 20 30 a0 50 60 70 0 5 10 15 20
(N_)'°" Nup

ml<0.9, p_>0.2GeV/c
Define number of uncorrelated seeds:

< Ntrigger = < Ntrigger =
< Nuncarrelated seeds — — —
< N‘trigger correlated = <1+ Nasmcrnear+ma}' >

* |n pPb, the number of uncorrelated seeds scales with VOA multiplicity

* |n Pythia, the number of uncorrelated seeds scale with number of MPI


http://indico.tlabs.ac.za/getFile.py/access?contribId=95&sessionId=6&resId=0&materialId=slides&confId=30
http://dx.doi.org/10.1007/JHEP09(2013)049

Bias In number of hard scatters 111

A_té: — p-Pb\ s, =5.02 TeV ’
g 20— 0.7 < P assoc < Priig < 5.0 GeV/c ¢ -
S = VOA Multiplicity Classes (Pb-side) -
5 L § -
e L . 7
Qo - - -
€ # N

=> 10— ALICE . * —

Vv — PRELIMINARY - ]

.
— s * -
51— . ° ]
- P * Up to 26% systematic uncertainties on _
— e* N_an Giauber (MOstly correlated) not shown —
— .' * —

o 0= L | ! | | 1~
! L _
o
= - -
5 1.5— —
s . -
: . -
= - . . —
]w 11— . L L T . —
b - . —
| I ]
L i
2 0.5/ .
= B -
v — -

0 B 1 1 1 I 1 1 1 | L 1 1 I L L 1 | 1 1 L I 1 1 ] | 1 1 1 I 1 1 1 I 1 B
0 2 4 6 8 10 12 16

14
N oii. Giauber IN VOA multiplicity classes

Approximate scaling (~10%) for N, between 3 and 13,
and strong deviation for peripheral and central collisions



<Nassoc, nearside>

Near-side yield 112

ALICE preliminary ALICE, JHEP 1309 (2013) 049
0.4 C ~ —e— ALICE
- pPb,|s,,=502TeV 2 1.4— —=— PHOJET N o
0.35 0.7 <P coc <Pryy <50 GeVic ; 12— —— PYTHIA8 4C . : ) :0.:{GeWc
- VoA Multiplicity Classes (Pb-side) 3 ' PYTHIAG Perug_la-o (320) p:::“bﬂ.? GeVic .
0.3 § 21— —=oa— PYTHIAG6 Perugia-2011 (350) ’
- o Zz" 08
0-25 - o B B ow B & [ ] [ ] [ ] ® ~
4 e 00 e 8 T
C BRRERT ’ 0.6
- .
0.2 - r . 0.4
C e
0.15 "
0.1F 5
C o
- ALICE =
0.05 - pr PRELIMINARY (é)
0 : | 1 1 1 | | 1 | 1 | | 1 | 1 | | 1 | 1 | 1 1 1 | | 1 | .‘9-'
(1]
o

1 [ 1 11 1 | |- 1
0 10 20 30 40 50 60 70
VOA N

<NCh>|Y]|<0.9, PT>0.2GEV/C charged, IT|| < 0.9, pT > 0.2 GeV/c

* In pPb, no bias on the near-side per trigger yield except for low multiplicities
« Bias to softer than average collisions

« Caveat: Different event selection than in pp


http://indico.tlabs.ac.za/getFile.py/access?contribId=95&sessionId=6&resId=0&materialId=slides&confId=30
http://dx.doi.org/10.1007/JHEP09(2013)049

assoc, awayside>
o
o )
N (3]

<
o
-
($)]

o
=

0.05 |

Away-side yield

ALICE preliminary

p-Pb |\ s, = 5.02 TeV
L 0.7< P assoc < pT,trig <5.0 GeV/c
- VOA Multiplicity Classes (Pb-side)
e o [ ] .4
—# & s ® e 0 @
— %
)
s ALICE
pr PRELIMINARY
1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1
10 20 30 40 50 60 70

VOA
N
( ch>|n|<o.9, p>0.2GeV/c

Ratio MC / Data
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ALICE, JHEP 1309 (2013) 049

—e— ALICE pp @\s=7TeV

—=— PHOJET nl < 09

———— PYTHIA8 4C P; g >07GeVic
PYTHIAG Perugia-0 (320) P sesoc > 0.7 GeV/g

——a— PYTHIAG Perugia-2011 (350) ' +

charged, In| < 0.9, p,> 0.2 GeV/c

* In pPDb, no bias on the away-side per trigger yield except for low multiplicities

* Bias to softer than average collisions

« Caveat: Different event selection than in pp


http://indico.tlabs.ac.za/getFile.py/access?contribId=95&sessionId=6&resId=0&materialId=slides&confId=30
http://dx.doi.org/10.1007/JHEP09(2013)049
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The ® meson
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ALICE Preliminary

p-Pb s, =502 TeV,-0.5<y <0 ]

VOA Multiplicity Event Classes (Pb-Side) -
0 0-5% ]
+60-80%

g
| *ih*“t X ;
b

e —

- Uncertainties: stat. (bars), sys. (boxes)
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0 1 2 3 4 5 6

P (GeV/e)

Unlike in PbPb, the ® meson does not have the same shape

as the p in 0-5% VOA class.
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Comparison of 1d and 3d results 116

s | p-Pb |5 = 5.02 TeV
::_ - ', 0.2 < k; < 0.3 GeV/c
EEE 3 _— = R, from Ry, Ryge, Riong
_ —+— R, from arXiv:1404.1194
- — ——] Ry, from arXiv:1404.1194
4
: S
. B J ﬁ
=
- ALICE Preliminary
0 i | | |

0-20% 20-40% 40-60% 60-90%
VOA Multiplicity Classes (Pb-side)



Correlation functions in extended range 117

i [ y 2
+ 7 =
f ALICE p-Pb |s=5.02 TeV, (N _)=9.8 + 0.5 S° |4/ ALICE p-Pb |5,=5.02 TeV, (V_)=9.8 0.5
14— .
" 0.2<k;<0.3 GeV/c 1.8 L0 0.16<K ,<0.3 GeV/c
¢ FSI| uncorrected FSI| uncorrected
1.3 1.6
. Statistical errors only * -,  Statistical errors only
12 14 |
- l |
11— 5 / 1 1 1.2 '+.+;,
3 T -
: - ¢d .:'.:u r i ﬁlc
% ":'.1' T . i A -
. U PN ] 1. | ?Wﬁ-ﬁ'ﬂa
i | | |||||| | | | _I|IIII|IIII|II|IIIIII|II|II

0 02 04 06 08 1 12 14 16 1.8 2 0 02 04 06 0.8 1 12 14 16 1.8 2
g (GeV/c) 0, (GeVic)

The baseline for 3-pion correlation functions is more flat than for 2-pions.
Fit more reliable since neither source nor background shape well known.
For a given parametrization main uncertainty from chosen fit range in q.



Isolation of 2-pion correlations 118

: uantum-Statistics
Measured correlation Q ]
P correlation

Coulomb+strong FSI

F:GFI‘EhtEd ff‘ﬂﬂtiﬂn of P‘?‘i'_'s Non-femtoscopic background

Obtained from mixed-charge pion Ca.
(cleaner method to determine dilution).

f$=0.7 £0.05in ALICE
PRC 89 024911 (2014)

Sinyukov et al,,
Phys. Lett. B 432, 249 (1998)




Fitting of 2-pion correlations 119

Quantum-Statistics

correlation Hy (Riny q)

Suppression parameter

. : Edgeworth expansion for
related to incorrect fit functions ]
non-Gaussian features
and coherence
Gaussian Fit when E. = 1.0
Non-Gaussian features parameterized with an Edgeworth expansion.

® K3 and K4 expansion parameters retained and extracted from 3-pion cumulants.

® Free fit performed for all 3 systems and all multiplicity bins.
® <K3> f 0.1 Csorgo & Hegyi,
e <Ks>=0.5 Phys. Lett. B 489, 15 (2000)




Isolation of 3-pion correlations 120

: 2 pions from the same event
3 pions from the same event Other pion from mixed event
|
N3(p1,p2,p3) = SfiNi(p1)Ni(p2)N1(p3)
f2 [N2(p1,p2) Ni (Pa) :I-_Nl(ﬂaaﬂL)Nl (p2) + Na(p2,p3) N1(p1)]

f3K3(q12,931, qz3}NQ (p1, P2, Pa), v

3-pion FSl correlation Full 3-pion

Quantum-Statistics

fi, f2 and f3 are functions of f. .
correlation

fi =-0.08
f2=0.16
f3 = 0.59




Isolation and fitting of 3-pion correlations 121

Cumulant isolation

c3(p1,p2,P3) 3 [14 [2N1(p1) N1(p2) N1(p3)
N2 (p1,p2) N1(p3) — N2> (p3, p1)N1(p2) — N3 (p2, p3) N1 (p1)
N (p1,p2,p3)]/N1 (1) M1 (p2) N1 (p3) ],

Cumulant fitting

c3(‘f12$@31* qZ?}) — ]- + ’13 E‘ﬁ’(Riﬂv,3 q12) EW(Riﬂﬁ-',?l qjl)EW(Rlﬂ?,?l q23) E_R]'-nngﬁflz

New suppression parameter Edgeworth factors to account for

non-Gaussian features




C3 or ¢,

3-pion correlation functions 122

I Cﬁ ! Cii+ o Ciii
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TNE e . o
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2; ‘ -- Gaussian
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Comparison of c; at similar N, 123

+| I I I I I I I | T I I 4| T I I I T I I I | T I I
p-Pb 5,,=5.02 TeV | | ¥ p-Pb ﬁl _5 02 TeV ||
(N )=23x1 (N )=T1=4

pp Vs=7 TeV T

.. Pb-Pb |5,,=2.76 TeV}
‘N =27+ .

Nch) =84 x4

LI} {

0.16<K; ,<0.3 GeVic

0.16<K, ,<0.3 GeV/c

o 4 2= -
N VO Gaussian | i - (Gaussian |
— Edgeworth . , — Edgeworth -
1_ ] ] ] ] | ] ] ] ] | 1 ] I_ 1_ 1 ] ] | 1
0 0.1 0.2 0 0.1 0.2
0, (GeVlc) 0, (GeV/e)

The correlation function is very similar for pp and pPb at similar Nch
(unlike for pPb and PbPDb)
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Edgeworth radius ratios 125

T T T | T T T | LI | LI I T T T | T T
Measured regions circled

T T T I LI T | T T T | T LI | T T
rl_‘*heasured regions circled

-:' Mo‘:

L Hh‘hh-r :;']' &
K

—
(9]
T
—
(&)

L

=
O b
-

Radius ratio

&
T

Radius ratio

',': %l% OD+0

—_
=N
N

¢
= p-Pb over pp = p-Pb over pp

o Pb-Pb over p-Pb ] 3 | o Pb-Pb over p-Pb ]

2 4 6 8 10 12 2 = 6 8 10 12

1/3 1/3
Nch Nch

pp Fit:R = 0.44 + 0.402*Na ' pp Fit: R = 0.33 + 0.405*Na'?
p-Pb Fit: R = 0.08 + 0.586*Na'? p-Pb Fit: R = -0.05 + 0.585*Na'"

Red Points: p-Pb data divided by pp radii trend fit (linear with Nc!'’3).
Black Points: Pb-Pb data divided by p-Pb radii trend.
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J/Y production versus rapidity in p-Pb 126

p-Pb\ s, =5.02 TeV

ALICE arXiv:1308.6726: inclusive J/y—p*u, D-:p <15 GeV/ec
Ly, (-4.46<y__ <-2.96) = 5.8 nb”, L, (2.03<y -:3 53) = 5.0 nb”

cms

ALICE Prellmlnary inclusive J.u"‘qi—)E e ' P >0 GeV/ec
Lin (-1.37<y,, <0.43) = 52 ub™ Prellmlnary

| EPS09 NLO (Vogt)
| [IF7] CGC (Fuijii et al.)

- - Eloss, q,=0.075 GeV?/fm (Arleo et al.)
—— EPS09 NLO + ELoss, qn=0'055 GeV?/fm (Arleo et al.)

IIIIlIII|IIII|IJII|JIIIIIIIIIIIII|IIIIIIIIIIIII

4 3 2 4 0 1 2 3 4
ycms

e Suppression at mid-
and forward rapidity

« Conseqguences for
R.A: Suggests even

stronger
recombination

e 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

Centrality estimators

4 N

MULTIPLICITY
V CL1

!
OA VOC
{0

VIR a2 2 innermost ITS layers (pixel)

SeAVGE VO scintillator hodoscopes
RAPIDITY

Zero Degree Calorimeters (ZDC) £112.6 m
neutron ZDC (ZN)

VOC z = -0.9 m -3.7<n<-1.7

L 4

Particle production is modeled by
Negative Binomial Distribution (NBD)

Centrality estimators:
»

»
»

proton ZDC (ZP)

——
. 2

Need a model to describe nucleus
fragmentation and the following

“Slow” Nucleon Model (SNM)

»
»



Events (a.u.)

N from fits to multiplicity distributions 128

ALICE, preliminary

ALICEpPbat |5, =502TeV

§ Data 107 F}'\___ | | E ;§ 16?:‘ <Neor> 3
2 L. — NBD-Glauber fit s ] ARV | = ® CL1 —
10 EE_!“'“""*-.. w=11.0,k =0.44 - *_'_ " VOM 7]
- e N - : ; 12- == s VOA =
103 = Moowa,, s $ | 10:— e v b (imp.par.) ]
E e 50 100 - SN - ——
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* Glauber fit to multiplicity distribution (VOA) with Glauber MC Parameters
Negative Binomial ansatz coupled to Glauber MC o(r)=p 1
;O .
« Obtain P(N,.. M, k) in centrality slices 1+exp| )
a
e Same approach as in ALICE, PRC 88 (2013) 044909 R =6.62+0.06 fm

a=0.546 £ 0.01fm

Minimum NN distance:

- . . 0.4+0.4 f
 Similar for different estimators (CL1, VOM, VOA) pNtCm:_Sectim

e Similar to MC closure (done with HIJING) 0, =70+5mb

« Obtain <N.,;> (= <N, -1) from Glauber

 Systematic uncertainty from variation of Glauber FOEET R T
parameters R =06:+02fm


http://indico.cern.ch/getFile.py/access?contribId=158&sessionId=32&resId=0&materialId=slides&confId=204432
http://arxiv.org/abs/arXiv:1301.4361

N, from multiplicity 129

Slicing (percentiles) Correspondence in Glauber
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Average N, well determined, but fluctuations within the same class are large



Multiple (semi-)hard collisions 130

JHEP 0901 (2009) 065

o A — 13 e |npp,the hard cross section

% - —— MRST2007 LO* ] )
o | CTEQSL ] exceeds the total cross section

— MRST2001 int.

 There must be multiple semi-hard
. collisions per pp event (MPI)

 Therefore there also must be more
than Ncoll semi-hard scatterings in
the addition to the hard process

DL soft + hard

DL+CDEF

* Implies (strong) correlation between
hard process and bulk of particle
production?

e Consequences for centrality
determination?


http://arxiv.org/abs/0806.2949

Bias In number of hard scatters 131

ALICE, preliminary
Multiplicity per N,/ Mean NBD
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ts SPD Centrality [25]

 Multiplicity fluctuations induce sizable bias on Mult/N
» All systems with fluctuations and dynamical limits show this

Results in bias on the number of particle sources (hard scatterings)


http://indico.cern.ch/getFile.py/access?contribId=158&sessionId=32&resId=0&materialId=slides&confId=204432
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models 132

« Models based on MPI include

Intrinsically a fluctuating number
of particles sources

 HIJING

e studied vs Ncoll
(ie no mulitplicity bias)

* |low Ncoll: Impact parameter
between NN increases

* high Ncoll: Energy conservation
(breakdown of factorization)

Toy model

* Incoherent superposition of NN
collisions (“Pythia6+Glauber”)

« Vs centrality from mult in |n|<1.4
(ie only multplicity bias)

« Strong deviation from Ncoll scaling
at low and high centralites
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e Qualitatively new elements
* For a given centrality hard processes qualitatively scale with

< Ncc’il?lbfiil;zt> < N hard >cem‘/ < N hard >pp

« Mean NN impact parameter increases in peripheral collisions

- Expect softer than average collisions?
« Also, veto for high-p; processes in low multiplicity classes

« Alternative: Include (and indicate) bias in the definition

Q :<NGla”ber> <dePb/de>cent
pPb, cent cent dN pp/ de

Reminder:

R,pp Should be 1
in absence of
nuclear effects



Quep (NOt R pp,)

‘;" —_— _%1 p-Pb at | s, = 5.02 TeV
32 — Iy i< 0.3 %
8 [ g: 1 CL1
% 2 B [ ] cor:nmcr:%gzt errar . H LICE
g < R l:I_E.en 60-8 normalisation error _I_ PREII.I MINARY
[ == —— |
:'_ B -_- o -l-'_'_' ++_|_+ ]
(=) o S T e
o S ———_
& L e AT —
WP
o
_:\\‘ . —_t
Ollllllllljll I.IIIIIII_-_i :IIIIII[IIIIIII
0 2 4 6 8 10 12 14 16 18 20 22
P, (GeV/c)
—_—— g@lﬁ% p-Pb at |s,,, = 5.02 TeV
— “ovoa  QF
2 S0k ALICE
L PRELIMINARY

Q.= dN"/dp. / (TS do,/dp)

I COMmmon %g’ﬁt error

= cent 60-80% normalisation error

iy T ————
= —+- l

18 20 22

P, (GeV/c)

134

ALICE, preliminary

— Q?M p-Pb at | 5, = 5.02 TeV
! % i< 0.3
7

— g \VVOM ALICE

. COMmon %gzt error .
=3 cent 60-8 normalisation error PRELIMINARY
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Mo
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pPb
<dN /de>cent

_ Glaub
Q pPb, cent < ceZ? N >

dN"”|dp,

Not a R, measurement as not equals
to 1 in absence of nuclear effects!!!

Spread reduces: CL1-VOM - VO0OA

Jet veto present in 80-100% CL1,
but not any longer in VOA


http://indico.cern.ch/getFile.py/access?contribId=158&sessionId=32&resId=0&materialId=slides&confId=204432
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ALICE, preliminary
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Data can be described (at high p;, and for jet veto classes) with simple
model based on incoherent superposition of pp collisions (Glauber+Pythiab)


http://indico.cern.ch/getFile.py/access?contribId=158&sessionId=32&resId=0&materialId=slides&confId=204432
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Comparison of shapes (norm at 10 GeV) 136
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Bias from MPI versus fluctuations

‘E; 1.8%— ‘|’CL1
1.6
e anj e
125 v +von ALICE
1:_ PRELIMINARY
0.8

0.6= P-Pbat sy, =5.02 TeV
0.4 Mgyysl< 0-3
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T

°-2.<y*s-15 -
¢-05<y*<0.5

I | 1 1 1 |
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Centrality (%)

<dePb/de>cent
dN "I dp,

Glaub
Qpr,cent:<NceZ? er>

ALICE interpretation:
Biased not yet R -, measurement

R _<NGeo> <dePb/de>cent
pPb, cent cent pp
dN"™ | dp,

ATLAS interpretation:
Centrality estimator in 3.2<n<4.9
Dep. on geometrical model



Fluctuations: Q vs o 138

From A. Morsch (HP13)
X.N. Wang and M. Gyulassy, nucl-th/2502021

o
(b,s) it/
P G b/ \
T_,;[b]—zﬁ— = !
d Oingigzie =" a6 [1—exp(—2 (b, 5)|]=ndb [1—exp(—(Oup+ Opaw) Ty (B.5))  .F H_
. , _ _ B Kk'-..
Counts fluctuate ! 02b ‘\\
P (b= exp =) t N
- T I I B T BT ='h"h-:

(similar approach used in PYTHIA)
Geometrical fluctuations described by overlap function (eikonal) T_.

Cross-section itself does not fluctuate (since = flux (db®) x probability).

FRARARARS ATas i s Only a question of terminology ?
= reliminary
* 0.5+ — Glauber-Gribov =055 —:
: Glauber-Grboy L2=1.01 : At LHC Uhard .s {}tﬂt
0.01 o -fluctuations -
i - Qoo ??
hard

0.005

0 50 00 150 500 a50
Ty [ME]




Scaling of partic

le production 139

. <S> /<S> _vs <dN/dn>/<dN/dn> (-1<n_<0)

é 2 @ VO-Aring 1 o |*PHOBOS d-Au: n— 1.6™ (beam rapidity)
2 F e dN/dn(1.5<n<2.0) 5 > ¢ |« Similar dependence except A-going dir.

g °F o

'c_é 45 edN/dn(-2.0<n<-1.5) = -

£ 1.21 W V0-Cring P i ALICE Preliminary e p-Pb
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. Fit: assuming dN/dn scales with N__ .t < vo "

O _ Wy (W) e e d
(S)mB  ((Npart)mB — @) <L?N [dM)mB ) 1<n<o  (Npar)us—a) * dN;/dnﬁ 0<p_<20GeV/c) .
a = 0 — perfect Npart scaling . PHOBOS d-Au .

—_ — target i | | | | | | | | | 1 | | | | 1 | | |

o = 1 — perfect Ncloll (or Npart ) scallng -4 ” 5 0 5 1

a has clear meaning (N vs N scaling)
part coll rICf'-.-"IS

correlation between causally disconnected observables (eg: slow neutrons - multiplicity)

— connection to geometry.



Hybrid Method 140

1) assumption: ZN insensitive to dynamical biases —slice events in ZN

2) assumption:
a) Mid-rap dN/dn scales with NIoart

b) Pb-side dN/dn scales with Nparttarget
(= NcoII n pA)
c) Yield at high-p_scales with N__

"~ E  ALICEPRELIMINARY . _.. . B

8145 p-Pb |s,, = 5.02 TeV Noo ZNA-classes
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(S )i
<Npm't>?m“ = <Np:-1rr>MB ) (S) I
v /MB
<N::oll>;'mm = <Np:-1rr>:‘mm -1
s (S)i
<NCD]]>Pb e = (Ncon) mB * T
I (S)mB
izh- (3 )i
(Nmn>?]“h = (Nea)mp - ——
(S)mp

e All values within at most 10%
— consistency of assumptions
* This does not yet prove the
validity of any (or all) of these
assumptions 2a),b),c)
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