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Two particle correlations

Motivation: Ridge structure [ATLAS Collaboration - arXiv:1609.06213]

ATLAS  pp 05<p}°<5GeV  ATLAS pp 0.5p3"<5 GeV/
15=13 TeV, 64 nb” 18=13 TeV, 64 nb” NE120

e correlations between particles over large intervals atas 05<piP5GeV  ATLAS pp 05495 Gev
of rapidity peaking at zero and  relative azimuthal 02 TeV, 170mb fsozTeV. 170007
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e observed first at RHIC in Au-Au collisions.
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e observed at LHC for high multiplicity pp and pA
collisions.

ATLAS  p:Pb
{Sa=5.02 TeV, 28 b
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Correlations within the CGC framework

Ridge in HICs < collective flow due to strong final state interactions
(good description of the data in the framework of relativistic viscous hydrodynamics)

Ridge in small size systems: similar reasoning looks tenuous but hydro describes the data very well.

Can it be initial state effect?

idea:
Several mechanisms have been suggested to explain the ridge correlations in the CGC framework:

(i) Local anisotropy of the target fields — rotational symmetry is broken.
[Kovner, Lublinsky - arXiv:1012.3398 / arXiv:1109.0347 / arXiv:1211.1928 |

Q!
particles correlated in the incoming w.f.
‘M transverse separation < 1/Qs
scatter through the same domain.

initial state correlations — final state correlations

E

Numerical studies based on local anisotropy of the target:
[Dumitru, Skokov - arXiv:1411.6030] / [Dumitru, McLerran, Skokov - arXiv:1410.4844]
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Correlations within the CGC framework -1l

(ii) Glasma graph approach to two gluon production:

[Dumitru, Gelis, McLerran, Venugopalan - arXiv:0804.3858|

umitru, usling, elis, Jalillan-Marian, appi, venugopalan - arAiv: J.0490
Dumi Dusli Gelis, Jalilian-Mari Lappi, Vi pal: Xiv:1009.5295
(k2 — g2),

(kr=aq) (k=) (k2 — q2)

a2 qn an a2

What is the physics behind the glasma graph approximation?
+ Glasma graph calculation contains two physical effects:
@ Bose enhancement of the gluons in projectile/target wave function
[TA, Armesto, Beuf, Kovner, Lublinsky - arXiv:1503.07126]
olgep x {5(2) (k= @) = (ke — @2)] + 3@ [(k1 — q1) + (k2 — qz)]}
olge, T {5(2>(q1 —q2) + 6@ (qu + q2)}
o Hanbury-Brown-Twiss (HBT) correlations between gluons far separated in rapidity.
olusT {5(2)(’(1 — ka) + 83k + kz)}
[TA, Armesto, Beuf, Kovner, Lublinsky - arXiv:1509.03223]
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Correlations within the CGC framework -IlI

Two particle correlations beyond the glasma graph approach: 2 gluon production in pA collisions
[TA, Armesto, Wertepny - arXiv:1804.02910] — k, -factorized approach

[TA, Armesto, Kovner, Lublinsky - arXiv:1805.07739] — Glasma graph approach .

scattering on a dense target — dipole and quadrupole operators.

Factorization assumption (Area enhancement (AE) model):

(Q(x,y,z,v))T — d(x,y)d(z,v)+ d(x, v)d(z.y)#»ﬁd(x.z)d(y,v)

5 [d(x, v)d(y,2) + d(x, 2)d(v,y)]

(D)D) — d(x.y)d(z.mﬁ

[Agostini, TA, Armesto - arXiv:2103.08485]
Comparison of the AE model and MV model for fundamental operators:

norm

argument

—— nom L75E
argument

100

with B, being the transverse area of the projectile.
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Correlations within the CGC framework -1V

[TA, Armesto, Kovner, Lublinsky - arXiv:1805.07739]
double inclusive X-section within the AE model:

do : 1 1 1
™ o {dtaate o+ g+ ptt] e} 0 )

symmetry under (ko — —kz) : "accidental symmetry of the CGC”

Ip oc §®)(0) — uncorrelated contribution.

I o { 6@ [(k1 — q1) — (k2 — q2)] + £ (ks — ka) }

BE. proj. HBT
o< {g15(2)(q1 — o) + 2@ [(ki = q1) = (k2 — q2)] }
BE. target BE. proj.

Convenient way to study the two particle correlations: Fourier decomposition into harmonics in A¢

[T. Lappi, B. Schenke, S. Schlichting, R. Venugopalan - arXiv: 1509.03499]

an(k1, k2) ) Jo N(ki, ko, Ag) cos(nA¢) dA¢

2Von (ki ko) = ao(ks, k) JTN(ky, ko, D) dAG

o set ky = p'TEF and ko = p1. Then, the azimuthal harmonics are defined as

Vaa(pr, PE)

Voa(pEf pEf)

Vn(pT) =
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Correlations within the CGC framework -V

[TA, Armesto, Kovner, Lublinsky, Skokov - arXiv:2012.01810]

Correlations between total multiplicity and vo from CGC:

. R ®
[ ddadds eP279) [ d?ka g9l r|

On = ; AN®) k+A/2 k' +A/2 N(3)
' i i2(do—cb3) _dNR) e 1 e kodk; kadky———s——
J dads ei20a=da) | o [ d2 ke G Phiy il | H/k ap Z/k, a2 Pk ko dhs |
non-overlapping bins overlapping bins
A< |k—K| — A= |k—K| — A > |k —K|
HBT starts to contribute BE+HBT contribution
(no HBT contribution to v2)
— (N2-1)S,

overlapping bins: (v2 is dominated by HBT)

1074 (N2=1)s

ON,v,|HBT is much weaker than Oy, |BE.

10724 ® Op,y, is a decreasing funct. of k.
(N is dominated by soft gluons, correlations we are

looking has large k already in the incoming w.f.)

107 T T
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4 gluon production and correlations

® negative 4-particle cumulant, c{4}, at high multiplicity

10° CMS
e positive 4-particle cumulant, c;{4}, at low multiplicity 1 P
) 0.03f m| = 1
[CMS - arXiv:1606.06198) | - E_ ;3T:\e/v
[ALICE - arXiv:1406.2474] | S 5TV
0.02 & 1
. + ] pPb
S& 0 sy =5TeV
previous CGC calculations to study 4-particle correlations: © 0.01 $ ‘ 0.3<p, <3GeVic
e positive 4-particle cumulant in the dilute-dilute regime ; ¢ h1|1< 24
[Dumitru, McLerran , Skokov - arXiv:1410.4844] 0.00 ; .
5 5
L
® negative 4-particle cumulant in the dilute-dense regime o o o o
(quarks only) 0 50 100 150 20|
[Dusling, Mace, Venugopalan - arXiv:1706.06260] Neffine

* cumulants:

enf2} = (e 070) vn{2} = (en{2})2
= <6m(¢1+¢r¢37¢4)> i 2<€in(¢r¢z)>2 v {4} = (—cn {4})V/4

* event average:

* azimuthal harmonics:

f(Hml [sz) AN __in(¢rt+bm /2= bm /2417~ bm)
<ein<w1+--~+q>m/2—¢m/z+1—~-—<am>> _ L\ em?) I &k

m Pk, m
/ (Hi;l (zﬂ)z) T, S’zk
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Multi-particle production: technical aspects (i)

[Agostini, TA, Armesto - arXiv:2103.08485]
multi-gluon spectra in dilute-dense regime at LO:

n

d"N ¥ d*qy; d*q,, < ( 2 v > > / (0 ST fe A
- = = L g p (ki — Qoi_1)p”* " (ki — qy;) M, (k > M, (k %)
=, &k, / (E (2m)?2 (27)2 “ [[‘ 1 i\ (I[‘ A2i—1 a4 ) / “

Y Y
Contribution from the projectile Contribution from the strong field of the
sources target

M ) = 20k (R)Li() [ 30 (y)

Yy

k' k )¢ 3 .
Lik,g) = — — =— Y Wilson line
k* (k—q)? -
Lipaiov vertex @ ki—ag k; k; ki —qy @

92i-1 q;
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Multi-particle production: technical aspects (ii)

[Agostini, TA, Armesto - arXiv:2103.08485]
Models for the projectile and target averaging, and for the Lipatov vertex:
e Gaussian (MV-like) model for an extended projectile (with area Bj):

2( , ot > - Gerar
g </)”'(kﬁq1)/)”(k]*q7)>p N1t ? [ki —a;, kj —qy] w’(k,q) =e *Br

(1 — @) s — )= (O = )" ) = >0 T (00— (s —ay))

v wel(x) {i.j}ew

o AE model for target averaging and GBW model for the dipole operators:
(Vo)™ Uy Ul = 3 T (V)™ U™,
o€ell(x) {a,f}ca
gac ()h:]

<U(x)”bU*(y)d“>T = m@ U (y)) >T %<Tr [U(y)U (y2)] >T P Ak

e Lipatov vertex contains IR divergences: use a Gaussian instead.

(m) | f k- (ay +ay)/2
e - &
it connects with the Wigner function approach but includes correlations:

1 1
(N2 —1)? 15132

L'(k,q;)L"'(k,q5) =

Wit (by, py by, py) = ~(PipR)/€ o~ (b1 +b2)/ B, [5"1b25b3"~x

(2

b1 ba chobac 2 +p,)2 /(2B b1ba cbob. . - —p.) B
+ §01bagb2b497 B 52 (by — by)e~ (P1P2 ! fob10egb2b39 B 62 (b — by)e (P1P2) /(2
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4 gluon production: numerical results

e Large number of terms for 4 gluon production (~11000), reduced by using the symmetries

n=4

\_ aft) ’ — a1} - ol
B — ala} 0 : e

d{4} 1) x 10!
o4} (p2)
>)

L
0 05 10 L5 2.0 25 30

* negative 4-particle cumulants = well-defined azimuthal harmonics
+ numerical values lie in the bulk of the experimental data
* if we do not include the correlations in the projectile the cumulants are positive
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Accidental symmetry in the CGC

"accidental symmetry in CGC" = vanishing odd harmonics

ebreaking the accidental symmetry with nonlinear Gaussian approximation for dipole-dipole correlator:
[Lappi, Schenke, Schlichting, Venugopalan - arXiv:1509.03499]
dy = D(x — y)D(u—v)

2
(D y)D(u,v)) = dh + 31y [%} {dl + o[ In(d/ds) — 1}} “= gg - ;gg - y;
3 3= D(x—u)D(y —v

e breaking the accidental symmetry with the density corrections to the projectile:

[Kovner, Lublinsky, Skokov - arXiv:1612.07790] / [Kovchegov, Skokov - arXiv:1802.08166]
[Kendi, Marquet, Vila] (in prepration)

O 5T T o
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CGC

Eikonal approximation amounts dropping the energy suppressed terms!

Subeikonal corrections in t

For realistic values of energy one should go beyond eikonal approximation.

e dense target is defined by .A*(x) and eikonal approximation amounts to:

Q Ah(x) =~ o A7 (x) @ other components of the target background field A% (x)
Q@ AL (x) ~ A5(xT,x) @ dynamics of the target : x~ dependence of A% (x)
Q@ AL(x) o 6(xT) @ Finite width L of the target along x*

(1) Other components of the background field (quark production):
[TA, Beuf, Czajka, Tymowska - arXiv:2012.03886]

(2) Dynamics of the target (scalar and quark propogators):
[TA, Beuf - arXiv:2109.01620]

(3) Finite width corrections in single inclusive gluon production:

[TA, Armesto, Beuf, Martinez, Salgado - arXiv:1404.2219]
[TA, Armesto, Beuf, Moscoso - arXiv:1505.01400]

A= 5 3(x ) AT (x) > A = 3 A (xTx)]

direct relation with jet quenching (BDMPS-Z formulation)!

Tolga Altinoluk (NCBJ) Collectivity in small systems from the small-x perspective 13/17



Subeikonal corrections in the CGC - 1l

[TA, Armesto, Beuf, Moscoso - arXiv:1505.01400]

X1

i@
The target — A#(x) = 6~ A, (xT,x)

The projectile — j&(x) o< 0#Td(x™) pP(x — B)

0 Lt

Prod. Amp. M o scalar background propagator — eikonal expansion (in powers of L™ /k*)

eikonal order: standard Wilson line / higher orders: new operators (decorated Wilson lines)

[TA, Dumitru - arXiv:1512.00279] — corrections to the Lipatov vertex.

from pA to pp: expand the standard & decorated Wilson lines to first order in the background field.

Mo [E::Z))Q*%]{l+£7;<%>}

O(1) term eikonal Lipatov vertex.

k—q

Lik,q)

the form of the corrections suggests exponentiation. v
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Subeikonal corrections in the CGC - Il

[Agostini, TA, Armesto - arXiv:1902.04483]

o calculate the diagrams by keeping the phase e’ X" which is taken to be 1 in the eikonal limit.

A B c

) bl vl b
. k—q) K -4 k= (kt k)
Lig(k, g:x7) = [((k - Z))z - p] et k= = Kk /2k*

Double inclusive cross section with Non-Eik Lipatov vertex

do NE

d?kydnyd?kon

dilute

x/ {[f(kl,ql,kz,qz)w;‘“:(k;.k;:L*)g(kl,ql,kz,qz)] +(kp — —52)}
q192

all non-eikonal effects are encoded in

GYE(ki ks i LF) = { . 72,(27)13r sin {(kf ; k) L*] }

GNE(ky , ky ; LT) is not symmetric under (ky — —kj)

2

=-non-eikonal corrections seem to be breaking the accidental symmetry!!
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odd-harmonics from the non-eikonal corrections in pp?

[Agostini, TA, Armesto - arXiv:1907.03668|

Non-eikonal corrections do generate odd harmonics.

VS =20 GeV VSaw =60 GeV. VSaw =200 GeV.
0175
,En=05 1 — vy
0.150 HBT x
1 -~
0.125 x'/—Peaks - Vs

Vioa (ki ko) = Jo N(ki, k2, Ag) cos(nAg) dAd
: At Jo Niks, ko, Ag) dAG

H Voa(pr, P
w(pr) = 2 LPLPE)

> 0075 VnA(Pf,—Ef~, pflc_ef)
0050
nu‘zs’A‘_ -& e LT =6 fm in the rest frame and we scale it with
0.000 - g e

0.100 i

0075

0.050
0.025
0.000

0.150
0125
0.100

the v factor for different energies.
o i . e ur = 0.4 GeV and pup = 0.2 GeV (these are the
0100 values that maximize v3).

> :::7: N =1n & p{e’( =1 GeV.
0.025 ‘,’T\ ‘;’:\‘
0.000
0

12 0 1 2 3
pricevi pr(Gev)

0.150

0 1 2
pr(GeV]

Non-eikonal effects alone can not explain the odd-harmonics HOWEVER there is a contribution
originating from these effects for certain kinematic region.
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odd-harmonics from the non-eikonal corrections in pA?

[ Agostini, TA, Armesto, Dominguez, Milhano - arXiv:2207.10472]

e NonEik. double inclusive spectrum
(all order finite width effects) with operators like:

1\473%1<Tr [QH (:1:+,x:yfy)U;(:I:ﬂyJ’)} >

0.28

|

T

rbitrary units|
o
v
N
T

%<T1 [gk'\ (zt, %97 ‘y)g;;r(m’ Xyt y)} >T

|

: —— Eikonal i
o /SN =100 GeV, ny =12 = 0.2, |ki| = k2| =1 GeV —— Non-cikonal ]
e near-side %4 and away-side %8 B (Y W R A Y R T S ¥)
Ad
[ Agostini, TA, Armesto - arXiv:2212. XXXXX]
e Harmonics from NNEik spectrum: non-eikonal parameter €; = Q?L* /(2k:")
+ k| e
ki = |kile™ /v/2 V5 =50 GeV V5 =100 GeV V3 =200 GeV
L = 212/ (1/2)
with - ™
nuclear-radius ra ~ 5AY3 Gev ! 0.10

Lorentz factor v = \/s/(2my)
nucleon mass, my ~ 1 GeV

va(p L

0.05

T N ST ST TR T Seeree s T el
In the plot: 0.00 1.0 L5 1.0 15 1.0 15
m =0.1,1n =05 py [GeV] py [GeV] py [GeV]

Qs=1GeV, A3 =6
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Back up slides
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Noneikonal single inclusive gluon production

Single inclusive gluon production in pA collisions (eikonal accuracy):

i [, DA AE ) (70 (U UL - U,

o projectile averaging: in x-space — (p?(x)p?(y))p = 62212(x, y)
in p-space — (p?(k)p"(p))p = 6°°p2(k, p) = 53"T<%> Fl(k+p)R]

T — transverse momentum dependent distribution of the color charge densities
F — soft form factor which is peaked when its argument vanihes

Single inclusive gluon production in pp collisions (eikonal accuracy):

o dilute target limit — Uap(x) ~ 1+ igTg, [y e AZ (x*, q)

do
d2kdn

x / Lk, qu) L'(k, a2) 12 [k — q1. k — 2] <AZ(><1+, @Az (% qz)>
dilute X% q1qe T

e go from eikonal to non-eikonal: L'(k,q) — Lip(k, q;xT)

k= (k*, k)
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Noneikonal single inclusive gluon production

target averaging:
e Adopt a modified expression for the correlator of two target fields:

Since the target has finite longitudinal length, the target fields can be located at two different longitudinal
positions. We consider a generalization of the MV model in which the two color fields are located at
different longitudinal positions.

1

SO0 — I =i 1) 2020 a1 — )la(a)?

(A (4 a)Az (67, @2)) 7 = 6%n(x")

e AT = color correlation length in the target (A" < LT)
o n(xT) = 1-d target density along longitudinal direction
(n(x™) = ng for 0 < x* < L™ and 0 elsewhere)

e a(q) = functional form of the potential in p-space

It is Yukawa type — |a(q)|? = > with 1 is Debye screening mass.

s
(®+1%)

In the limit \* — 0 together with a constant potential |a(q)|? and constant 1-target density, the
correlator goes to standard MV model one.
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Noneikonal single inclusive gluon production

When we plug this back in the X-section we get

NE At

do

4 i (g —x)
Pkdn dg et

) ) 1 : "
2 2 _ _ ! ! - 2
h /q\a(q)\ w[k = q,q = k| L'(k, q)L' (k. q) no 53 /0 # /x;w

dilute

e The NE Lipatov vertex is incorporated in the phase.
e The f-function in the correlator provides the integration limits.
e The 1-d target density is taken to be constant for 0 < xfr <Lt

e integration over xfr gives a factor of (ngL™) which corresponds to number of scattering centers in
inside the finite length L*. Since in the dilute target limit we only take into account a single scattering
in the amplitude and c.c. amplitude, this factor can be set to 1.
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Dilute-dense multi gluon spectrum

d"N
n 3n _ 2n b1 *by ... prbon
2"(2n) kT T, g / <pp (ay)py”(az) - P} (an)>p
1b1

——a ——tboa ——anbon_ ——tbanan
< (M3 (kML (k) - MR (s o )M (s i) )

+ % + -%m

— N o K ) i L
/\,1/\1’(k+7 k, q) — e’l”ze’k Lt {2P/ eil(qu)'yUab(Lﬂr,O} y) _ 2% / ezq-y—zk-x‘:;zﬁr (LJr~ x;0, y)
y yx

iqy—ikx 1 L . ac
+/ ey kxFA dy*[athH(L*-,X:y*,y)]U”b(y+-,0-,y)}~
x,y
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Target averages

The scalar retarded background propagator
z(zT)=x

G+ (2T, 597, y) =/

z(yt)=y

[DZ(z*)]exp{g/y: dz+22(z*)}U( zt,ytz(zh))

o discretize the path integral and assume that the target average is local (and with a GBW form
leading to the harmonic oscillator):

N-1 N
dV(zt yT|x,y, kT y) = hm d*z,, | ex kTN z Znt1 — Z
YTy, kT Y) = lim " ) e =gy 2 n)

—ikt N
X <2(E+k471;[+) < [(H Usp (21,2 ) U)i,(1‘+,y+):| >T.
N N
<Tr KH Uzn(z,Tl,z,T)) U;(x*"y*')] > -1I <Tr [ GO 2] >
=l T n=1 T
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Target averages - (II)

One gets the HO result:

2 2 [ .2 2
- rg+r ro-r
d(l)($+ay+|x= ya k':_. y) = QSEiA+ eXp 4Q_S ° EiA]X - 'O e,'AAi'
dme; sin <~ € | tan <= sin <=
2L+
_ _ 2_Q
At =zt —yT ro=y—-y,rn=x-7% € = T
2ik;

AE is adopted for local two Wilson line correlators.
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