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I have been lucky to collaborate with Larry on some really odd stuff

@ Electroweak Instantons, Axions, and the Cosmological Constant
@ The Eccentric Collective BFKL Pomeron

@ The Large N Limit with Vanishing Leading Order Condensate
for Zero Pion Mass

...it is easier to understand Larry’s ideas than his jokes...

Today I will be pretty conventional and talk about
Odd Azimuthal Anisotropy of the Glasma for pA Scattering

L. McLerran € V.S., arXiv:1611.09870
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¢ No introduction — see talks by Raju and Jamal
¢ CGC was and is odd... but many of us had doubts about it. Why?

High-energy pA collisions in the color glass condensate approach...
Jean Paul Blaizot et al, hep-ph/0402256

@ and why they should not have...

Non-Abelian Bremsstrahlung and Azimuthal Asymmetries in High Energy
Miklos Gyulassy et al, arXiv:1405.7825



Saturation regime/CGC

ko(k)

High energy ~» high gluon density
~» formation of semi-hard scale, @

Particle production is dominated by k| ~ Qs gs~1 Aoco

Qs 0 < 1

we know how to compute here

e Weak coupling methods can be applied o, (Qs) < 1

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

Actual analytical calculations can be rather tricky



What do we know analytically?

Asymmetric collisions, when Qs of projectile # Q) of target, is the easiest case.

Single inclusive production

e In general

ﬂ:if zp zA
d*k oy k27 k2

Qz 2 . . Q2 2
I %%A is known only numerically; for large k1 > Q2 ,: % = aLkTw%sﬁf(Ll)
1 L s R Ry
A. Krasnitz, R. Venugopalan, arXiv:9809433 E. Kuraev, L. Lipatov, V.

Fadin, 77 5



Single inclusive production

2
diN _1Q% <Q§A>_’_i 2 e <Q_2A)+

Bk ag k2 k2
e f() is known since 98

/ Y. V. Kovchegov and A. H. Mueller,
arXiv:hep-ph/9802440

\QQQC )999} A. Dumitru and L. D. McLerran,
arXiv:hep-ph/0105268

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

1t Nuclear shock-wave

e f®): no complete result yet

I. Balitsky, arXiv:hep-ph/040931
G. A. Chirilli, Y. V. Kovchegov, and D. E.
Wertepny, arXiv:1501.03106




Double inclusive production

d*N 1 1
Bkdp  o? o h (@ea) + o2 Sy h® (Qua) + -+

S

Momentum dependence is omitted to simplify notation
; : « ” . AN _ 1 4 4 1,1
e Dilute-dilute “Glasma” graph: gz = a2 Q5 QA R(1,1)

A. Dumitru, F. Gelis, L. McLerran and R. Venugopalan, arXiv:0804.3858

e A is known since ’12 (actually '04) ; invariant under (k; — —k )

Jean Paul Blaizot et al, hep-ph/0402256
A. Kovner and M. Lublinsky, arXiv:1211.1928
Y. Kovchegov and D. Wertepny, arXiv:1212.1195

e h?): no complete result yet
Is
>, :fa% L. McLerran and V. S., arXiv:1611.09870
%QQ % Y. Kovchegov and V. S., arXiv:1802.08166
j :%




What do we know analytically?

@ From Jean Paul Blaizot et al, hep-ph/0402256 :
dN, _ 1 /dﬁku kY, Cug. ki) C, (g, k) )
Pady 1) @ @07 ki KL

xAphakrL)pp.o (ki)Y U (R2)U (K510 -

@ Double inclusive production:
d*N _ /dN dN
Bkd3p — \ Bk d3p
¢ explicitly even under & — —k or p — —p and
thus has no odd azimuthal anisotropy



What does presence of odd harmonics mean?

e Double inclusive production
d*N B d*N
koldyldzkzdyg-_-kldkldylkgdkgdyg
X (1 +203{2} cos 2(01 — é2) + 2v3{2} cos 3(d1 — B2) + .. )

e A non-vanishing v3{2}

d?k1d? ko d?kyd? ko d?k1d? ko

I Y I (kyoks) = oy (k,—k,)
A s Pl d2hy U T2) T @R 2k, \ 2

e Therefore, non-zero vz ~»

2N 2N
T (kK T (k. —k
A2k, d2k, <—1’—2> ’ A2k, d2k, (‘1’ —2>

27 ke kL
/ dA¢ cos 3A¢d2—N (A¢) - / dA¢ cos 3A¢(12—N (A¢) — / dA¢ cos 3A¢dz—N (A¢ + 7r)
0 0 0



¢ Part of the result

docrossed 1

PhidyPhydys . 202772 / FBEN 0 TB = b) (B - b)) s 'y dos Py

2
X [e_i ki (@i —y2)—i ka-(@2—y1) 4 =i ki(@1-y2)+i kz-(m—zﬁ)] 160; Cp 1—b

CYa—by m—by  y1—b
2 2Nc ‘wl—b1‘2

ly2 — bal? |22 — 622 [y — by 2
X |:Q(m17y17m2gy2) = Q(x1,Y1,T2,b2) — Q(x1, Y1, b2,y2) + Sa(x1,y1) — Q(x1,b1,T2,¥2) + Q(x1,b1,22,b2)

™

+Q(z1,b1,b2,y2) — Sc(x1,b1) — Q(b1,y1, @2, y2) + Q(b1,y1, T2, b2) + Q(b1,y1, b2, y2) — Sc (b1, y1) + Sc(x2, y2)
— Sa(wa, ba) — Sa (b, y2) + 1] .

d3kd
dN, 1
d2q dy 1673

® Why I like this form 425 = <

10



@N__ [dNdN
Bkd3p  \ d3k Bp

dN (k) 2 0i0mm + €i5€im

2kdy {p v t] ~ (2n)3 2

€ (k) [ (B)]

with )
Q%(XU =g la;'p”(xl)] ajUab(XJ_)

Instead of 8 integrals with oscillating integrand — one Fast Fourier Transform
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A conundrum for saturation

Can saturation dynamics account
for non-zero odd azimuthal harmonics?

12



A conundrum for saturation

Dense-dense calculations: non-zero vs (Bjorn, Raju, Soeren, ... )

We note that numerical results of [... ] do not seem to display the exact
symmetry k — —k, which may be an indication of some subtlety of the

numerical procedure of /... ].
p f[ / A. Kovner and M. Lublinsky, arXiv:1012.3398

Matt and Yuri: Odd contribution is buried somewhere in multiple
rescattering i.e. in high order h(V>1) )

d*N 1

Phdp W (Qsa) +o Q @ (Qea) +
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This is when Larry got excited about

Non-Abelian bremsstrahlung and azimuthal asymmetries in high
energy p + A reactions

M. Gyulassy, P. Levai, I. Vitev, and T.S. Bird
Phys. Rev. D 90, 054025 — Published 25 September 2014

08

e
—=10

k/p

Larry in 2015: “We need to understand this”
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Inspiration from Single Transverse Spin Asymmetry

or why we should have expected CGC to be odd...
e Consider single gluon production

do

B M@ = [yt )

e Amplitude may have two contributions

M(z) = Mi(z) + Ms(z) + ...

o Asymmetry under £ — —k would mean that
My (z) Ms*(y) + Ms(z) Mi*(y) = —Mi(y) Ms™(x) — Ms(y) Mi*(z)

~  Mi(z) Ms*(y) is imaginary
~> Phase difference between N, and /5 in coordinate space

In coordinate space, but not dissimilar from STSA
S. Brodsky, D. S. Hwang, Y. Kovchegov, I. Schmidt, M. Sievert, arXiv:1304.5237 14



Natural candidate

M; M,

e Vanishes for single-inclusive production after performing

average with respect to projectile configurations. . .

Unless you have an odderon (talk by Yoshitaka)

15



e Non-zero!
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Classical Yang-Mills

pure gauge: dy 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 pq; then use LSZ

17



Gluon production

e Leading order and the first saturation correction

dNeven(k) 2 5i'6lm+€i'€lm a o “

d?kdy [pp,pt] - (2m)3 ’ 12 =05 (k) (94, (B)]
AN©d (k) 2 g [ d* Sign(kx1) .. ) .
iy P 07] = ™ E/ @ P—1p | Ok =D [, E)]

[(k‘26” mn _l' (E_ l)( ’Lj mn + 51J6mn)) P 4 2& (E_Deij(smnérp] }
Here (5”Q” = Qa:w + ny and GijQij == wa - Qyw and

val. sour. target W line
1 T 1

9, " -
Ql(x1) =g 2 pl(x1) | 0; U™(xy)

L ]
valence sources rotated by the target

dNodd (E . d b
“Zkdy |Pp> PT | 18 suppressed by extra ap,, ' o
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

z
r 1
pure gauge: O pure gauge:

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

e Do we have odd azimuthal component of two parton correlation function

in hadron wave function?!
19



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 gauge AT = 0

Yu. Kovchegov and V. S., arXiv:1802.08166

20
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e Reproduces result obtained in Fock-Schwinger gauge!




M3

EN (T — T F11 — b To) — b:
= ryd*xy (2L — T11) X (FL — T2 o — (Iu__ I;J‘) f“‘ AT iE?l 221
4 [T2r —F11] |Z10 — b1 |72l —bai]?
e (@ — biy) FL-Fu T2 — bor | &N (for —bay) FiL—bio L -
[#11 =i 1L =Tl [Ty —bo|? [Tor —bou |2 |F10 —bio|? [FL—F2uf?

« fabe [Ui,l _ U;i] [U;;‘l _UEC;] (Vgutd) (Vgut“)z

ig® (V~ td V~ te P2a e U(‘e Uee ) @ (BL—dy) Fi-b T —ba
Amd o bu bus bas [ZL =21 |7~ B2 &L —beu|?
& —bi) Z -7 ) iL_I;ZL _ gi\*‘(z-l—l;u) T —biy ) T —byy
[ N N AR A P [ZL =01l |[ZL = bii* &L —bon]?
(Ubd _ b ) Uee e (ZL—FL) T — b1 AL — bot _ e (2L — boy) ZL—ZL AL - n
b/ “bar [ZL=F (& b2 |FL - bau|? |ZL—boi |2 1L —TLP & — by )?
76_1' S(ZL—bat) FL—bio T bay
[ZL=b21]? &L —b11? [T —b2i]?
d
(4., (%),
(U — U yUee ar-Gi-bu) 1 _utd e — e @t —b) | 1
: e A [Z1L = bau |A . VE - U, |21 = bar [? [ZL = bie|A
19 2 b b1 rbd d
2 [t (3.9, (1),
Ak (3 _ = = 7
- (EL-F) Fi-b &b _
o ( ) ) Sign(b; — by)

[ZL=F0? |7 — b2 |FL —bas]?



e In Golec-Biernat—Wusthoff model & Large N. & at high momentum:

dooaa 1 1

k1 dy1 A%k dy» - [2(27)3]

i / BB - ¢* Q% ()

kS kS

(E§+E§+E1'ﬁ2)2 (k%+k§_k1'k2)2:| 10¢° 1 ky - ky

(ki +k5)° (ky — ky)° - (2m)? A% Kk
P ——
) B
1 k% 2 2
T is Ad (6% (ky — ky) — 6% (ky + k)]

C . . R
Yu. Kovchegov and V. S.,

arXiv:1802.08166
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CGC perspective on v3

e Leading order and the first saturation correction

d“even(k) |: :| 2 51]5lm + €ij€lm ~a a *
2) d?kdy Propt (2m)? k? () i (&)
dN° (k) 2 g d*l Sign(k x 1) ,ap ¢ *
- - I TS =7 o) pa0e0)e (] > (k—1) QS
D) =y [pvov ] COERAPE / e Bl | D%k =D [0, (B)] X

[(k26ij6mn 1. (E _ l)(ﬁl] mn 5z]§mn)) ETP + 2& . (E _ L)eij(smn(srp:l }

),
Recall that O o< ppo 7P
Pp

Ua Ua

e Odd azimuthal harmonics is a sign of emerging coherence in proton wave function:

the first saturation correction!
24



Multiplicity dependence: scaling argument

e Physical two-particle anisotropy coefficients can be simply expressed as

{2} (Ney) = / Doy Dpr Wipy) Wipe] 1Qu [y, 0] > 8 (% (0.1 - Nch>

with
) even ) odd
Qon [pp, pt] = - dqb AN () s Q2ntt [ppy pe] = po _(2 dNeven (k)
Sl kidky 52 =g [va Pt] S krdks 5y =gy [pp’pt}

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

e Under this rescaling:
dN o2 dN
c
dy day
e Therefore in the first approximation: v2,{2} is independent of QF or multiplicity;

U271+1{2} X (2? X \/% 25

Ugn{2} — 'U%n{2}, v§n+1{2} — (72 U§n+1{2}



Dilute-dense vs Dense-dense

0. 1 T T T T T
A ©=0.0fm/c ©
QS =2.5 GeV 1=0.2 fm/c a <V2{2}>
0.08 |- 1=0.4fm/c  x V42> h
3 ——
1=0.6 fm/c x
=0.8fmic - V2>
0.06 |- w=1.0fm/c = b
‘%
0.04

=)
o
H

<

0.02

Dilute-dense

Saturation scale: C.)SP [GeV]
S. Schlichting € V.S., arXiv:1910.12496
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Conclusions

e Summary of this story:
Jean Paul showed that it is hard to get vz in CGC
Miklos’s paper motivated to look into it again
Larry intuited what has to be done

...the rest is trivial ...

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

e Dilute-dense vs Dense-dense: in a good agreement in the region of
validity of dilute-dense expansion
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