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Outline

d Introduction

a “Collective” observables in small systems
> Long range correlations
> Flow: v,, vy, v; ...
mass ordering, quark scaling...
> HBT radii

a Hard / penetrating probes in small systems

» Energy loss?
» HF and J/y R,g
» Photons, dileptons?

aQ Summary
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How do we quantify small vs large

1 Size of the colliding system:
»pp < p,d+A << AuAu or PbPb

> Initial transverse size

» Noart
> N

coll

1 Size of the medium formed:
» dN_,/dn

> N,
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small systems: paradigm change?

1 p+p: reference baseline
1 p,d+A:

» System size too small for quark matter formation
» Reference for cold nuclear matter effects

1 |s that so? Many features seen in A+A collisions are also
seen In high multiplicity p,d+A collisions:
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Short historic regression

1 The possibility that QGP matter is formed in high multiplicity
pp events is not a new idea.

<p+> vs multiplicity

1 Fermilab experiment E735 main
goal was just that:

“... to search for evidence of a

phase transition of hadronic matter

to a deconfined quark-gluon state”

iIn ppbar collisions.”

1 See also:

Friedlander and Weiner, PRL 43, 15 } E735PRL 60, 1622 (1988)
(1979) and PRL 57, 2119 (1986) L L

Ne

Vs =1.8 TeV
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small systems: paradigm change?

|
|
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» Long range near-side correlations

Itzhak Tserruya QGP Imprints, HD April 16-17, 2015



Ridge discovered at RHIC

Ridge = Long-range near-side correlations

STAR Au+Au central s, =200 GeV

Au+Au central )
3<p™0<4 GeVic -~ |~

.
53
T 524
3 st
-349-
2 487
c 479

a6

PRC 80, 064912 (2009)
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Ridge in small systems at LHC

0 Long-range near-side correlations first seen in high multiplicity p+p collisions and later

also in high multiplicity p+Pb collisions at LHC

CMS p+p \/sNN—7 Tev GeVlc Ntrk > 110

NO™ > 110

o
o
K

® pPb\[s, =502TeV
O ppVs=7TeV

Associated \geld / (GeV/c)
o
\S]

100
Itzhak Tserruya - neffine

trk

CMS p+Pb Vs,,=5.02 TeV Ntrk >110

1<p,; <3 GeV/c

Z N
SN ‘
“‘\“‘«“" .

O Strength of
correlation much
smaller in p+p than
in p+Pb
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Ridge in small systems at RHIC

Two particle correlations measured over a large |An| > 2.75 gap

(charged track in central arm and tower hit in forward calorimeter)

Min bias p+p
(fh ® .- 2.0-4.0 GeVic

Central d+Au
LR R B B RN R R

a) ® d+Au 0-5% (BBC_Au)

LA S L L L B R B |

b) ® d+Au 0-5%
— 1+X2¢ _cos(nA¢)
-- 2¢, - 2C,

N
PH--ENIX

preliminary

arXiv:1404.7461

O Long-range near-side correlations in central d+Au collisions in the Au going direction

0 Not present in minimum bias p+p collisions, in the d-going direction, in peripheral d+Au and



Shape engineering: SHe+Au

[
- a) ® °He+Au 0-5%
1.0<pT’mg<3.0 GeVic

FT°T I 1T TT [ 1T TT I T 1T I 1T TT ] 1T TT I T
- b) ® *He+Au 0-5%
- —1+X2c cos(nAd)

- --2¢, -- 2c3

L n. |<0.35
trig 2C4

’IIIIlIIIIlIIIIlI][_

N
PH -ENIX
preliminary

R 1
’_'
111111111111‘51111]111111111111

3 4

Q Long-range near-side correlations seen in both Au-
going and 3He-going directions
O Hydro can explain and reproduce the ridge

O Initial state gluon saturation without final state interaction can also
explain the ridge




1 Small systems: paradigm change?

_
_
>
>
_

> Flow
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Flow in small systems: v, (p+)

ATLAS p+Pb PRC 90, 044906 (2014

140 < N° < 180 110 =< NI° < 140 80 = N2 <110

ATLAS p+Pb
VSy, = 5.02 TeV

-@- n=2
—-©- n=3
—4— n=4
—=— n=5.

40-50% ATLAS

Pb+Pb
N=2.76 TeV
O Same qualitative features (v, shapes

and harmonic ordering) as in Pb+Pb

O Similar magnitude within a factor of two
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Flow in small systems: multiplicity dependence

PLB 724, 213 (2013 PRC 90, 054901 (2014

ALICE
® p-Pb |5),,=5.02 TeV

O Pb-Pb Sy =276 TeV

e
? ++ ’

03< p, < 3 GeV/c

0.2<p <3.0GeVic

&

® PP\ = 5.02 TeV, v,(2, lant>2}
[ PEPD 5, = 2.76 ToV, v {2, lan>2) 0
[[] PEiPD g = 2.76 TeV, V.{EP, <> = 1.6)

= Hydro PbPD, IP-Glagma, p >0.2 GeVic

V3 < V;
V5(pPb) = v4(PbPb)

Similar triangular excentricity in
pPb and PbPb

V,(pPDb) < v,(PbPb)
Expected

15
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Shape engineering: d,°He+Au

5 V,, 0-5% d+Au 200GeV PHCENIX
V,, 0-5% *He+Au 200GeV
Vs, 0-5% *He+Au 200GeV

preliminary

Q v, of 3He+Au similar to that of d+Au
a Clear v, signal in central SHe+Au collisions
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Flow in small systems: d,’He+Au

Q Vo 0-5% d+Au 200CGeV

® v,, High Mult. Trig.(~ 0-5%) *He+Au 200GeV Glauber+hydro+cascade
® v, High Mult. Trig.(~ 0-5%) *He+Au 200GeV

PH “ENIX ,
- == = W preflow

preliminary

m— /0 preflow
P. Romatchke, 1S2014

PHENIX d+Au v, 200 GeV

15 PHENIX prel. *He+Au v
p. (GeVic) PHENIX prel. *He+Au v; 0fm<b<2fm
— 25 1 d+AuV, n/s=0.18
d+Au v, .
SHe+Au Vo
He+Au vy

IP-Glasma (B. Schenke et al., PRL 108, 252301 (2012))
+MUSIC (B. Schenke et al., PRL 106, 042301 (2011))
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Flow in small systems: mass ordering

PHENIX arXiv:1404.7461

ALICE PLB 726, 164 (2013

ALICE
p-Pb |s,, =5.02 TeV
Epion . (0-20%) - (60-100%)
@proton

0-5% d+Au @ 200 GeV

viscous hydro.
s = 1.0/(4n)
— pion
— proton

0.5 1.0 1.5 2.0 25 3.0 3.5
P (GeV/c)

O Mass ordering in d+Au v, at RHIC
o PHENIX data consistent with viscous hydrodynamics (using n/s =1/41) at p;<2 GeV/c

O Mass ordering in p+Pb at LHC, even more pronounced than in Pb+Pb at same
multiplicity? Stronger radial flow in p+Pb?

Itzhak Tserruya QGP Imprints, HD April 16-17, 2015 18



Flow: Quark scaling

CMS

PPb {5, =502 TeV,L =35nb"

CMS PLB 742, 200 (2015)

Scale with nr of valence
quarks

offline

185 < g™ < 220
(0.006-0.06%) pr > KE; =V(m2 + p;2) - m

VIS PP (5 276 Tov -

L.,=23ub ' +

] Kg_
® x’\/ A

1.5

0.5 1.0
KE,/n, (GeV)

o ht +

$H 4
R

“l

185 < NJI'™ < 350
(58+4%)
1.0 15

05
KE,/n, (GeV)

O Quark scaling works even better than in Pb+Pb
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O Flow develops at partonic level?



Collectivity in pPb

CMS arXiv:1502.05382

PDPD s, =2.76 TeV pPD yS,, =5.02 TeV

0.10F 03<p_<3.0GeV/c; Il f) 2.?) _—CLL 0.3<p_<3.0 GeV/c; i <2.4

-~
@)

) VA2, |AnI>2}
v,{4} : 3
v,{6}
VA{8}
vALYZ}

Flow analysis using the cumulant method in multiparticle azimuthal
correlations

Vo{4} = Vo{6} = Vo{8} = Vo{}
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I

T

I/N,, 1/2rp_d*Ni(dp_dy) [(GeV/c)?)

Radial flow

STAR pp, dAu, AuAu

PRC 79, 034909 (2009)

§I T l 1T I 1T I 1T I TTT I TrT
: (a) pp 200 GeV
AT
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B
A
B
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(b) d+Au 200 GeV
AT
OK
op

AAA
AAA
AYN

PEEETETT B R TET BRI R T B E TR BTSN W TR B AW R T

-3IIIIIIIII[IIIIIIIIIIIIII

LA L L L L LB LI

A, (0) Au+Au62.4 GeV
. ]

A
s,
A
Ay

AAT
RO K fllled: 0-5%
LJeh ) open: 70-80%

LR LL B N L) B B L B L N R AR N R R

02 04 06 08 1 1.2

0 02 04 06 08 1 12
P, [GeV/cl]

I | I &
ALICE, pp. \ 8 = 7 TeV 10°
ALICE Prelminary 4 -,
2 Multiplicity Class: [7.5, B.6] 10

ICE —pp, pPb, PbPb

M 1 LI
ALICE, p-Pb.\| 5, = 5.02 TeV
PLB 728 (2014) 25-38
VOA Multiplicity Class (Pb-side): 0-5%

0 02 04 06 08 1 12

™ T L
ALICE, Pb-Pb.\ 5, = 2.76 TeV
PAC 88, 044909 (2013)
Centrality Class: 0-5%

D

—5— n* (100x) 2 —— n* + % (100x) 4 n* + % (100x)
K* (10x) 10 K* + K {10x) 107 K* + K {10x)
- p{ix) 10 F-p+P(1x) 107 p+P(1x)
— Blast-Wave — Blast-Wave Blast-Wave
global #t range 1 N global #t range 10 SR global 1 range
n: 0.5-1.0 GeVic TRHERR n: 0.5-1.0 GeVic 1 T n: 0.5-1.0 GeVic
K:0.3-1.5 GeVic 10 ! K:0.21.5 GeVic K:0.2-1.5 GeVic
p- 0525 GeVic ; p:0.33.0 GeVic 10" ~ p033.0GeVic
10* R 3
. 10°
10 :
107
104 10
1 1 1. 10° . PP B il 1. 10° il
3 4 5 6 0 2 3 4 5 6 0 1 2 5
p. (GeV/c) p. (GeV/c) p. (GeV/c)

BW fit quality comparably good in all three systems
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Radial flow

ALICE PLB 728, 25 (2014),

ALICE, p-Pb, s, = 5.02 TeV
VOA Multiplicity Classes (Pb-side)
0< Yeus < 0.5

Mass ordering seen down to very low multiplicities

Natural explanation: collective radial expansion of the system

QGP Imprints, HD April 16-17, 2015
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1 Small systems: paradigm change?

_
_
>
>
_

>
>

» HBT radii
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HBT radii and multiplicity

+ pp\s=7TeV
i p-Pb \m=502 TeV
o Pb-Pb \5,=2.76 TeV

0'3<KT,3<1 .0 GeV/e

ALICE PLB 739, 139 (2014)

ltzhak Tserruya QGP Imprints, HD April 16-17, 2015

24



HBT radii scale with size

TAu+Au @ 200 GeVy
-m; (GeV/c) (a)t
i 0.391 1
0473 Side |
0.652 1
0.852

O PHENIX Au+Au and Cu+Cu: HBT radii scale linearly with

initial transverse size

Pb+Pb @ 2.76 TeV -
-m, (GeV/c) (a) +

O ALICE Pb+Pb : same behavior




...also in small systems

arXiv:1404.5291

{® Pb+Pb2.76 TeV 16
o p+Pb 5.02 TeV

1 0.2 <k,<0.3 GeV/c

A 200 GeV d+Au -PHENIX

k.~ 0.4 GeVic ALIGE

00 05 10 15 20 2
R (fm)

Q HBT radii scale linearly with the initial transverse size

O Smooth behavior from small (d+Au, p+PDb) to large (Au+Au, Pb+Pb) systems at
RHIC and LHC.

O Imply or consistent with radial expansion in small systems and fsi



Intermediate summary of
experimental facts

1 Many features seen in A+A collisions are seen in p,d+A
collisions and even in p+p collisions at high multiplicity:

» Long range correlations

> Flow:
“ V. (p1) — similar shape
< V, mass ordering
< V, quark scaling
< multiparticle correlations
< strong radial flow

» HBT radii scaling with initial transverse size
1 Smooth evolution from small to large systems.

1 Small systems exhibit collective behavior consistent with
hydro.

Itzhak Tserruya QGP Imprints, HD April 16-17, 2015
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and what about Hard / e.m Probes?

1 If QGP is formed in small systems we
should also see all the characteristic
features of the medium:

» high p; suppression / jet quenching
»J/\p suppression
»Photons and dileptons
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Energy loss / quenching ?

ALICE
PHENIX

ALICE, charged particles
o PP (=602 TeV, NSD,In_1<03
» Pb-Pb (5 =276 TaV., 0-5%centrel, I nl <0.3
s Pb-PD ’('C-\—,' =276 1aV, 70-8(Fc central, | nl <08

Au+Au 200GeV

B h*+h 0-10% /N+N [ n° 0-10% / N+N

d+Au 200GeV = h*+h 0-20%/ N+N

B 10 12 14 16 18 20
P, (GeV/c)

p; [GeV/c] p;[GeVic]

1 No evidence of charged particle suppression in d+Au or in p+Pb
1 Need trigger on much higher multiplicity events

Suppression clearly seen in Au+Au at 40-50% centrality = dN_,/dn=100
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o

L4 RdAu,O-ZO% Npart}-I 3.4

r | -
L F{CuCu,4O—60%Npart_21'2

c b b b by T llllllillOQ
0 2 4 6

pT[GeV/c]

<RAA>1<p <3 GeV/c

Global error: + 9.9%

| -

o

O Smooth evolution of HF R,, from enhancement in small systems to
suppression in large systems
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system-size dependence

PRC 90, 064908 (2014)

Jhy—up

’ RAA

=
=)

Cut+Au |5, =200 GeV (gl. sys. 7.1%) |
ol 2<y<22 0 22<y<—-12
AutAu |5, =200 GeV (gl. sys. 9.2%) |

ly|<0.35
Cu+Cu, '.'.yt'.tgIobal 12 %

III|III|III|11|IIIIEI

Au+Au, systglobal +12 %

5

1

Nuclear Modification Factor

L I

300

Number of Participants

lyle[1.2,2.2]
e CutCusyst) *8% Q Similar suppression in Cu+Au (Au-going

m AutAu,syst  +7% " direction) and Au+Au

10 O Stronger suppression in Cu+Au (Cu-going
direction) — opposite of expected trend if
suppression is prop to particle density

IIIIIIIIIIIIII

0 Similar Ry, at similar N, in dAu,
CuCu and AuAu systems.
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Photons and Dileptons

arXiv:1405.3940 PRC 81, 034911 (2010)

T

10' L ———  Neon-scaled pp fit | TE p+p VE = 200 GeV |RIT -+ e Ly 400
® n w « DATA -—N 70 v
- - ppfi g M <03 — 700 — s 0 (FYTHIA)
107} o ®  Present data ¥ >02 Colle —pm — 15—+ 00 FYTHIA)
e 'Y —DY < 0 (FYTH
T 0! " ¢  PRL 104, 132301 3 e arm T emm
o . [ PRL98,012002 §
-2
~— 107 F | PRD 86, 072008 &
\
% 1031 ¥ PRL 109, 152302 | $
) 4  PRL 104, 132301 p 1
>~ 1074 X N g
3 Au+Au, min. bias z

VSNN = QOOGCV

d’N
2pr dprdy
o
(=}

d+Au Vs =200 GeV

direct photons " Iy <035 p®>02 Ge MafooVc) See
T s 7 e
1077 T‘ ~ 4 e DATA 10 e =y oee
‘ : L 10% | == c%(PYTHIA) 104 -- 2)_’:& n,,ee—c8+ bb + DY
E — —
0 2 4 6 8 10 12 14 T DYPYTHIA 0 —ece & nee —sum

—_—Y

Pt [GCV/C]

0»1 0

-y

Probably no chance arXiv:14

-t

D
O N
-]

O-rrn'[.

4
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Summary

1 Many features seen in A+A collisions are seen in p,d+A collisions and
even in p+p collisions at high multiplicity:

» long range correlations

> Flow:
% V,(p1) — similar shape
% V, mass ordering
% V, quark scaling
< multiparticle correlations
% strong radial flow

» HBT radii scaling with initial transverse size
1 Smooth evolution from small to large systems.
1 Small systems exhibit collective behavior consistent with hydro
1 No evidence of energy loss or jet quenching in small systems
1 Heavy flavor and J/ip: smooth evolution from small to large systems.

1 Need similar systematic approach on hard probes observables in small
systems, triggering on very high multiplicity events.
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Happy birthday Johanna !
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