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Initial State Flow

At high energy — high density gluon matter described by
the Color Glass Condensate Effective Field Theory

High gluon density in QCD generates QQ ~ AL/3 A
dynamical saturation scale, Qs S >

——

Intuitive picture of CGC:
Nucleus becomes saturated with high

occupancy gluons for kr<Qs
For kr » Qs smooth matching of
framework to pQCD

Note: Very strongly correlated system. Dependence on
coupling drops out, effective classical description

This talk: CGC has “flow” in line with observations



Dilute-dense for gluons

CGC EFT: solve QCD CYM with static color sources X
D, F*] = J"
TV = 96" (27 )pp(x1) + 96" " o(z ) pr(x1)

Dilute-dense regime: pt/kt2 » pp/kt2
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Dilute-dense for gluons

CGC EFT: solve QCD CYM with static color sources X
D, F*] = J"
TV = 96" (27 )pp(x1) + 96" " o(z ) pr(x1)

Dilute-dense regime: pt/kt2 » pp/kt2

{

X+

Pp
dN

2k ~ 92,0?)f(1)(/0T)

Framework has been applied to study numerous final states
at RHIC and LHC (quarkonia, photons,...)

Talks by S. Benic Wednesday, K. Watanabe Thursday

Dense-dense (all O(pp*)) leads to IP-Glasma model

Includes quantum correlations (BE, HBT)
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Well known analytical solutions at leading order — O(pp?)
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Well known analytical solutions at leading order — O(pp?)

: : d*N : :
For double inclusive, ;. , leading order is also known

d*N B d2N
PPkydy1d?kedys  kidkidy kodkadys
x (14 2v3{2} cos2(¢1 — ¢2) + 2v5{2} cos 3(¢1 — o) + -+ )




The v3 problem

Well known analytical solutions at leading order — O(pp?)

: : d*N : :
For double inclusive, ;. , leading order is also known

d*N B d2N
PPkydy1d?kedys  kidkidy kodkadys
x (14 2v3{2} cos2(¢1 — ¢2) + 2v5{2} cos 3(¢1 — o) + -+ )

For a non-zero vs
271 d2N T d2N T dQN
/0 A0S cosBAG (&p) - /0 A0 cosBAG (&p) _ /0 A0 03 3AG o (5¢+ w)

" d?> N d’> N
_/O dA¢cos 3AP [d2k1d2k2 (k1,k2) ~ Ehdh, <k1, —kg)]

Must be non-vanishing

However, at LO, exactly zero — but non-zero at all orders



Dilute dense for aluons

Issue resolved at next grder in pp
Symmetry broken in ;- by first
saturation correction O(pp%)

MclLerran, Skokov NPA 959 (2017)



Dilute dense for aluons

Issue resolved at next grder in pp
Symmetry broken in ;- by first
saturation correction O(pp%)

MclLerran, Skokov NPA 959 (2017)

Then in Fock-Schwinger gauge (A:=0)

dNeven (k) 2 8ii6im t €ij€im g o )
d?kdy [pp, pt} ~ (27)3 12 € (k) [, (k)] Pp
dN°d (k)

. Im{g / (‘m Stentk X 1) pavege man, (k— 1) [, (k)] x

d2kdy ['Op’pT]:(Qw)3 k2 | (2n)2 2k — 12

[<k2€ij€mn —1-(k— 1)(€ij€mn 4 5ij5mn)> €? 42k - (k — l)eij5mn5rp} } ~ ,03
p

Projectile Target

i 0 " Valence sources
In terms of: ;) (x) =9 @Pp(x) 9;U""(x) rotated by target



Dilute dense for qluons

Issue resolved at next grder in pp
Symmetry broken in ;- by first
saturation correction O(pp%)

MclLerran, Skokov NPA 959 (2017)

Then in Fock-Schwinger gauge (A:=0)

dNeven(k) 2 515m+€z€m a a * 2
Pkdy [ppapt} = (27) - 12 L Qij(k) 2 (K)]" ~ ,0p
dN°44 (k) 2 g d*l Sign(k x1) ., b c x
ko'dy |:/0p710T:| — (27_‘_) {k2 / (27_‘_)2 l2‘k — 1‘2 f sz(l)an(k — 1) [Qrp(k)} X
[(K*e9e™ —1- (k= 1)(e7e™ +676™")) € + 2k - (k — 1) 6™ 6"P] } ~ PS
Projectile Target
i 0 " Valence sources
In terms of: ;) (x) =9 @Pp(x) 9;U""(x) rotated by target

Same results in LC gauge (A+=0)

For more details: see talk by V. Skokov week 6 6



Dilute dense for qluons

Issue resolved at next grder in pp
2N

Symmetry broken in ;- by first

saturation correction O(pp%)

Then in Fock-Schwinger gauge (A:=0)

dNeven (k) 2 8ii6im t €ij€im g o )
d?kdy [pp,pt} ~ (27)3 12 € (k) [, (k)] Pp

dN°4d (k) 2 g d*l Sign(k x1) ... . x
kody |:,0p7,0T:| - (27T) {k2 / (QW)Q 12]k— 1‘2 f ’ Qij(l)ﬂlr)nn(k_l) [Qrp(k)} X

(K?e7e™ —1- (k—1)(9e™™ +670™™)) € + 2k - (k — 1) 5™ 677 ] } ~ PS
Multi-particle distributions then defined as

d? N B dN
d?kidy; ...d*k,,dy, N d? k1 dyq poPT [ [

Only well defined for ensemble W[pr,pg] 7

dN
Pp,PT - d2 kndyn




Dilute-dense CGC scaling

Even harmonics appear at LO dilute-dense

Odd harmonics only non-zero at next to leading order in pp
—first saturation correction (full result still elusive)

dNeven k %) pp
> ( L) N ,0129 %%W )
d2kdy
dN°dd (k| o
s ;?%m%m%
d2kdy ., "

Full expressions in arXiv:1807.00825

Consider rescaling by a constant c

Pp — CPyp — () — )



Dilute-dense CGC scaling

| o - dN , dN A
Singe-event multiplicity rescales as: kody[ppapt]_)C kody[pp,ptH (c”)

Rescaling Fourier harmonics

V2 {2} (Nop) = / W oW loe] (Qulops el 2 6(Nep, — ‘;—Jyv[pp,pm

In terms of moments

Do 9 dNeven(k )
fpl fm,cb e d2’ud?f {’Op’pt}

dN 0
‘Q2n‘2 ~ (d—y[pp’pto

QQTL [ppv /075] — Do dNeven (k| ) ? CO QZ’rL [ppa pt] ,
p1 ka@ d?k  dy [’Op’pt]
p i(2n+1)¢ AN°(k, )
Jou i o€ Sy [pp’ pt} » (dN :
QQn—i—l [ppa ,Ot] — D2 dNeven (k| ) 7 C QQn—i—l [ppa ,Ot] y ‘Q2n+1| ~ d—y[ppa pt]
fpl ka#ﬁ d?k dy ['Op’pt]

Dilute-dense CGC scaling is then

von{2} ~ Ny, | voni1{2} ~ Nclf



Dilute-dense CGC scaling

Fixing proportionality coefficient at a single multiplicity for each vn

0.08 0.03
0.06
. 0.02 -
= ——— (CGC scaling ——
Sf" 0.04 - |  ATLAS imp. template fit n=2 Q_J
5 | ATLAS imp. template fit n=4 5’
0.01 -
02 = (CGC scaling
e I |  ATLAS imp. template fit
0.00 ' . . 0.00 . . .
0 100 200 300 400 0 100 200 300 400
<Nch> <Nch>

High projectile density effects may explain large Nch deviation

MM, Skokov, Tribedy, Venugopalan, PLB (in press) arXiv:1807.00825 10



Dilute-dense CGC scaling

Fixing proportionality coefficient at a single multiplicity for each vn

0.08 0.03
0.06
. 0.02 1
~ ——— (CGC scaling ——
g" 0.04 A |  ATLAS imp. template fit n=2 S_z
5 | ATLAS imp. template fit n=4 S
0.01 -
0-027 - (CGC scaling
— ' |  ATLAS imp. template fit
0.00 . . . 0.00 . . .
0 100 200 300 400 0 100 200 300 400
<N6h> <Nch>
0.08
0.06] ===
- —
= e
= 0.3 < p*’ < 3.0 GeV
o <p <o e . . .
- | ATLAS imp. template fit Realized with numerics!
0.02 A Vs 4  Gluons
+_.I_‘—.—..—'—.-—I-' - - '
0.00 . . .
0 100 200 300 400

(Nep) 11



Initial configurations

For initial nuclear configurations, use data-guided
approach similar to IP-Glasma model

Sample nucleon positions as is done in Monte-Carlo Glauber

|IP-Sat model (+fluctuations) provides Qs2(x,b) for each nucleon

Example of three high multiplicity (0-5%) configurations

Proton Deuteron Helium-3

4 —— 5 4 ——————— 5 4 ————————— 5

3 3 3

> 4o > 4= > 4o
= 1 36 g | 30 £ | 3¢
£ o » = £ o 'i" . £ o . =
> 1 2; > _q 21 > 1 ZE

3 3 3

B N 0 B 0 B N 0

432101234 432101234 432101234

x [fm] X [fm] x [fm]

Color charge fluctuations sampled event-by-event with MV

model: (p5 - (x1)py r(y1)) = g’ (z,b = (x1 +y1)/2)0°°6°(xL —y1)
12



Dilute-dense CGC EFT
framework

From initial p’s, calculate particle ] - Guonspto
? n| < 0.

production — includes quantum = CMS |5 < 2.4
effects (BE, HBT) %10_2

z
Essential to account for color ~ 107 i

. . . SNN=7OOO GeV

charge fluctuations; in particular 10— - %
for p+p Nch/<Nch>
Generates negative binomial
distributions from first 10 M
principles, not an input! _

= 1 L

JSww=200GeV R

10> g,
Reasonable agreement found 2IAR dEAU D
with STAR d+Au multiplicity 10—
distribution Nen/(Nen)

13



Gluon correlations vs RHIC
data for small systems

0.20+
0181 P+AU Vsyy=200 GeV 0-5% d+Au vsvv =200 GeV 0-5% 3He+AuU /sy =200 GeV 0-5%
0.16] % PHENIX v, {EP}arXiv:1805.02973| & PHENIX _ . ¥ PHENIX —
010 el . " Ll
> . ] | | |
] ot m ]
TP g I p—
0.04_2 .. . - > u . * u ,_..ii'.* ++
002' ; - nw B I n + =_ y m m ™ g B L + 5 ® [
00 05 1.0 15 2.0 25 05 1.0 15 2.0 25 05 1.0 15 2.0 25 3.0
p. [GeV]

Key features of system dependence captured by initial state gluon

correlations

vz known to be fluctuation dominated — mismatch on high multiplicity
tail needs to be better understood

14



Quantifying systematic
uncertainties

All parameters are fixed, even for p and 3He, by fit to STAR
d+Au multiplicity distribution. Would be useful to have p/
SHe+Au multiplicity distributions

Nuclear wave function: strong short-range correlations
(measured at JLab). Exciting prospect; quantify influence on
high multiplicity events

Talk by O. Hen during week 5

Fragmentation — uncertainty which enters in multiplicity
spectrum and va: CGC+Lund string model can be applied here

15



Qu’est-ce que c’est?

A naive interpretation of results: Fixed multiplicity class +——
larger average Nch for larger systems —— larger average
Qs2Sperp —> More correlations

PN/ New) [T

0-5%
Nch

Natural consequence: same multiplicity ~ similar correlations

However, we are considering non-linear QCD with quantum
effects, classical intuition may be misleading

16



Qu’est-ce que c’est?
P

N >

dsep=|dpn|'2dgluon rms
dsep=-1 fm — full overlap
uuuuuu dsep= 0 fm — overlapping tails

dgluon rms— (2 BG)VQ: 0.56 fm
Min bias 0<Ncn<10 20<Nch<30 30<Nch<60

H
i
0 2

0.04
0.03
0.02
i- 0.01
0.00
0 2 0 2 0 2

Overlap of nucleon profiles: dsep=|dpn|-2dgiuon rms [fM]

Many sources of fluctuations

Fraction of events

17



Qu’est-ce que c’est?
P

N >

dsep=|dpn|'2dgluon rms
dsep=-1 fm — full overlap
uuuuuu dsep= 0 fm — overlapping tails

dgluon rms— (2 BG)VZ: 0.56 fm

Min bias O<Nch<10 20<Nch<30 30<Nch<60

Fraction of events

0 2 0 2 , 0 2 0 2
Overlap of nucleon profiles: dsep=|dpn|-2dgiuon rms [fM]

Many sources of fluctuations
High multiplicity events bias towards overlapping nucleons in deuteron

MM, Skokov, Tribedy, Venugopalan, in preparation
17



Case study: MV

P(d) = [d3xd3x’ P () PN 8(d - |x . — X ])
Consider simplified 01
infinite MV target /

034 B

Deuteron positions = 0s- /XN

determined by Hulthén
wavefunction

/ x Vd

0.1

0.0-

For small separation,

P(d=dnp)~d?2, thus close _ .

configurations suppressed N
10721

But, in dilute-dense CGC, =

high-multiplicity events

are exponentially biased
to ‘close’ configurations L0 L5 20 25 30




Case study: MV

Since close configurations
dominate high-multiplicity
events, effect is seemingly
different than geometry

Parametrically In
dilute-dense CGC

N, ch ™ Qsz,projSJ_

means that close
configurations have
greater effective Qs pro;
— may drive vn’s

<d> / d gluon rms

.

o8
]

(N
|

—

-

/XN

MV model

—

2.0

25
Ny/(Ng)

3.0 3.5 4.0



Qu’est-ce que c’est?

Similar results for full
event-by-event model

e Full E-by-E CGC
Contribution from target 212 +
fluctuations, etc, needs ~ —
to be better understood = 1.0
= 0.8 +
Determining origin of v 0 10 30 30 40
iVeh

more complicated —
work In progress



Same multiplicity p/d+Au

Dilute-dense CGC conjecture: same multiplicity ~ similar correlations

_lllIIIIII]IIIIIIIII]IIII[llll]l__llllllllllllllIlllllllllIllllll__llllllllllllll]lllllllll]llll]l_
0.30[~ a) w/o subtraction |An|>1.0 T b) LM subtraction scaled by jet T c) Template Fit -
0.25 —+ -+ @ p+Au 200 GeV <dN/dn>=10.0 -

B L L L L - L B T B e B 79 7]

— T PHENIX ll<0.35, |s,, = 200 GeV ElNS ® d+Au 200 GeV <dN/dn>=9.9 =
0.20F | = d+Au 20-40% (N /dn) = 12.2:0.9 1 1

- T —* p+Au0-5% (dN_/dn) = 12.3+1.7 ElNs ElN

o - -+ = SONIC d+Au 4 -
> 0.15F —F =~ SONIC p+Au - = ]
’ ? ::— ....... MSTV p+Au + + """"""" :_L '": ----- :
0.10F = g E =

- i P % el )
0.05F =+ 1 g 1+ -

g STAR Preliminary | T gj » é 1T = E :
0.0 AN TR TR INTN T PR RnaE ThaR NI PR AL (N EEE RS A AN PN e RN N L1

80 05 10 15 20 25 30.0 05 10

15 20 25 300 05 10 15 20 25 30
P, (GeV/c) P, (GeV/c) P, (GeV/c)

Systematic uncertainties between experiments, methods

21



Same multiplicity p/d+Au

_IIII]llllIIIIIIIIIIIIIIIIIIII]I_

030 ¢) Template Fit -

STAR

025F ® p+Au200 GeV <dN/dn>=10.0 -
[ @ d+Au 200 GeV <dN/dn>=9.9 :
0.20 .

> 0.15F .

—Illlllllllllllllllllllll| Il:
0085 05 1.0 3.0

P, (GeV/c)

0.10F $ —
0.055— I B H —f
iy

Intriguing result that p/d+Au at same multiplicity
are compatible

22



Conclusions

Dilute-dense CGC gives multiplicity dependence in line
with vpat LHC

Full dilute-dense CGC framework able to describe system
size hierarchy of vo2 and vz at RHIC

Color charge fluctuations and quantum correlations crucial
features of framework, cannot be reproduced by classical
iIntuitions

To quantify the roles of initial state and hydrodynamics,
important to have p/?He+Au multiplicity distributions and
anisotropies in different event classes, different observables



BACKUP



y [fm]

Charge and fields

{p*(b)p“(b))

A O @

N

o

X [fm]

5 | =— ry=0.896941 fm

= ot (x)p" (x))

ry=0.657757 fm
—— r,=0.394654 fm
.0 0.5 1.0 1.5 2.0

Distance from proton center: x [fm]



Hierarchy of anisotropies
across systems

System size dependence at RHIC captured by CGC initial state
gluon correlations

0.18-

0.16] Vsww=200GeV 0-5% 0.08] \/Syy=200 GeV 0-5%
0.141 0.07-
.. 0.12- 0_06-;
™ 0.10+ ~ 0.05-
£0.08- 0.04:
0.06- 0.03
0.04 - 0.02-
0.02 1 0.01




Fluctuating initial shape

Constrain proton shape iy
fluctuations from
comparison to exclusive J/W¥ P oy
poro duction ( HER A) Fig. 1. Diffractive vector lmeson producl:tion in dipoley: picture.

3 T
10%} <+ B,=4.0GeV? H1
- B,,=30GeV~? B, =03GeV~? Coherent
—— B,.=3.0GeV2 B, =03GeV2 + Q, fluct Incoherent

1t ' v el | ] 2|
lw - 10
O @ ;=
= @ 10.8 ?‘5 .
/
1 | [ 1 < 10'}
— ————— | 106 Q
T T T T T T IEI
i 10 1 +
. 10.4 =
E o} 11 @ . o 100}
=
0.2 o
—1} 1t i~ LRI N -
"1 0 1 1 0 1 0.0 1 CGlacma SN
o] o] 10!l IP-Glasma

Fig. 3. Example of the proton density profiles at x ~ 107>, The . ' '
quantity shown is 1 — Re TrV(x)/Ne. 0.0 0.5 1.0 1.5 2.0 2.5

. ] [Ge\/2]
Incoherent cross section

sensitive to fluctuations Mantysaari, Schenke, PRL 117 (2016)
052301; PRD 94 (2016) 034042
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Fluctuating projectile

Important for spatial eccentricity

driven models (hydro)

|P- GIasma+I\/IUSIC

0.16
CMS Pb+Pb v, +o-
0.14 | |CMS p+Pb vy~ -e- ns=0.12
0.12 | |Pb+Pbv, -1 5.02 TeV
p+Pb v, A
o 0.1 |
2;; 0.08 | — o °© ©
<~ 006lg 6 o o ° *
0.04 |
0.02 |, . . ,
0 L
40 60 80 100 120 140
Ntrkofﬂine

|P- GIasma+FIuct proton+I\/IUSIC+UrQI\/ID

v2{2} TO—O 2 fm O v3{2} TO—O 4 fm o
0.08 L Vva{2} 19=0.2 fm o Vof2} CMS per. sub. - |
Vo{2} Tp=0.4 fm ® V3{2} CMS per. sub. —a—
u °
. 0.06  (n/s)(T) ’ ° = a % n
& ° g O
c [ ]
Z 004} o?
o
O
0.02 | 0 0 9 & —® 2
A A
0 1 * 1+ I 1 I ! 1 I
0O 20 40 60 80 100 120 140 160 180
N?rﬂline

CGC has only momentum-
space correlations

0.1 T T T T
Gluon v,(2PC) at 1=0.4 fmic K
+Pb (const. quark proton u
0.08 | p+Pb (const. quark proton) l
‘,"D\ p+Pb (spherical proton) O
,‘/ A \\‘\ = -— o) \
0.06 - ('L'//\\J,\,,;‘ . Pb+Pb (b=0 fm -- central) N
A= m i Pb+Pb (b=11 fm — peripheral) ~ ®
. U ET ’_\\ [} \\\: B
N 0.04
0.02 F //// N\
0+
0.02 .
0 1 2 3 4 5 6 7 8

No qualitative difference
observed
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Continuum limit v4

01541
A
=010 -
,—H
N
=
= 0.05
—~ N
= 0 B
OOO o | | I
500 1000 1500

N sites



A parton model

Working in dilute-dense limit: Qs(target) » Qs(projectile),
consider eikonal quark scattering off dense nuclear target
with color domains of size ~1/Qs T

Lappi, PLB 744, 315 (2015); Lappi, Schenke, Schlichting, Venugopalan, JHEP 1601 (2016) 061; Dusling, MM,
Venugopalan PRL 120 (2018), PRD 97 (2018)

Quark coherent multiple scattering off target represented by
Wilson line phase

U(x) = Pexp( — 19 / dzT A" (x,27) ta)

Single quark inclusive distribution

dNq ~b?/B, ,~|k|’B, i(p—k)r [ 1 r r
— 1\ ~ p p ot iy uenn— ( b _ T b — — )

Projectile: Wigner function ; ' ' |
Dipole operator D(x,y)

*Single scale to defines projectile B, = 4 GeV~* from HERA DIS fits



A parton model

Generalizing for multiple particle correlations for simple model

of multi particle correlations d™N _/ dN dN
= ~ [ (D...D)
d*p;...d°pp, d*p1  d°pnm,

A
[\ —_
i

.
.
.
.
'
'
'
H 1 d g
H J J
H J J
(e
] = > 3
J Jd
d d =
P J

M
i
[\~

M
bl
(%

Novel method to compute arbitrary Wilson
line correlators in MV - arXiv:1706.06260

]

dN/d*p itself is not well defined. Average over classical
configurations and over all events using MV model

Generate cumulants, integrate to scale p'|***

d™ N
Kn{im} = cos (n (@] + ... — ¢P ) <d2p1 pEm >
P1..-Pm 4" Pm

oy F2{2) Cref4} L (r{2})
2{2} %0{2} y 62{4} — /{0{4} 2 (/{0{2}> y nusn




Multi-particle quark
correlations

Ordering in two particle Fourier harmonics similar to data

CMS Preliminary

L] 1 1 L] I T L] T L I L] L] L] L I L L L T L]
0.14 " 8.16 TeV 5.02 TeV stb'
0.12 Sy S 03« p. <3 GeVic |
— | ® = O n=2 .
0.10 N/\ 0.10F ® == [On=3 _

~ I n=4

QN 0.08 e . .
N h -
S 0.06 5 W |
<= 0.05} & -
0.04 <7 ‘J' |
. -
0.02 L 4= 2CGeV  -4- 5GeV - SF == L
0. PL 4. 3@V —4— 10GeV ﬁﬂﬂ-l' + it 4y |

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0 100 200 300 4(I)0I

* ) offline
Dusling, MM, Venugopalan PRL 120 (2018) CMS-PAS-HIN-16-022
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Multi-particle quark
correlations

c2{4} becomes negative for increasing Qs

x107°
X
0f----  CLEEEEEEEEEEEEE T REEEEEEEEEEREEE s
\},
—1 A \\\.
\\\‘
-7 W,
N
-3 \\\.\,
\\ \.
-4 - \\\ \+\\\ e ”/”—*
\\ \+,.’- +—/ e
_5- \\ ,J
-4~ P =2GeV w.___
—61 —f- p7e—3 GeV e
0.0 0.5 1.0 1.5 2.0
Qs2 [GeV2]

Dusling, MM, Venugopalan PRD 97 (2018)

X

_—l
=)
{ &

0.03

0.02

o
o
—
LN L L L L L L L L LB B

%

.
Co FH o K xw B B g
1 PR T R T 1 1

N L
ATLAS

p+Pb |Syy = 5.02 TeV
0.3<p_<3GeV, | <25

—A— EvSeI_Mref
e EvSeI_NCh

*

M
100

PR S T 1 L
300 400
(Nch(pT > 0.4 GeV))

200

ATLAS EPJC 77 (2017)

Mild dependence on maximum integrated p.
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vo{m}

Multi-particle quark
correlations

0.200 S
CMS pr \/ 5 02 TeV
0.175- V2{2} ool ® V{2, |ATI|>2} 03<p. <3 GeV/c
0.150 | e VA2, [An1>2}, N°""°<20 sub. |
. >~—" | i oy == -._: ._.-_.._ - v, { 4}
0.1251 /,/ ° ——
. ~ ' ] e ® 0 0600e .
0.1001 &~ vo{4} E | Jdee2®*" ®o |
I '--""""':;- ----- QN 0.05+H . ]
0.075 1 i > 0. m® N moggE§
0.050 1 - ATLAS, 0.3 < p.<5 GeV/c -
0.025 o wi2}  jma b 2GeV - O Vz{i IAnl>2), 50-100% sub. -
v {4} —- 3GeV - 0 vy{4} i
O.OOO l l l OOO | | | | | | | | | | | | | | | | | |
0.0 0.5 1.0 1. 5 2.0 0 100 500 300
Q82 [GeVQ] Nf{)iline
r

No inverse scaling by number of domains in CGC and data
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Scale dependence

, the number of domains,

Two dimensionless scales: Q2 B,
and the ratio of resolution soales Q2/(p1*)?.

1072 t\\
o= ( 2)—0.18
________ = \W-w- S
N$"$*l\1. T e e
e L ((2)-018 \"‘*'i.%
~ | T~ @) “&,%
O " -4- p*=3Gev o (@2 ~
pT* =5 GeV S) \0.95
—¢- p7 =10 GeV
-+4- p7" =20 GeV
e 9T = 40 GeV
10! | 102
Qs? [GeVZ]
( maX) < QQ

Small
INax

Pl

Large
max

Pl

probe coarse graining over multiple domains

(pT**)? > Q2 : probe resolves area less than domain size

Scaling with inverse number of domains seen only for large p™"
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Collectivity from parton

model

For computational reduction, consider Abelian version

0.7
0.6 -
0.5
'C 04
C>\J 0.3
0.2
0.1 —+— 02{2} + 712{6}
' —— w4} —— {8}
0.0 r l : l
0 1 2 3 4
Qs [GeV2]

Clear demonstration that v2{2} > vo{4} =~

vo{m}

CMS pPb s, = 5.02 TeV

L 03< p. < 3.0GeVic,n| <24

[I] vo{4},v2{6},
v2{8},v2{LYZ}

I I I I | I | I I I I | | | |

I | | | | I | | | | I | | | |

0 100 200

i
N;)rk ine

02{6} 02{8}

collectivity not unique to hydrodynamics
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Symmetric Quark
Cumulants

Symmetric cumulants: mixed harmonic cumulants

x107°

n=2,Nn"=3

—— SC(2,3)
—¢— SC(2,4)
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_ o) e SC(2,3) _
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%
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R |
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Multiparticle correlations

Integrating momentum of m-1 particles

03-CMS pr /S, = 5.02 TeV :

- ATLAS, = E °>80 GeV
O V{2, IAnI>2}

- O v {4} 1
0-2I" ALICE, 0-20% 1
~ |95 Va2, 1An>0.8) o |

0.1 ﬁyg% .

Ziﬁl "

0.0 0.5 1.0 1.5 2.0 0.0k e B e—————
o1 [GeV] ET (GeV/c)4

Dusling, MM, Venugopalan PRD 97 (2018) CMS PLB 724 (2013) 213

Similar characteristic shape



Comparison to glasma
graphs

. . . X X
Glasma graph approximation, valid y : ;
only for p1 > (s, only considers ? é
single gluon exchange
x107°
64 —¥-- Coherent multiple scattering
-4-- Glasma graph
n ,"/—.___.___.___._-—o—-—o———o
—_ 27 o~ gl
Glasma graphs have very strong S
correlations, close to a Bose R BN
distribution (as in a laser) = L
_60_.0 0.5 1.0 .‘,’115 2.0
Qs? [GeV2]

Multiple scattering suppresses higher cumulants = c2{2}<0
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