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s there collectivity in smaII systems!? |Copenhagen interpretation @

Workshop\on Collectivity in Small Collision Systems

Let’s address this first!
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Collectivity can be defined to arbitrarily low N, (=2)

Event 1 Event 2 Event 3 Event 4
tt

— x




What is collective and what is not?

Collectivity can be defined to arbitrarily low N, (=2)

Event 1 Event 2 Event 3 Event 4
tt

— x

v

but indistinguishable from “trivial” pQCD processes
Not very interesting!
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What is collective and what is not?

More interested in multi-particle collectivity:

"High" Multiplicity >> cluster size

Collective Non-collective
t

!
Cumulants designed to suppress few-body correlations

VA{2} = v,{4} = V,{6} = v.{8} A strong evidence
(c{2}>0, c,{4}<0, c{6}>0,c,{8}<0) for collectivity
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What is collective and what is not?

More interested in multi-particle collectivity:

"High" Multiplicity >> cluster size

Collective Non-collective
t
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/
“Right” sign and mag. of c,{m} — likely collective

But when signal is small with large fluctuation, esp.
at low multiplicity, sign of c,{m} can be “wrong”



Collectivity seen in “HM” small systems

Evidence for collectivity in pp collisions at the LHC

The CMS Collaboration* Physics Letters B 765 (2017) 193-220
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Collectivity seen in “HM” small systems

Evidence for collectivity in pp collisions at the LHC
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» Collective anisotropies
at high multiplicity

very hard jets (>10 GeV): rare
semi-hard (< a few GeV): interact and flow



Collectivity seen in “HM” small systems

More evidence of collectivity in pp ...

Mass-proportional splitting
» Radial collective emission of a moving source
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Is there collectivity in small systems? [Copenhagen interpretation @
Workshop on Collectivity in Small Collision Systems

Ample experimental data consistent with novel
collective long-range correlations in small systems
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Have we created a tiny QGP fluid?

“Hydrodynamic” scenario

Initial spatial & at T=0

Feasibly, and it is the
Pressure gradient accepted paradigm in AA
+ .. . .

(final-state interactions)

0.7 P Duslin, Mace, Venugopalan
0.6- arXiv:1705.00745

But not necessarily, s F‘———
“CGC” scenario Fos /ﬁ

0.2+
—4— wi2}  —4— w6}

Initial momenta €, at <0 - onlt) 4 uls)
by initial interactions T e ]

The fact that this behavior is reproduced in a simple

initial state model is a proof of principle that it is not

unique to interpretations of collectivity arising from the

hydrodynamic response of the system to the m-th mo-

ments of m particle spatial eccentricities [44, 45]. For a

9



Have we created a tiny QGP fluid?

RHIC Scientists Serve Up 'Perfect’ Liquid

New state of matter more remarkable than predicted — raising many new questions
Monday, April 18, 2005

TAMPA, FL — The four detector groups conducting research at the Relativistic Heavy lon Collider (RHIC) — a giant atom
"smasher" located at the U.S. Department of Energy's Brookhaven National Laboratory — say they've created a new
state of hot, dense matter out of the quarks and gluons that are the basic particles of atomic nuclei, but it is a state quite
different and even more remarkable than had been predicted. In peer-reviewed papers summarizing the first three years
of RHIC findings, the scientists say that instead of behaving like a gas of free quarks and gluons, as was expected, the
matter created in RHIC's heavy ion collisions appears to be more like a liquid.

Why we aren’t debating “Hydro” vs “CGC” in AA?

What does it still take to reach a consensus on
the origin of collectivity in small systems (pp/pA)?

10



“Perfect” fluid paradigm in AA

» Geometry (g.) at work!
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“Perfect” fluid paradigm in AA

» Geometry (g.) at work!
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“Perfect” fluid paradigm in AA

» Geometry () at work! — even for A;(A,) down to 2
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» Geometry () at work! — even for A;(A,) down to 2

“Perfect” fluid paradigm in AA

0.08
0.06

o~
> 0.04

0.02

0 |
0 100

I

PHOBOS

O Hits

® Tracks

&
O
I
I|
e .,
» by
© ®
b (

ol
®

| |
200 300

NPart

Centrality dependence

> Pressure driven

400

scale,,

by &

0.3

T T
PHOBOS
O Hits
—  ® Tracks I —]
- 5 e P '\;Ir) ol r —
A x e ‘ é +
Lot
_ka-i‘%' _
I
l | | |
0 80 160 240 320 400
N

Part

CuCu vs AuAu scaling

Indirectly, jet quenching - opaque, strong rescattering

11



“Perfect” fluid paradigm in AA
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Indirectly, jet quenching - opaque, strong rescattering

Both not fully established in small systems yet
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Pressure driven in pp/pA?

- CMS

% "L 768 (2017) 103 |
Evidence for pressure driven .. ./« H@HH )
< | i
= EI ]
w  0.1- 1
Br),, > Pr) p > P e
< T> < T> Pb < T>Pbe S
L P < 0.05" % HHBH H
LLII—
N B!
smaller initial size and A
. i ® PbPb \(h%; —267 ?’eVIﬁj: 2.2 ub"
more explosive? -0.05 B
N;)ffline
-ICNI'S ' ' I ' ' ' I ' ' I | T T T | T T T [ T T L | T T T I T r'k T I T T T
[ PP _ 1pPb ! PoPb
o\ . 105 <Nfine 50 | ] !
N\ ool +h minus 1 B t ] _
= [ eKS 10<NGT<20 . 1 ¢+++:+ *
< [ .aa I PO B Y L L
= 2 ;1 - -
Qo PO B B T ¥ 1
~ [ 1y L - | _
> L 41'_:.,# + 1 " ¢ _ 1l % , ]
O 4 120 <N <150 | 120 < No'™ < 150 |
L L PRI SR | I TR TN TN N TN SN TN SN SN | SO TR T SRS SO TR T N T S
(; 2I 411 0 2 4 0 2 4
P, (GeV/c) P, (GeVl/c) P, (GeV/c)

12



Pressure driven |n gp/pA’P
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AMPT gets v, in a “dilute” limit: how about size dep. of “radial flow”?,



Connection to geometry in pp/pA?

Hydro. fits the data in pA ...

Proton fluctuates
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» Large uncertainty in modeling of IS in pp/pA
» Hard to vary in a controlled way

13



Connection to geometry in pp/pA?

Universal features of fluctuation-driven ¢,
Yan, Ollitrault, PRL 112, 082301 (2014)
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Connection to geometry in pp/pA?

Universal features of fluctuation-driven ¢,

Yan, Ollitrault, PRL 112, 082301 (2014)
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Connection to geometry in pp/pA?

Universal features of fluctuation-driven ¢, ~ w.u

Yan, Ollitrault, PRL 112, 082301 (2014)
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Connection to geometry in pp/pA?

Symmetric cumulants

CMS Preliminary v2 VS. v3
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» A challenge to initial interaction models?
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QGP fluid in pp/pA: why important?

1. Proton size and shape fluctuations

QoPs

Mantysaari, Schenke,
PRL 117, 052301 (2016)

Lots of interests

P. Bozek, W. Broniowski, M. Rybczynski, PRC94 (2016) 014902

K. Welsh, J. Singer, U.W. Heinz, PRC94 (2016) 024919

R. D. Weller and P. Romatschke arXiv:1701.07145

P. Bozek, W. Broniowski, arXiv:1701.09105

D. McGlinchey, J.L. Nagle, D.V. Perepelitsa, PRC94 (2016) 024915

pp is the ultimate test

superSONIC for p+p, Vs=5.02 TeV, 0-1%
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be very small?
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QGP fluid in pp/pA: why important?

2. Universality of strongly-coupled QCD system
(AA, pA, pp, and even ete-, ep, eA)

Applicablility of hydrodynamics

L>> )Lm.f.p.

where )Lm.f.p. ~

1
g'T
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1
g'T

L>>A, | whered,,, ~

Experimental condition
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» Hydro. behavior approx. controlled by N,
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2. Universality of strongly-coupled QCD system
(AA, pA, pp, and even ete-, ep, eA)

Applicablility of hydrodynamics

1
g'T
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» Hydro. behavior approx. controlled by N, P

» How hydro breaks down as a function of N,, may
give insights to the fundamental system coupling
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Collectivity toward low multiplicity
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Collectivity toward low multiplicity
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Collectivity toward low multiplicity

CMS PLB 765 (2017) 193
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Collectivity toward low multiplicity

Hydro. down to dN/dy ~ 2

Template flt Low Ntrk subtraction
| | | | | | | | | i
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If hydro., v, should go down toward low N,
(shorter lifetime, larger viscous correction, larger 4,,.,/L ratio)
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Collectivity toward low multiplicity

Hydro. down to dN/dy ~ 2

Template flt Low Ntrk subtraction
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008l [ pp \@ = 13 TeV ATLAS - pp \@ = 13 TeV CMS
1 05<p_<5GeV -03<p <3 GeV ]
& mEgl H I
—
é\l’_,0.04— A1 \\
O QAN 1 i . .
> I Weller, Romatschke 1 LOW'er I|m|t
0.02- arXiv:1701.07145 -+ ./ ® .
[ OSUIS +superSONIC ] —— OSU IS + superSONIC
I | | | | | | | | | | | | | 1 | | | | | | | | | | | | | | | | |
0 5|O 1(|)O 15|0 ) 50 100 150

Nrec offline
ch Ntrk

If hydro., v, should go down toward low N,
(shorter lifetime, larger viscous correction, larger 4,,.,/L ratio)
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Limitation of subtraction methods

NLM

V

Peripheral subtraction: v4P=p!M-q

Template fit: Y(A¢)=FY,,,(Ap) + G(A1 + 2>,V Acos(nAgI)))

0.010 —ppl Is I= 13' Te\ll | - -4IJ= IDirecl:t Fourier Decom. —
| PYTHIA8 TuneCUETPBMT o 5oiiie i Sup. |
oaspocwe L TWESL | Apply to PYTHIAS
without v,
qp
>§, 0.005— - -
v 1 Works equally well
> gk or qp —
0.000 __u = - . 3 .
. ' ° Py [ J U L 4
o""5|o""1(|)o""150
NGen

trk

20



V2A

Limitation of subtraction methods

NLM

V

Peripheral subtraction: v4P=p!M-q

Template fit: Y(A¢)=FY,,,(Ap) + G(A1 + 2>,V Acos(nAgI)))

_ pp Vs =13 TeV = Direct Fourier Decom.  _ I .
| PYTHIA8 TuneCUETP8M1 @  Peripheral Sub. ] Adding a v, 1o Y(Ag):
0010 0.3<p_<3GeVlc o ;mels?’;z“”g input
- utsi - HM
| lanl>2 | 2NPPV, 7 cos(nAg)
L qr _
L oh _|
0r
el * . o o | Flatv,vs Ny,
- . = = « = - = Temp. fit works better
|
i ® o o o ]
i . |
0000 —— o2 L . . . .
70 50 100 150
NGen
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Limitation of subtraction methods

NLM

V

Peripheral subtraction: vs42=yM.q

Template fit: Y(A¢)=FY,,,(Ap) + G(A1 + 2>,V Acos(nAgI)))

pp Is=13 TeV =  Direct Fourier Decom. I -
0010 oy THIAS TuneCUETPSM1 @  Peripheral Sub. -+ Adding a v, to Y(A¢):
~0.3<p_<3GeVic = ;i’zflsa_;er;ztlt'ng . input
: HM
Al >2 1 2NV, T cos(nAg)
- |
5 i |
= 0.0051- & . .
! AP « , 1 Rising v, vs Ny,
_ N > i _
_ . : | = Peri. sub. works better
- ®
i . S |
| » | ® | | | | | | | | | |
0-0005 50 100 150
NGen

trk
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V2A

Limitation of subtraction methods

Peripheral subtraction: vs42=yM.q

NLM

V

Template fit: Y(A¢)=FY,,,(Ap) + G(A1 + 2>,V Acos(nAgI)))

- T T T T | T T | ]
-pp Vs =13 TeV «=  Direct Fourier Decom.
| PYTHIA8 TuneCUETP8M1 @ Peripheral Sub. ]
0.020 —O 3< p, < 3 GeV/c m  Template-fitting ]
|Aﬂ| > 2 Input Signal -
i _—e
0.015— I_
B [ | qp —
: O qr 2 :
B - ]
001 O _ - @ _
B aF P ]
B . ]
B “ gh a8 - _|
0.005— ] |
i H [ i
B ° |
B P ]
OOOO : . L ' l I | | | ,
0 50 100 150
NGen

Adding a v, to Y(A¢):

2NHM Vzizputcos(nAcp)

Making input v, larger

Temp. fit can be even
LARGER than unsub.!

23



Limitation of subtraction methods

NLM

Peripheral subtraction: v} =yiM.q — LM

Template fit: Y(A¢)=FY,,,(Ap) + G(1 + 23, V{lAtcos(nAc/)))

Subtracted v/* > Unsubtracted v,,

Cf)o B T T T | T T T T | T T T T T T T T T T T T | T T T T i
—  ATLAS 2<|An|<5 i
X L - a,b _
3“ gl P+Pb \'sy=5-02 TeV, 28 nb’! 0.5<p"<5 GeV ]

6 I ! _ o & A 2|
0 . e o i
- . O ]
41— i —
i o ® Template Fits ]
- R o Template Fits (ZYAM) -
o o Fourier Transform -
| Peripheral Subtraction i
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1

0 50 100 150 200 250
Nrec
ch
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Limitation of subtraction methods

LM
Peripheral subtraction: V5i’=V,i-a

V

Template fit: Y(Ap)=FY;,(App) + G(1 + 2 Zn Acos(nAgb))
What S gOIﬂg On? : pp13Tev

i 03<p <3 GeV/c
L owN |y, thN
LM I
pli — HM _f; N LM - 7 |
nA nA G nA - ;

where ¢ = NHM _ FNLM

HighN
2

/v

temp-fit
Vo

If VM > VEM sy p/7 > LM

Conclusions:

» Template fit changes the baseline and defines a new v,
» Peri. sub.: a lower limit and unsub.: an upper limit
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“Radial flow” diminishing at low N,

Examine other signatures of collectivity at low N,

6.2 pb” (Vs =7 TeV)

35 nb™ (yS = 5-02 TeV) 2.3 ub™ (ySyy = 2.76 TeV)
T T T T T T T T T LI L I T T T

T - E3 ' IRRRE T
1 pPb HE I PbPb ly_l<1 ]
T I h
- I += EH k3 3
® - H -
. I eA 5= 3 3
- 0 .
- T =K CEECI ® T E
T - - T E
I [] L T - P E
3 : g Sameee
0.35.1 L L0l L L |_-:_|| 1 1 Lol 1 1 ' 1 1 Lol 1 1 |_-
I. 10 Noffline102 10 Noffline102 10 Noffline102
mT Sca Ing trk trk trk
A T T T e
06k PP Vs =13 TeV 1 pPb sy =5.02 TeV 1 PbPb ys =276 TeV ]
ekt + ] | 1
Loar " Ks_ . + T T
<t AR 1 i i ]
< | 3 -- t] # |
> 0.2f + + -
o " t 4 ' * 4 ? 4
& . 1 Y . 1 -t _ |
L at to<Ngec20 e Neffine < 35 4 Neffine < 35
Ool'..l. L L | L L L | L L L | .I* 1 1 | 1 1 1 | 1 1 1 |t 1 1 | 1 1 1 | 1 1 1
0 2 4 0 2 4 0 2 4

P, (GeV/c) P, (GeVlc) P, (GeV/c) ) 6



Summary

Strong evidence of novel collectivity in pp/pA/AA

A QGP fluid in pp/pA? Two aspects still to be established:

» (Connection to initial-state geometry
» Direct evidence of final-state interactions (jets, heavy flavor)

Why important? impacts of a QGP fluid in small systems:

» Proton shape fluctuations
» Fundamental coupling strength of the system

27



Summary

Strong evidence of novel collectivity in pp/pA/AA

A QGP fluid in pp/pA? Two aspects still to be established:

» (Connection to initial-state geometry
» Direct evidence of final-state interactions (jets, heavy flavor)

Why important? impacts of a QGP fluid in small systems:
» Proton shape fluctuations
» Fundamental coupling strength of the system

To continue the exciting program at the LHC requires
strong supports from the community as a whole
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Blast-Wave fits to K,3, A and =

0.2

0.18

T,in(GeV)
o
>

0.14

+ pp6.2pb” (7 TeV)
® pPb35nb’(5.02 TeV)
O PbPb2.3 pub"(2.76 TeV)

I\I’[rk >
| T ' |
| cms N ly_l<10
E N -
- o _
L .. . ¥ .
B WY gy ° ¥
n v [ oo N
- ® -

0.12—

03 04 o5 06
B.)

T

<B> larger as N, increases



Jet quenchmg Ig smaII system?

O v, {2,Am>2}

1 | ' | T
: O v,{4} CMS Projecti ] 1 1
0.20 :_ + vz{6} projected pPb m ioé‘:c GIC')I'r:V _: m u Itl partICIe V2
0'15:_ ¢ v,{8} pr(:'ec;ed . . . %istii:ia:l ;r;cr?tr:?inties _f at hlgh pT
n 1L, =50nb" N
- © L, =100nb" 7
010 o g =
- . o 0 : ] Lint ~ 186 nb-1
0.05 -~ { + . - _
o¥ * 1 collected in 2016
! ) | | | | |
2 4 6 8 10




