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Outline

What is collectivity and why do we care”
Experimental methods and non-flow

Theory vs Data: What are we trying to learn?
Other relevant non- Collect|V|ty measurements

Disclaimer: will not be exhaushve
}ﬂ but it will also not be brief (sorry!)
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Definitions of collectivity
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What is collectivity?

Working definition: multiple particles correlated across rapidity
(long range) due to a common origin

(same as Jurgen’s “weak definition”, with the additional requirement of long N range)
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Working definition: multiple particles correlated across rapidity
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(same as Jurgen’s “weak definition”, with the additional requirement of long N range)

Long range implies correlations are created early:

¢ |nitial geometrical correlations + collective evolution (Hydro)
¢ |nitial state momentum correlations (CGC)

M. Floris : Copenhagen Workshop on Collectivity



What is collectivity?

Working definition: multiple particles correlated across rapidity

(long range)

(same as Jurgen’s “weak definition”, with the additional requirement of long N range)

Long range

due to a common origin

Implies correlations are created early:
¢ |nitial geometrical correlations + collective evolution (Hydro)

¢ |nitial state momentum correlations (CGC)

Why do we care?
¢ | earn about the medium (transport)

e | earn abou

' the initial state (saturation)

e Small and dilute system: chance to learn
about MICroscopic Processes
(MPI, strings, parton ladders ...)
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What is collectivity?

Working definition: multiple particles correlated across rapidity
(long range) due to a common origin

(same as Jurgen’s “weak definition”, with the additional requirement of long N range)

Long range implies correlations are created early:
¢ |nitial geometrical correlations + collective evolution (Hydro)
¢ |nitial state momentum correlations (CGC)

Why do we care?
¢ | earn about the medium (transport)
e | earn about the initial state (saturation)
e Small and dilute system: chance to learn
about MICroscopic Processes
(MPI, strings, parton ladders ...)

How do we measure?
e Can be inferred via
multiparticle correlations
* Non Flow is the elephant in the room
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Collectivity measurements
Techniques, caveats and (some) key results



Dealing with non-flow
Subtract peripheral events

Assumption: Low multiplicity
events dominated by non-flow,
representative of non-flow in high
multiplicity events

2<p,,  <4GeVic p-Pb |8, =502 TeV 2<p,, <4GeVic p-Pb s, =502 TeV
1€P e © 2GeVic > 0-20% 1< L 2GeVic - 60-100%
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2<p'~<100Vc t p-Pb |8, = 5.02 TeV
1<p . <2GeVic (0-20%) - (60-100%)

Residual
non-flow
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Dealing with non-flow

Subtract peripheral events

Assumption: Low multiplicity
events dominated by non-flow,
representative of non-flow in high
multiplicity events

2<p,,  <4GeVic p-Pb s, =502 TeV 2<p,, <4GeVic p-Pb s, =502 TeV
<p'm<200Vr'c ? 0-20% 1 P e <2GeVic > 60-100%

0-20% _ . 60-100%

1 p-Pb |8, = 5.02 TeV
(0-20%) - (60-100%)

Residual
non-flow

M. Floris
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Multi-particle correlations

Assumption: if genuine 4-particle
(or more) correlations,
most likely flow
Recent versions: N gaps
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Ambiguities in the subtraction method

Subtraction method allows to go to low multiplicity
Crucial: how low in Nk can we still talk about collectivity?

Template f|t Low N subtractlon
I ] || I I 1 I I 1 I i
008l pp \(_- 13 TeV ATLAS pp \/_- 13 TeV CMS ;
' 05<pT<5GeV - 03<pT<3GeV
fC\T _ TLLILI T - - ]
Aocos mEEN 4 -
S
;;?“”0'04_ + a ® -
usN ®
0.02}- 4 B .
) PR T T T SR S [ R TR SRS P TR R R N SO SR N TN N S ]
0 50 100 150 ) 50 100 150
N::h Nﬁfglme

e

flow In bin n and n+1 equal

N

no flow In peripheral collisions

Z. Chen, CMS, QM17
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Ambiguities in the subtraction method

Subtraction method allows to go to low multiplicity
Crucial: how low in Nk can we still talk about collectivity?

Template f|t Low-Ntrk subtractlon
I o ]
008l pp \‘_- 13 TeV ATLAS pp \I_- 13 TeV CMS :
' 05<pT<5GeV -O3<pT<3GeV
'&“ - pgEinig, = 0 ]
Aoosl mWEN - 1 1
-
<
é\,l:o.m— + -
s Weller, Romatschke |
0.02|- arXiv:1701.07145 - -
. ——— OSU IS +superSONIC | —— OSU IS + superSONIC |
I N 1 A N N B

e

flow In bin n and

Apply the same procedures to model output?

Copenhagen Workshop on Collectivity

M. Floris

L 1 1
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rec
Nch

50

n+1 equal

)

50 100 150

ffline
rk \

no flow In peripheral collisions

Comparison to theory?
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Templates vs peripheral subtraction

Wei Li
Flat v2injected Rising vz injected
T I I I I I I I | | | | | | I I I I I I I I I I I | I I
 pp Vs=13 TeV <  Direct Fourier Decom. | 0.0101-PP {s =13 TeV ¢ Direct Fourier Decom. |
PYTHIA8 TuneCUETP8M1 @ Peripheral Sub. ' PYTHIA8 TuneCUETP8M1 @ Peripheral Sub.
B 0.3<p_<3GeVic m Template-fitting | -0.3<p. <3 GeVic m Template-fitting |
0.010pn > 5 Input Signal — Anl > A Input Signal

LD 4 i |

— — B {h ]

qP i - ]

8 3
> : & . = 0.005 o o ¥ _
0.005|— v - o @ voom
. qr o o o = qp e n ‘
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PY Y [ [

— ) = B u [ ) 7]

0'0000 50 100 150 0 50 100 150
Gen Gen
Ntrk Ntrk
Template fit better Peripheral subtraction better
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Templates vs peripheral subtraction

Wei Li
Flat v2injected Rising vz injected
T I I I I I | | | | | | | | I I I I I I I | | | | | | I
_ pp Vs=13 TeV <  Direct Fourier Decom. | 0.0101-PP {s =13 TeV ¢ Direct Fourier Decom. |
PYTHIA8 TuneCUETP8M1 @ Peripheral Sub. ' PYTHIA8 TuneCUETP8M1 @ Peripheral Sub.
B 0.3<p_<3GeVic m Template-fitting | -0.3<p. <3 GeVic m Template-fitting
0.010 A > 2T ‘ Input Signal — A > 2T Input Signal
n et i
- &
< - v <
Al Al
> : & = 0.005 o o ¥ _
0.005|— v o - o @ voom
. P o 9P B > m ° 7 ‘
. o
O [ = - [ . _ " ® L
u . § b ®
PY Y [ [
L ™Y u [
T e v 0.000 - —— %
0'0000 50 100 150 0 50 100 150
Gen Gen
Ntrk Ntrk
Template fit better Peripheral subtraction better

But:

1. is there a reasonable non-flat v2 shape which would
lead to flat v2 with the template fits?

2. What happens if one injects v2 as measured by CMS?
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Templates vs peripheral subtraction
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Template fit better

But:

150

Peripheral subtraction better

1. is there a reasonable non-flat v2 shape which would
lead to flat v2 with the template fits?
2. What happens if one injects v2 as measured by CMS?
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4-order cumulant

Negative c2{4} measured by CMS

A0 CMS
' pp
0.03} + m(s=13TeV -
s Vs=7 TeV
‘ \s=5TeV
0.02 -
. % + ‘ pPb
SE‘\: O \syy=° TeV
O 3 4
0.01 + 1 0.3<p_<3GeVic
| ml <24
B &< |
0.00f ------==ssmmmmmmmmnnenannaaa; R R E
i : 1| ' )
O 0O 0 O
0 50 100 150 200
Noffline

Z. Chen, CMS, QM17
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4-order cumulant

Negative co{4 dbv CMS i~ s -
I [ ia 8, pp e ] :
egative c2{4} measured by SN T T
oo'; ; . F— | - 0_025 's=5TeV
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Z. Chen, CMS, QM17 M. Zhou, ATLAS, QM17
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4-order cumulant D)

N t- {4} d b CMS s ' Pythia 8,pp 13TeV . . Wi e
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trk

Non-Gaussian fluctuations of non-flow may produce
any c2{4} (including negative)!

Z. Chen, CMS, QM17 J. Jia, M. Zhou M. Zhou, ATLAS, QM17
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Multi-particle cumulants, methods

Long-range collectivity via subevent cumulants ° 6- and 8-particle with sub-event

arXiv:1701.03830 Event with jE( Event with dijf(
a ' b < @1 Y2 P3 P4¥596 Y596 P1P2P3py PTPR
° x t 114 tt 4444 ¢4
.% I subA l subB ] N I SubA I subB I subC I
Non-flow and multiplicity 2 % sasee . . e 0 ]
« CONp Ly v | G G
Jin(p1=¢2—d3—g4) ; (cos{o; +67 -0 -0} ]> ‘ms(qwz o-4)) << €os N {O1 + 97 = Q1 - Pa- @s - m »>75am
Cn {4} < { >} -2 2 sub-event 3 sub-event
A — removes intra-jet correlations removes inter-jet correlations
calculated for selected particles average ov s, ‘*f R TCTrT S e R I R e e Snapmsan
- < 0 2auevet 5 / = el -
e.g.0.5-5 Gev Nen™ - 3‘ Zeubevt é ”f:"‘:-;(:r’ ‘5::: L e 4% V. | 5 N’;:«:T::::; v :wm <<cosn (01 + @ - cpr) >>1.qub SSCOS N (W1 + O2F @3- e s - Qs ©7 - @8) >23usb
e Ve e.g. ‘e ’ Pralimins -1 o T olimin. 4
RN\ e e\ T e | - e
. 9 e
Map final results to a common centrality, e.g. oy wh ? ____________ o . —, PP
3“"6 VA‘ “2‘."0—0 P— o-o—r/'—'/r’*‘ o} . i T : — .. . ) .
ool O ] R A talin can et & « This is not a joke, but is useful to suppress the possible non-flow effects
F s IR | 4 - N g in va{6} and vn{8}, when using them to probe the underlying p.d.f.
N N * idea: see talk from Jean-Yves Ollitrault
Because c,{4} is not additive: pPb: methods consistent for N, >100, but split below that
May 9th, 2017 You Zhou @ NBI, Copenhagen
Cn {4}1‘-\'1 + C'n.{’1}(-.v'2
Cn {4},,v| rev2 F 5 : — | — —
050 o s 200 250 !
Results depend on the intermediate N,5¢'! Ny 0.3-3 GeV

Mainly because p(non-flow) has strong dependence on N,

| e—

Decomposition into moments

4 ticl lant with ARl e lant (3-subevent method) .’
'par ICle cumulant wi n gap > Generic formula to compute Q(Ar, Az, A3, As) = Q(A1)Q(A2)Q(A3)Q(As) .
cumulant up to arbitrary order with —8( 31 N 42)8%:}3;8(2/ ) Q—gl Inl <2-5|
P2 ©3 e defined number of subset —Q(A1N A3 2 4)
‘f"-\ ’ \ /w P 0 Ngpeor max= Cumulant order —Q(A2 N A3)Q(A1)Q(As)
| . | | of | woereme T ~Q(A1 N A)Q(A2)Q(A3)  Wni=ozr2sm
—an n E YosZace » Canbeused easily to compute py; or —Q(A2N A)Q(A1)Q(Az)  wni>023sub
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We can further su — —0Q(AL M 42N AN Aq), 1707038307 [nuc- “an “an n
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n o a P2 4 '
o /4 | a o
-particle cumulant with [An| gap in pp Ty | T F— |zo ,tsou g;:t;z\:ﬁ;\; 01 o \ ) 1\ f 2
o Cof4, |An|}is lower than cof4} — [ [_J | | o
+ Further decrease of c;{4, |An| > 0.2} is seen An “an n
+ Still no significant negative sign W.r.t. Col4, [An > 0.0} : ; : i
observac in pp collisions 16 Katarina Gaidosove

13 Ketarna Gejdosove

See also J. Jia, M. Zhou, Y. Zhou, K. Gajdosova
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Multi-particle cumulants, methods

Long-range collectivity via subevent cumulants ° 6- and 8-particle with sub-event
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See also J. Jia, M Zhou, Y. Zhou, K. Gajdosova
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Results from n-subevents

J. Jia
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3_ 0.5<p_<5 GeV &= 2-subevent : - 0.5<p_<5 GeV —&— 2-subevent _
2subevt o N for p,>0.4 GeV T Sabeven: - O\ N for p_>0.4 GeV — ¢ Samevent  ~
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ch

3 subevents method less sensitive to non flow
Confirms negative c2{4}, seems to work down to low multiplicity

M. Floris Copenhagen Workshop on Collectivity



Results from n-subevents

J. Jia
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3 subevents method less sensitive to non flow
Confirms negative c2{4}, seems to work down to low multiplicity

Considerable cooking on the calculation of v2{4}
Variety of methods, eta gaps, track cuts, sub-events, ...

We need to agree on a set of common plots,

to compare exp vs exp and exp vs theory
— Wed: kick off session within CERN’s MB&UE group

M. Floris * Copenhagen Workshop on Collectivity




Results from n-subevents

J. Jia
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3 subevents method less sensitive to non flow
Confirms negative c2{4}, seems to work down to low multiplicity

Considerable cooking on the calculation of v2{4}
Variety of methods, eta gaps, track cuts, sub-events, ...

We need to agree on a set of common plots,

to compare exp vs exp and exp vs theory
— Wed: kick off session within CERN’s MB&UE group
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Subtraction method vs sub-events c2{4} vs hydro

0.08+

o
o
D

{2, lani>2}
R

-

0.02

Weller, Romatschke
arXiv:1701.07145

— OSU IS + superSONIC |

1 l 1 L Il 1 l

Template f|t Low-N,,, subtraction
L L L
- PP \f_- 13 TeV ATLAS pp V's=13 TeV CMS |
-0.5<pT<5GeV 1 O.3<pT<3GeV

——— OSU IS + superSONIC |

] l | ] 1 1 l | 1 1 | l 1

I L L 2 l 1
50 100 150
rec
NCh

)

50 100 150
ffline
rk

J. Jia

M. Floris
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Subtraction method vs sub-events c2{4} vs hydro

Template f|t Low-N,, subtractlon
i U ' 1 I I | I 1 I | I | | | I I I | I i
2 osl.PP VS F_ 13 TeV ATLAS pp s =13 TeV CMS
R : 0.5<p <5 GeV :. . 0.3 <pT<3 GeV : Atlas V2{4,38Ub}
No.osl- sumnninftants | L/
S | i
~ | | vt igeeele O
N 0.04f + f ° ’ P &
g .
s ! Weller, Romatschke | A ]
0.02} arXiv:1701.07145 - .
. —— OSU IS + superSONIC | OSU IS + superSONIC
I R AT S VU RPN DUV RPN I
0 50 700 750 7) 50 100 150
v N

J. Jia
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Subtraction method vs sub-events c2{4} vs hydro

Template f|t Low-Ntrk subtractlon
I o ]
008l  pp \I_ = 13 TeV ATLAS pp \{_ = 13 TeV CMS ;
' 05<pT<5G.eV 1 03<pT<3GeV
& | apuunSpgg¥y |
Aoosl WEEHE 1 )
S |
s -l o * ' 4
Soo4 | +.? ' 4
BN + ®
s ! Weller, Romatschke | A
0.02- arXiv:1701.07145 :
. ——— OSU IS + superSONIC { 1
s l o o ‘ ‘
0 l 700 750 Hﬁ&)‘“"#

Tension with hydro?

50
rec
Nch

'\ffﬂine
rk

Atlas v2{4,3sub}

H
E
4
R
R

e Hydro calculations: vz should decrease at low multiplicity
(out possibly at a lower range than measured?)
e \o{4,3sub} still compatible with hydro within uncertainties

e Can we trust 4 particle cumulants at Nik~407

J. Jia

M. Floris
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0.16 |-

0.14 |-

0.12

0.1

0.08 |-
0.06 [
0.04 |-

0.02 L

P

D

l 1 1 1 1 |

009 ®g00y

e

“Q%G&G.‘Q’GQQQ“

"

: -Q$$$$$$+QQ&‘Q§$.

Simple toy MC: v, fluc, no mult fluct

20

O v,{4} std
@® V,{4}subevt

multiplicity

v,{2} std
V,{2} sub evt

Applicability of vo{sub} at low mult

vo{4} sub recovers injected flow in Toy MC

Promising, but very low mult
can be very tricky: needs full
simulation studies

For instance:

Non-constant vn + detector
reconstruction: additional
event-by-event fluctuations

M Guilbaud

M. Floris
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Estimator biases

The region where multiplicity is selected imposes biases on the data
Some non trivial!

s o+ i Hadrochemistry Bias

2,5k I e 1?32.5:— i . |

55 pran it S prmua o7y Charged particles selected more
T & W’ "’ often, also affects fraction of

secondaries.

'y
L LB LI} T T

0.5

1 lllllllllllllll
50 60 70 0O 10 20 30 40 50 60 70

(t+K+p)atlyl<0.5 (x+ K+p)at0.75 <y < 1.75 (i.e. somewhere else)

g~ 4 1 MPlBias

b i | 3 Qualitatively different events may
o | | be selected (in this example MPI)

Event Selection
Inelastic Events ]
—— Non-Diffractive Events

—— EvL. Sel. in N, (Inl<0.5), Non-Diff
. Evt Sel. in N, (Inl<0.B), Non-Diff
+— Evi Sel. in N, (Inl<1.5), Non-Diff ]
~— Evt Sel. in N, (0.8<inl<1.5), Non-Diff —

—— Ewvt Sel. in Ncr(VOM accept.), Non-Diff

0""Illlll|IIIIII|IJIIIIIII‘IJIIIIIII‘I—

0 10 20 30 40 50 60 70 80

(dN_/dn) (ini<0.5)

Plots by D. Chinellato, Pythia 6 Perugia 2011

'
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Estimator biases

Multiplicity and Fragmentation Bias
Increase in multiplicity is local in n
Multiplicity per “ancestor” depends on centrality and estimator

S S— S— — —r— —r—y . . . P 2_ |||||||| [TTT T[T T T T[T T T T [T T T T[T T T T[T T T T[T T T TTTT
5 35F |1]|sl 15 AL L - 3‘ s of Glauber-MC o VOA
5 ) - ~ 1O p.Pb sy, = 5.02 TeV + CL1
Z 30— «70.0%-100% ] S 4 abw Pb-Pb = 2.76 TeV VOC
% [ +40.0%50.0% ] glor o - VoM
Z 25 *5.0%-10.0% — s1.45- b (imp.par)
= [ +0.0%0.1% ] < o . 4 VOM (Pb-Pb)
20F MB = R T
: /; 1_AﬁA—A-ﬁ1\ﬁr¢A::;:—A—A-—A-—A~A —-A—_,—
1 5 . :L__)‘ 08_ S —-|-—-I.i.l--+—_:_ ::_::_*_ N -A-A-
W e el -a-.-++'*' ]
10: % 06_ -ﬁ-—i_l'.——i—-*-_A- ]
X S - k-
x < 04 M
>~ 0.2 |
=
0 IIIIIIII |IIII| IIIIIIIIIIIIIIII |IIII|IIII|II_I=|I=
0 10 20 30 40 50 60 70 80 90 100

Leads to a Jet Bias: more likely to find (near and away side) jet in the n

region of the multiplicity estimator:

e May affect subtrac
o Multiplicity bins in 1

neory

(reduced for wide n

M. Floris

acceptance)

Copenhagen Workshop on Collectivity

ALICE PRC 91 064905

lon procedure or non-flow in sample

Plot by C. Bourjau, Pythia 6, Perugia 2011

Centrality [%]




V2 (Ncp) v.s. v2(ET)

3
V, ,X10

I | I | I | I
2<|An|<5
0.5<p>’<5 GeV

0. 0. % 0 ®
S S EEEEEEEEER 'Il‘ .ll'l llllllllllllll ‘ . llllll ‘—II—I—I llllllllllllllllllllllllllllllllllllllllllllllllllllll -
® o [
: I
- —— . ‘_
2_ — —
i ® Template Fits | |
III|III|IIIIIII|l|l|ll|||ll|l IIIIIIlllllIIIIIllllllIllllll
0 20 40 60 80 100 120 40 20 40 60 80 100 () 40

* Try FCal Et to quantify the event activity;
* v, correlated more with local multiplicity;
* “Centrality” may not be well defined by N,; 1n pp.

M. Zhou



(Normalized) Symmetric Cumulants

CMS-PAS-HIN-16-022

NSC in all systems

CMS Preliminary

of 4

%= pp 13 TeV
® pPb8.16 TeV
B PbPb 5 TeV

03<p <3 GeVic

0 100

» Similar behavior in p-Pb aﬁd PbPb

» Points to similar IS fluctuations
» First calculations (g, correlations only)

= Right sign

= Magnitude is off

09/05/17

sc(3,2)

M. Floris

0.30

.25

SC normalized by <v ?>.<v_2>

o, =U.30n
015 * 7, =U.4am

010] @ 7=t

.05

Q.00

—0.05
-0.10

0

-0.04

-0.06

-0.08

-0.10

[p+Pb@5.02 TeV
o20f 7, U 2k

40

eo=04
mg=03

p+Pb, 5.02TeV

-0.12

100

150

Nk

How does CGC like NSC look like?

Workshop on collectivity in small systems

» 1 arXiv 1605.09418
// .

Wounded
nucleon model

arXiv 1609.05171

15

Copenhagen Workshop on Collectivity

e Sensitive to number of
sources (fluctuations)

e pp (?) pA, AA similar

* pA sensitive to sub-
nucleonic fluctuations

e AA sensitive to nucleons
fluctuations

e Why are they similar?

e Residual non flow?

M Guilbaud, K Gajdosova, Y Zhou



(Normalized) Symmetric Cumulants

SC(3,2), SC(4,2) with 3-subevent .e__

1 0.3<pr<3.0GeVic| |Inl<2.5

x10°®
’ct 15—
E
o SC(4,2) IAnl >0.2
9]

10~ PWHIAS 0 SC(3,2) lan »0.2

¢ SC(4,2) IAn| > 0.2 3subevent
+  SC(3,2) IAnl > 0.2 3subevent

¢ ppvs = 13 TeV

e Sensitive to number of
sources (fluctuations)

e pp (?) pA, AA similar

* pA sensitive to sub-
nucleonic fluctuations

e AA sensitive to nucleons

,\Wz/« y, fluctuations
nes me) aun

e Why are they similar?

v

An An "

e Residual non flow?

* We calculate SC(m,n) with 3-subevent method

« There is no significant difference between 2-
or 3-subevent method

28 Kalarina Gajdosova

Looking forward to results with subevents + improved theory

M. Floris

M Guilbaud, K Gajdosova, Y Zhou

Copenhagen Workshop on Collectivity



What do we want to learn?

M. Floris

1.

Initial State (CGC) or Final State (Hydro) Correlations”?
If hydro: learn about the medium properties
If Initial state: |earn about saturation

. Microscopic processes: reconcile with “traditional”

op Monte Carlos

Status:

Hydro describes reasonably well systematics of data
across energies and colliding systems

Saturation more “qualitative”

(oroof of principle mechanisms to describe most observables
advocated, but no systematic comparisons)

Initial Final

p+p A+A,
System size (central only)



Hydro modeling and nuclear substructure
Describing all systems simultaneously difficult = nucleon substructure?

0.16 , - ,
0.12 | PTPY2 -
01 | IP-Glasma + Music
” :
<~ 0.08 ¢
>
~ 006y o ¢ © °* °® *
0.04 |
0.02 | o_ .— .
0 1 1 1 1 1 1
40 60 80 100 120 140
N koh‘line
tr
Smpoth: Bgc = 1.0, By = 3.0
l !0.10
' | | 10.05
1 !(].[X]
B Schenke
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Hydro modeling and nuclear substructure
Describing all systems slmultaneously difficult = nucleon substructure?

0.16 0.12 . ,
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Hydro modeling and nuclear substructure
Describing all systems slmultaneously difficult = nucleon substructure?
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M. Floris
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Hydro modeling and nuclear substructure
Describing all systems slmultaneously difficult = nucleon substructure?

0.16
0.14 |

012 ¢

0.1

<v22>1/2

0

B Schenke

M. Floris

0.08 |
0.06 |
0.04 |
0.02 |
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CMS p+Pb v, e 0.16
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Lumpy: B, =3.3,8,=0.7

Given that hydrodynamics effi-

o~ ciently dampens small-scale fluctuations [49], differences

1+ between models are expected to quickly dissipate, and it

is likely that other nucleon models will give almost iden- -

tical results to the constituent quark model employed in

y[fm]

!t cleon is maintained.

v
z fm

this work, as long as some basic granularity of the nu-
Romatschke et al. arXiv:1701.07145v1

s — g
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Hydro modeling and nuclear substructure
Describing all systems slmultaneously difficult = nucleon substructure?
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1-

B Given that hydrodynamics effi-
£ 0 ciently dampens small-scale fluctuations [49|, differences
1-  between models are expected to quickly dissipate, and it

) |

~ Further constrain this with UPC? ]
tCan we get independent indication of saturation from UPC?

7T cleon 1s maintained. Romatschke et al. arXiv:1701.07145v1 T, o
— - - 1 e —p——— = 4, 1 o
z fm)] z[fm] z{fm] .r[f::::
B Schenke (constrained with diffraction measurements)
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Hydro and system size systematics
39 GeV 20 GeV

IIIIIIIIIIIIlIIIIIIIIIIIIIII

0.8 = p+Au 200 GeV 0-5%
B ® d+Au 200 GeV 0-5% I::lllll llllllll Illlllllllllllll::lllllllll UL LELELE IR | llll:
0.7= = ‘He+Au 200 GeV 0-5% 3 d+Au ﬁl: =39 GeV 0-10% I d+Au ﬁl: =19.6 GV 0-2 | E
- === SONIC p+Au TN Extrapolated | |
0.6" == SONIC d+Au ¥ PH ENIX T Res(¥] ™) 1 E
®L = sonc Hevau | 3 preliminary £ Global Sys _ 45
s 0.5 - 3 ¥ (19.6GeV) ~ -48% ]
B S
< 04 r 1
> g
0.3- I
0.2 4 1
0.1:— _: |; .
E 1 1 1 L 1 1 1 1 11 | I | 1 11 1 I - -1 IE pT [GeVIC]
) 0.5 1 1.5 2 2.5 3 3.5
arXiv:1609.02894 p.(GeVic)
Geometry engineering: Pure Flow With Non-Flow

Colliding systems control for the
initial geometry
Very good agreement with hydro
predictions

Evidence for collective
effects down to 39 GeV”?

J Velkovska

M. Floris Copenhagen Workshop on Collectivity



Implications for heavy ions?

M. Floris Copenhagen Workshop on Collectivity



Implications for heavy ions?
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M. Floris

3 r % RHIC Trajectories

*.. QCD Liquid

Critical Point?

"Au+Au 200 GeV"

1000 7S, "Au+Au 62.4 GeV"
Ug [MeV] Q/"S, "Au+Au 39 GeV"

PR, 1609.02820]

Hydro # Equilibration!
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Implications for heavy ions?

Do nuclear collisions
equilibrate?
No

P. Romatschke, QM17
Copenhagen Workshop on Collectivity R ¢ 21




What are we actually measuring?

Hydro as an effective theory:
Various microscopic models shown to converge to attractor solution,
consistent with viscous hydro far from equilibrium

(for not-too-large gradients)

P. Romatschke, arXiv:1704.08699

rBRSSS Boltzmann AdS/CFT

o

’catlns
j J

1 C,=0.08 | C,,=0.08
51 - C.=0.4 s C,=0.21
=0T .. C; =0.711 i Gy=0.777

©
&)

-1.5 h
0 torder hydro = = .
1° order hydro = - - = numerical
2" order hydro attractor
2 b T ) PP B ) PN | A : S|
0.1 1 10 0.1 1 0.1 1

T T Tt T

FIG. 1. Numerical results for energy density evolution as a function of inverse gradient strength +7 for conformal Bjorken flow
in three dillerent microscopic theories. See text [or delails.

M. Floris : Copenhagen Workshop on Collectivity



What are we actually measuring?

Hydro as an effective theory:
Various microscopic models shown to converge to attractor solution,
consistent with viscous hydro far from equilibrium

(for not-too-large gradients)

Leads to an effective viscosity ns:
— what are we actually learning about the medium?

rBRSSS Boltzmann AdS/CFT
oE kb R S a1 e T T
' Cﬂ=1 . Cn=0.08 Cn=0.08
L C=5 | C,=0.4 C,=0.21
_05 I ‘\‘ C?\, =07 ‘s‘ C?u =0.717 C;L =0.77 T
< ‘ Y
(E; TN _—‘—-—______‘-‘-—- <~—&~n-‘ﬁ
15 N 1
0 torder hydro = = ,
1% order hydro = = = - numerical
2" order hydro attractor
2t . T | ST § B | S | N |
0.1 1 10 0.1 1 0.1 1
T T TT

FIG. 1. Numerical results for energy density evolution as a function of inverse gradient strength +7 for conformal Bjorken flow

in three dillerent microscopic heories. See text [or delails.

M. Floris
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A |
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0.12 } n ,
01} -
'/
0.08 | ~—
\ -~
0.06 } N
\ i “N
0.04 ¢ y : ~. TTceeen_
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0 . ,
10 15 20

P. Romatschke, arXiv:1704.08699

Borel-Resummed Viscosity

Gradient Strength |Guv|/T

Copenhagen Workshop on Collectivity



Other measurements and observables

What about other phenomena once considered the
hallmark of heavy ions in small systems?

¢ |dentified particles -> strangeness enhancement in pp/pA

e Thermal diletpons/photons -> not measured, but predicted if
interacting medium

* Energy loss -> negative measurements so far

Ideally: consistent theoretical framework and unified description

M. Floris

Copenhagen Workshop on Collectivity



|dentified

Particles

24



Ratios vs I\/IultlphClty

Ratio of yields to (m—+m*)
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Inl< 0.5

* Smooth evolution of particle ratios
across different systems

* Enhancement of relative strangeness
content with multiplicity

e Traditional soft QCD models
(e.g. Pythia) do not reproduce this

* But EPOS and DIPSY -> dynamics

e ALICE @ QM17: /s dependence
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arXiv:1606. 07424 V. Vislavicius, ALICE QM17
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EPOS and Core-Corona

peripheral AA :
high mult pp owmultpp GOre evolves collectively

— flow

¢ | EPOS3210 w(;(%ICE (black)  Qualitatively describes data
2 | . (out not an explanation of the
— [ ‘omommmmom—mogy m@=@ry=@
2| S strangeness enhancement)
10 E— [oV400000 0anpgeeecene®®on,
- — full EPOS 3 also describes collective
CO+CO -
5 eeee COrona behaVIOr
0 S —e—e COTE
- | ||||I||‘ | IIIHII‘ | |||||||‘
1 10 10° 10

<dn_, /dn(0)>

orkshop on Collectivity



DIPSY and Color Ropes

Color Ropes: Overlapping strings — excess energy
Ropes increase effective string tension — strangeness enhancement
String shoving: local transverse pressure = anisotropy

0.6

\

No push
0.2

\
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b [fm]

-0.2

0.4

\ No net push

l T |
0.5 -1

-0.6

\

0.5

b, [fm]

(Is this conceptually similar to core-corona?)
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DIPSY and Color Ropes

Color Ropes: Overlapping strings — excess energy

Ropes increase effective string tension — strangeness enhancement
String shoving: local transverse pressure = anisotropy

M. Floris
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0.20f
/ No push
0.15}

\ No net push

S(An,A¢)/B(An,A¢)

Shove and Rope
0.5GeV <p, <3GeV

2 <Anp <4

- Peripheral|]
— Central

0.5

l | I

0.5 1
b, [fm]

(Is this conceptually similar to core-corona?)

Copenhagen Workshop on Collectivity




Heavy flavor at high pT

22_IIII|IIII|IIII|IIII

ALICE, pp

dN,, /dy
(AN, idy)
N
o

—h
oo
III|!I

| ® Jy — e'e, |y|<0.9 |
s=13 TeV, Preliminary /

—F1—

16— 0 J/ly —e'e, |y<0.9
u s=7 TeV, PLB 712 (2012) 165
14—
— m D, |y|<0.5, 2<pT<4 GeV/c
{o  Vs=7TeV, JHEP 1509 (2015) 148 $
10—
81—
61—

4

o

o N
|
\sm

1 2 3

Ol

4 5 6 7 8
dN/dn

(N _/d7)

S. Weber, ALICE, QM17

Similar behavior observed for high pt strangeness
Faster than diagonal! Non linear”? Or only linear at high multiplicity?

Constrains MPI vs bulk particle production

M. Floris Copenhagen Workshop on Collectivity



Heavy flavor at high pT

>‘ />\\ 22_| | | LI | L | LI LI | LI LI | _I_ S_ Weber, ALICE, QM17
O | O — 7]
S Ts g AHCERP =
<3 [ ey see,lyi<09 | ]
~ 18 s=13 TeV, Preliminary / —]
16— o0 Jiy — e'e, |y|<0.9 1 —
C \s=7TeV, PLB 712 (2012) 165 / ]
14— —]
— m D, |y|<0.5, 2<pT<4 GeV/c _|
1o Vs=7 TeV, JHEP 1509 (2015) 148 ]
10— —
81— —
6 —
41— =
o —
O : 7 1 1 1 | I | | | I I | | | I I | | 1 1 1 1 | | I I | | | I I | | 1 1 1 1 %
0o 1 2 3 4 5 6 7 8 9
dN,,/dn
(chh/dn)

Similar behavior observed for high pt strangeness
Faster than diagonal! Non linear”? Or only linear at high multiplicity?

Constrains MPI vs bulk particle production
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Thermal

Radiation
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Thermal radiation

[—
S
\O

[a—
o

Dimuon Yield dN,,,,/dM,,,, [(20 MeV) ']
S

10_11

A system close to thermal equiliorium emits thermal radiation
Seen as excess in virtual (dileptons) and real photons

M. Floris

Rapp et al, PLB 753, 586 (2016)

10—5 .
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Dimuon Invariant Mass Muu (GeV/cZ)
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Thermal radiation

10 LI L B B LS BRI I NN
p.>0.2GeV — 0-40% Pb-Pb(2.76)-
ly,|<0.8 — Central p-Pb(5.02) -

10" — MBp-Pb(5.02) =

<N_ >=1040 Rapp, IS 2014

—
Ol
|

)
I LA

<Nch>=40

<N Ch>=20

—
o
!

-1
~ (dN,/dMdy) / <N, > [GeV']
Ol
oL

~

1 I | | | l | |

| I 1 | | I 1 | | I | 1 | I | | | I |
02 04 06 08 10 12 14

M_ [GeV]

A system close to thermal equiliorium emits thermal radiation
Seen as excess in virtual (dileptons) and real photons
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Thermal radiation

1 I I I 1 I l I [ I I I I | l I
p, >0.2GeV
ly,1<0.8

<Nch>=1 040

-1
(dN_ /dMdy) / <N_ > [GeV ]

— 0-40% Pb-Pb(2.76)-
— Central p-Pb(5.02) -
— MB p-Pb(5.02) E

[ I I I I I I I I I I

Rapp, IS 2014 1

10°F
f <Nch>=40
10°® s <N Ch>=20
10'7 IllIIllllllllllllllllllllllll
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4
Mee [GeV]

Rpr

RpAu
CORHNNOOHHNNOORRNNOORKHNN

RdAu

R HeAu

QUuouonoUuouonoUonooyoUOoL

CE/RW
\

X7

Shen et al, arXiv:1601.03070

— pQCD
== Mmin. bias

p+Pb @ 5.02 TeV

== 0-20% -
0-1%

.
/',
.
o

p+Au @ 200 GeV

PHENIX
L min. bias -

(f) ‘He+Au @ 200 GeV
1.0 20 3.0 40 5.0 6.0
pr (GeV)

A system close to thermal equiliorium emits thermal radiation
Seen as excess in virtual (dileptons) and real photons

M. Floris
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M. Floris

Photon and dilepton measurements

A first attempt to measure dielectrons in HM pp!

Increase in the per-event yield, explained by hadronic sources

LELELE BLELELELE BLELELELE BLELELELEN BLELELELE BUELELELE BLELELELE BUELELEL ~|la 7 ™1 I | | |
ALICE Preliminary % g ALICE Preliminary ¢ dat .
pp Vs = 13 TeV - Minimum bias g sF ppVs=13Tev : it -| E
pe > 0.2 GeV/c, n°| < 0.8 b HM (0-0.1% VOM) c pe > 0.2 GeV/c, n°| < 0.8 cockal E
¢, <2for me < 0.2 GeV/c? 7

(N*°(HM)) / (N**(MB)) = 4.36

L' ~1.8nb™, L'V ~ 832 nb™ [V8 ~1.8nb™, L' ~ 832 nb™" (0-0.1% VOM)

N (HM)XN
N, (MB)/N

4
» o, .
——

[IJ '_D_.M 4 DCFLD e 2 -
To T H+ e
i B
] Ly o o b b vy s by v o b bl oo by g o b gl oy O...I...I...I...I...I...I...I..:

0.5 1 1.5 2 2.5 3 3.5 4 0 0.2 0.4 0.6 0.8 1 1.2 1.4
M. (GeV/c?) Me (GeV/c?)

Needs larger statistics and much reduced cocktail uncertainty
Real photons”?

O. Doce, ALICE, QM17

Copenhagen Workshop on Collectivity

. Vorobyev,ALICE, QM17
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Dileptons Flow

L 107 PbPb @\sy = 5.5 Tev —— Rapp Sum L AR ARAR MM PSR S
8 40 - 60%, 5.0E9 Rapp in-medium SF - 0< pl‘“< ]
~ 0.84 Rapp QGP i Lo
%’ I nyl <02;G V) —&— 50E9 'meas.’ - ¢C - cockt. - Statistical
$102E ob . - <30 Syst. err. bkg.
%' i Ve Py < === Syst. err. ¢C + cocktail 15— E
z i ' :
©
10°
107 =
10
-
b M) g 2 D a—
ks @ g 10 —= . 3
10° '
"'I“'I"'l"'l"'l:"'l' 14 10-311111111111111111111111111111
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
M. (GeV/c?) M., (GeV/c?)

ALICE Upgrade LOI:
e+e— excess spectra in 40-60% Pb-Pb at \/sNN= 5.5 TeV

Feasibility in pp?

Key measurements, but challenging
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Direct photons

Distinguish “Hydro” from “Parton escape” with photon vo?

Possible differences:

- Direct photon v, ?
- Nonlinear mode mixing (v,~V,2)

Shape evolution: pressure vs free streaming ?

?

Hydro: Transport:
more gradient  less matter

—= » more flow less scattering & BS
more N more N,

9 1
more Y * 2017 NBI ngg

?
Xchukraft

J. Schukraft

Can be this studied with “direct photons” event-shape engineering?
(correlation between LF vo and y vo

M. Floris
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Jet Quenching in small systems

M. Spousta (ATLA N. Jacazio (ALICE) € 17—
Tues. 1210pm  4: 0 g

Wed. 4:50pm

60-80% Pb+Pb, Aaa = 0.65
<Npart> =23 (ATLAS similar)
<1% p+PDb (05% in Glauber-Grivov!)

Y.-J. Lee (CMS)
Monday 12:10pm

70-90% Pb+Pb, Raa = 0.7
<Npart> =11
~20-30% p+Pb

6

Zharko (PHENIX)
Wed. 10:40am

80-93% Au+Au, Raa = 0.8
<Npart> =5
~50-70% p+Pb

‘ B f ‘ -3:i8::: : adl .- \ — _J.—‘_ .
0. -
60-80%
Fan 1 " | FaE Y 1 " H
1 2 4 6 8 10 E
Q
27.4 pb" (5.02 TeV £p) + 404 ub (5.02 TeV PoPY) Z
..... Typanglumi.uncernanty [ | |-
— ||| €
Ll E Q
P | M P Py | M 5 O
10 q)
1.2
1 M et | R
+«——08; S : ri ‘
0.6 ¢ $ E}
04E PHENIX PRC 87 !
02F (2013) 034911 [
54 00 2 4 6 8 10 12 14 16 18 20
p, (GeV/c)

D. Perepelitsa, QM17
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Bias in peripheral AA?

14 Model
comparison

Hijing:

* No guenching, no shadowing,
but ad-hoc momentum conservation
and multiple scattering

« Does not give Ry, — 1 at high p_

for central collisions

HG-Pythia:
e Use as HIJING nhard
distribution as input but just

superimpose PYTHIA (Perugia 2011) & o

events
* Does not reproduce multiplicity

Results obtained using
event ordering (slicing) for
forward multiplicity (2.5<|n|<5)

Multiplicity bias can cause
the apparent suppression!

g [ | | L DL L DL
ocoer 80-92% Au-Au @ 200 GeV
_ ¢ § { } |
e LTS
0.6|— - -
[~ ¢ Data (PHENIX) -
- — HG-Pythia .
02 — Hijing A.Morsch + C.L., -
- to be published -

L e S e IR
P, (GeV/c)
< F 1 L DL BEULUL B 0]
- 70-90% Pb-Pb @ 5020 GeV |
08— —— _.._-.-o——l.——l—_..|_—§|——_
ff oo o o ;
0.6_—'—-— N Y _|___
Wt Data (CMS) B
' —HG-Pythia .
oz~ — Hijing A.Morsch+C.L., ]
- to be published -
00 é III1|0 I1|5|II|2I0|III2|5III|3|0
p. (GeV/c)

C. Loizides

M. Floris

Copenhagen Workshop on Collectivity



Self normalized measurements of Ejoss

Direct measurement of RAA difficult:
biases and reliability of glauber for TAA

Arecoil “self normalized”, directly comparable to theory

7

N
Arecoil — L d2/Vjet — CRef * L dzlvjet
\ Ntrig dpgrl-,ljetdn PT,trigETT{20,50} Ntrig dpgritjetdn PT,trigeTT{s,g} )
Fully corrected
- S e e e N p e e , Ratio
© [ p-Pb\|s,=502TeV o MB Measured In A |
> 4Ly =-0.465 = ZNAO-20% | . recoil lo—20%
T T gw « maso00% 1 different p- - 1|1 0=20 //
>~ N —e— . recoil |50—100 %
3107k e T Pb mult bins
a — - compatible with unity
1072 T — =
SR — =_—1— x 10
——— L
10° B E j i
S e L Same in peripheral Pb-Pb?
- Anti-k, charged jets, R = 0.
1077 _Ap<06 E |
- TTi2500-TTe7y - AlcePreliminay]  Other Self Normalized approaches?
20 30 40 50 :
ps", (GeV/c) (High pTt v27?)

M. Floris
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Why Cafleettvily High Multiplicity pp?

Observations that we didn’t expect and we don’t (fully) understand!

M. Floris Copenhagen Workshop on Collectivity



Why Cafleettvily High Multiplicity pp?

Observations that we didn’t expect and we don’t (fully) understand!

Much progress in HI in the past few years driven
(directly or indirectly) by results in small systems!

M. Floris Copenhagen Workshop on Collectivity



Why Cafleettvily High Multiplicity pp?

Observations that we didn’t expect and we don’t (fully) understand!

Much progress in HI in the past few years driven
(directly or indirectly) by results in small systems!

“Why should we study HM pp collisions?”

M. Floris Copenhagen Workshop on Collectivity



Why Cafleettvily High Multiplicity pp?

Observations that we didn’t expect and we don’t (fully) understand!

Much progress in HI in the past few years driven
(directly or indirectly) by results in small systems!

“Why should we study HM pp collisions?”

\» A

pp physicist heavy-ion physicist

M. Floris Copenhagen Workshop on Collectivity



Why Cafleettvily High Multiplicity pp?

Observations that we didn’t expect and we don’t (fully) understand!

Much progress in HI in the past few years driven
(directly or indirectly) by results in small systems!

—

“Why should we study HM pp collisions?”

N

“Understand "\

| QGP in small '\

A \
| MPIs and their | | systems!
\_interactions!  / : AR Initial conditions vs

— | W L W\ transport! |
A \‘:\“ . )
A ~—_
| R * =2
%l @ Wl
pp physicist heavy-ion physicist
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Why Cafleettvily High Multiplicity pp?

Observations that we didn’t expect and we don’t (fully) understand!

Much progress in HI in the past few years driven
(directly or indirectly) by results in small systems!

“Why should we study HM pp collisions?”

=~ ’
S

, microscopic "\ .
processes!

—

heavy-ion physicist
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