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Outline

. Multiparticle collectivity: status and challenges
See talk by B. Schenke

Correlations from the Color Glass Condensate

Opportunities to study SRC in smalls ystems



I'he Ridge In A-A

Two-particle correlations The Ridge: Long range correlations
as a function of An, Ap in An

Double ridge seen at near side

60-70%

7ot 1+. N\ PbPb \/s = 2.76 TeV ;e -

\< (Ad~0) and away side (Adp~T)
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Event-by-event “eccentricity”
fluctuations of the initial transverse
7 geometry transported via
hydrodynamics, resulting in a final
state momentum correlations
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Multi-particle correlations

Line = 120 pub™
0-0.2% centrality

dQNpair
n
Q
o

1< p'TIrlg <3 GeVic
1<p; ™ <3 GeVic A¢ (radians)

CMS JHEP 02 (2014) 088

pair n=—oo , . . _
N1 dc]lvm ~ 142 Vaa(pr®, pFE™°)cos(nAg) Harmonics: vn = v/ Vna
trig n—1



I\/Iu\tl—parnc\e correlations
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Ntl diff ~ 1423 Vaa (Pl pie)cos(nAg)  HArMONICS: vn = v Vaa
7"’Lg n=1

HIC Interpretation: From single collective tluid source, multi-
particle distribution factorizes into product of single particle
distributions — naturally embedded in a hydrodynamic
description
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7"’Lg n=1

HIC Interpretation: From single collective fluid source, multi-

particle distribution factorizes into product of single particle
distributions — naturally embedded in a hydrodynamic

description

Assuming single collective source, large numbers of particles
should not change harmonics



Similarity in all systems

Strikingly, two particle correlations look
similar across all systems

(d) CMS N2> 110, 1.OGeV/c<pT<3.0GeV/c

CMS JHEP 1009:091 (2010)
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Collectivity from hydro

Two and four particle correlations in p+A Iin hydro

L] L] I L] L] L] I
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Noffline (= EJ_> GeV

Theory issues linger however about applicability of
hydrodynamics in small systems (size of gradients,...)



Collectivity from hydro

Two and four particle correlations in p+A Iin hydro
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Theory issues linger however about applicability of
hydrodynamics in small systems (size of gradients,...)

More in talk by B. Schenke Wednesday



Can there be an alternative
explanation to the
observed phenomena®?



|_ong range rapidity
correlations as a chronometer

detection

freeze out

latest correlation

1
70 S Tf.0.€XDP <_§|ya — yb|>

Long range rapidity correlations sensitive to very early time
dynamics (0.1 fm/c) in collision

8



Color GGlass Condensate

CGC is an efftective field theory in the non-linear regime of QCD
(Qs2(x)»Nacp?) describing dynamical gluon fields (small-x

partons) effected by static color sources (large-x partons)

---------------- fields ><— sources —

-
A; P

X+

Classical background field: D, F*"] = J"
Static color sources:

J" = g6 (27 ) pp,a(x1) + 90" (2" )pa,a(xL)
McLerran-Venugopalan (MV) Model: interactions

Pp PA Dbetween nucleons is a Gaussian random walk in
color space

<Pa(XL)Pb(}’L)> = 925abﬂ25(2) (X1 —¥y1)
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Initial State Flow

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

Mclerran, Venugopalan, PRD 49 (1994), lancu, Venugopalan hep-ph/0303204

High gluon density in QCD generates Q2 ~ AL/3 A
dynamical saturation scale, Qs S >

S—

Intuitive picture of CGC:

Nucleus becomes saturated with high
occupancy gluons for kt<Qs

For kT » Qs smooth matching of

framework to pQCD

Note: Very strongly correlated system. Dependence on
coupling drops out

Can the initial state also generate multiparticle flow?



A parton model

Consider eikonal quark scattering off dense nuclear target
with color domains of size ~1/Qs

Work in dilute-dense limit: Qs(target) » Qs(projectile)

Quark coherent multiple scattering off target represented by
Wilson line phase

pt>p

B p1~Agep ” p1~ Qs
U(x) = Pexp( — 19 / dzT A (x,27) t“) e ? ? % %

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 ; t' ' |
Dipole operator D(x,y)

*Single scale to defines projectile B, = 4 GeV~* from HERA DIS fits 11



A parton model

Generalizing for multiple particle correlations for simple model
of multi particle correlations

d™ N dN  dN
V= ~/<D...D>
d*p1...d°Pm d°p1  d°pm

X1 . %4 . Introduced novel method to
Xo - —— g>§ _ compute arbitrary
2 3; : - - N Wilson line correlators in MV
- arXiv:1706.06260

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

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

d™ N
Kn{m} = cos (n (g7 + ... — ¢7,)) <d2p1...d2pm>
) _ ko{2} ) ~re{d} ) (r2{2} i
22} Ko{2} 21 = ro{4} ” (“0{2}> - 12



Multi-particle quark
correlations

Ordering in two particle Fourier harmonics similar to data

CMS Preliminary
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Multi-particle quark
correlations

C214} becomes negative for increasing Qs+— real va{4/

0.200 T T T T T T T | T T
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0.175 V2{2} oo ® V2{2 |ATI|>2} 03<p <3GeV/c
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~— 0.100{ & V2{4} e 'i@% ----------- o
------------- | SRR .
é 0075 | v:_;.--"':;— ------ V—— —" Uity é 0.05— H || [ u Em m *
A QV
= 0.050- > ATLAS, 0.3 <p_<5 GeV/c
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0.025 pm .
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O.OOO I I I I O-OO | | | | | | | | | | | | | | | | | |
0.0 0.5 1.0 1.5 2.0 0 100 200 300

Qs2 [GeV2] N

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

Two dimensionless scales: QZB,, the number of domains,

and the ratio of resolution scales, Q2%/(p7**)?.
= Small
P ~ (02)7918 |Sm
: -%W*"M(“Fﬂflmufg ma%
—— e pJ‘
| ———- ~(Q2)018 SN
Q\ y “%@l
il cee o (Q2) 0 . .
(C)\] 3_: -4~ pmer =3 GeV N (@’:?" I—ggxge
| s ey 2o Pl
—4—- pmer =10 GeV
-4- pT*" =20 GeV
4 P =40 GeV
10" | e
Qs2 [GeV2]

(pe)? < Q2 : probe coarse graining over multiple domains

(p'1**)? > Q% : probe resolves area less than domain size

Scaling with inverse number of domains seen only for large ™"
15



Collectivity from parton model

For computational reduction, consider Abelian version

I I I I | I | I I I I | | | | I 1 I

0.7 t CMSpPb \s, =5.02 TeV
L 03<p_<3.0GeVic;n|<24
0.6 !

. 05; V2{2}
§0.4— "'é OOOOO o 66085
< 0.3 g\-" :’@OOOODD*W & ]

zj wf2d —— wl6) : [13 vo{4} vo{6},
o , SR L vel8hvellYZ)
Qg2 [GeVZ] 0 Ngie 300

Clear demonstration that v2{2} > v2{4} = v2{6} =~ v2{8}
collectivity not unigue to hydrodynamics
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The role of glue”

Previous discussion only included quarks
scattering off CGC...

HERA I+II inclusive, jets, charm PDF Fit
1

Qi 2 2
Q=10 GeV>

June 2011

—— HERAPDF1.7 (prel.)

0.8 |5
I exp. uncert.

model uncert.

parametrization uncert.

0.6 )
HERAPDF1.6 (prel.)

041" xg (x0.05)

B
,,,,

3
i
y
o
™

02

HERA PDF Structure Function Working Group

What about gluons, which are dominant at small x or
high energies?



Dilute-dense CGC EFT

Determine initial gluon densities with

nuclear position sampling+IP-Sat model _
Color charge density

Deuteron

4 ————————— 3
[ 3 .
Compute scattering of gluons off _ -
saturated nuclear target in dilute- = N
dense CGC L 0
4-32-101234
X [fm]
10~ Ha
Generates negative binomial 310—3 i
distributions from first principles, 3 L
. | Z o-5. /Snw =200 GeV
nOt an IﬂpUt o  STAR d+Au OCQ)(DOO
Gluons d+Au ©9
1077

o 1 2 3 4 5 6
Nch/(Nch)

Good agreement found with STAR
d+Au multiplicity distribution



Small system scan

e Recent PHENIX results for proton/deuteron/3He+Au

Unique opportunity to simultaneously study ©18 Vsw=200Gevos% = g -
different small systems O it l}!
0141 o p+Au ! . ¢ E
0.12;— II _ 8 ¢ E
Motivated by ‘geometry’-driven models> °" '
oS (&) ool
A 0.04}
0.5 -
: 0.02::
0.4 008~
0.35 0-07§ %
: 0.06 (| SR
0.2 E SRR C
; ,005F o=
0.1} ~ 004
ool 0.03f
0.02f
0.01F

L

PHENIX arXiv:1805.02973



Hierarchy of anisotropies
across systems

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

0.181

0.16 1 VSuy =200 GeV 0-5% 0.08] VSyw=200 GeV 0-5%
0.141 — 0.07
i oo
S 008, Gluons | §02%
> e ] —+— p+Au S
0.06 0.03 ]
0.041 —#— d+Au 0.02 ]
0.02 —— SHe+Au 0.01
05 1.0 1.5 2.0 25 3.0 |

p. [GeV]

20



Hierarchy of anisotropies
across systems

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

0.181

0161 VSnw=200GeV0-5% 0.08] Syw=200 GeV 0-5%
0.14- 0.07
012 AS‘SEE
0,08 Gluons | &0
= —%— p+Au Sl
0.06" 0.03
0.04: d+Au 0.02
002‘ _+_ SHe+Au 0.01'5
05 1.0 15 20 25 3.0 |

p. [GeV]

Fixed centrality bin — larger average Ngn for larger systems

— larger average Qs— more correlations
20



Gluon correlations vs RHIC
data for small systems

0.20 5 |
0.181 Pt+Au VSyny =200 GeV 0-5% 1 d+Au Vsyy=200 GeV 0-5% ] 3He+Au /syy =200 GeV 0-5%

0.161 ® PHENIX v, {EP} arXiv:1805.02978 &  PHENIX
0.144 —+— Gluons v,{2} v, 1 —%— Gluons
0.121 :

=~ 0.107
0.081
0.061

0.041 -
0.02; sa % * P

0.0 05 10 15 2.0 2.5 30' 05 10 15 20 25 30 05 10 15 20 25 3.0
p. [GeV] p. [GeV] p. [GeV]

Key features of system dependence captured by initial state
gluon correlations

v3 known to be fluctuation dominated — mismatch on high
multiplicity tall needs to be better understood
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Quantifying systematic
uncertainties

Dilute-dense approximation: high density effects need to be
quantified

22



Quantifying systematic
uncertainties

Dilute-dense approximation: high density effects need to be
quantified

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
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Dilute-dense approximation: high density effects need to be
quantified

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

Fragmentation: CGC+ Lund string model phenomenologically
successful for mass ordering, can be applied here
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Quantifying systematic
uncertainties

Dilute-dense approximation: high density effects need to be
quantified

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

Fragmentation: CGC+ Lund string model phenomenologically
successful for mass ordering, can be applied here

Nuclear wave function: strong short-range correlations!
Exciting prospect to quantity influence on high multiplicity
events in small systems — probes rare configurations

22



What do deuteron
configurations look like”

_ PRELIMINARY

Min Bias 0< ch< 30 30 <N < 60

0.200 0.030
0.175 0.025
2 0.150
(O] 0.020
o 0.125
o~
I 0.100 0.015
_‘
Q.
E 0.075 0.010
< 0.050
> 0.005
0.025
0.000 0.000
-1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3

Deuteron separation: |dpn| — 2dgiuonrms [fM]

Close configurations of nucleons contribute most to high multiplicity
events and to generating vz

Very important to have accurate sampling of ‘close’ nucleons

MM, Skokov, Tribedy, Venugopalan, in preparation



How to Include SRC

Current nucleon modeling for HICs assumes uncorrelated
wavefunctions (Hulten for d, Wood-Saxon for large A, etc)

Previous attempts to include NN correlations use one
parameter Gaussian model »'(r1,r2) = p'(r1)p!" (r2) (1 — C (r1,12))

Applied to Pb-Pb HIC (hydrodynamical model)

0.04 — . : , : — 0.035 —

: == CMS 2.5-5% = ] 5  CMS 0-1% 3
0.035 | _— with NN correlation s 0.03 £ ~ with NN correlation s
g = without NN correlation — - g without NN correlation -
003 ¢ E 0.025 £
0.025 F g
] 0.02 i , !
oI — Sl —_
= 002F — X 5
z g 0.015 f
0.015 [ : S—
— 0.01 [ @
0.01 ;_ & = F —
; 0.005 | _
0.005 F  |p-Glasma+MUSIC o E - IP-Glasma+MUSIC =

l 1 ] 1 ] . . 0 — ! ! ! =
12 3 4 5 6 Eventactlvrcy> S

n




How to Include SRC

Can use contact formalism to encode SRCs — simple ansatz

uncorr. UNCOTT. uncorr. .
poNN(T) = pNn () + F(r)pnn o (r) N.B. pyy includes Pauli
exchange term

Good agreement with Cluster Variational Monte Carlo

s /#=. . These two-body correlations can
A [ Emmres beincluded in standard MC-
pZZN% N e oo, mewm | Glauber by resampling nucleon
W ) EaEm =T | positions to reproduce known
ap F C// — e distributions — Work in progress



Conclusions

Multiparticle collectivity demonstrated through purely initial
state correlations with simple proof of principle parton model

Full dilute-dense CGC framework able to describe system size
hierarchy of v2 and vz at RHIC — systematic uncertainties need
to be quantified further

Modeling of HIC reaching point where disentangling initial vs. final
state dominance scenarios requires greater input of nuclear
wavefunctions

SRCs may have impact for both initial and final state modeling
of HICs — potentially noticeable effect in rare high-multiplicity
events in small systems
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Comparison to glasma graphs

Glasma graph approximation, valid
only for p1 > Qs only considers
single gluon exchange

Glasma graphs have very
strong correlations, close to a
Bose distribution (as in a laser)

X E X
x107°
64 —%- Coherent multiple scattering
-4-- Glasma graph
____________________ °
441  g--eT
/',’
2 o~
«
0 fmmmm B = = e o
-2 .
\N
\~
_4: 7] _/"v
6 ........ - "-/-
0.0 0.5 1.0 1.5 2.0
Qs [GI eV ]

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

29



Dilute-dense CGC scaling

In dilute-dense CGC, consider all orders of color charge density p in
target, first order for projectile

Odd harmonics come about via additional gluon interaction:

first saturation correction
McLerran, Skokov NPA 959 (2017), Kovchegov, Skokov PRD 97 (2018)

n Y oy
dN°ve? (k| ) N/Q2 N #,02 _Q’QQQQD N
A2 kdy

| Ua Ua
dd (k¢ | ) Ve
~ Q ~J |
Phdy / 7P " $| 7 2,
Ua Ua

MM, Skokov, Tribedy, Venugopalan, arXiv:1807.00825
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In dilute-dense CGC, consider all orders of color charge density p in
target, first order for projectile

Odd harmonics come about via additional gluon interaction:

first saturation correction
McLerran, Skokov NPA 959 (2017), Kovchegov, Skokov PRD 97 (2018)

n Y oy
dN°ve? (k| ) N/Q2 N #,02 _%QQQQD N
A2 kdy

| Ua Ua
dd (k¢ | ) Yo
~ Q ~ |
Phdy / " ” $| T,
U A Uag

Even/odd harmonics depend on different factors of Op

MM, Skokov, Tribedy, Venugopalan, arXiv:1807.00825



Dilute-dense CGC scaling

In dilute-dense CGC, consider all orders of color charge density p in
target, first order for projectile

Odd harmonics come about via additional gluon interaction:

first saturation correction
McLerran, Skokov NPA 959 (2017), Kovchegov, Skokov PRD 97 (2018)

n Y oy
dN°ve? (k| ) N/Q2 N #,02 _Q’QQQQD N
A2 kdy

| Ua Ua
dd (k¢ | ) Yo
~ Q ~ 1
Phdy / " ” $| T,
U A Uag

Even/odd harmonics depend on different factors of Op

Multiplicity driven by pp, so dilute-dense CGC scaling is then

van{2} ~ N9, vans1{2} ~ N/

MM, Skokov, Tribedy, Venugopalan, arXiv:1807.00825



Dilute-dense CGC scaling

Fixing proportionality coefficient at a single multiplicity for each vn

0.08 0.03
0.06
. 0.02 1
A — (CGC scaling —_—
S" 0.04 A |  ATLAS imp. template fit n=2 &i
$ |  ATLAS imp. template fit n—4 S
0.01
U —— (CGC scaling
e = : |  ATLAS imp. template fit
0.00 ' . . 0.00 . . .
0 100 200 300 400 0 100 200 300 400
<N0h> <Nch>

MM, Skokov, Tribedy, Venugopalan, arXiv:1807.00825

High projectile density effects probably responsible for large Ncn deviation

Scaling from fluctuations, may then explain some of peripheral A+A signal
Basar, Teaney PRC 90 (2014)



Different nuclel

Scaling with nuclei — use same formalism for Au, Pb
relevant for HIC
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Dilute-dense CGC scaling

Pp — CPyp — () — )

Multiplicity is then rescaled as %[,Op,pt] >(326§;[ [pp, ] + O(c?)

MM, Skokov, Tribedy, Venugopalan, in preparation



Dilute-dense CGC scaling

Pp — CPyp — () — )

e AN AN
Multiplicity is then rescaled as d—y[pp,pt] > ¢ o [0p, pi] + O(c?)
Rescaling Fourier moments
i2n¢ ANV (k i(9n odd ()¢ |
B fk,¢,p gl2nd d2l~cd(y” {pp,pt} fk,¢p€ (2n+1)¢ dezkc(zly{ ) [pp,pt]

0
VQn — > C Vgn ’V2n+1 = — C Vgn_|_1

dNeven (kJ_ )

dNeven(kJ_) fk,qb,p d2kdy [plﬂpt}

Jiop — [pp’ pt}

MM, Skokov, Tribedy, Venugopalan, in preparation



Dilute-dense CGC scaling

Pp — CPyp — () — )

,dN

Multiplicity is then rescaled as %[pp,pt] S [pp, ] + O(c?)

Rescaling Fourier moments

2nd ANV (k) ; AN©°99 (K
fk’¢’p el ne dZkdy |:pp7 pti| fk,¢p e (2n+1)¢ koC(iyL) |:/0p7 )01;:|

Von = s ¢ Van  Vong1r = ——
2n [ aNeende) 2y A [Nt [p pt}
k.op  d2kdy  |Ppo Pt k,pp  d2kdy P

— ¢ Vopt1

In terms of multiplicity

dN dN

V2n(p17p2) ~ (dy [Pp»ﬂt]) : Vont1(p1,p2) ~ (d—y [%»Pt])

MM, Skokov, Tribedy, Venugopalan, in preparation



Dilute-dense CGC scaling

Pp — CPyp — () — )

Multiplicity is then rescaled as %[pp,pt] >CQC§; [pp, ] + O(c?)

Rescaling Fourier moments

2nd ANV (k) ; AN©°99 (K
fk,(b,p el ne dZkdy |:pp7 pti| fk,¢p e (2n+1)¢ koC(iyL) |:10p7 Pt]

\ O _ 9
dNeven(kJ_) 7 C V2’I’L y VQn—I—l _ f dNeven(kJ_) [ i|
fk>¢>p d?kdy Pp> Pt k.o.p  dZkdy | Ppr Pt

V2n

— ¢ Vopt1

In terms of multiplicity

dN dN

V2n(p17p2) ~ (dy [Pp»ﬂt]) , Vont1(p1,p2) ~ (d—y [ﬂp»ﬂt])

Dilute-dense CGC scaling is then

van{2} ~ Nojy  vong1{2} ~ Nclf

MM, Skokov, Tribedy, Venugopalan, in preparation



Dipole correlators

First, need to be able to compute correlation functions
expectation values of dipoles

Consider dipole scattering matrix U(x) = Pexp( —ig [ dz* 47 (x4 e7)

D)y = 3 a U ) X ?% ... % ... %
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Consider dipole scattering matrix U(x) = Pexp( —ig [ dz* 47 (x4 e7)

pt>p

D)y = 3 a U ) T ?%%%

Expand out Wilson line in slices in rapidity

U(x) = Pexp (—ig / dr™ A" (x, :z:+)ta> ~ V(x)[1 —igA*™ ({,x)t* + ...]
Then gluons emissions with MV model

g2 (Ag (a7, x ) Ay (v, y1)) = 0apd (@™ — yF) Lyy

2,,\2
g p 1
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Dipole correlators

First, need to be able to compute correlation functions
expectation values of dipoles

Consider dipole scattering matrix U(x) = Pexp( —ig [ dz* 47 (x4 e7)

pt>p

D)y = 3 a U ) T ?%%%

Expand out Wilson line in slices in rapidity
U(x) = Pexp (—z’g / drt A% (x, :z:+)ta> ~ V(x)[1 —1gA° ((,x)t* + ...]

Then gluons emissions with MV model
92 <A; (x—i_a XJ_)Ab_ (y_l_) YJ_)> — 5ab6(x+ o y_l_)ny
2, \2 1
o6 Dxiys = =g P yloe <\XL VA )

We can re-exponentiate
D(x,y))v = exp(CrL(x,y))

34 See arXiv:1706.06260 for details




Dipole correlators

Multiple dipole correlation functions encode projectile
nucleus scattering, depends on scale Qs

Kovner, Wiedemann, PRD 64 (2001), Blaizot, Gelis, Venugopalan. NPA 743 (2004), Dominguez, Marquet, Wu NPA 823
(2009), Dusling, MM, Venugopalan PRL 120 (2018), PRD 97 (2018), Fukushima, Hidaka JHEP (2007,2017),...
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nucleus scattering, depends on scale Qs

Then we can obtain (D D) similarly, first considering single gluon
exchange, given by Fierz identity

X1 B L G 1( D)
I — ) > — ) TaN,

BE T QC ,
THIC AT Lol
BB O

Doing this for all possible exchanges:

<<D$1961D332£B2>> _ <a$1$1$2$2 5331332332331) ( D$1I1DCB2$2>)
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Dipole correlators

Multiple dipole correlation functions encode projectile
nucleus scattering, depends on scale Qs

Then we can obtain (D D) similarly, first considering single gluon
exchange, given by Fierz identity

X1 B L G 1( D)
I — ) > — ) TaN,

BE T QC ,
THIC AT Lol
BB O

Doing this for all possible exchanges:

<<D$1961D332£B2>> _ <a$1$1$2$2 5331332332331) ( D$1I1DCB2$2>)
<Q901532332531> U 551315731332532 Ny ToxoTs QCIZ1£L’2$29€1> V

Which can be solved to all orders in gluon exchanges

N ) »

d*N
p; - d?ps

~ / (DDDD)

Kovner, Wiedemann, PRD 64 (2001), Blaizot, Gelis, Venugopalan. NPA 743 (2004), Dominguez, Marquet, Wu NPA 823
(2009), Dusling, MM, Venugopalan PRL 120 (2018), PRD 97 (2018), Fukushima, Hidaka JHEP (2007,2017),...

Straightforward to generalize



~our dipole correlators

Closed set of five topologically distinct configurations

-— : T C > < ’ ) )
. -— — S |
. .,.__;. c ’ ) ) ] — k
. ‘ - . J.C .
Permutations tor each topology for oIoS|ng on + = 400
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~our dipole correlators
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~our dipole correlators
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Dilute dense for gluons

CGC EFT: solve CYM with static color sources
[Duv FW/] = J"

J' = g6" " 5(x7 ) pp.a(xL) + 96"~ 6(x T )pa.a(xy)
All orders in pt pp only known numerically
Dilute-dense limit: pr>pp Pp OT

Kovchegov,. Mueller NPB 529 (1998), Kovner, Wiedemann PRD 64 (2001), Dumitru,
McLerran NPA 700 (2002),, Blaizot, Gelis, Venugopalan NPA 743 (2004), McLerran,
Skokov NPA 959 (2017), Kovchegov, Skokov PRD 97 (2018),...
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Dilute dense for gluons

CGC EFT: solve CYM with static color sources
D, Fr| =J"

J" = g6" T o(x7 ) pp,a(xL) + 96" 6(xT)paa(x1)
All orders in pt pp only known numerically
Dilute-dense limit: pr>pp Pp

{ X4

Kovchegov,. Mueller NPB 529 (1998), Kovner, Wiedemann PRD 64 (2001), Dumitru,
McLerran NPA 700 (2002),, Blaizot, Gelis, Venugopalan NPA 743 (2004), McLerran,
Skokov NPA 959 (2017), Kovchegov, Skokov PRD 97 (2018),...

Calculate for At to all order in pr, first order in pp
a.k.a. the dilute-dense, analytically accessible

e.g. Dumitru, McLerran NPA 700 (2002), McLerran, Skokov NPA 959 (2017)

dN
d?k
fy well known, no complete results for fo) yet

Kovchegov,. Mueller NPB 529 (1998),Dumitru, McLerran NPA 700 (2002), Blaizot, Gelis, Venugopalan NPA 743 (2004)
Balitsky, PRD 70 (2004), Chirilli, Kovchegov, Wertepny, JHEP 03 (2015)

~ g’ pafay(pr) + 9 Py fay(pr) + - -
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The vs Problem

Leading order dilute-dense limit highly amenable to numerics
Lappi EPJC 55 (2008)
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d2]€1dy1d2]f2dy2 B kldkldylkgdkgdyg
X (1 4+ 203{2} cos 2(1 — ¢2) + 203{2} cos 3(p1 — o) + - )

For a non-zero vs

McLerran, Skokov NPA 959 (2017), Kovchegov, Skokov PRD 97 (2018)

d*N d*N d*N

27 s T
A A — [ da A 56) — [ da A
/0 AAP OSSR ot Pk (&b) /0 b cos3 ¢d2k1d2k2( ¢> /O b COS 3RS e ey
d2N 42N

(5¢ n 7r)

B /0” dA¢cos 3AF [d2k1d2k2 (ke - 2l d2ks (k. _kQ)]
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. . d>N . .
For double inclusive, 7, leading order is also known

Kovner. Lublinsky, IIMPE 22 (2013), Kovchegov, Wertepny, NPA 906, (2013),
>N B d>N
d2]€1dy1d2k2dy2 B kldkldylkgdkgdyg
X (1 4+ 203{2} cos 2(1 — ¢2) + 203{2} cos 3(p1 — o) + - )

For a non-zero vs

McLerran, Skokov NPA 959 (2017), Kovchegov, Skokov PRD 97 (2018)

27 2 s 2 s 2
d*N d*N d*N
A A = A A o0p | — dA A 0
/0 dA¢ cos 3 ¢d2k1d2k2 (5gb) /0 dA¢ cos 3 ¢d2k1d2k2( gb) /0 ¢ cos 3 ¢d2k1d2k2( qb+7r)

m 2N d2N
— [ da A (k,k)— (k,—k)
/0 P cos 380 [d%ld?kg LR )T Rl 2k, L T2

Must be non-vanishing
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The vs Problem

Leading order dilute-dense limit highly amenable to numerics

Lappi EPJC 55 (2008)
. . d>N . .
For double inclusive, 7, leading order is also known

Kovner. Lublinsky, IIMPE 22 (2013), Kovchegov, Wertepny, NPA 906, (2013),
>N B d>N
d2k1dy1d2k2dy2 B kldkldylkgdkgdyg
X (1 4+ 203{2} cos 2(1 — ¢2) + 203{2} cos 3(p1 — o) + - )

For a non-zero vs

McLerran, Skokov NPA 959 (2017), Kovchegov, Skokov PRD 97 (2018)
27 2 s 2 ™ 2
d2N d2N 2N
dAd cos 3A (5):/dA 3A (5)—/dA 3A (5 )
/0 O COS 3R 2y \0P) = | ARG COSIAG Ty \09) T | ARG COS3AG T, 0P T
m 2N d2N
— [ da A (k,k)— (k,—k)
/0 b cos 3A¢ [d%ld?kg LR )T Rl 2k, L T2

Must be non-vanishing

However, at leading order (pp?) it is exactly zero, but not in dense-dense

Kovner, Lublinsky, PRD 83 (2011), Kovchegov, Wertepny, NPA 906 (2013), Kovchegov, Skokov PRD 97 (2018)
Lappi, Srednyak, Venugopalan JHEP 1001 (2010), Schenke, Schlichting, Venugopalan PLB 747 (2015) 38



Dilute dense for gluons

|ssue resolved at next order N Pp
Symmetry broken in dgkld% by first
saturation correction O(pp%)

MclLerran, Skokov NPA 959 (2017)

Surface

©
S
&

MclLerran, Skokov NPA 959 (2017)

Final state matters!
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Dilute dense for gluons

|ssue resolved at nextdorder N Pp
Symmetry broken in ;- by first
saturation correction O(pp%)

MclLerran, Skokov NPA 959 (2017)

o
s
&

Jol
MclLerran, Skokov NPA 959 (2017)

Then in Fock-Schwinger gauge (A:=0)  Final state matters!

dNeven(k) B 2 57,35lm + €ij€lm ~a a *
dN°dd (k)

2 { g / (d2z Sign(k x 1) Fereqe (0L, (k — 1) [Q2, (k)] x

d2kdy [pp’pT] T emd k2 (@2n)? 2k-1]2

(K?ee™ —1- (k= 1)(e7e™™ 4+ 670™)) P + 2k - (k — 1)’ 5" 677 ] }

Projectile Target
i 0 " Valence sources
In terms of: ;) (x) =9 [ﬁpp(x)] 9;U""(x) rotated by target
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|ssue resolved at nextdorder N Pp
Symmetry broken in ;- by first
saturation correction O(pp%)

MclLerran, Skokov NPA 959 (2017)
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MclLerran, Skokov NPA 959 (2017)

Then in Fock-Schwinger gauge (A:=0)  Final state matters!

dNeven(k) 2 515m+€z€m a a *
d2kdy [ppapt} — (27’(’)3 - [2 L ng(k) [le(k)]
dN°44 (k) 2 g d*l Sign(k x1) ., b c x
kody |:/0p710T:| — (27_‘_) {k2 / (27_‘_)2 l2‘k — 1‘2 f sz (I)an(k — 1) [Qrp(k)} X
[(k*€7e™ —1- (k —1)(e” €™ +676™")) € + 2k - (k — 1)e’ 6™"6"P] }
Projectile Target
i 0 " Valence sources
In terms of: ;) (x) =9 [ﬁpp(x)] 9;U""(x) rotated by target

Same results in LC gauge (A+=0), resolution similar to STSA

Kovchegov, Skokov PRD 97 (2018), Brodsky, Hwang, Kovchegov, Schmidt, Sievert, PRD 88 (2013)
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Dilute dense for gluons

|ssue resolved at nextdorder N Pp
Symmetry broken in ;- by first
saturation correction O(pp%)

MclLerran, Skokov NPA 959 (2017)
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MclLerran, Skokov NPA 959 (2017)

Then in Fock-Schwinger gauge (A:=0)  Final state matters!

dNeven(k) 2 515m+€z€m a a *
d2kdy [ppapt} — (27’(’)3 - [2 L ng(k) [le(k)]
dN°44 (k) 2 g d*l Sign(k x1) ., b c x
kody |:/0p710T:| — (27_‘_) {k2 / (27_‘_)2 l2‘k — 1‘2 f sz (I)an(k — 1) [Qrp(k)} X
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Projectile Target
i 0 " Valence sources
In terms of: ;) (x) =9 @Pp(x) 9;U""(x) rotated by target

Also non-zero contribution to vs from proj. JIMWLK evolution

Kovner, Lublinsky, Skokov PRD 96 (2017)
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Dilute dense for g\uons

|ssue resolved at next order N Pp
Symmetry broken in dgkld% by first
saturation correction O(pp%)

MclLerran, Skokov NPA 959 (2017)

MclLerran, Skokov NPA 959 (2017)

Then in Fock-Schwinger gauge (A:=0)  Final state matters!

dNeven(k) 2 5ij51m + €ij€lm
2 |:/0p7 pt:| — 3 2
d?kdy (27) k

dN°dd (k) 2 g d*l Sign(k x1) ., . *
d?kdy ['Op’pT] N (2m)3 {k2 / (2m)2 12|k —1]2 ! ’ Qij(l)Q?nn(k_ D [Qrp(k)} X

0 (k) [, (k)]

[(k*€7e™ —1- (k —1)(e” €™ +676™")) € + 2k - (k — 1)e’ 6™"6"P] }

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

Only well defined for ensemble over W[pTpp]

Multi-particle distributions then defined as

dN
PpsPT - d? Endyn,

40



Glauber |IP-Sat model

For data-guided initial conditions, consider initial conditions
based on very successful IP-Glasma model

Schenke, Tribedy, Venugopalan PRL 108 (2012), PRC 86 (2012)
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IP-Sat model provides Qs2(x,b) for each nuc
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Oer

eon

Based on dipole model fits to HERA DIS data
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For data-guided initial conditions, consider initial conditions

based on very successful IP-Glasma model

Schenke, Tribedy, Venugopalan PRL 108 (2012), PRC 86 (2012)

Sample nucleons through Monte-Carlo Glau

IP-Sat model provides Qs2(x,b) for each nuc

Kowalski, Teaney, Phys.Rev. D68 (2003) 114005

Oer

eon

Based on dipole model fits to HERA DIS data

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

Proton Deuteron

4 ———————— 5 4 ———————— 5

3 3

2 4o 2 4o

1 (] . 1 () .

0 . 39 S 0 a 39 £
< _ < .y

1 2 = > 1 2 < 1 >

3 3

4 V— 0 4 — 0

432101234
X [fm] x [fm]

AON 2O WA

Helium-3

432101234

X [fm]

O == NN W H O

g?u(x) [GeV]
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Similarity in all systems

Two particle correlations across all systems look very similar

CMS L,

int

3.0 < p‘T"'g <35GeVlc  1.0<p™<15GeVic

60-70%

=3.9ub?  PbPby\/sy, =2.76 TeV

(d) CMS N> 110, 1.OGeV/c<pT<3.OGeV/c CMS pPb \[Sy = 5.02 TeV, N > 110

1<p <3 GeVic

e
L ) 1|3
(\'lcg 1 % S NSNS, 1. =15
SOOI, | 1, ek
|2 1 D o F
< o ,,,/,0;""“\\\\‘\‘ z
2SSO 4 4
2
Y
4 -4
CMS JHEP 1009:091 (2010) CMS PLB 718 (2013) 795 CMS EPC 72 (2012) 10052

Are we seeing smallest droplets of QGP? Rare QCD
configurations? Both”?



|_ong range In rapidity”
Experiment is, and thus theory should be, long range in rapidity

Model is based on hybrid framework, valid at forward rapidity

Dumitru, Jalilian-Marian PRL 89 (2002), Kovchegov, Wertepny NPA 906 (2013), Kovner, Lublinsky [UMPE 22 (2013)

Valence partons in projectile long lived and have a boost
invariant wave function, coherence length Ay ~ 1/ag ~ oc

Quantum corrections can change this picture, however
beyond scope of hybrid model

Dusling, Gelis Lappi, Venugopalan NPA 836 (2010)
Pl :
Suppose Tq = , Tg \/56 gp

Framework valid for y > 2.8
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Raplidity dependence

deA—>q+X

Convolute spectrum with PDF: =5 = 2 /(z))

quA—>q+X

dyd2p¢

Compare vo{2}(pT) for with rapidity dependent distributions

//’\f‘\:z
0.15
0%?=9 GeV?
~ 010 Vs =5020Gev | —* Norapidity dependence
Q\ . i
K | —= Rapidity dependent: Valence(y=5.1), Valence(y=1.1)
005. 7 Rapidity dependent: Valence(y=5.1), Valence(y=2.8)
Rapidity dependent: Valence(y=5.1), Sea(y=1.1)
000 . . . ..
0.0 0.5 1.0 1.5 2.0

p1 [GeV]

Only quantitive, not qualitative, differences when
considering both small and large x quarks
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Dipole correlators

First, need to be able to compute correlation functions
expectation values of dipoles

Consider dipole scattering matrix U(x) = Pexp( —ig [ dz* 47 (x4 e7)

D)y = 3 a U ) X ?% ... % ... %
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Dipole correlators

First, need to be able to compute correlation functions
expectation values of dipoles

Consider dipole scattering matrix U(x) = Pexp( —ig [ dz* 47 (x4 e7)

pt>p

D)y = 3 a U ) T ?%%%

Expand out Wilson line in slices in rapidity
U(x) = Pexp (—z’g / drt A% (x, :z:+)ta> ~ V(x)[1 —1gA° ((,x)t* + ...]
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Dipole correlators

First, need to be able to compute correlation functions
expectation values of dipoles

Consider dipole scattering matrix U(x) = Pexp( —ig [ dz* 47 (x4 e7)

pt>p

D)y = 3 a U ) T ?%%%

Expand out Wilson line in slices in rapidity

U(x) = Pexp (—ig / dr™ A" (x, :z:+)ta> ~ V(x)[1 —igA*™ ({,x)t* + ...]
Then gluons emissions with MV model

g (A, (27, x1)A; (yT,yL)) = 0apd(xt — y ) Lyy

2,,\2
g p 1
WHIS L.y, = - (167rl x =y og <‘XJ_ —yiA 6)
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Dipole correlators

First, need to be able to compute correlation functions
expectation values of dipoles

Consider dipole scattering matrix U(x) = Pexp( —ig [ dz* 47 (x4 e7)

pt>p

D)y = 3 a U ) T ?%%%

Expand out Wilson line in slices in rapidity
U(x) = Pexp (—z’g / drt A% (x, :z:+)ta> ~ V(x)[1 —1gA° ((,x)t* + ...]

Then gluons emissions with MV model
92 <A; (x—i_a XJ_)Ab_ (y_l_) YJ_)> — 5ab6(x+ o y_l_)ny
2, \2 1
o6 Dxiys = =g P yloe <\XL VA )

We can re-exponentiate
D(x,y))v = exp(CrL(x,y))

45 See arXiv:1706.06260 for details




Dipole correlators

Multiple dipole correlation functions encode projectile
nucleus scattering, depends on scale Qs

Kovner, Wiedemann, PRD 64 (2001), Blaizot, Gelis, Venugopalan. NPA 743 (2004), Dusling, MM, Venugopalan PRL 120
(2018), PRD 97 (2018)
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Dipole correlators

Multiple dipole correlation functions encode projectile
nucleus scattering, depends on scale Qs

Then we can obtain (D D) similarly, first considering single
gluon exchange, given by Fierz identity
XT . ?O) : D)
N _: 2( ' ) 2N —).
T TR o

Kovner, Wiedemann, PRD 64 (2001), Blaizot, Gelis, Venugopalan. NPA 743 (2004), Dusling, MM, Venugopalan PRL 120
(2018), PRD 97 (2018) 46



Dipole correlators

Multiple dipole correlation functions encode projectile
nucleus scattering, depends on scale Qs

Then we can obtain (D D) similarly, first considering single
gluon exchange, given by Fierz identity

XT B I — | D)

| = s
X « - 2< « %, ZNCC >>—<2
* NNEN k-
Doing this for all possible exchanges: B gm%

<<D331961D332£B2>> _ <a$1$1$2$2 53313325132331) (<D$1331D 2>)
<Q901532332531> U 55131531332532 Xy Toxo®y < 5131513251329_0>

Which can be solved to all orders in gluon exchanges

Kovner, Wiedemann, PRD 64 (2001), Blaizot, Gelis, Venugopalan. NPA 743 (2004), Dusling, MM, Venugopalan PRL 120
(2018), PRD 97 (2018) 46



Dipole correlators

Multiple dipole correlation functions encode projectile
nucleus scattering, depends on scale Qs

Then we can obtain (D D) similarly, first considering single
gluon exchange, given by Fierz identity

XT B I — S| Y

| = s
X « - 2< « %, QNCC « >>—<2
* NG N k-
Doing this for all possible exchanges: B gm%

<<D$1961D332962>> _ <a$1$1$2$2 53313325132331) (<D$1$1D 2>>
<Q901532332551> U 55131531332532 Xy Toxo®y < T1T2T2T1 >
Which can be solved to all orders in gluon exchanges

d*N
Straightforward to generalize  #p - 2p, — _/<DDDD>

Kovner, Wiedemann, PRD 64 (2001), Blaizot, Gelis, Venugopalan. NPA 743 (2004), Dusling, MM, Venugopalan PRL 120
(2018), PRD 97 (2018) 46



~our dipole correlators

Closed set of five topologlcally distinct conflguratlons

——. (1)(2 ) )\
——. — ' ' <' |

< < < ) )_(2 < Xa

( > g ( > > X3

< < X3

( < < > C > ( > X4 > X4
> )_(4 > < )—(4 /

Permutations for éach topology for closmg on z+ = +00

\/ \/
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~our dipole correlators

)Xl C
X1
X
X

pologically distinct configurations

)Xl C
X1
X
X

Closed set of five to

C

.
). C

X
Xy

Permutations for each topology for closing on 27 = +

24

1

e matrix in terms of Lx.y

O) 2

20

15

10

5

120

10+

15+

15

10

,Z \/\/\/\/\/\/

D D D D > DOy

_________
mmmmm

=TI

w
x,llwxmm zzzzzzzzzzz

T T T s e

zzzzz

=TI

313 18 18 1> 1>

Define single gluon exchan
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~our dipole correlators

pologically distinct configurations

Closed set of five to

X
Xy

Define single gluon exchan

~ [ (DDDD) ~ e-
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). (

24

20

15

10

5

1

e matrix in terms of Lx.y

,Z \/\/\/\/\/\/

RN 3RS TIRT
22222

n Y S Nl Al a T U

) g I [ I I8

3 R >

S W (SIS =Y

y yyyy

,z 3 m &g 8 B
,wwwww.:w SSSSSSSS/\/\/\/\/\/\

C

pologically distinct configurations
C

DXL C
X1
2
) 3
X3
)X4
Xy

Xy

Permutations for each topology for closing on 27 = +

~our dipole correlators

Closed set of five to

Define single gluon exman
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~our dipole correlators

Closed set of five topologically distinct configurations

C . 2" O C O D:C o C

. C oOC oOC |
C— PO e
. O C L NG NG,

Xy

Dermutaﬂons for each topology for closmg on 2+ = +oo

Define single gluon exchange matr|>< IN terms of Ly y
<waD #DyyD.z) ] N 41 (DwwDazDyyD:z)
D y> <Qw7I)z:EDy2DZ_
d*N o0 R
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(:b d\ <Swyjz yEDzi/> <Swg iyZDzﬂ;
b 2 (SwiazynD2z) (Swiozyw Dz
\; Q:T <*<95.vjr_ y_’?zfg) 2l |00 <<Séuy_2y_fl_7z_w>
(Y wieayesg wesayey
C — ) o o
wim:f:yyzt? o4t 104 wfm?yyzw
) %) Onregs) | e | (e




~our dipole correlators

Closed set of five topologlcally distinct conflguratlons
( Tt >< ’ ) )
( —— ‘ ‘ < | L

C ; G ' ( ' ( Z A
Dermutaﬂons for each topology for closmg on o+ = +00

\_/

Define single gluon exchange matr|>< N terms of Ly y
[ (DywDazDyy D, ) nl ‘4 ] [ (DwwDyzDyyD.z) ]
o e DY
d*N L (OB (Quons DD
< 2 2 ~ [ (DDDD) ~ e~ Finin: | G
d*p1...d°p4 o o
. <Qwingywz2 i g <Qw;i’;cg7Qy'J}z2>
$ igu@wﬂQyizu’) g - 110 igw“yQyBZ‘I’;
- - : (Sureemy Do (SureeyyDos)
Also includes tadpole contribution | . 5o D;
™ S S
E S | | (S
AT A, o Loy
C D G| 24x24 |l
) % o v e e R

Algorithm can be used to Compute other Conflguratlons arbltrary

number of Wilson lines 47



the Ridge and Collectivity

oPb

CMS pPb \[sy, = 5.02 TeV, N°I"™ > 10 (b)
1<p,<3GeVlc T

dngair

1

CMS PLB 718 (2013) 795

o V32, |An]>2}

e oy W v4)
L pPb |s, =5 TeV + .46}
O v.{8}

O V,{LYZ}

[ o8
Bande = ALE

| e +

[ 0.3< p, < 3.0 GeV/c |

-| | ml < 2|'4 ‘

0 100 200 300
Ntc:Eline

CMS PRL 115 (2015) 012301

-low paradigm: Event-by-event

fluctuations of initial transverse geometry
transported via hydrodynamics, resulting

iNn a final state momentum correlations

Alver, Roland, PRC 81 (2010), Alver, Gombeaud, Luzum, Ollitrault, PRC 82 (2010)
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the Ridge and Collectivity

oPb

fflin
CMS pPb \[s, = 5.02 TeV, N',"™ > 1,1,9 (b)
1<p, <3GeVic -

CMS PLB 718 (2013) 795

o Vv3*{2, |An]>2}

T T m oy {4)
L pPb |s, =5 TeV + .46}
O v.{8}
O vALYZ}
o ® o 0000, .
o8 1
Bads = L LN
- +
I o+
[ 03<p <30 GeV/c |
-I 1 1 lmlle.4l 1 1 L .
0 100 200 300

CMS PRL 115 (2015) 012301

-low paradigm: Event-by-event

fluctuations of initial transverse geometry

- e

519 1 ’7

& e L

=29
R e
- F ParleshoRgsiees /I
Z :

4

transported via hydrodynamics, resulting

iNn a final state momentum correlations

Alver, Roland, PRC 81 (2010), Alver, Gombeaud, Luzum, Ollitrault, PRC 82 (2010)

From single collective tluid source, multi-
particle distribution factorizes into product
of single particle distributions

Naturally embedded in a hydrodynamic
description of particle production
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the Ridge and Collectivity

oPb

CMS pPb \[s, = 5.02 TeV, N/"° > 10 (b)
1<p, <3GeVic -

CMS PLB 718 (2013) 795

o V32, |An|>2}
T T m oy {4)
L pPb |s, =5 TeV + .46}
O v.{8}
O V,{LYZ}

o®
B e A
[ ® +
0.3<p_<3.0GeVic ]
ni<2.4 1

CMS PRL 115 (2015) 012301

-low paradigm: Event-by-event

fluctuations of initial transverse geometry

- e
519 1 '
=2
i S ; '%’,"";:“‘“““‘ oy
- F ParleshoRgsiees /I
Z :
4

transported via hydrodynamics, resulting

iNn a final state momentum correlations

Alver, Roland, PRC 81 (2010), Alver, Gombeaud, Luzum, Ollitrault, PRC 82 (2010)

From single collective tluid source, multi-
particle distribution factorizes into product
of single particle distributions

Naturally embedded in a hydrodynamic
description of particle production

In small systems, take a working definition
for collectivity

c.f. Yan, Ollitrault PRL 112 (2014) 082301, Bzdak, Skokov NPA 943

v2{2} > vo{4} = v2{6} =~ v2{8}
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Scale dependence

ImMax

Pl



Scale dependence

For a fixed p'['®*, single scale in problem, Q:B,



Scale dependence

ImMax

For a fixed p'['®*, single scale in problem, Q:B,

0.030
-+4- B,=2GeV?2 -+- B,=6GeV?
0.0251 -4- B,=4 GeV2
0.020 1 ,*’/: ,,,,, "‘:::;T:T{f:j"-‘l-w
e, / -~ ==
Q\l // / //,v’
=< 0.0151 ,/ /7
O < /// /// 0.02 W***ﬂ\(
0.0104 « fl
0.01 4
0.0051 4
0.000 - - - _
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Dilute dense for gluons

Solve CYM with static color sources
[Du, FW] = JY

J' = g6" " 5(x7 ) pp.a(xL) + 96" (T )paa(xs)
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Dilute dense for gluons

Solve CYM with static color sources
[Du, FW] = JY

J' = g6" " 5(x7 ) pp.a(xL) + 96" (T )paa(xs)

Dilute-dense [imit: pr>>pp

Dumitru, McLerran NPA 700 (2002), Blaziot, Gelis, Venugopalan NPA 743 (2004

Pp
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Dilute dense for gluons

Solve CYM with static color sources
[D,qu'uy] — JV N

J' = g6" " 5(x7 ) pp.a(xL) + 96" (T )paa(xs)

Dilute-dense [imit: pr>>pp

Dumitru, McLerran NPA 700 (2002), Blaziot, Gelis, Venugopalan NPA 743 (2004

Pp
Calculate for At to all order in pr, first order in pp

-> analytically accessible
Need NLO in Pp {0 generate va

MclLerran, Skokov NPA 959 (201
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Dilute dense for gluons

Solve CYM with static color sources
Dy, ] = J" R A+
J' = g6" " 5(x7 ) pp.a(xL) + 96" (T )paa(xs)
Dilute-dense [imit: pr>>pp

Dumitru, McLerran NPA 700 (2002), Blaziot, Gelis, Venugopalan NPA 743 (2004

Pp
Calculate for At to all order in pr, first order in pp

-> analytically accessible
Need NLO in Pp {0 generate va

MclLerran, Skokov NPA 959 (201

Single inclusive spectrum readily calculable
dN 1 1
(0i0lm + €€ )$25; (k) [, (k)]

Pkdylp,pr  2(27)° [Kk|? i
o O |
Qz‘j (x) =g EPZ(X) 0;U b(X)

Projectile larget 50



Dilute dense for gluons

Solve CYM with static color sources
Dy, ] = J" R A+
J' = g6" " 5(x7 ) pp.a(xL) + 96" (T )paa(xs)
Dilute-dense [imit: pr>>pp

Dumitru, McLerran NPA 700 (2002), Blaziot, Gelis, Venugopalan NPA 743 (2004

Pp
Calculate for At to all order in pr, first order in pp

-> analytically accessible
Need NLO in Pp {0 generate va

MclLerran, Skokov NPA 959 (201

Multi-particle distribution then easily accessible

dN >
Pp,PT D T

Pp,PT d2kndyn
Only well defined for ensemble over W[pTpp]

d>N B AN
d2]€1dy1...d2]€ndyn N koldyl
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Symmetric Cumulants

SC(n,n’) — <6i(n(¢1—¢3)—n'(¢2—¢4))> _ <e’m(¢1—¢3)><6m/(¢2—¢4)>

Bilandzic et al, PRC 89, no. 6, 064904 (2014)

Prediction for higher moments in small systems

3 x1076
—¢— SC(2,5)
—&¢— SC(3,4)
N 3, y
_C 2 | —— SC(3,5) n:2,n :5
_ 5
51 Nn=3,Nn =4
9,1 n=3.n'=5
_1_

00 05 1.0 15 20 25 3.0

Qs? [GeV2]

Dusling, MM, Venugopalan PRD 97 (2018) arXiv:1706.06260
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Multiparticle correlations

Integrating momentum of m-1 particles

0.3} -1
— 025- —— {2} CMS pr \/ NN = 5 02 TeV 1
—— v, {4} - ATLAS, = E;">80 GeV 1
Q N o V2{2} O V{2, 1AN>2)
== VeV Qi=26eV 0 Vo{4)
- 021" ALICE, 0-20% ]
= 015 V2{4} W [ VA2, 1An>0.8) o 1
> !
> 0.10 5 * —
0.1 ﬁyg e -~ =
0.05- : : -
i i’] N
0.00 . . . . : &
0.0 0.5 1.0 1.5 2.0 ob—b-—————— T
2 4
PL [GeV] p, (GeV/c)
Dusling, MM, Venugopalan PRD 97 (2018) CMS PLB 724 (2013) 213

Similar characteristic shape



‘Collectivity” Is everywhere
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CMS PRL 115 (2015) 012301
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‘Collectivity” Is everywhere

12 d+Au Vs, =200GeV (@) + d+Au s, =62.4Geb) + = d+Au |s,=39GeV(C) + d+Au |s, = 19.6 GeV(d)]
- o V.{2 1 «v.{4 ~— v.{2,|An|>2 1<nl<3
of T VR 1 A4 i V{2, AN>2) yl
[ %, 1 preliminary
0.08F — 1 18 - ! ]
! 1 Yeves, . [ — '{ ..ﬁ
0.08} o I I RHIC
i ,}L{l LT Y. ' [ 79%_gonfidence level that
0.04f + b J* 1 T v,{4} ig repl for 10 <N, , < 20
* 3 r
I TR TEE AN AN I [ oo i
0.02f Foeeeet® . ;
05" 1015202530354045 5 1015202530354045 5 1015202530354045 5 101520 25 30 35 40 45
Niacks Niecks Niacks Niacks

R. Belmont (PHENIX) QM 2017 arXiv:1704.04570

CMS
I 1 T T T I 1 T L\l T I 1 T T T I T T I I T 1 T 1 [ 1 I T I I T 1 1 1 I T 1 I 1 T 1 T I 1 T 1 T I T 1 1 1 I 1 |
010 PP Vs=13TeV 4 v3¥(2, |An>2}4 PPb VSun = 5 TeV 1 PbPb |s, =2.76 TeV. Ly
m v,{4} + 1 o ®
+ v,{6} il 1 - ®
O V.{8} 1 1 .
i O Vv,{LYZ} 1 o 8 ® 0000,
N
K o®
0.05[ e T in T .
. . alafe s | & *hlgant b ] LHC
e = ® )
L ™Y 1 @ + 1
o . E o -+ -
03< b < 3.0 GeV/c 03< P, < 3.0 GeV/c 0.3< P, < 3.0 GeV/c
-1 mi <12'4 1 “I | i < 2|'4 | 01 | ml < 21'4 -
0 50 100 150 0 100 200 300 0 100 200 300
Nofﬂine Nofﬂine Nofﬂine
trk trk trk

CMS PRL 115 (2015) 012301

Smallest droplets of QGP?
Pre-existing correlations from rare QCD configurations?
Both”




Glauber |IP-Sat model

For data-guided initial conditions, consider initial
conditions based on very successful IP-Glasma model

Schenke, Tribedy, Venugopalan PRL 108 (2012), PRC 86 (2012)
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Sample nucleons through Monte-Carlo Glauber
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Glauber |IP-Sat model

For data-guided initial conditions, consider initial
conditions based on very successful IP-Glasma model

Schenke, Tribedy, Venugopalan PRL 108 (2012), PRC 86 (2012)

Sample nucleons through Monte-Carlo Glauber
|IP-Sat model provides Qs?(x,b) for each nucleon

Kowalski, Teaney, Phys.Rev. D68 (2003) 114005

Based on dipole model tits to HERA DIS data
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Glauber |IP-Sat model

For data-guided initial conditions, consider initial
conditions based on very successful IP-Glasma model

Schenke, Tribedy, Venugopalan PRL 108 (2012), PRC 86 (2012)

Sample nucleons through Monte-Carlo Glauber
|IP-Sat model provides Qs?(x,b) for each nucleon

Kowalski, Teaney, Phys.Rev. D68 (2003) 114005

Based on dipole model tits to HERA DIS data

Fluctuations of proton
can be constrained
by exclusive J/W
oroduction HERA

data

Mantysaari, Schenke, PRL 117 (2016)
052301; PRD 94 (2016) 034042
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Glauber |IP-Sat model

For data-guided initial conditions, consider initial
conditions based on very successful IP-Glasma model

Schenke, Tribedy, Venugopalan PRL 108 (2012), PRC 86 (2012)

Sample nucleons through Monte-Carlo Glauber
|IP-Sat model provides Qs?(x,b) for each nucleon

Kowalski, Teaney, Phys.Rev. D68 (2003) 114005

Based on dipole model tits to HERA DIS data

Fluctuations of proton Color charge density

data ®

Mantysaari, Schenke, PRL 117 (2016) -10
052301; PRD 94 (2016) 034042

. Projectile (d) Target (Au)
can be constrained 10 :
by exclusive J/V s I
production HERA = o ¢ £
;
0

-10 -5 0 5 10
X [fm]
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Color GGlass Condensate

McLerran, Venugopalan, PRD 49 (1994), lancu, Venugopalan hep-ph/0303204
CGC is an effective field theory in the non-linear regime of QCD
(Qs2(x)»N\acp?) describing dynamical gluon fields (small-x
partons) effected by static color sources (large-x partons)

---------------- fields ><— sources —

-
A; P

Fig: Gelis, lancu, Jalilian-Marian, Venugopalan ARNPS. 60 (201
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CGC is an effective field theory in the non-linear regime of QCD
(Qs2(x)»N\acp?) describing dynamical gluon fields (small-x
partons) effected by static color sources (large-x partons)

---------------- fields ><— sources —

-
A; P

Fig: Gelis, lancu, Jalilian-Marian, Venugopalan ARNPS. 60 (201

Classical background field: D, F*"] = J"
Static color sources:

J" = g6 (27 ) pp,a(x1) + 90" (2" )pa,a(xL)
McLerran-Venugopalan (MV) Model: interactions

Pp PA Dbetween nucleons is a Gaussian random walk in
color space

<Pa(XL)Pb(}’L)> = 925abﬂ25(2) (X1 —¥y1)

X+
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y [fm]

0.z

0.15

& 0.1

0.05

Hydro In small systems

Applying methods/models used in AA collisions to
smaller systems

d+Au

o

X [fm]

1 1

Vo, V3 superSonic 1/s=0.08 —
Vo, V3 Bozek et al n/s=0.08 ---
Vo, V3 IP-Glasma 1/s=0.18 -
v, PHENIX e

vy PHENIX
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Models of initial states in pA collisions

Glauber-like IP-glasma eccentric proton pomerons

0.2

V32, |AnI>2)

0.0+

- oPb (5 = 5.02 TeV ® CMS data, 120 s N,, <150 -
NN = %

| — IP-glasma (round, b=0) + 1/s=0.18
- - - IP-glasma (eccentric, b=0) + n/s=0.18 __.--"""

W ATLAS data, 110 < N,, < 140 —

superSONIC (preflow), Glauber + n/s=0.16 .
-Bozek et al, Glauber + n/s=0.08

(very preliminary) et L
. = —

- -
- —

= 5
= -

P, (GeV/c)

Dusling, Li, Schenke, [UMP E25 (2016) no.01, 1630002



Hydro In small systems

Round proton

016 - I I T T
CMS Pb+Pb v, e~ —
0.14 | |CMS p+Pb v, ne=0.15
012 + Pb+Pb V2 5.02 TeV
0.1 p+Pb v,

0.08 |
0.06 ¢
0.04 |
0.02 |,

tbe

40 60 80 100 120 140
Ntrkofﬂine
Schenke, Venugopalan PRL 113 (2014) 102301

IP-Glasma+Hydro
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Hydro In small systems

Fluctuating proton

Round proton

0.16

0.14 ¢
0.12 ¢
0.1 r
0.08 ¢
=~ 0.06 t

0.04

0.02 |

2\1/2
)

CMS Pb+Pb v, o | 1/s=0 1
CMS p+Pb v, > re. | V57018
Pb+Pb Vs - | 5.02 TeV
p+Pb v, —

C

C)

¢ o o o ¢
A, i — —

40 60 80 100 120
Ntrkofﬂine

140

Schenke, Venugopalan PRL 113 (2014) 102301

IP-Glasma+Hydro

—

Vn{2}

0.1

0.08

0.06

0.04

0.02

Constrain proton shape
fluctuations using exclusive
J/W production (HERA)

V2{2} T0=0.2 fm

O V3{2} T0=0.4 fm O

| va{2} 15=0.2 fm o Vo{2} CMS per. sub. -@- |
Vo{2} Tp=0.4 fm e V3{2} CMS per. sub. —a-
o
SUCTORES S BT S
S ®
o ®
i ° i
[
o
B 8 O E g Y 8 g
A A
| L 14 | | | | l 1
O 20 40 60 80 100 120 140 160 180

N?rEIine

Mantysaari, Schenke, Shen, Tribedy arXiv:

1705.03177

IP-Glasma+Fluct. proton
+Hydro+UrQMD
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Hydro In small systems

Round proton Fluctuating proton

Constrain proton shape
fluctuations using exclusive
J/W production (HERA)

016 - I I ! ! 0-1 T T T T T T T
014 | 8%3 PE;E?/VZ ©- | 1/s=0.18 Vo2 Te=021m W Va2 Te=041m o
Pb+Pg 2 z 5 02 TeV 0.08 L Va{2} 19=0.2 fm O Vo{2} CMS per. sub. —@- |
0.12 + p+PbVV2 yl e Vo{2} T¢=0.4 fm ® V3{2} CMS per. sub. —a-
o 0.1 ¢ 2 006 (ns)(T) - B : | B | :
<, 0.08 | o ® & . ® ® o °
> © > 004 | o ]
006 g 8 o © ° T,
0.04 + 0.02 L L g ' E o B -
002 r, . L A A A
—3 0 ! I I l I l I 1
0 4‘0 6:0 8‘0 1'00 1‘20 1;10 0O 20 40 60 80 100 120 140 160 180
Ntrkofﬂine Ny ne

Mantysaari, Schenke, Shen, Tribedy arXiv:
1705.03177

IP-Glasma+Fluct. proton
+Hydro+UrQMD

At face value, hydro calculations do okay

Schenke, Venugopalan PRL 113 (2014) 102301

IP-Glasma+Hydro
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Collectivity from hydro

Two and four particle correlations in p+A in hydro

0.08 012 pPosoztev | ATLAS -
(a) V2 0.1 :_ ® v2{2} _:
0065 . T e e T, avile
L Vv 4
B B g = . . = 0.08 C 2 g
v2(2} V2(4) 0 oak :
0.02F CMS o - VL A V,{2} hydro Glauber ]
p-Pb 5.02 TeV. 0.02F [0 v,{2} hydro Glauber+NB -
o [ MC-Glaubermusic Yo — o v{4} hydro Glauber+NB
- 50. 100. 150. 200. 05020 ""80 80 900 120
Noffline (= EJ_> GeV
Kozlov, Denicol, Luzum, Jeon, Gale Bozek, Broniowski
NPA 931 (2014) 1045-1050 Phys. Rev. C 88, 014903 (2013)

Theory issues linger however about applicability of
hydrodynamics in small systems (size of gradients,...)

No demonstration of higher particle number correlations,

consistency with small and large systems in question... »



Collectivity from hydro

Absence of four-particle vz from hydro in pp

><1 0° A %x10°
L) L4 L J L J L) .
(HIJING) Para-ll

- Full iIEBE-VISHNU
| 2-subevent Hydro+Monte Carlo particle generator
m 3-subevent XN Hydro+Cooper Frye formula( -V {4})

. -2
90 100 110 120 130 140 085 0909 1 105 11115 1.2 1.2
Nch Nch/<Nch>

/Zhao, Zhou, Xu, Deng, Song PLB 780 (2018)
Theory issues linger however about applicability of

hydrodynamics in small systems (size of gradients,...)

No demonstration of higher particle number correlations,

consistency with small and large systems in question... »



Jets in pA

Lack of away-side ridge

CMS PbPb \/s\, = 2.76 TeV
L, =120 ub™
0-0.2% centrality

dzr\r)air
n

assoc
1<p;”  <3GeVic 4

CMS JHEP 02 (2014) 088

= <
®© 1
o|g 32"
| 2 31~
zZ ]
4

(b) CMS pPb {s,,, = 5.02 TeV, 220 < N < 260

1<p;°<3GeVic
1<p>*<3GeVic

34"

CMS PLB 724 (2013) 213
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Jets

Lack of away-side ridge

CMS PbPb \/s\, = 2.76 TeV
L, =120 ub™
0-0.2% centrality

dzr\r)air
n
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.,
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<3 GeVic 4

CMS JHEP 02 (2014) 088
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Collectivity from initial state

x107

For higher partlcle cumulants '+ Glasma graph
and harmonics, Glasma graph i

gives c2{4}>0 =
Dusling, MM, Venugopalan, arXiv:1706.06260 § 3 ) »

Adding multiple scattering, e

qua“ta“vely %0 0.5 é)ifo[GeVZ] 1.5 2.0
A. Dumitru, L. McLerran, V. Skokov, Phys.Lett. B743 (2015) 134-137

c2{4} = —(v2{4})* = _NL% (A4 - L )7 _"“Glasma graph’

N —1)° Always positive

Negative contribution: Non-linear,
non-Gaussian from color domain

Non-linear Gaussian can also get two particle vo,vs, ...,
what about four particles”?



P(51/)

Hydro In small systems

A+A collisions well described by hydrodynamics

But in small systems large gradients, highly anisotropic,...

Corrections to freeze-out

1 C

1.5-2 {Nyx ) my=0.44 GeV —_—
1.52 { Ny ) my=1.0 GeV —_— ]
: 1.5-2 {(Nyx ) mr=1.5GeV —_—
01 L 3-375 (Nyx) my=0.44GeV = =
b 3-3.75 <Ntrk> mT=1.O GeV - -
3-3.75 (Ny) mr=1.5GeV = =

0.01 L

0.001 |-

ot/
Schenke, QM2017 plenary

At freeze-out Of can be > 1

Measure of hydro applicability

= Large Kn

1.05

L mi
0.90 - CrO
0.75 Kn T

Lmacro

YT T i ARIE. i T - TR

« Small Kn
r [fm]
Denicol, Niemi, arXiv:1404.7327

Large Kn in p-Pb systems
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Role of the projectile

In order to study role of choice of the projectile,
consider hard minimum cutoff (dmin) and hard
maximum distance cutoff (dmax) between quarks

0.35

—¢— Standard Wigner  —#— d,;,, = B,/2 By keeplng qual’kS
PN A dun=By8 e du =B,/ separated by a
0.251 —+ diin = Bp/4 ————<—«

maximum distance,

—— .20 correlations decrease

3 0.15 o
Confining quarks to a

smaller separation
INncreases correlations

0.10

0.05 A

0.00

02



Multiplicity dependence
In ki factorization, multiplicity given by

2
s, I
Nmult ~ Qi,pSJ_log ( 5 )

S,P
Bp can be a proxy for S., but is held fixed

In our model, we have no dependence on
projectile Qs: Qs p

Qs not good proxies for multiplicity

More realistic model tor projectile needed to study
multiplicity dependence

Qs 1is a function of Bjorken x and impact parameter,
better understood as a was to study energy dependence



|_ong range In rapidity”

To make meaningful comparison to experiment, correlations
should be long range Iin rapidity

Model is based on hybrid framework, valid at forward
rapidity

Dumitru, Jalilian-Marian PRL 89 (2002), Kovchegov, Wertepny NPA 906 (2013), Kovner, Lublinsky [UMPE 22 (2013)

Valence partons in projectile long lived and have a boost
invariant wave function, coherence length Ay~ 1/ag ~ oo

Quantum corrections can change this picture, however
beyond scope of hybrid model

Dusling, Gelis Lappi, Venugopalan NPA 836 (2010)

Valid for large-x quarks, taking =, > 0.01

From T4 = p—Ley taking pL =3 GeV /s = 5.02 TeV

/S
Framework valid for y > 2.8
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Raplidity dependence

s

pw_ 4+ _ VS
Assume eikonal  Mitial -~ = (K ﬁxq,O,OL)
Pl
quarks Final p,u — (p_l_ — Eey,O,pL)
dN dN AN

d3p  dptd?p,
Straightforward to add rapidity dependence

deA—>q+X , quA—>q—|—X d2 NpA—q+X d2 NaA—a+X
dyd?p |. dyd?p | dy1d*py | dy2d*p2 | dy1d?p1 | dy2d?*p2 |
1'4 ““““““““““““““““““““““““ 1.0} “““““““““““““

— 1.27 E 08;
5 08 £ o6
= i
— 0.6] S 04)
Z| ) i Z |5 I
51804, [a — 2
04\/5 = 5.02 TeV S
T PpL = 3 GeV [
0.0 ) 00
0 1 2 3 4 5 6 7 0

Single quark Two quarks 65



Raplidity dependence

Compare vo{2}(pT) for with rapidity dependent distributions

//“\f‘\nz
0.15
0%?=9 GeV?
~ 0.10 Vs =5020Gev | —* Norapidity dependence
~ 0. ,
K | —=— Rapidity dependent: Valence(y=5.1), Valence(y=1.1)
005 7 Rapidity dependent: Valence(y=5.1), Valence(y=2.8)
Rapidity dependent: Valence(y=5.1), Sea(y=1.1)
000 . .
0.0 0.5 1.0 1.5 2.0

p1 [GeV]

Only quantitive, not qualitative, differences when considering
both small and large x quarks

00



Fluctuating initial shape

Constrain proton shape s I AR
fluctuations from
comparison to exclusive J/V p—"  p

p rO d U Ct I O n ( E R A) Fig. 1. Diffractive vector meson production in dipole picture.

3 T
10%} B, =4.0GeV 2 H1
= = B, =30GeV~2 B, =0.3GeV~? Coherent
, By =3.0GeV~2, B, = 0.3GeV~2 + Q, fluct Incoherent
1t 1t ] 2|
1.0 10
E 0 h 9 - - - N> B
= 10.8 qu; .7
/
-1 17 ' <_ 10}
— — 10.6 e
T T T T T T .E,
1t 1| ]
- 104 =
E o . - o 109
=
0.2 ~
-1t {1t 1™ e N -
-1 0 1 -1 0o 1 00 10-1}  IP-Glasma
z(fm] z|fm]
. . <.
Fig. 3. Example of the proton density profiles at x ~ 107>, The -

quantity shown is 1 — Re TrV(x)/N¢. 0.0 0.5 1.0 1.5 2.0 2.5

Incoherent cross section t] [GeV?]

sensitive 10 ﬂUCtUHtIOﬂS Mantysaari, Schenke, PRL 117 (2016)

052301; PRD 94 (2016) 034042
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N¢ Scaling

vo{2} scales with 1/N¢

vo{4} appears to also
scale with 1/Nc

oo U(1) ceedeee N, =4
oo Ny=2 o No=5
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Four dipoles

Consider initially four dipoles at z+=-o0

N N N O
O T T TR

Five topologically distinct configurations

>X1 C > ) C > X1 C > >X1
X1 < X < ) X1 < X1
X9 > > X9 > \ X9

< X2 < Xo

NN N O

NN N O

1
1
>X2 C C
< X9
> X3 C »>- X3 C > X3
< ) X3 < ) X3 < ) X3
> X4 C > X4 C > X4
< X4 < X4 < / X4

DN
), (
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Multi-particle quark
correlations

co{4} becomes negative for increasing Qs

10~ -3
[ X 003
\ B ATLAS ]
Op===" T - % p+Pb Sy = 5.02 TeV :
—1- RN 0.02 0.3< p, < 3GeV,n| <25 _
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=61 —f. pmr =3 GeV e i o Fd o K & ® W i
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Mild dependence on maximum integrated p..
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Symmetric Quark Cumulants

0.0 0.5

Symmetric cumulants: mixed harmonic cumulants

SC(n,n’) = <6i(”(¢1—¢3)—n/(¢2—¢4))> _ <€’m(¢1—¢3)><6m/(¢2—¢4)>

x107°
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Collectivity Is everywhere
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Smallest droplets of QGP? Pre-existing correlations from rare

d+Au \s_ =200 GeV (a d+Au ys_ = 62.4 GeMb) +

. VA2 VA% ENx
".. prelfminary
%-uh_ \
S

51015202530354045 5 101520 2530354045

R i

[ T ITTTL . AV A P PP PP T P e
51015202530354045 5 101520 2530354045

d+Au \s_ =39 GeV(C)
+ V,{2,|An|>2}

d+Au \s_ =19.6 GeV(d)
1<m<3

79% confidence level that

*
X
..’.ooo
¢ ¢

FVTX FVTX FVTX FVTX
Ntracks Ntracks Ntracks Ntracks
CIMISI T T [ T T T T I 1 T T T I T T T T 1 T 1 [ T T T T I T 1 T T l T Ll I L} T 1 T I T T T T I T 1 T T I
0.10+ PP Vs =13 TeV ° vgub{g, An|>2} 4 pPb VSNN =5TeV 4. PbPb VSNN =2.76 TeV — o-
m v, {4} g B"
+ v,{6} -
Q v2{8} 1 1 o
O v,{LYZ} i 9,. o o000 e, | |
°
0.05f - inm -+ .
. .**’_f. ¢ o *"‘H Q'* o
° + S 1 1
® = L)
° 1l @ + . ]
. - - -4
03< P, < 3.0 GeV/c 03< P, < 3.0 GeV/c 03< P, < 3.0 GeV/c
-1 | mi <|2'4 I “I | ml < 2|'4 ] "| | ml < 21'4 | ‘
0 50 100 150 0 100 200 300 0 100 200 300
Nofﬂine Nofﬂine Nofﬂine
trk trk trk

QCD configurations? Both?

RHIC

LHC

/2



