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Striking
resemblance

e Present also in
multi-particle
correlations

e Collectivity in
systems of
drastically different
sizes

e Does it imply the
same underlying
mechanism?
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LONG-RANGE CORRELATIONS

Ned pair Ay
t

detection (~1 m/c)

freeze out (~10 fm/c)
Surface of last interaction
latest correlation
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Past-pointing
light cones

Locus of correlation

&

Suppress final state effects in order to probe initial state physics

o Regardless of nature of the ridge
o long-range rapidity correlations either pre-exist in initial wave function
or develop very early after collision
o understanding initial/early stage is of paramount importance
for understanding p-A and p-p.

figure adapted from A. Dumitru, F. Gelis, L. McLerran and R. Venugopalan, arXiv:0804.3858
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COLLECTIVITY: POSSIBLE ORIGIN

Final state “hydro”

e Driven by initial state geometric
correlations

e Develops gradually during (hydro)
evolution

e Requires large multiplicities to
facilitate final state interaction

o Requires non-trivial initial state
geometry (proton shape fluctuations)

VS

Initial state “CGC”

e Driven by initial momentum
correlations

e Pre-exist before collisions or
develops very soon after

e High-multiplicities are not required,
but allowed

e Momentum correlations are present
for “round” p
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COLLECTIVITY: TUNING IN

Initial state Final state

® >
control parameters

multiplicity, transverse momentum, system size

T

Mini-jets Glasma Parton escape Collective flow
QCD bremsstrahlung

Azimuthal Correlation Importance

Event multiplicity (fixed size)

Adapted from M. Strickland’s talk on QM '18
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SATURATION REGIME/CGC

) ] . k (k)
e High energy ~» high gluon density

~» formation of semi-hard scale, Q;

e Particle production is dominated by
kL ~ Qs

~1 +

Qsas«l

we know how to compute here

e Weak coupling methods can be applied
as(Qy) < 1

o Still non-perturbative, as fields are strong, A ~ é ~» non-linearity is important

e Actual analytical calculations can be very hard
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WHAT DO WE KNOW ANALYTICALLY ?

Asymmetric collisions, when Qy of projectile # Q; of target, is the easiest case.

oy, QCD
Single inclusive production
e In general
N _ 0,
Br f 2 2
Ak ki ky

2 2

dN _ 19 Q:Af(l,l)
Dk 2 2

AT Pk T 4 R

A. Krasnitz, R. Venugopalan, arXiv:9809433 E. Kuraev, L. Lipatov, V. Fadin, 77

dN 1 0Oy oY 0, O
e 2o ( %) L (%) o %)

Functions f are calculable!

2
f ( %p , % ) is known only numerically; for large k; > Q2,:

o Ifk, > Qy),
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SINGLE INCLUSIVE PRODUCTION

dN IQ

- e

) \2
a ), (%) o2
&Pk as k2

@
e T K f K

o U is known since *98

[

%( )QQW Y. V. Kovchegov and A. H. Mueller, arXiv:hep-ph/9802440
A. Dumitru and L. D. McLerran, arXiv-hep-ph/0105268

J.-P. Blaizot, F. Gelis, R. Venugopalan, arXiv:0402256

M Nuclear shock-wave

o f@: no complete result yet

L Balitsky, arXiv:hep-ph/0409314
G. A. Chirilli, Y. V. Kovchegov, and D. E. Wertepny, arXiv:1501.03106

RibGE EICUG’18 8/29



DOUBLE INCLUSIVE PRODUCTION

d®*N

1
Bkd3p o

1
— 03, KV (Qs) + = 05, K (Qun) + -+
(e a;

‘Momentum dependence is omitted to simplify notation

: : « » L _dN_ _ 14 4 LD
e Dilute-dilute “Glasma” graph: - el 0,0, h
A. Dumitru, F. Gelis, L. McLerran and R. Venugopalan, arXiv:0804.3858

o AV is known since *12 ; invariant under (k, — —k,)

A. Kovner and M. Lublinsky, arXiv:1211.1928
Y. V. Kovchegov and D. E. Wertepny, arXiv:1212.1195

e h»: no complete result yet
[

) ]
G 'ﬂs( z% L. McLerran and V. S., arXiv:1611.09870;
%QQ ! g‘;j % Yu. Kovchegov and V. S., arXiv:1802.08166
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WHAT DOES PRESENCE OF ODD HARMONICS MEAN?

e Double inclusive production
d*N B d*N
dzkldyldzkzdyz B kldkldylkzdkzdyz
x (1+213(2} cos 2(d; — ¢o) + 2v3{2} cos 3(¢hy — ) + ...

e A non-vanishing v3{2}

2

d*N d*N 4 d*N
_ A Ap—0
f dA¢ cos 3Ap ———— Fhdh 6¢ f dA¢ cos 3Ap ———— Fhdh 6¢) j; dA¢ cos 3 ¢a’2k1 75 (6¢ + n)

—f dAp cos 3Ap L(k k)—ﬂ(k k)
b Phyd?hy U Rk, U2

e Therefore, non-zero v; ~»
d’N d’N
ok k) # g k)

and is absent in “Glasma” graph and A"
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EXPERIMENTAL DATA: V5 {
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= 1 +213{2} cos 2(¢p; — 232 -
dzkldylekZdyZ k]dk]dy]kzdkzdyz ( + vZ{ }COS (¢1 ¢Z) + V3{ }COS 3(¢1 ¢2) + )
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EXPERIMENTAL DATA: v3{2}

® pPb \s,, =5.02 TeV

0.03F +
. L 0.3<p, <3GeV/c [ 4
¥ P e0® ¢ |
5 0.02f () —+
2 i ® |
o - [
A [ ® T
0.01 _— . —__—
i + CMS T
0.00 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1
0 100 200 300
offline
Ntrk

o Suppressed compared to v, but non-zero!
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A CONUNDRUM FOR SATURATION

Can saturation dynamics account
for observed long-range rapidity correlations
with non-zero odd azimuthal harmonics?
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INSPIRATION FROM SINGLE TRANSVERSE SPIN ASYMMETRY

e Consider single gluon production

do

P~ M = [ ey e )

o Amplitude may have two contributions
M(x) = M (x) + M3(x) + ...
o Asymmetry under k — —k would mean that
M) M3™(y) + M3(x) M1 "(y) = =M1 (y) M3™(x) = M3(y) M"(x)
~> M(x) M5"(y) is imaginary

~> Phase difference between /| and M3 in coordinate space

In coordinate space, but not dissimilar from STSA
S. Brodsky, D. S. Hwang, Y. Kovchegov, 1. Schmidt, M. Sievert, arXiv:1304.5237
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NATURAL CANDIDATE

M3 M
e Vanishes for single-inclusive production after performing

average with respect to projectile configurations. ..
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DOUBLE INCLUSIVE GLUON PRODUCTION

> | ’I [

D

e Non-zero!
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CLASSICAL YANG-MILLS

pure gauge: a, pure gauge: a

nucleus p, proton p,

e Just after collision, 7 — 0+, initial conditions are known (Fock-Schwinger gauge A, = 0)

A. Kovner, L. McLerran, H. Weigert, arXiv:9506320

e In forward light-cone  [D,,F*] =0

e Solve equations perturbatively in p;; use LSZ
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GLUON PRODUCTION

o Leading order and the first saturation correction

dN®"*"(k)
“Phkdy Qi(k) [Q (_)]

dN°(k) _ ¢ [ &l SignkxD . -
&kdy [pr-rr] = WI {2 o P O E =D |5,

2 0iibm + Eijelm
(2 ) 2

pp’pt] =

[(R2eTe™ — 1+ (k - D(ele™ + 676™)) €7 + 2k - (k — DeVs™ 5™ | }
Here 6;;Q; = Q\ + Q,, and ;Q;; = Q,, — Q,, and

Val sour.

0;
(92 pb(XJ_)

target w lme

0; U (x,)

QZ‘(XL) =

L ]
valence sources rotated by the target

odd
‘ﬂ;—kd(yk) [pp, pT] is suppressed by extra a,p,

L. McLerran and V. S., arXiv:1611.09870
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BEYOND CLASSICAL APPROXIMATION: A SHORT DETOUR

Even only Odd and even
t t
02 CYM o?

YN

pure gauge: 0y

A p

e In this particular gauge:
in classical approximation, v3 requires some degree of final state interaction

e Do we have odd azimuthal component of two parton correlation function
in hadron wave function?!

o There is hint that there answer is yes,
more work has to be done. ..

A. Kovner, M. Lublinsky, & V. Skokov, arXiv:1612.07790
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ALTERNATIVE APPROACH

e This was obtained in Fock-Schwinger gauge A, = 0;
the gauge is singular; defined in coordinate space.

e Motivation to compute in global gauge A* =0

Yu. Kovchegov and V. S., arXiv:1802.08166
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e Reproduces result obtained in Fock-Schwinger gauge!
e In Golec-Biernat—Wusthoff model & Large N, & at high momentum:

Ao oda _ 1
d2ky dy; ko dy, — [2(27)3]?

fdzB d*b [Tl (B- é)]3 g* Q% (b) —

X [(lﬁ+l£§+/_{l-l_<2)2_(l_<f+l_c§—l_<l-l_cz)2] 10¢° 1 Ifl'lfz

(k, +k,)° (k, — k,)° Qn? A2 kik
R e ——
A B
1k
* g ar [0~k — 0k + ko)

Yu. Kovchegov and V. S., arXiv:1802.08166
C
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PHENOMENOLOGICAL APPLICATION

Projectile (d) Target (Au)

15 7 15 20

6 18

10 10 16

s R 7
£ 4 £

= 0 = 0 10

> 3 > 8

-5 5 -5 6

-10 1 -10 4

2

-15 0 -15 0

-15-10-5 0 5 1015 -15-10-5 0 5 1015
X [fm] x [fm]

e Sample nucleon positions+IP-Sat for color density distribution

Kowalski, Teaney, '03
Schenke, Tribedy, Venugopalan, *12

o Negative binomial distribution from first principles — not an input!

E Gelis, T. Lappi, L. McLerran arXiv:0905.3234
A. Kovner & V. S. arXiv:1805.09296

e In good agreement with STAR d+Au multiplicity distribution

M. Mace, V. S., P. Tribedy, & R. Venugopalan, arXiv:1805.09342, in production in Phys. Rev. Lett.
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NUMERICAL RESULTS FOR P-Au, D-AuU AND “He-Au at RHIC

e Hierarchy of anisotropies across systems

0.181 /5,y =200 GeV 0-5% 0.08] VSw=200GeV 0-5%
0.16 4 p+Au
0.14 0074 —a— d+au
0.12 0.06{ —¢— >He+Au
Ro10 g00s
£0.08 £0.04
0.06 0.03
—%— p+Au
0.04 e o 0.02
0.02 e He+Au 0.01
0.5 1.0 15 2.0 2.5 3.0 0.5 1.0 15 2.0 2.5 3.0
prlGeV] pr[GeV]

e System size dependence observed at STAR captured in the framework
no need for hydrodynamic response to initial geometry!

M. Mace, V. S., P. Tribedy, & R. Venugopalan, arXiv:1805.09342, in production in Phys. Rev. Lett.
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NUMERICAL RESULTS FOR P-Au, D-AuU AND “He-Au at RHIC

e Hierarchy of anisotropies across systems

0.20
0.18 P +Au Vsyy =200 GeV 0-5% d+Au \syy =200 GeV 0-5% 3He+Au \syy =200 GeV 0-5%
o1y ¥ GO . n L
0.14 W T B g
~0.12 . /..* /./;i )
So10 m S
> 0.08 & m & o N
0.06 N ¥ N / ¥
> . > = > g @t
0.04 ' — el LY
0.02 =.__.-.¢t ] V.
00 05 10 15 20 25 05 10 15 20 25 05 10 15 20 25 30
pr[GeV] prGeV] prGeVv]

e Goes beyond qualitative description

M. Mace, V. S., P. Tribedy, & R. Venugopalan, arXiv:1805.09342, in production in Phys. Rev. Lett.
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CGC PERSPECTIVE ON V3

o Leading order and the first saturation correction

dN®*"(k) 2 60 + €j€m__, a *

Ty el = G i[9,

AN (k) 2 g d*l Sign(k x 1) abe (ya b ¢ -
®) ~Zray lpppr] = 2np Im{? gm0 E 0% &=D |25,00] %

a)

[(Rele™ —1- (k= Diele™ +576™)) € + 2k - (k — Del6™ 5" | }

a)

Recall that Q o proton P

Pp

Ua Ua
o Odd azimuthal harmonics is a sign of emerging coherence in proton wave function:
the first saturation correction!
Non-zero long-range odd harmonics in high energy p-A is evidence of saturation!
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MULTIPLICITY DEPENDENCE: SCALING ARGUMENT

o Physical two-particle anisotropy coeflicients can be simply expressed as

120 = [ Doy Do Wi, Wipd 0, |1, 6(d]yv lorpr] - Nch)

with
[ = [ ke, el ] lerp] = 7 kudi, geer o b o]
Q n |PpsPr| = cven Q " Pr>Pi] = o
R hdkl%dﬁzkdy@ e T Pk g dizkdy(k) [Pp’p']

e High multiplicity is driven by fluctuations in p,
e To study multplicity dependence, rescale p, — ¢ p,

o Under this rescaling:

dN dN
o ay (2t o v, (2E 1,02 - ey, (2)
o Therefore in the first approximation: v,,{2} is independent of multiplicity

Vans1{2} o ‘f,—{f
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MULTIPLICITY DEPENDENCE: SCALING ARGUMENT

008 1 1 1 1 1 1 1
0.07 4 o L M. Mace, V. S., P. Tribedy, & R. Venugopalan, arXiv: 1807.00825
o=
0.06 - gm " L
a
—~ 0.05 1 —— CGC power counting r
2004 | ATLAS imp. template fit n=2 |
=) 0.03 4 | ATLAS imp. template fit n=4 |
0.02 4 L
0.01 A S— + L
P T
0.00 T T T T T T T
0 50 100 150 200 250 300 350 400
(Nch> 0.030 L L L L L L L
0.025 A [} L
0.020 A +
—-~
0015 A L
o
S
0.010 A L
0.005 4 ——— CGC power counting |
' |  ATLAS imp. template fit
0.000 T

0 50 100 150 200 250 300 350 400
(Nch>
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MULTIPLICITY DEPENDENCE: NUMERICAL RESULT
. M. Mace , V. S., P. Tribedy, & R. Venugopalan, arXiv:1807.00825

0.08

0064 = =

=
== 0.04 )
S 0.3 < pt" < 3.0 GeV
|  ATLAS imp. template fit
0.02 1, 4 Gluons
i o T TSI '
L I
0.00 T T T
0 100 200 300 400
<N(:h>

o Multiplicity dependence of integrated v
is beyond our computational resources

RibGE
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CONCLUSIONS

e Odd azimuthal harmonics
are an inherent property of particle production in the saturation framework

e Non-zero long range in y odd azimuthal harmonics < evidence of saturation

e Phenomenological applications:
— able to describe system size hierarchy of v, and v in p-Au, d-Au, *He-Au

— able to describe multiplicity dependence in p-A at LHC

e Check on systematic uncertainties is required

Dilute-dense approximation: high density effects need to be quantified
Fragmentation
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CumuLANTS & PHENOMENOLOGICAL CONCLUSION [

e Average number of gluons N2 -1 k2.

— Cc S 2
K1 ] J_/'tp A2

o Higher order cumulants

0
Knz2 = %ln Gro(?)

~ (N2 - 1) S, A (15D
=0 (=2 8n A

o Properties (A% = S7™") @)

S—LZ QSI/DLWL

— kK is a function of S, ,ug

[E— £ o podon
— Consider configurations a) and b): A
kila)] = ki [D)]
proton

)] o 2 ST ()"

2 ©-
Ky [ /9)] oc 20 Sﬁ)_roton (ﬂgrolon) n S¢”&7 Sjy lan
High multiplicity tail = [ A pipten

= configurations with
overlapping nucleons
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CTIONALS

o BE is property of projectile
e Need for effective theory of gluons in projectile

e Constraint effective action for projectile gluon distribution

gulA*(g)P ]
(g°trlA* (9)I*)

keeping only interesting stuff

A*(g) = 8/¢%op(), (At (@) = L2 — s, e

_ 1
o Verln@] _ - f Dp,  W(pp) 6(77(@_
P —

all possible fluct.

o Exact expression for effective potential (modulo S corrections)

1 d? 1 d*q 1
Valing) = 502-08. [ St -1 =g} = 5047 - s, [ SL St nio

A. Dumitru & V. S., arXiv:1704.05917

'VSKOKOV @NCSU.EDU RibGE EICUG’18 3/9



LIOUVILLE POTENTIAL & HIGH MULTIPLICITY TAIL

e Back to generating function

_ o &g, D,
Gro() = <eXp [t fA 2n” (—g)z—q2p (g)] >p

o In terms of effective potential

1 fin g gD
GrLo(n) = f Dnexp|-Verln(@)] + (N2 = 1S, f q2 t == n(g)
2 A Qo ¢ =

reweighting! derivatives in ¢ probe Liouville potential

e For large S, : saddle point approximation

1= 2) A < g <k
gy =\ ) o BAS4E

. 1, otherwise
to yield

_lae &q _ Lo i dq #pD
lnGLo(t) = E(Nc - 1)SLf(27)21HT]S(g) = —E(NC — 1)SJ_£ (zﬂ)zln 1 —tq—

e We recovered previously derived result. Origin of In = Liouville’s In!
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LIOUVILLE POTENTIAL AND SMALL X EVOLUTION

v : n A. Dumitru & V. S.,
05 \“ ° ay =0 ': | arXiv:1704.05917
\ ] aY =1 K
‘\ ‘\ hd :’
o 04py \ é
= | \ !
. \ ; ,
=03F 4N ‘ e
% 0.2 -‘\‘ Y ,’I n
c&: . \\\ \" 'lo ,/
X * ¢ .,'
01 [ | N N R !',
e /
"l ":’,’
0.0 T W Sl ]
0.6 0.8 1.0 1.2 14
n
~ L2 &g 17,2
e Form does not change Veff[n(g)] ~ 5(N; = 1S, f #3 In n(z)
ff— S..
oS, - 8T =

o
202

] with p = In 02/02

L. McLerran & P. Tribedy, arXiv:1508.03292

partially responsible for phenomenological parameter o
o C.A. P[p] « exp [— ’
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MULTIPLE RESCATTERING

fragmentation

gluon target

Fundamental Wilson line: ) _
V(x.) = Pexp (ig f dxtA™(xt, X l)) . multiple rescattering
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GLUON PRODUCTION

gluon Y
production (|!

gluon target

Adjoint Wilson line:

Ux,) =Pexp|ig f dx* 1|4__| (x,x l)] & multiple rescattering
adj.
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A POSSIBLE RESOLUTION

Odd contribution is buried somewhere in multiple
rescattering i.e. in high order /™>1 |

d’N 1 1
Bkdp ?Q?p hD Q) + ?Q?p W Q) + -

EICUG’18 8/9



e Theoretically this is unsatisfactory

e Phenomenologically this is problematic
v3{2} is observed in p-A
v3{2} is not much smaller than v,{2}

~> v3{2} must originate from rather low order corrections
to the leading order dilute-dense production
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