Obp AzMUTHAL ANISOTROPY FROM CGC

A SOMEWHAT TECHNICAL ACCOUNT

Vladimir Skokov (RBRC BNL)

June 20, 2017

Ma Focus: L. McLERRAN aND V. S., ARX1v:1611.09870

EXTENDED ANALYTICAL AND NUMERICAL RESULTS: FUTURE WORK
OutLook: A. KovNER, M. LuBLINSKY AND V. S., ARX1v:1612.07790
yss IN CGC: A. KovNer, M. LuBLINsKY AND V. S., ARX1v:1706.02330

'VSKOKOV @BNL.GOV ODD ANISOTROPY RHIC/AGS ’17 1/38



OUTLINE

Introduction:
Quick recap on what we know from CGC
& elusive odd azimuthal anisotropy (v3{2})

For a broader overview, Mark Mace, Wed 11 am

Classical Yang-Mills: strategy of solving at LO and NLO in projectile density
Back to basics: particle production and LSZ" reduction formula

Dilute-dense limit of CGC and absence of odd anisotropy

Beyond dilute-dense limit

Single inclusive gluon production on configuration-by-configuration basis
Double inclusive gluon production & odd azimuthal anisotropy

Summary

Outlook: beyond classical approximation and CME background from CGC

# Lehmann — Symanzik — Zimmermann
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INTRODUCTION: THE RIDGE
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CMS, Phys. Lett. B 718 (2013) 795
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INTRODUCTION: THE RIDGE
Ned pair Ay
t

detection (~1 m/c)

freeze out (~10 fm/c)
Surface of last interaction
latest correlation

T < Tfre_Ay/2

Past-pointing
light cones

Locus of correlation

9

Suppress final state effects in order to probe initial state physics

@ Regardless of the nature of the ridge, we all agree that

o long-range rapidity correlations either pre-exist in the initial wave function or
develop very early after the collision

o understanding the initial stage — the creation of the quarks and gluons before
possible thermalization and formation of QGP — is of paramount importance for
understanding A-A, p-A and p-p.
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ODD HARMONICS
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Large v3; magnitude is the same
as in Pb-Pb collisions at the
same centrality

Suggests hydrodynamic
interpretation

At least consideration of
studying observed experimental
data with first-principle
approach should be given

QCD at high energy: CGC
effective theory
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CoLorR GLASS CONDENSATE

longitudinal
momentum

g
small-x fields large-x . .
A sources the current associated with
color density p; statistical ensemble W[p]
= — — F I“/ _|_ JH‘ AIJ«
Yang-M1lls Sources — fast partons; JV = 6**p(x,X1)

1 internal dynamics is frozen:
no x* dependence

@ Large x: color sources from different overlapping in longitudinal direction nucleons
The sources are approximately Gaussian. Correlations are local in the transverse plane
because they originate from uncorrelated nucleons ~» McLerran-Venugopalan model for
color charge distribution W({p]

@ Small x: high gluon densities at leading order, classical field description

@ To organize calculations use an EFT of QCD: the Color Glass Condensate
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MULTIPLE RESCATTERING

Nl

Multiple rescattering in higher energy limit is described by the eikonal phase

U(x,) = Pexp (igfdx*AJr(xixi))

Only important property I need for further narrative: the classical gluon field is real

(for rigorous discussion see L. McLerran and V. S., arXiv:1611.09870)

A(x) is real function; therefore A*(k) = A(—k)

S(k)oc( f d’xA(x) eXp(—ikx)) ( f d*yA(y) eXp(—iky)) = A(k)A(-k)

L 1L
amplitude c.c.amplitude

Thus o (k) = o(—k)
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SINGLE-INCLUSIVE GLUON PRODUCTION

@ In general, single-inclusive gluon production

<N, m<

n M 2\ 2 \m
‘ ( 3 ) ( S2)
nm ) )
n=1, m=1 kJ— kJ—

@ Lowest order ¢;; was computed by A. Kovner, L. McLerran, H. Weigert, arXiv:9506320

reproducing results of E. Kuraev, L. Lipatov, V. Fadin, *77 | / |

<d2N > 1
- oc —
dki o O

1 (2) stands for Projectile (Target)

@ Analytic results for dilute-dense limit N = 1, M = oo

Yu. Kovchegov, A. Mueller, arXiv:9802440; A. Dumitru, L. McLerran, arXiv:0105268;
1.-P. Blaizot, . Gelis, R. Venugopalan, arXiv:0402256

@ Numerical results for dense-dense limit N = co, M = oo

Pioneering work by A. Krasnitz, R. Venugopalan, arXiv:9809433

@ First saturation correction in the projectile N = 2, M = oo — INCOMPLETE

(diagrams where one of the nucleons is
a spectator in the amplitude of order g are not included )

G. Chirilli, Yu. Kovchegov, D. Wertepny, arXiv:1501.03106

@ To describe physics of the ridge: double-inclusive gluon production. ..
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DOUBLE-INCLUSIVE GLUON PRODUCTION

“Glasma” graph — the correlated leading order contribution
A. Dumitru, F. Gelis, L. McLerran, R. Venugopalan, arXiv:0804.3858

PNk, BL) 1 (@ (@Y ,
—wea | Se\e) R >
14PT g,y A \KL) \PL

Do

L
R
@ Analytical calculations to any order in the target density
Yu. Kovchegov, D. Wertepny, arXiv:1212.1195 7
%

@ The nature of the “glasma” graph correlations: pre-existing gluon correlation in projectile

T. Altinoluk, N. Armesto, G. Beuf, A. Kovner and M. Lublinsky, arXiv:1503 li7|7(1
“Bose enhancement of gluons in the projectile leads to azimuthal colli on of ...";
Conventionally: average over soft degs

es of freedom at fixed p; then av over p.

1503.07126: reverse the conventional order to get a density matrix for soft

grees of freedom.

@ Dense-dense limit: numerical simulations of Classical Yang-Mills

T. Lappi, S. Srednyak and R. Venugopalan, arXiv:0911.2068; B. Schenke, S. Schlichting and R. Venugopalan, arXiv:1502.01331
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KEY PROPERTIES OF SINGLE- & DOUBLE-INCLUSIVE PRODUCTION I

@ Dilute-dense power-counting on configuration-by-configuration basis (for a given p):

dN

e + g + g%} +
4 | [ s

G @%| i T
“#m” o ] %

@ The leading contribution g%p7 (dilute-dense limit) is symmetric under k- -k,
Corollary: the leading log double-inclusive particle production

2N(R . .
LN, = (4 dv shares this symmetry at the leading order. No v3{2}!
R P WL DLy,

Yu. Kovchegov, D. Wertepny, arXiv:1212.1195
. . . . . . 2 i
@ The first saturation correction contribution g°o7 is also symmetric under k, — —k,
see the argument in L. McLerran, V. S. arXiv:1611.09870;
@ The contribution g4p? averages out (i.e. it is zero) in a Gaussian ensemble.

My goal is to derive this contribution and show that it is not symmetric under k- -k, .
I will argue that it gives a non-vanishing ggp‘l’ contribution to double inclusive production.
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ARE THERE NO ODD HARMONICS IN GLASMA GRAPH?

@ aabz_\ / M b

Q|
> >
o ]

= =
7 7
1o kot
- :
L L

- > < —
Amplitude Complex Conjugate
Amplitude

c@k,p) = f ek G1=yD) pmip(2-72)
X1Y1542:)2

f4(x1’ b1)A(x2, by )“A*(yl ,D)A™ (1, bz)l

ampl. c.c.ampl.

A. Kovner and M. Lublinsky, arXiv:1012.3398,
Yu. Kovehegov, D. Wertepny, arXiv:1212.1195,
Y. Kovchegov, V.S., work in progress
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ARE THERE NO ODD HARMONICS IN GLASMA GRAPH?
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e~ 1 =
Q) 1 ob%\
= 2
7 7 2,
g D)
: L
= j = b2
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Amplitude Complex Conjugate
Amplitude

c@k,p) = f ek G1=yD) pmip(2-72)
X1Y1542:)2

f4(x1’ b1)A(x2, by )“A*(yl ,D)A™ (1, 172)|

ampl. c.c.ampl.

A. Kovner and M. Lublinsky, arXiv:1012.3398,
Yu. Kovehegov, D. Wertepny, arXiv:1212.1195,
Y. Kovchegov, V.S., work in progress
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W Y ARE THERE NO ODD HARMONICS IN GLASMA GRAPH?
@ 1 > b M [ M
% O] y S bl
X, 1 %%\ 5 X,
-

Target Shock Wave

Target Shock Wave
Target Shock Wave
Target Shock Wave

I

<7j bz

Ll 2

- > <« -
Amplitude Complex Conjugate Amplitude > C‘omplex Conjuga’te
Amplitude

Amplitude
oc@k,p) = f etk G1=y1) pip (2 -y2) o@®k,p) = f e~k O1=x1) p=ip(12-y2)
x{‘y"rz‘\vz * XLY142:02
4G, bAC, b A G, bIA" 02, b2) A1, b2)AC, b1) A (1, DA (02, b)
ampl. c.c.ampl. L ampl. 1L c.c.ampl. !

A. Kovner and M. Lublinsky, arXiv:1012.3398,
Yu. Kovchegov, D. Wertepny, arXiv:1212.1195,
Y. Kovchegov, V.S., work in progress
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WHY ARE THERE NO ODD HARMONICS IN GLASMA GRAPH?

5,

Target Shock Wave
Target Shock Wave

|

/ b
<3 =7 2

b,

- > < —p-
Amplitude Complex Conjugate

- > <« —
- Amplitude Complex Conjugate
Amplitude

Amplitude
U@(k’p) = f eiik'(ll7yl)eiip.(x2ﬂvz) U@(k,P) = f e_ik'(yl_xl)e*ili-txzf\z)
TV X o
;A(XI,bI)A(/\Q»bI)“A 1, br)A (}Q,hg)l AG1, b2)A G, by) A" (e, bA (v, bo)
ampl. c.c.ampl. L 1L 1
ampl. c.c.ampl.

But A(x, b) is real: A(x,b) = A*(x,b) ~
oc@k,p) + ok, p) = c@k,p) + c@(-k,p)
> V3 = 0
A. Kovner and M. Lublinsky, arXiv:1012.3398,

Yu. Kovehegov, D. Wertepny, arXiv:1212.1195,
Y. Kovehegov, V.S., work in progress
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Y PROPERTIES OF SINGLE- & DOUBLE-INCLUSIVE PRODUCTION I

@ Dilute-dense power-counting on configuration-by-configuration basis (for a given p;):

dN

R + g'pi + &' +
[ | [ s

G @%| i T
“#m” o T [ %

@ The leading contribution gzpf (dilute-dense limit) is symmetric under I?L - 4&!
Corollary: the leading log double-inclusive particle production

<”W7“’“> = <ﬂ &y > shares this symmetry at the leading order. No v3{2}!
Pls P2 P1s P2

c/ki (Ipi (/1\’3 (I/JzL

Yu. Kovehegov, D. Wertepny, arXiv:1212.1195

. . . . . . 2 i
@ The first saturation correction contribution g°o7 is also symmetric under k, — —k,
see the argument in L. McLerran, V. S. arXiv:1611.09870;
@ The contribution g4p? averages out (i.e. it is zero) in a Gaussian ensemble.

My goal is to derive this contribution and show that it is not symmetric under k- -k, .
I will argue that it gives a non-vanishing gsp? contribution to double inclusive production.
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Y PROPERTIES OF SINGLE- & DOUBLE-INCLUSIVE PRODUCTION II

@ Dense-dense limit: analysis of 0911.2068 (section “3.1 Numerical approach’) showed that

dN
—2 o
dk;
T. Lappi, S. Srednyak and R. Venugopalan, arXiv:0911.2068
E, and A, are solutions of CYM at the asymptotic infinity, 7 — oo.
@ ~» non-vanishing odd azimuthal anisotropy in double-inclusive production!
T. Lappi, S. Srednyak and R. Venugopalan, arXiv:0911.2068;  B. Schenke, S. Schlichting and R. Venugopalan, arXiv:1502.01331
@ This apparent contradiction between the dilute-dense limit and dense-dense argument was
an outstanding problem for the community.

F R (kL) + i Ey(RDAL(-KL) — Ay (R)E, (kL)

a quote from a well-cited review

@ This program is a) to build a bridge between dilute-dense and dense-dense regimes;
b) to provide analytical explicit expression for the odd asymmetry
L. McLerran, V. S. arXiv:1611.09870;

@ Why do we care about an analytical result? a) no need to solve time evolution
numerically; b) low-x evolution; ¢) running-coupling corrections
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ODD HARMONICS IN DENSE-DENSE SCATTERING

0.1 T T T T T T T
ATLAS v4(2PC) 110 < Ny’ < 140
0.08 L CMS v4(2PC) 120 < NI < 150 |
w=0.0fm/c m
=0.2 fm/c ==
0.06 | =0.4 fm/c ===
- 004} i
>
0.02 |
0 -
_0'02 L L L L L L L L 1
0 1 2 3 4 5 6 7 8

pr [GeV]
B. Schenke, S. Schlichting, R. Venugopalan, 1502.01331

@ Zero v; from the initial state; expected in classical limit, as initial conditions for classical
field are real functions.

@ v; develops quickly with time
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CLASSICAL YANG-MILLS

pure gauge: 0,

z
nucleus p,

@ Before collision, pure gauge soft fields created by “valence” currents

aiail,z(fi_) =gp1p(®)
@R = —£ULERDIU R
@ Just after the collision, 7 — 0+, (Fock-Schwinger gauge A, = 0)

A. Kovner, L. McLerran, H. Weigert, arXiv:9506320
a@'(r > 0,%) = a;(¥) + &5(X))
ig. . .
Ayt = 0,%) =7Ta(r > 0,%); ar > 0,%)= E[all(x)i), ay(X))]

@ In the forward light-cone  [D,, F*"] =0

'VSKOKOV @BNL.GOV
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CLASSICAL YANG-MILLS: EXPANSION IN 801

@ Initial conditions
&t — 0,2) = a)(®) + h(E)
AT = 0.8) = Talr > 0.8): a(r = 0.8) = 10 (£, 5(5,)]

complemented with the expansion in go; (O = 5p)):

97

2

80\ 1.
oy = 9, - 8 (5,, 2’) [do,. 0| +0@})
(1) L 1

2)
@ YM equations describing the dynamics of the fields [D,, F*"] =0

@ In order to perform the expansion, it is convenient to rotate out the nucleus field from the
initial conditions:

a(r, %) = U,(F)B(T.R)US(RL) Br = 0.21) = Uj(R)a(r = 0.2)U;(F0)

JOEN — 172 Vo (2 +
CL/i(T,)_Cl) _ Uz(fi)(ﬁi(ﬁfi) _ éal) U;()_C)L) B —0,%) Uz(xJ_)al(XJ_)U2(zJ_)

@ Perform expansion in powers of p;: 8, = (1) (2)

+B8 4
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FIRST ORDER, 3!

@ At the leading order, the CYM equations are (in Milne coordinates)

9+ %af - c?i]ﬂ‘”(nﬁ) =0
30" (1, %) =0,

. 1
|:6l] (63 + ;8, - Bi) + Bic?j

B(x.%) =0

No non-linear terms ~» the solution can be found trivially.

@ The solutions is

in momentum space: .
bi(X)) = 6"Qu(X)),

BV, kL) = by(Ky) b)) = €10,(%)),

Ji (kJ_T)
1T

. 8,
ﬁgl)(‘r,l_cl)=iijbz(Ei)Jo(kLT)+ikiA(EL) Q@) =g [az pl(’”)] (U @nRUE),

- 9
[UR)) = Us(R)] AR = g(?_ (U (xJ_)[ 2,01(7&)] U()_C’J.))

€L
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SECOND ORDER, 3%

@ At the next-to-leading order:

G+ %af - ai]ﬂ%,m = —ig (18" i(r. %), (0, 2] + [B"i(x, %), 08" (7, 2)])

B2 = —ig (918", 20,87, )]

&Y (63 + %6, - 61) +0,0;

+[ﬁ(l)j(T’ )_C’J.)’ ajﬂ(l)i(‘rv -)_C)L) - aiﬂ“)j(‘r’ fJ.)] - T2[B<l)(T’ )_C)J.)’ 6iﬂ(l)(T’ ]—C)J.)])

First non-linear corrections!

@ This looks very discouraging.

@ The goal is to compute g6p? correction to particle production.
Do we have to solve these equations?
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PARTICLE PRODUCTION: [LEHMANN-SYMANZIK-ZIMMERMANN [

@ For simplicity — Minkowski-space and semi-classical scalar field ¢(x).
The creation operator

at (k1) = 1 f d*x exp(—ik - x) 5; (x) k-x = k"
1
@ The difference

a'(k,t —> oo) —a* (k,t — t) = %fm dt (fd3x exp(=ik - x) 3y ¢(x))

fo

1 e
= —_f dt d*x exp(—ik - x) (EI + m2) (%)
1 1
0 interaction
Instead of a usual choice #; — —oo, in order to mimic initial conditions on the light cone,
th — 0.

@ Thus for the creation operator at the out-state, there are two contributions

a*(l_c), 00) = %f d3xexp(—ik-x) c:)_()) o(x) + % f‘x’ dtfd3xexp(—ik-x) (D +m2) o(x)
=0 0

initial flux through t=0 hypersurface interaction; evolution in the forward light cone

dN

@ Single-inclusive gluon production Ec o = ﬁa’f(l_{, 00) a(l?, 00)
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PARTICLE PRODUCTION: LEHMANN-SYMANZIK-ZIMMERMANN II

@ Single-inclusive gluon production

’’ surface”’ ’"bulk”” 2
r 1T 1
dN 1 |1 ; e 1 \ _ .
By = 207y |7 Lod xexp(—ik - x) 9o (x) + n fo dtfd xexp(—ik - x) (|:| +m ) ()
L 11 1
initial flux interaction; evolution in the forward light cone

@ Leading order: no bulk” contribution

@ ”Surface”: Initial conditions (to any order) are real functions of X, ~» symmetric under
=4 =4 . .
k, — —k, ~» absence of odd azimuthal anisotropy

@ Both contributions schematically:

5

dN > S R N
Ex— = aV(ky) +a? (k) + .. f[aVk) + aP k) +...
Ak — —
surface only surface and bulk
~ aV(K)a (k) +aV (k) (aP(KD) +aP(kDa®(K.)
symmetric L !

odd asymmetry is possible

@ Realistic calculations: Milne coordinates (Hankel functions instead of exp), gluon
polarization, non-trivial time integrals involving up to three Bessel functions
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LLSZ: MILNE COORDINATES

@ Single-inclusive gluon production

2
dN 1 - > > S 12
P T |2 B ¢ @@ + 8,0 l

@ The surface contributions:

S.ED) = lim |7 H (k1) 90 pu(n K
70+

> Eljk -
e — Bu(r.ky) = ik—’ﬁi(n k.)
N
L HP k1) o
G, (k) = 715& [73 {% 0o B(r,ky)

@ The bulk contributions:
> e 1 > -
B, (%) = f drtHO (k1) {;arra,m(n B)- 3 Bur, kL)}
0

B,(k,) = f dr#Hg“(kg){T%a,#a,ﬁ(r,/a)—ai ,e(r,la)}
0
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SINGLE-INCLUSIVE PRODUCTION: LEADING ORDER |

dAN™° 1 S P SR
Bk = Ton [ S (k)| + |C5n(k¢) ]
with
- - 2 - 2 -
V@) = ~ lim (r0.H (k0B (r.R0) = —Zi B0 = 0.k1) = = by(ky)
70+ s wk, Iﬁl
S 4 Br=0,k 2%
SRS 9 iy ClL -2
7 n ky mky L
init. cond.
@ Substituting the initial condition, we get
reproducing the result of J.-P. Blaizot, F. Gelis, R. Venugopalan, arXiv:0402256
dN™° 1 > S
Ey—— = ——(60m + €€im) (k) [Q (kL)
&Pk 8wk ! AR EAN
2 d’p. d*q. pitk = p); qitk — @)y
= £ ) (5[j(slm + Eijflm)f pt q; B s a ) 4
8m3k2 (2n)> 2n)* py q1
X PG|\ Wik =) WK - | po(B)
adjoint Wilson line b

@ Manifestly symmetric under K L= -k il
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NEXT-TO-LEADING ORDER [

2
dNNLO 1 > - -
_ (1) (2) 2)
B = Tor Z S b0+ &) + By &)
7_L"7| init. cond. evolution |
1 S5 12 - 7 7 *
= Tor 2 |[BE + SPED (SE + P E)
y=Ln !

H(ENED) (BPE) +BP@E))

@ The surface contributions are deﬁne_gl by the initial Sondition on the light cone and can be
readily found. At any order n, Gg")(k )= —(6(7")(—k )

@ Anti-symmetric combination:

Ep (dNN© o aNNo
S\ ® - (KD

= %TRC INED)) I[%;”(l?l) + (%;D(—/?l))*]l

1

y=_1

@ This combination is defined by the NLO solution.

'VSKOKOV @BNL.GOV ODD ANISOTROPY RHIC/AGS ’17 23/38



NEXT-TO-LEADING ORDER I

Graphically (V&)

This diagram does not contribute:

(&) P
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NEXT-TO-LEADING ORDER III

@ A reminder of the definition the bulk contributions (77-component only):

BA(k,) = f drrzH‘”(kg){ 0.7 (1, k) - & Bk )}

[m]

@ There is no need to solve for 8 !

&+ 20, - 3i]ﬁ(2)(nxi) = —ig (01" i(x.2). 8" (@ 2] + [Bi(r. ). 08" (7.%))])
IT—I

a

0o 2
BP(K,) = f dr | (k.)| g f (;1732[(2&—q;)-/?‘j)(r,al),ﬁ“(n/a—m
0 1 1L ]

xJo(rqL) o Jy(@lki-Gi/

7-integrals involving three Bessel functions and one power of 7
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SOME OF THE INTEGRALS

- 1 1
fd‘r T H(()l)(kLT)Jo(IE]’l —kiDJo(qun) = - 5——
Tk X gl
- 7 1 1
de T Ji(qo(lg, — ki D)Y (k7)) = —=
mqiky
- 7 1 1
de tJi(qL0 (gL = kiD)Yo(koT) = ———
Tqlk, —4.l
1 Gu-k,

f dr 7 (@Ol U To(Re - Gule) = 2
gk g, x k.|

1 Go- (G —ky)

aqilky =gl 1g. Xkl

f dr 7 (@Ol (Re — duio(k,) =
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ODD AZIMUTHAL ANISOTROPY AT NLO

@ Performing 7-integration in

% (‘lif;o (&) - d];]j,jo HZ)) = LRe 3 (S0E) [B2E) + (32-0) ]

167
y=L1

1 Q4(G.) Qb (kL — .) QG (kL)X

-1 2g d’q ]_Cl N
wk J Qo ik, x4, qukl q.?
[(le™ — G, - (K. = Goyele™ + 676™)) €7 + 2K, - (K. - 4.)s"e™s™ |}

Q represent sources rotated by the target: Qf;(/? =g 2127‘:)*2 4 ’(;_p i 0a(PL) W;,a(k L —PL)
e — |

Py t cym
z ® z
pure gauge: oy pure gauge: oy pure gauge: ay pure gauge: a,
p A p

ad. Wilson line

t cym
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ObDD AZIMUTHAL ANISOTROPY AT NLO: “LCPT”

@ An example of a digram that contributes in “LCPT”:

@ Vanishing odd azimuthal anisotropy (an example):
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ODD AZIMUTHAL ASYMMETRY IN DOUBLE INCLUSIVE PRODUCTION

@ The odd contribution to single inclusive production is o p3
o Ina Gaussian MV, ~ (% (22 (k,) - 4° <—/?u)>,, =0

2 &k
o However, the asymmetry survives in double inclusive production!

ocp6

L ANNO L \aNNO
(ky) - yan (—/ﬁ)) (ﬁ¢)> #0
p p

EkEp dNNLO
4 d3k

d3

@ One of “LCPT” diagrams
[

g
%
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FINAL RESULT FOR THE ANTISYMMETRIZED PART

2 SR xd by s . .
Cop _(zi) f d2q BLxdy liquJ_ fabe g b [pJ_e’JEm"*EL'(ﬁl*iL)(fU‘Vnn+6‘j6mn))5rp
2] 22 ) en? ) @o? Prxald B xq, ) @ ips -d.P o 2Ry -4, P

L P q»L)éijEmnérp] [(ki‘i,j, i’ q) k- 473_)(61./// '’y ol g )) & ok Ey - li'l)éiljl '’ st'p’ ] x

| jmn(qblu n)( iy Pl ql)ﬂ / ,,,p,(’u 11,ka)+9

o CPLs k- 4L)ﬂl,j,r,p,(qu ’uHQ’ , ,( ~PL,~ kl)ﬂ// - ,(qJ_Ju qJ_))

oL ﬁu(ﬂ' I IR o ,,r, L(Ey - ﬁﬁmmv

i} ot PL =LKL~ 71)9,, @K
b, ? o >
ﬂmz,p,(lﬁ ‘?J.-—kJ.)Q” o n,(‘?l.’u.-fﬂ +ﬂf;‘:j,(lh 7 ( mnrp(ﬁL P, ﬁJ_)ﬂm ﬂ, . (kL - -k )+

b.b
anm,n,(ﬁ; Gu.kL - t?l)ﬂrprp,( L. k;)+ﬂmnr, s - <71.-—1u_)9f s Bk -qD)+

Um/n/('h NIy ( i rp P L = ﬁ;,-ﬁ;)ﬂl;ﬂ r/p/(‘?ﬁ_v—k;)*'ﬂmm,j,(lﬂ gi. qJ_)Qr;r/p/( —BL. KL+

QP G- ~RO0SY, LT+ 0GR (OG- P F00% Y @R -7
i p! B ity TP L 9L i o > mn,rp . ittt L0 n

abd 0y (BL— 1.7/

mn,i’j

b’
. Y Bl AR IR IR (i ,,j,< L ﬁ))]

with

2 i+ pYiug(u —
a o _ 2 d“u o i )i
AR A T B

Dm N P
[wae +powt @ -a0) .




CRross cHEcCk ?!

G. Chirilli, Yu. Kovchegov, D. Wertepny, 1501.03106
[
i

Q

: Pk &Pl Pa e B 5 "
=_ 3 2 iq1 L -(@10 —b11 )+iGa 1 -(Fa 1 —ba1 ) +il) (B —F11 ) +ik L (L —Tay)
20 [ Eortar [ s o oo

2l 7 = A - . o
= L O XEL g o Gux(kr—l1) | e o GuxlL . O -
X —q11 - GoL +EeT-qL = = + €M gay ———— | Sign(kL x11)
G5 ( KL (kL —11)? l-ﬁ_

x e og, o] oz -vg, ] (%), (%),

&Pk Pl dg B )T, By )ik
—924° 28 80 09 g (Fi—bay)HilL(FL—bro) ik (ZL—F1) pabe (. 4d r e
29 /dﬂz / (@n)2 @n)2 @n2 ¢ f (V;:ut )1 (Vbut )2

< |o2a ( e _yee ) ek lq @l (’:C:J.—l})'ﬁ _@q @k (’EJ_—I})-Q’J_
bis + baL K 24 7B (kL —11)%¢3 23 43 K (kL —11)2¢%
_ (U’-’" _ph ) e (B Fl @ @@ (Fi-qg) L @l @ -F(ki-q)-lL
B b Tha B A4 ad  (FL-qu2 28B4 K (kL -qu)2e2
Pk dq dPg Bus )i Ba )ik GiL-Gos & kL
29% [ @2 /= =41 01 (FL—b11 )+iday - (B —bar)+iky-(Zo—2y) ALL "92L BL Pl o~ -
+20" [ 2 [ o G e did, R et )
X [Ua':i - U:f] fhoe (Vx;utd)1 (V;;ut”)n G. Chirilli, Yu. Kovchegov, D. Wertepny, 1501.03106
Yu. Kovehegov, V.S., relation to v3 — work in progress
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DOUBLE INCLUSIVE PRODUCTION

@ The obtained result can only be used to extract the antisymmetrized part,
or the leading contribution to v3{2}.

@ It is not full NLO for double inclusive production!

) o-(l? 1) as a shorthand notation for E, dN/dk>:

LO NLO FSC

(k) = oo (k) + oK) + oy(k) 4+
g2p2 g4p3 g6p4
Double inclusive:
computed here even anisotropy only
T 1T 1
(CEDTFE) = (2K)o2(F)) + (3R (F) +(Tak)oaPo) + TaFTs ko)) +---
LO complete NLO

@ Complete NLO requires computing the first saturation correction, 0'4(12 1).

@ Nevertheless, this represents a first explicit analytic result for the odd azimuthal
anisotropy.
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PROPERTIES OF THE ODD AZIMUTHAL ANISOTROPY

@ The surface contribution on the light cone gives zero odd azimuthal anisotropy to all
orders. It is T-even and can be written in a local form.

@ The odd harmonics originate from the time evolution in the forward light cone.

They are non-local and not T-even.

@ The argument that the double inclusive cross section is even under the inversion of one of
the gluon momenta is valid only for the surface contribution (at any order in the classical
approx_i)mation_)). The bulk contribution to single inclusive production is not symmetric
under k, — —k, configuration-by-configuration.

@ The result can be used to calculate the leading order v3{2} without solving Classical
Yang-Mills numerically.

@ Isitrelated to inital state geometric asymmetry €37

a9
e

" ¥
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Y DID NOT YOU USE L.

The presented results could have been obtained using LCPT, but

@ the amount of diagrams is enormous; ensuing expressions are bulky and cumbersome

@ LCPT does not provide any intuition about the properties of different contributions, e.g.
that the surface contribution gives no odd azimuthal anisotropy

@ the key point was to compute single inclusive production on
configuration-by-configuration basis with explicit p.
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OuTtLook: NUMERICS

@ Generate (target and projectile) sources according to MV
@ Compute Wilson lines for the target

@ Rotate the projectile sources by the target Wilson lines ~» Q

@ Compute single inclusive asymmetry on conf.-by-conf. basis

Ei (dNNO L aNNo 2 dq kixq 1 i 7 ¢
k( —(—kl))—lm{—g o £ QG QR - G0) QR

ry _( - A o - -
2\ Pk 2k J Q0 R x g, IR - G.P
[(kie"f'e’“” =G Ky = qu)(Elem™ + 876m™)) € + 2K, - (R, - q'L)a"fs'""zs’P]}

@ Compute double inclusive asymmetry on conf.-by-conf. basis
@ Average w.r.t. W[p;] and W|p,]
@ P.S. Yes, v3{2} is positive

V. S. work in progress
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OUuUTLOOK: BEYOND CLASSICAL LIMIT

t
02 ' Ccy™m

YN

X

Some degree of final state interaction is needed?!
@ Is there odd azimuthal anisotropy from the genuine initial wave-function beyond classical
limit?
@ Using the projectile wave function describing quantum high energy evolution (JIMWLK),
we were able to show that there is!

A. Kovner, M. Lublinsky and V. S., 1612.07790
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OutLook: CME BACKGROUND FROM INITIAL STATE PHYSICS

@ Projectile wave function has intrinsic parton correlation built in;

EIC: dedicated machine to probe these correlations |
|
W
@ Scattering frees partons; some correlations are preserved % ! §

T. Altinoluk, N. Armesto, G. Beuf, A. Kovner and M. Lublinsky, 1503.07126,
A. Kovner, M. Lublinsky, V. S., 1612.07790,
A. Kovner, M. Lublinsky, V. S.. 1706.02330
@ Origin of Gl h: Origin of Glasma-like correlations
rigin o asma graph: in projectile WF
»

“Bose enhancement of gluons in the projectile leads to azimuthal collimation of ...

T. Altinoluk, N. Armesto, G. Beuf, A. Kovner and M. Lublinsky, 1503.07126

@ Same-charge correlations, two contributions of the
same order g*(g°0") q

@ Rapidity independent pedestal, A, ~» ys < 0

@ Pauly blocking term, B, ~ ys(An — 0) > 0 Qy ! S
~ s(An = 00) <0 WW

@ Oposite charge correlations: leading order is
rapidity independent and positive A. Kovner, M. Lublinsky, V. S., 1706.02330; appeared two weeks ago
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SUMMARY AND CONCLUSIONS

@ 13{2} # 0 in CGC calculations!

o Explicit expression for the odd azimuthal anisotropy;
interpretations in terms of LCPT.

o First correction is sufficient to have some v3{2}.
It is a quantitative question whether it is comparable to dense-dense limit.
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