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The

® [wo-particle correlations in
pp and pPb at the LHC show
features that in AA are
attributed to final state
interactions describable by
viscous relativistic
hydrodynamics and interpreted
as a signal of equilibration.

e EKT and AdS/CFT: hydro

works even for large
momentum anisotropies.

® What about a non-hydro
initial-state explanation?
(anyway long range rapidity
correlations must come from
the very early times...).
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The ridge:

® [wo-particle correlations in
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CGC explanations:

® Several explanations in the CGC, that use/assume that:
=?» the final state carries the imprint of initial-state correlations,
=» the CGC wave function is rapidity invariant over Y« | /X,
=¥ the projectile is a dilute object (proton).
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=?» the final state carries the imprint of initial-state correlations,

=» the CGC wave function is rapidity invariant over Y« | /X,
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® [ ocal anisotropy

of target fields
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Dumitru-Mclerran-
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CGC explanations:

® Several explanations in the CGC, that use/assume that:
=?» the final state carries the imprint of initial-state correlations,
=» the CGC wave function is rapidity invariant over Y« | /X,

=¥ the projectile is a dilute object (proton).

® L ocal anisotropy e “Glasma graphs” (Dusling- ® Spatial variation

of target fields Gelis-Jalilian-Marian-Lappi- of partonic density
(Kovner-Lublinsky, McLerran-Venugopalan, (Levin-Rezaeian-lancu).
Dumitru-McLerran- Kovchegov-Werpteny):

Skokov). successful description of

Q_/ data in pp, pr

® Also interference
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Correlations in glasma graphs:

® Two physical effects in correlations in the glasma graph approach:

k-2)@  @k-a) ki-a)@  @lk-a) Projectile: sources p
k1 i k1
@ ol
l i l Black blob: rescatterings
ke 'k
.nrmrmrmrnrcmmnsrmw2 | ufnmnmmmnnm.
@ a | @ " Target: colour field

|) Bose enhancement of gluons in the
projectile wave function (1503.07126).

2) HBT of gluons separated in rapidity
(1509.03223, 1212.1195,1310.6701).

o 6Pk, — ky) + 5P (k; + k)
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Open problems:
® CGC calculations for the central rapidity region resum terms in
which each source emits one gluon, O(gp)
v s
=» Odd harmonics require additional terms
(1611.09870, 1612.07790, 1802.08166,see Mark @0 5.5 6 0
Mace’s talk), @(gzp) .(((((
® Glasma graph calculations are valid for a dilute target (pp) and
usually performed for two particles (up to 4 in 1409.6347, 1712.05571):
=¥ Extension to dilute-dense (pA) numerically (1509.03499, 1705.00745,
1706.06260) or analytically (1804.02910, 1808.04896): this work.
=» Three gluons in pA: this work.
® Correlations are subleading in N¢ in the MV model: new ones
including anisotropies (Dumitru-Skokov).
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Double inclusive cross section:

do
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Projectile averaging:

® Averages of colour charges contracted pair-wise (MV model):
(P )Pp" () p = 5Uu*(x, y)

(P ()™ (x2)p™ ()0 (12)) | = (p7 (a)p™(x2) ) (p™ (120" (32) )

P P

+(P )" () (P2 0)p™(2)) + (7 ()0 (12)) (020 (1))

paQ(xQ)mpal (l'l) : pbl (yl)m pbg(yz) K \ i K - m bo
' o (z2) i) ) PR Pl ) P )
k1

ky i k1 1 1
Wl E ZW ¢ ki i ky ¢ @ i klmm!m.
: A1 i z1 Z1 : 21
.“tm'cmm'‘amnrmml;;2 i Egﬁmumummmn‘ 1 o ; o ) 4 i 4
do 2(2-)2 ik1-(z21—21)+iko- (22— 2 ' (3 i (3
= a5 (4m) / elrlara)tie(ma) Al(x1 — 21)A (21 — 1)A (e — 22)A (22 — y2)
d2kidim d?kadip ) 2121273 X1X2Y1Y2

’ {“2(X1-X2)#2()/1‘Y2) <tr { [U(z1) = U(x)] [UT(21) = UT(n)] [U(22) — U(y2)] [UT(22) — UT(x2)] }>

T

+11%(x1, y1) 12 (%2, y2) <tf { [U(21) = U(x1)] [UT(21) = UT(11)] } tr { [U(z2) = U(x)] [U'(22) - UT(2)] }>T

+//2(X1.y3)/,3(><2.y1)<tr { (U(z1) — U(x1)] [UT(z1) — UT(1n)] [U(22) — U(x2)] [UT(22) — UT(y2)] }> >

T /
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Projectile averaging:

® Averages of colour charges contracted pair-wise (MV model):

(PP () = 6“p*(x, y)
(P () ()™ (11)p%(v2) ) L = (P (a)p™(2) ) (" (1) (2) )

P P
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\
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Projectile averaging:

® Averages of colour charges contracted pair-wise (MV model):
(P )" (M) p = 67u*(x, y)

(P71 0a)p™ (x2)p™ (11)p™(2)), = (™ (a)p™(2)) (™ (n)p™(12))

1
1 1
2 2 I A
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1 i 1 Iz
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do 20212 ki-(z21—21)+iko-(20—Z : L : L
= af(4r ek (z1=21)+ik(22-2) A'(x; —z1)A'(Z A(xp — 20)A (2, —
d*kydmd®kadip ! ,)Zflz SR R Xzyz . - ). . ), ( ), (,. &

X {Nz (X1, x2) 12 (y1, y2) § z1) — U(x

F12(x1, y1) 1230, y2) <” {[Uz) - U] [U'(@) - Ut 0n)] | tr {J0(z2) — UG)] [UM(22) - U (32)] }>T

+/12(X1.y2)/12(x2.y1 ‘: tr { [U(Z1) — U(X1)} [UT(Z_l) - UT(yl)} [U(Zz) — U(Xz)} [UT(_Q) ()/2)} }>T
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Projectile averaging:

® Averages of colour charges contracted pair-wise (MV model):

(PP’ M)p = 8“u(x,y)
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Target averaging:

® Cross section involves integration over all
transverse coordinates = maximise the distance.

® But target ensemble must be colour neutral,and
colour neutralisation takes place at distances 1/Qs, } |

so S-matrix#0 for colour singlets of size >1/Q:..

= the leading contribution (in RpQs) comes from % @ I /0

the 2n points in <...>7 combined into n singlets at
distances as large as possible (similar idea in
Kovchegov-Wertepny, see also 1801.04875).

(UbU()), =588 s (lUGOU ) = 56 1 d ()

T (
d(x,y) =(D(x,y) T

(Qz,y, 2, 0))r — d(z,y)d(z,v) + d(z,v)d(2,y) + 35—
1

(D(z,y)D(z,v))r — dz,y)d(z,v) N2 1) d(z, v)d(y, 2) + d(z, 2)d(v, y)]
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Final result:

® Making the Fourier transform for a translationally invariant target:

d*q1 *q2 iy ion 71+ q2
1, m) = / (zw)lz (2m)2 " e 2d< 2 )5(2)(%_%)

do s 22 112 d?q1 d?qo 1 1

2

12| (ko — q2). (g2 — ko) | L' (k1, q1) L (kv, 1) (ko, g2) Y (Ko, g2)

lo = p?| (ki — q1), (q1 — k1)

h = //2 (kl - Q1)~ (QQ - kz) /12 (kz - Q2)- (Cll - kl) Li(k1- C71)Li(/<1~ Q1)U(k2~ Q2)U(k2‘ Q2)

Type A-Q  +12|(ki— ). (a1 — ko) 2| (ke — @2), —(ka — @2) | L (ka, qu) L' (ka, 02) (e, 1) (e, q2)
Type B-dd + (k— —ko)

Type C-Q | | | |
b= 1| (k= ). —(k = @2) || (ke = @2). (1 — ko) | L'(a. qu) L (ba. q2) U (o, =) (ka, —2)
+ (k2 = —ko)
+ 1 [(kl —q1), —(ka — QQ)}/’Q { — (k1 + g2), (g1 + kz)} L' (kv q1)L' (k1. —q2) (k2. —q1) U (K2, G2)
+ (k2 = —ko)

Lipatov vertex L'(k.q) = ((::Z));- &
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Interpretation:

® Taking a factorised distribution for the projectile colour charges:
k —
pi(k,p) =T ( > p) FI(k + p)R]

with R the projectile radius, T its transverse momentum dependent
distribution of valence charges, F(q) a form factor peaked at q=0:

lo gives the uncorrelated emission of two gluons (coming from

Type B diagrams);

I gives:

=¥ forward Bose enhancement in the projectile WF

=¥ forward HBT,
from Type C, with Type A (ko—-k2) giving the backward contributions;

I2 gives:
=¥ forward and backward Bose enhancement in the target
WF (Type B),
=?» |/N¢%-correction to forward (Type C) and backward
(Type A) Bose enhancement in the projectile WFE
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Interpretation:

® Taking a factorised distribution for the projectile colour charges:
k —
pi(k,p) =T ( > p) FI(k + p)R]
with R the projectile radius, T its transverse momentum dependent
distribution of valence charges, F(q) a form factor peaked at q=0:
lo gives the uncorrelated emission of two gluons (coming from
Type B diagrams);
I gives:
=¥ forward Bose enhancement in the projectile WF
=¥ forward HBT,

pemem e LQILIYRE, o With TyDe A (02 -0) giving the backward contributions. ...
-) FuIIy correlated (Bose or HBT) productlon at Ieadlng NC comlng [
{from the highest order correlator of Wilson lines in the target '
I (quadrupole in this case).

Bose enhancement in the target suppressed by |/N¢2 with

, respect to that in the projectile (dlfferent from Glasma graphs)
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Triple inclusive cross section:
p% (z3) @ p*2 (z2) @ @ (z1) p* (1) @ @ 2 (1)@ r* (v3)

1
1
1
1
1
,lill : kl
@ ¢ sl
~1 : 1
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1
ko 1k
‘mmmmmnmmm2 ERTTITTTTT THTTNT
~ 22
:
1
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@ T 1 \000000000000000000000000004000000000000)
~3 : Z3
D 2 1 Vv
1
1
1

do
d?kidny d?kodny d?ksdns

_ a? (47_(_)3 / eikl-(21—21)+ik2-(22—22)+ik3-(23—23)
Z1Z129Z2Z3Z3

X / Al(x1 — z1)A(Z1 — Y1) A (x2 — 22)A (22 — y2) A (x5 — 23)A%(Z3 — y3)
X1Yy1X2Y2X3y3

x (P (x1)p™ (x2)0™ (x3)p™ ()™ (12)0" (13)

aic c 9 o b e o

P

T
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Projectile averaging:

(roszenopen) = (oieb)pzem) (ko) + (ei) (ko) (oo + (p2eE) (oo
+(pzntz) (o) pbieta) + (e ety | + (o) [(ozio) (omol2) + (oo (oomt)]
+(p22) | (oot ) (pE2nl2) + (pZpt2) (Biol) | + (o2) | (ome2) (pbint2) + (oo ) (obint2) ]

+(o2ob) (oo ) (plzola) + (o) (el | + (el (oo (mett) + (2ir) (pbiot2)]

P2 (zs) P“(l‘z)np‘"(l'l) L)) M@ ws) 4

I
% B 1 k| k
.mmmr;l i 5?J.m.o.o.o.m. _I_ .mmmv;l i z_?mnum‘
w + W | v
I

]
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Target averaging:

® Using the argument for the
pairwise contraction of target
averages to get the leading
contribution in RpQ:s:

<D(X1, x1)D(x2, x5)D(xa, x§)> = d(x1,x1)d(x2, x5)d(x3, x3)

1
NZ _1)2

+( {d(xl,x{) [d(xz.X3)d(x§.x§) - d(xz.X;Q)d(Xé,X3)] + d(x2. x3) [d(XL x3)d(x1,%3) + d(x1,x3)d(xq, X3)]

+ d(xs,34) |, x2)d (4, 56) + d(x1, x4)d (4, )| } +0 ((NE 1_ 1)4)

1
<D(X1,x{)Q(x2,x§,X3,x§)>T_>d(x1,x{) [d(xz,xé)d(X3,x§) - d(xz,xé)d(X3,x§)] + 1d(xl,x{)d(XQ,X3)d(x§,x§)

C

<X(x1,x{, X2, Xé,X3.X§)>T —d(x1, x1)d(x2, x5)d(x3,x3) + d(x1, x3)d(x2, x7)d(x3. x5)

1
 da )2, ) 18) + iz, )l )1, 4) + s, )t ) ) + 0 (7 )
C
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Final result:

do d*q1 d?qy d*q3

d?k1dny d?kedny d?ksdns s ()" (N ) (2m)% (2m)? (2m)?

X {Iddd,o -

1
+

d(q1)d(q2)d(q3)

N? o1 [IdQ,l + laq.2 + IdQ,B]

(N&=1)

5 [ [Iddd,l + lqda 2 + Iddd,?,] + [Iéq,l + lgg.o + I(le’3:| + [IX,l +Ixo+ Ix3+ Ixa+ IX,5] ]

o (<N31—1>3> +o (<N31—1>4) } '

N.Armesto,
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Final result:

Independent
emission of
3 gluons
do 3 3/ AT2 3/ d?q1 d*qa d?q3
— o (47)% (N? — 1) d(q1)d(qz)d
Phydif Phadiyz Py @ U= WNe =17 | 2 e (am)z A Ha2)dlas)
X {[ddd,0|+ N? o1 [IdQ,l + laq2 + IdQ,B]
! / I’ I’ I I I I I
+(N2—1)2 laaar + laaa2 + ladas| + [Lag1 + laqe + Laga| + [Ix1 + Ix2 + Ix 3 + Ixa + Ix5

O (<N31—1>3) +o ((Nzl—m) } '
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Final result:

Inde.pe.ndent Independent emission of Independent emission of
emission of | gluon and projectile | gluon and target Bose
3 gluons Bose/HBT of the other 2 of the other 2
1o od (g (N2 1) [ LT s g, (gs)

d2k1dvz({ Plydny Phsdns )2 (27)2 (27)2

1
X {Iddd,ou-l- NT 1 VdQ,l + 14Q,2 —|-/Id<ﬁ

1
+ Nz 1) [ Wlddd,l + lada,2 + Iddd,3‘ + [I(;Q,l + lgg.o + I(;Q,B] + [Ix,l + Ix o+ Ix 3+ Ixa + IX,5] ]

+O(<N31—1>3)+0<<N31—1>4)\ '

Nc-suppressed
independent emission of
| gluon and projectile
Bose of the other 2
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Final result:

Inde.pe.ndent Independent emission of
emission of | gluon and projectile
3 gluons Bose/HBT of the other 2

do (4 (
=
d2k1d7z({ d2kodne d2ksdns ’

(N2 —1)*

1
X {Iddd,ou-l- NZ 1 VdQ 1+ Idfn/tla@/

QQ d2

IéQ1+IC,1Q2+I(/iQ3 IX1+IX2+IX3

Independent emission of
| gluon and target Bose
of the other 2

=+ IX’4 + IX,5] ]

1
+ [ Wlddd 1+ lada2 + Iddd 3

(NZ-1)°
O (<N3 - 1>3> 9 <<N§1— 1)4)

Nc-suppressed

\

/

independent emission of HBT of two gluons

| gluon and projectile
Bose of the other 2

N.Armesto, 18.04.2018 - Multi gluon correlations in the CGC: 3.Three-gluon correlations.

and projectile

Bose of other two

|7



Final result:

Inde.pe.ndent Independent emission of Independent emission of
emission of | gluon and projectile | gluon and target Bose
3 gluons Bose/HBT of the other 2 of the other 2

do QQ d2

= o (4r)° (
d2 k1d7z({ d2kodne d2ksdns

1
X {Iddd,ou-l- NZ 1 VdQ 1+ Idfw/_t%

1
+ EE [ Wlddd 1+ lqda,2 + Iddd 3 [L’iQ,l + lgg.o + IQQ,E] - [Ix,l + Ix o + Ix 3 HIx 4| HIx 5 ]

o (<N31—1>3) 9 <<

(N2 —1)*

Nc-suppressed a

|ndepender|?1|?em|55|on of HBT of two gluons BPro ecftlls H.'ISSTIL?;;:e
| sluon and projectile and projectile ose of the g

Bose of the other 2 Bose of other two
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Summary:

® We have computed the complete two-gluon and the leading Nc
contribution to the 3-gluon cross section in pA collisions in the
CGC, using the MV model, under the approximations:

=¥ Translational invariance of the nucleus;

=¥ Pairwise contraction of target averages giving the leading

contribution in RpQ:s.

® The totally correlated pieces appear only for the highest colour
correlators of Wilson lines in the target (quadrupole and
sextupole).

® The (Bose) correlations in the target wave function are Nc-
suppressed with respect to those in the projectile.

® Jo do: investigate the implications on even azimuthal harmonics.
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Summary:

® We have computed the complete two-gluon and the leading Nc
contribution to the 3-gluon cross section in pA collisions in the
CGC, using the MV model, under the approximations:

=¥ Translational invariance of the nucleus;

=¥ Pairwise contraction of target averages giving the leading
contribution in RpQ:.

{ Many thanks to:

' => Vladi Skokov for discussions.

|=» Mauricio Martinez, Matt Sievert and Doug Wertepny for
[ pointing out an error in the first version of the manuscript.

{=> You all for your attention.
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Backup:
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The sextuple contribution:

2 2 2
o (47)3 (N2 _1)/dQ1 d*qa d*qs

(@2 (2m)2 (2m)2 N da2)d(as)

d2 kl d7]1 d2 k‘g dng d2 ]‘J3 dT]3

1 1
Qs+ s it ] +0 () +0 ()

i i Ixs = [iX,1(1—>2,2—>3,3—> 1)+(k3—>—k3)] + [i§,1(1—>2,2—>3,3—>1)+(k1 —>—k1)],
Ix1= [Ix,l + (ks — —kg)] + [Ig 4 (k1 — —kl)] ~ ~
’ Ixs = [Ix,l(l 53,352,255 1)+ (ks — —kg)] + [I)’(,l(l 53,352,255 1)+ (k — —kl)].
Ix1 = (ko — q2,q2 — k1) pi® (k1 — qu, g3 — ke3) 2 (ks — q3,q1 — ko) L¥(k1,q1) L (K1, q2) L7 (k2, q2) L7 (K2, q1)
x L¥(ks, q3)L* (ks, q3)
12 (k2 + qo, k1 — q2) (ks — q3,q1 — k1) (g3 — ks, —q1 — ko) L*(k1, q1)L* (k1. g2) L7 (k2, —q1)L* (ka, —go)
x L¥(ks3, g3)L* (ks, q3), (65)
Ixq = 1 (k1 — g2, q0 — ko) (ko — qu. ks — q3) 1 (q1 — k1. g3 — k) L*(k1,q1)L" (k1, q2) L7 (k2. q1) L7 (2, g2)
x L¥(ks, q3)L* (ks3, q3)
+ 1P (—k1 — q2,q2 — ka) * (ko + q1, g3 — k3) (ks — g3, k1 — q1) L' (k1, —q2) L' (k1, 1) L (k2, —q1) L7 (k2. ¢2)
x L¥(ks, q3)L* (ks, q3). (66)
Iix,q) = 12 (k2 — g2, q1 — k1) p? (k1 — q1,q3 — k) p* (ks — g3, g2 — k) L*(k1,q1) L (k1, q1) L7 (k2. g2) L7 (k2. q2)
x L¥(ks, q3)L*(ks, q3) + (ks — —ks3)
(k2 — q2.q3 — k3) p* (ks — g3, k1 — q1) 1> (q1 — k1, g2 — ko) L*(k,q1)L* (k1,q1) L7 (ka2, g2) L7 (k2, g2)
x L*(ks, q3)L* ks, Q3) + (k1 = —k1)
12 (ks — g2, k1 — q1) (2 (ks — g3, q1 — k1) (a3 — k3, g2 — ko) L*(k1, q1)L* (k1,q1) L7 (k2, g2) L7 (k2. g2)
x L¥(k3,q3)L* ks, Q3) + (k3 = —k3)
+12(q1 — k1, g3 — k3) 1 (ky — a1, g2 — ko) p° (ko — qo, ks — q3) L*(k1, q1)L* (k1. q1) L7 (k2, g2) L7 (k2, g2)
x L*(ks, q3)L*(ks, q3) + (k1 — —k1), (69)
Iix,s) = 1° (k2 — q2,q2 — k1) p* (k1 — qu, 1 — ks) p® (ks — g3, g3 — ko) L*(k1, 1)L (k1, q2) L (ka, g2) L (k2. g3)
x L¥(ks, q3)L* (ks, Q1) (ks = —k3)
12 (k2 — q2, g2 — k3) p* (ks — g3, q3 + k1) p* (1 — k2, —k1 — q1) L*(k1, —q1)L* (k1, —q3) L7 (ka, q2) L7 (k2, 1)
x L¥(ks,q3)L*(ks, q2) + (k1 — —k1)
12 (ke + q1, k1 — qu) p® (ks — g3, g3 — k1) p* (g2 — ks, —ko — q2) L*(k1,q1)L*(k1,q3) L (k2, —q2) L7 (ka, —q1)
x L¥(ks, q3)L*(ks, q2) + (ks — —ks3)
12 (ks + g3, ks — q3) 1> (—k1 — q1, q1 — ks) i (k1 — g2, g2 — ko) L*(k1, —q1)L* (k1, q2) L7 (k2, g2) L7 (ka, —q3)
x LF(ks, q3)L* (ks q1) + (k1 — k). (70)
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