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1D multiplicity correlation along the longitudinal direction

Definition

Longitudinal:

Space-time rapidity ηs = 1
2

ln t+z
t−z

at initial state

Rapidity Y = 1
2

ln E+pz
E−pz

and pseudo-rapidity η = 1
2

ln p+pz
p−pz

of final charged
hadrons

Fluctuation: deviation of one variable from its event average.

δf = f − 〈f〉 (1)

Correlation: the extent to which two or more variables fluctuate together.

C12 = 〈δf1δf2〉 = 〈(f1 − 〈f1〉)(f2 − 〈f2〉)〉 = 〈f1f2〉 − 〈f1〉〈f2〉 (2)

Normalized correlation function:

C12 = 〈f1f2〉/〈f1〉〈f2〉 (3)
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1D multiplicity correlation along the longitudinal direction

Longitudinal fluctuations and multiplicity correlation

Figure: The longitudinal fluctuations of charged multiplicity in 3 typical events from
ATLAS-CONF-2015-020

Two particle correlation function in pseudo-rapidity is,

C(η1, η2) =
〈N(η1)N(η2)〉
〈N(η1)〉〈N(η2)〉 ≡< R(η1)R(η2) >, R(η) ≡ N(η)/〈N(η)〉 (4)

where N(η) ≡ dN/dη.
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1D multiplicity correlation along the longitudinal direction

Study the longitudinal structure by two particle rapidity correlation

In practice, 〈dN/dη〉 are different for different centrality classes. The corrected two
particle correlation function can be decomposed into orthogonal polynomials,

CN (η1, η2) = 1 +
∞∑

n,m=1

an,m
Tn(η1)Tm(η2) + Tn(η2)Tm(η1)

2
(5)

where Tn(η) ≡
√
n+ 1

2
Pn(η/Y ).

P0(x) = 1 (6)

P1(x) = x (7)

P2(x) = (3x2 − 1)/2 (8)

P3(x) = (5x3 − 3x)/2 (9)

see Broniowski, Wojciech and Jiang Yong, Jia’s talk, A. Bzdak and D. Teaney, PRC 87 (2013) 024906,
J.Jia,S.Radhakrishnan,M.Zhou,arXiv:1506.03496, ATLAS-CONF-2015-051 and ATLAS-CONF-2015-020

for details.
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1D multiplicity correlation along the longitudinal direction

The physical meaning of an,m

A. Bzdak and D. Teaney, PRC 87 (2013) 024906

model of the previous section, the single particle rapidity distribution at a given wL − wR

is proportional to rapidity y, i.e. the fireball is denser on one side of the rapidity window
than on the other. There may be different sources of this asymmetry such as the left-right
difference in the number of collisions, or the difference in the number of asymmetric long-
range flux-tubes in the CGC/Glasma approach [19, 20]. Let us denote the parameter that
characterizes this asymmetry by a1. In our simple model, a1 ∝ wL − wR.

Equation (2.1) also contains a term that is proportional to the total number of wounded
nucleons. Fluctuations of this quantity lead to symmetric, rapidity independent, fluctuations
of the whole fireball. This can naturally originate from impact parameter fluctuations, which
are always present in heavy-ion collisions. Let a0 denote the parameter that characterizes
this source of fluctuation. In our simple model, a0 ∝ wL + wR.

The natural question arises if there are more components in the fluctuating shape of the
fireball. For example, a “butterfly” component would characterize a symmetric fireball with
higer (or lower) density on both sides of the midrapidity region, and lower (or higher) density
at mid-rapidity.4 The single particle rapidity distribution affected by this component would
be proportional to y2. Let us denote by a2 the parameter that characterizes the strength of
this effect. We will parametrize the fireball asymmetry and the butterfly component with
the two Chebyshev polynomials, T1(y/Y ) and T2(y/Y ), which are shown in Fig. 2.

Similarly, we can introduce additional components to fully parametrize shape fluctuations
in rapidity. Thus, it is tempting to expand the single particle rapidity distribution at a given

FIG. 2: Two components of the fluctuating fireball rapidity density: An asymmetry (solid black

line) and a butterfly (dashed blue line).

4 Such “butterfly” fluctuations are suggested by the measured forward-backward rapidity correlations at

RHIC [9]. For a fixed number of particles at midrapidity, it was observed that the particle yields in pair

of narrow rapidity bins located symmetrically about midrapidity strongly fluctuate. Surprisingly, these

fluctuations are also strongly correlated. Thus, even if the density is approximately fixed in the middle of

the fireball, both sides of the fireball fluctuate together. The physical origin of this correlation is currently

under investigation – see Refs. [21, 22].

5

a1,1 describes the forward-backward
asymmetry.

a2,2 describes the enhancement of
forward-backward multiplicity
correlation STAR PRL.103,172301(2009).

The meanings of high order an,m are
still unclear.

Recent EBE hydrodynamics by Akihiko Monnai and Bjorn Schenke, PLB752 (2016) 317-321 and
Piotr Bozek et.el, PRC92 (2015) no.5, 054913 show that pure hydro underestimated an,m.
While Piotr Bozek et.el show that 60− 70% of the an,m come from non-flow effect.
So n-particle rapidity correlation is suggested recently to eliminate (n-1)-particle
non-flow correlations.

〈aiakam〉3 =

∫
dy1dy2dy3

C3(y1, y2, y3)Ti(y1)Tk(y2)Tm(y3)

ρ(y1)ρ(y2)ρ(y3)
(10)

Adam Bzdak and Piotr Bozek, PRC93 (2016) no.2, 024903
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2D di-hadron correlation and near side ridge

2D fluctuations from EBE hydro with AMPT initial conditions

L.G. Pang, Q. Wang, X.N. Wang, PRC.89.064910.

Calculate the di-hadron correlation as functions of ∆η and ∆φ.

Expect that the event plane/anisotropic flow are different at different rapidities.
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2D di-hadron correlation and near side ridge

Di-hadron correlation in P+P and P+A collisions

CMS Collaboration, 1009.4122. ATLAS Collaboration, 1212.5198v3
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Long-range dihadron correlations with CMS Sandra S. Padula

Measurements of dihadron correlations have been giving insight into the properties of the
dense Quantum Chromodynamic (QCD) medium formed in high energy heavy ion collisions for
almost a decade. Particularly interesting was a more recent observation of pronounced dihadron
correlations between particles with small relative azimuthal angles (|Df | ⇡ 0) extending over a
large relative pseudorapidity interval (|Dh |, where h = � ln[tan(q/2)] and q is the polar angle
relative to the counterclockwise beam axis), as first measured in AuAu collisions at the Relativistic
Heavy Ion Collider (RHIC)[1, 2].

At the Large Hadron Collider (LHC) those early measurements were extended into much
higher beam energies as compared to those at RHIC [3, 4, 5, 6, 7]. Strikingly, such results in the
new era started with high multiplicity events produced in pp collisions at

p
s = 7 TeV at the Com-

pact Muon Solenoid (CMS) experiment, revealing also in this case a long (ridge-like) dihadron
correlation in |Dh | for pairs close in azimuthal angle [3]. The confirmation of the ridge-like struc-
ture in heavy ion experiments came afterwards, with its observation in the 0� 5% most central
PbPb collisions at

p
sNN = 2.76 TeV [4, 5]. More recently, those results were expanded in CMS

for all collision centralities and over a broader range of hadron traverse momentum pT , as can be
seen in Ref. [6, 7].

The CMS detector has nearly 4p solid angle acceptance and is particularly suited for the study
of dihadron correlations. Such measurement is based primarily on data from the inner tracker, con-
sisting of silicon pixel and strip detectors, contained within the 3.8 T axial magnetic field of the
large superconducting solenoid. For PbPb collisions, the primary minimum-bias trigger uses sig-
nals from either the beam scintillator counters (BSC, 3.23 < |h | < 4.65 ) or the steel/quartz-fibre
Cherenkov forward hadron calorimeters (HF, 2.9 < |h | < 5.2). Coincident signals from detec-
tors located at both ends (i.e., a pair of BSC or a pair of HF modules) are required. A complete
description of the CMS detector can be found in Ref. [8].

η∆
-4

-2
0

2
4

φ∆
0

2
4

φ
∆

 dη
∆d

pa
ir

N2 d
trgN1 1.30

1.35
1.40

CMS Preliminary 110≥ = 7 TeV, N spp  
<3 GeV/ctrig

T
2<p

<2 GeV/cassoc
T

1<p

η∆
-4

-2
0

2
4

φ∆
0

2
4

φ
∆

 dη
∆d

pa
ir

N2 d  
tri

g
N1 1.3

1.4
1.5

CMS Preliminary 110≥ = 7 TeV, N spp  

 < 6 GeV/ctrig
T

5 < p
 < 2 GeV/cassoc

T
1 < p

Figure 1: The long-range near-side dihadron correlation observed in high multiplicity (N � 110) pp colli-
sions at 7 TeV is shown on the left; on the right, the ridge-like structure nearly disappears for higher ptrig

T
[6]. The jet peak around (Dh ⇡ 0,Df ⇡ 0) is truncated for better displaying the surrounding structure.

Details of the analysis technique used for studying dihadron correlations are described in [3, 4,
6, 7]. This technique involves pairing a leading (trigger) hadron of one event with another hadron

2
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2D di-hadron correlation and near side ridge

Di-hadron correlation from pQCD
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2D di-hadron correlation and near side ridge

Di-hadron correlation from color flux tube/glasma

LongGang Pang The role of longitudinal correlations and fluctuations 10 / 27



2D di-hadron correlation and near side ridge

Color flux tube + isotropic fragmentation does not generate near side
ridge

L.G.Pang, Q.Wang, X.N.Wang, PRC89 (2014) no.6, 064910

Near side peak from minijets and short strings.

Away side ridge from back-to-back jet pairs.

Isotropic fragmentation of string + free streaming does not generate near side
ridge.
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2D di-hadron correlation and near side ridge

Color flux tube + collective motion (flow) leads to near side ridge

EBE-hydro from EPOS initial
condition, K. Werner, Iu. Karpenko, T.

Pierog, M. Bleicher, K. Mikhailov, PRC82

(2010) 044904

EBE-hydro from HIJING/AMPT initial condition,
L.G.Pang, Q.Wang, X.N.Wang, PRC89 (2014) no.6, 064910

Particles from the same color flux tube need to be boosted to the same direction
such that particles with large pseudo-rapidity gap (∆η) fluctuate together.
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2D di-hadron correlation and near side ridge

Other explanations for near side ridge structure

Partons scattering off (boost invariant)
color electric domains.

2

FIG. 1: (Color online) Color electric fields inside the nucleus
fluctuate on an event by event basis.

correlators of lightlike Wilson lines, which we will calcu-
late in Sec. 3 within the Glasma graph and nonlinear
Gaussian approximations. We then compute the Fourier
moments vn of two particle correlations in both approx-
imation schemes in Sec. 4 and compare our results with
numerical lattice simulations of the full correlation func-
tion. In Section 5 the analytical and numerical results
obtained are then compared to the color field domain
model. We first cast our analytical results in terms of
color electric field correlators and make a direct com-
parison with expressions for the same correlator in the
color field domain model. We will demonstrate that our
results provide a clear interpretation of the color field
domain model which clarifies the discussion in the recent
literature. We end with a summary of the results of the
paper and an outlook on further research directions in
computations of multiparton correlations in high energy
QCD.

II. MULTIPARTICLE CORRELATIONS FROM
FLUCTUATING COLOR FIELDS

We begin our discussion of the physics of initial
state correlations with the simplest possible example of
the high energy scattering of individual (uncorrelated)
quarks o↵ a large nucleus. Our general picture is that
each parton scatters independently o↵ the color field of
the nucleus receiving a transverse momentum kick in the
process. As noted previously [6, 7, 25], the color fields
fluctuate from event to event and are locally organized
in domains of size ⇠ 1/Qs as illustrated in Fig. 1. When
two (or more) quarks scatter o↵ the same domain, they
will receive a similar kick whenever they are in the same
color state. This leads to a correlation which is sup-
pressed by 1/Nc

2 (in the limit of large Nc) and the num-
ber of domains Q2

sS?, where S? denotes the transverse
area probed by the projectile. We will now discuss this
physical picture in in more detail and further develop its
quantitative implementation along the lines of the dis-
cussion in Ref. [13].

A. Single quark scattering

Within the CGC formalism, the color fields inside the
target nucleus are determined by the solution of the clas-
sical Yang-Mills equations

[Dµ, Fµ⌫ ] = J⌫ , (1)

where the eikonal current Jµ is given in terms of the
density of color charges ⇢ inside the target nucleus as

Jµ(x, x+) = �µ�⇢(x, x+) . (2)

The solution to the classical Yang-Mills equations takes
the well known form [50]

A�(x, x+) = �⇢(x, x+)

r2
T

, (3)

where r2
T = @i@i is the 2-dimensional Laplacian. The

scattering of an incoming quark inside the projectile can
be described to leading order accuracy in ↵s by the so-
lution of the Dirac equation

(i /D � m) ̂ = 0 , (4)

in the presence of the background field of the target in
Eq. (3). One finds that the forward scattering amplitude
of a quark with momentum p to scatter o↵ the color fields
in the target is given by 1

hout,q|in,pi =

Z
d2x V (x) ei(q�p)·x , (5)

where

V (x) = P exp

⇢
�ig

Z 1

�1
dx+A�(x+,x)

�
(6)

denotes the Wilson line at a spatial position x in the
fundamental representation.

Within the leading order dilute-dense framework, it
is then straightforward to compute the single inclusive
distributions of quarks in a high energy projectile after
scattering from a nuclear target

dNq

d2p
= hout,p|⇢̂|out,pi , (7)

where ⇢̂ is the reduced one particle density matrix in the
probe. This general expression can be rewritten explicitly
as2

1 Since we are primarily interested in the transverse coordinate
dependence, we have omitted a delta function for longitudinal
momentum conservation as well as the spin structure to lighten
the notation. We refer to [51] for the complete expression.

2 Our expression generalizes the one given in [51] by replacing
the collinear quark distribution with a Wigner function Wq(b,k)
that is a function of both the k of quarks in the projectile and
their impact parameter b. Equivalent expression for gluons, dif-
fering only by the representation of the Wilson lines, have ex-
plicitly been derived in [31, 52].

T. Lappi, B. Schenke, S. Schlichting, and R.

Venugopalan

String-string interactions + subsequent
string fragmentation

Feofilov’s poster

V.A.Abramovskii, Pisma Zh. Eksp. Teor. Fiz. 47.

No6. 281-283 (1988)

I.Altsybeev, AIP Conf.Proc.1701(2016)

Medium(Color flux tube) kicked by
(back-to-back) jets.
Cheuk-Yin Wong, PRC76. 054908

Cheuk-Yin Wong, PRC78. 064905

Cheuk-Yin Wong, PRC84. 024981

IP-Glasma + Lund string fragmentation
see Prithwish Tribedy’s talk on May 25th
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2D di-hadron correlation and near side ridge
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FIG. 1: (Color online) Color electric fields inside the nucleus
fluctuate on an event by event basis.
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probe. This general expression can be rewritten explicitly
as2

1 Since we are primarily interested in the transverse coordinate
dependence, we have omitted a delta function for longitudinal
momentum conservation as well as the spin structure to lighten
the notation. We refer to [51] for the complete expression.

2 Our expression generalizes the one given in [51] by replacing
the collinear quark distribution with a Wigner function Wq(b,k)
that is a function of both the k of quarks in the projectile and
their impact parameter b. Equivalent expression for gluons, dif-
fering only by the representation of the Wilson lines, have ex-
plicitly been derived in [31, 52].
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2D di-hadron correlation and near side ridge

Other explanations for near side ridge structure

Partons scattering off (boost invariant)
color electric domains.

2

FIG. 1: (Color online) Color electric fields inside the nucleus
fluctuate on an event by event basis.

correlators of lightlike Wilson lines, which we will calcu-
late in Sec. 3 within the Glasma graph and nonlinear
Gaussian approximations. We then compute the Fourier
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the well known form [50]

A�(x, x+) = �⇢(x, x+)

r2
T

, (3)

where r2
T = @i@i is the 2-dimensional Laplacian. The

scattering of an incoming quark inside the projectile can
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(i /D � m) ̂ = 0 , (4)
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⇢
�ig
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dx+A�(x+,x)

�
(6)

denotes the Wilson line at a spatial position x in the
fundamental representation.

Within the leading order dilute-dense framework, it
is then straightforward to compute the single inclusive
distributions of quarks in a high energy projectile after
scattering from a nuclear target

dNq

d2p
= hout,p|⇢̂|out,pi , (7)

where ⇢̂ is the reduced one particle density matrix in the
probe. This general expression can be rewritten explicitly
as2

1 Since we are primarily interested in the transverse coordinate
dependence, we have omitted a delta function for longitudinal
momentum conservation as well as the spin structure to lighten
the notation. We refer to [51] for the complete expression.

2 Our expression generalizes the one given in [51] by replacing
the collinear quark distribution with a Wigner function Wq(b,k)
that is a function of both the k of quarks in the projectile and
their impact parameter b. Equivalent expression for gluons, dif-
fering only by the representation of the Wilson lines, have ex-
plicitly been derived in [31, 52].
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2D di-hadron correlation and near side ridge

Constraints from the newest LHC exp. data

Maxime Guilbaud’s talk and Brian Cole’s talk on May 23rd.

None-vanishing v2{2}, v2{4}, v2{6} in p+p collisions.

The mass ordering of the v2 in p+p collisions.

Ridge in low multiplicity p+p event.

Remarks:

Strong evidence for collective flow.

Question: can mass ordering and v2{m} pin down some explanations?

Another constraint: the momentum distribution of the ridge particles
Lund string fragmentation .vs. Cooper-Frye particlization.
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2D di-hadron correlation and near side ridge

The longitudinal structure that is responsible for ’ridge’

Figure: Fig from: Annu. Rev. Nucl. Part. Sci. 2010. 60:46389, by Francois Gelis,Edmond
Iancu, Jamal Jalilian-Marian, and Raju Venugopalan

Color flux tube (glasma):color electric field, color magnetic field
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2D di-hadron correlation and near side ridge

The longitudinal entropy deposition
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2D di-hadron correlation and near side ridge

Model the longitudinal fluctuations and entropy deposition

Usual CGC: (a). Torqued fireball
model: (b), (c)

EPOS: (c)
HIJING, AMPT,
UrQMD: (c), (d)
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2D di-hadron correlation and near side ridge

Effect of longitudinal fluctuations

H. Petersen, et al.
PRC84 (2011) 054908

L.G. Pang et al. PRC86
(2012) 024911
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Decorrelation of event plane/anisotropic flow along η

Decorrelations with big ∆η gap

Piotr Bozek’s method

cos(k∆FB) =
< exp (ik(φF − φB)) >√

< exp (ik(φF1 − φF2)) >< exp (ik(φB1 − φB2)) >
(11)

Kai Xiao’s method

rn(∆η = 2ηa) =< cos (Ψn(−ηa)−Ψn(ηa)) > /(Rn(ηa)Rn(−ηa)) (12)

Rn is the resolution factor to remove the effect of finite multiplicity.

Our method based on Qn vector (LongGang, Pang et.al PRC91 (2015)4, 044904)

Qn =
1

N

N∑
j=1

exp(inφj) = Vn exp (inΨn) (13)

where φj = arctan(py/px).

rn(∆η = 2ηa) =
< Qn(ηa)Q∗n(−ηa) >√
< Q2

n(ηa) >< Q2
n(−ηa) >

(14)

This method captures both anisotropic fluctuations and event plane angle
fluctuations.
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Decorrelation of event plane/anisotropic flow along η

CMS methods, PRC 92 (2015) 034911

TrackerHF- HF+

η

a a b

5.2-5.2 3.0-3.0 2.4-2.4 0

)bη,aη(∆nV

)bη,aη(-∆nV

)bη,aη(∆nV
)bη,aη(-∆nV

 ≡) bη,aη(nr

rn(∆η = 2ηa) =
< Qn(−ηa)Q∗n(ηb) >

< Qn(ηa)Q∗n(ηb) >
(15)

If ηb is far away from ηa, no short range correlation.
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Decorrelation of event plane/anisotropic flow along η

String length fluctuations

The initial condition for (3+1)D hydrodynamics is given by HIJING/AMPT model.
Where the length of soft strings is sensitive to beam energy and centrality.
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L.G.Pang, H.Petersen, G.Y.Qin, V.Roy, X.N.Wang, Eur.Phys.J. A52 (2016) no.4, 97
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Decorrelation of event plane/anisotropic flow along η

Decorrelation of nth order anisotropic flows

L.G.Pang, H.Petersen, G.Y.Qin, V.Roy, X.N.Wang, Eur.Phys.J. A52 (2016) no.4, 97

EBE hydro match CMS measurements for r2 except 0− 5% most central
collisions.

r3 match experimental data for all centralities.

Much stronger decorrelation at RHIC energy.
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Decorrelation of event plane/anisotropic flow along η

Pb+Pb collisions from torqued fireball model

P.Bozek, W.Broniowski, J.Moreira, A.Olszewski, arXiv: 1011.3354, 1503.07425, 1506.04362

String length fluctuations improved r2 in A+A collisions.

r2 and r3 are underestimated too in most central collisions.
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Decorrelation of event plane/anisotropic flow along η

p+Pb collisions from torqued fireball model

P.Bozek, W.Broniowski, J.Moreira, A.Olszewski, arXiv: 1011.3354, 1503.07425, 1506.04362

String length fluctuations are crucially important for p+Pb collisions.
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Longitudinal fluctuations in CGC model

Longitudinal fluctuations in 3D-Glasma

Gluon fields in one nucleus from JIMWLK

Y = -2.4 Y = 0 Y = 2.4

4

FIG. 2. JIMWLK evolution of the gluon fields in one nucleus for m = 0.4 GeV and ↵s = 0.3. Shown is 1 � Re[tr(Vx)]/Nc in
the transverse plane at rapidities Y = �2.4 (x ⇡ 2 ⇥ 10�3, left), Y = 0 (x ⇡ 2 ⇥ 10�4, center), and Y = 2.4 (x ⇡ 1.6 ⇥ 10�5,
right) to illustrate the change of the typical transverse length scale with decreasing x. The global geometry clearly remains
correlated over the entire range in rapidity.

at the largest x value using the IPSat/IP-Glasma model.
For a left moving nucleus at LHC energies of

p
s =

2.76 TeV at y = �2.4, which is the largest (negative)
rapidity we consider, this is x = (hpT i/

p
s) exp(2.4) ⇡

0.002 for the typical hpT i ⇡ 0.5 GeV. We then solve the
JIMWLK equation (10) up to rapidity y = 2.4, which
corresponds to x ⇡ 1.6 ⇥ 10�5. For the right moving
nucleus the x values are simply reversed.

In Fig. 2 we show the transverse structure of one nu-
cleus employing the quantity 1�Re[tr(Vx)]/Nc at di↵er-
ent values of x using m = 0.4 GeV and ↵s = 0.3. As pre-
viously demonstrated in [56, 60] the increase of the satu-
ration scale Qs with decreasing x leads to a reduction of
the characteristic transverse length scale ⇠ 1/Qs, which
is clearly visible in Fig. 2. Despite significant changes
on smaller scales, one also observes that the large scale
structure of the nucleus is only mildly modified even after
evolution of several units in rapidity.

C. Gluon fields after the collision

Using the Wilson lines of the incoming nuclei at ra-
pidities �Y1/2 = �Y0 ± Yobs, the gluon fields in the fu-
ture light-cone are determined numerically for each slice
in rapidity yobs. Based on the procedure outlined in
[33] we determine the discretized analogue of Eqs. (6)-(7).
Given these initial conditions, the source free Yang-Mills
equations are solved forward in time, for each rapidity
separately (see e.g. [7]). From the resulting fields at
⌧ = 0.2 fm/c we compute the gluon multiplicity and the
energy momentum tensor Tµ⌫ . In the following analysis
we neglect the e↵ect of the flow velocities and determine
the eccentricities and corresponding angles from T ⌧⌧ di-
rectly.

The gluon distribution can be obtained by measuring
equal-time correlation functions of the gauge fields after
imposing Coulomb gauge @iA

i
��
⌧

= 0 at a given time

[35, 61]:

dN

d2k?dy

����
⌧

=
1

(2⇡)2

X

�,a

���⌧gµ⌫
⇣
⇠�,k?⇤
µ (⌧)

 !
@⌧ Aa

⌫(⌧,k?)
⌘���

2

(14)

where gµ⌫ = (1,�1,�1,�⌧�2) denotes the Bjorken met-
ric and � = 1, 2 labels the two transverse polarizations.
In Coulomb gauge the mode functions take the form

⇠(1),k?
µ (⌧) =

p
⇡

2|k?|

0
@
�ky

kx

0

1
AH

(2)
0 (|k?|⌧) , (15)

⇠(2),k?
µ (⌧) =

p
⇡

2|k?|

0
@

0
0

kT ⌧

1
AH

(2)
1 (|k?|⌧) , (16)

where H
(2)
↵ denote the Hankel functions of the second

type and order ↵ (see [35] for details).

III. RESULTS

For illustration we first present 3-D plots of T ⌧⌧ in
a single event at

p
s = 2.76 TeV in Fig. 3. We find

that in each event the distribution of deposited energy
is dominated by approximately boost invariant flux tube
like structures, with a typical transverse size of a nu-
cleon. Deviations from boost invariance introduced by
the JIMWLK evolution of both nuclei and are clearly
visible as well. Variations on both small and large trans-
verse and longitudinal distance scales can be observed.

These structures in rapidity are quantified in the fol-
lowing, where we compute the rapidity dependence of the
gluon multiplicity and its fluctuations as well as the ra-
pidity variation in value and orientation of eccentricities.
These quantities should have a direct e↵ect on various
experimental observables, such as the charged particle
rapidity spectra, the pseudo-rapidity dependent factor-
ization ratio rn(⌘1, ⌘2) [62], and Legendre coe�cients of

Bjorn Schenke and Soren Schlichting, arXiv:1605.07158

The typical transverse length scale changes with rapidity.

The global geometry clearly remains correlated over the entire rapidity range.
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Longitudinal fluctuations in CGC model

Longitudinal decorrelation in 3D-Glasma

8
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FIG. 8. Decorrelation of the initial spatial eccentricity
r2(⌘a, ⌘b) for ⌘b = 2.4 in central events (b = 0 fm), com-
paring to results from AMPT [72] and the 3DMCG model
[15].

����

���

����

���

����

�

����

���

� ��� � ��� �

������

� �
��
��
� �
�

��

��������� ������
��������� �������
���� ���� ��������
���� �����

FIG. 9. Decorrelation of the initial spatial eccentricity
r3(⌘a, ⌘b) for ⌘b = 2.4 in central events (b = 0 fm), com-
paring to results from AMPT [72] and the 3DMCG model
[15].
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FIG. 10. The deviation in percent of ✏n(⌘a) from ✏n(0) given
by �✏n(⌘a, 0) for n = 2 and 3 and m = 0.4 GeV.

weak dependence of r2 on rapidity (Fig. 8) can be mainly
attributed to the weak change of the orientation shown
in Fig. 11.

Finally we perform an analysis analogous to that of
the multiplicity correlations in Section IIIA with the ec-
centricities ✏2 and ✏3. We define

C̃(Y1, Y2) =
h✏n(Y1)✏n(Y2)i
h✏n(Y1)ih✏n(Y2)i

, (25)

compute C̃N analogous to Eq. (19), and perform the
same expansion into Legendre polynomials as with C in
Eq. (21). Due to limited statistics we constrain this anal-
ysis to ãn,n = hãnãni, where ã represents the Legendre

coe�cients of the eccentricity correlator C̃N . We present
the results for m = 0.4 GeV in Fig. 12. No significant m
dependence was observed. One can clearly see that also
the fluctuations of the transverse geometry in rapidity
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FIG. 11. Change in angle �n(⌘a) relative to �n(0) quantified
by hcos[n(�n(⌘a) � �n(0))]i for n = 2 and 3 and m = 0.4 GeV.

depend strongly on the evolution speed characterized by
↵s. It will be very interesting to compare these results
to other initial state models in the future.

IV. CONCLUSIONS AND OUTLOOK

We have presented the first step towards a fully three
dimensional initial state for heavy ion collisions from first
principles calculations within the e↵ective theory of the
color glass condensate. Our calculations are accurate for
single inclusive quantities to leading logarithmic order in
1/x. They should further capture the main e↵ects for
multi-particle observables that involve di↵erent rapidi-
ties, in particular for rapidity separations <⇠ ↵�1

s . We
computed the rapidity distributions of produced gluons

Bjorn Schenke and Soren Schlichting, arXiv:1605.07158

With smaller αs, 3D-Glasma may solve the most central puzzle.
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Conclusion

Conclusion

Two particle multiplicity correlation

Is used to study the forward-backward asymmetry.

Understanding high order an,m

Di-hadron correlation

Near side ridge in p+p favors color flux tube/glasma + collective flow.

Initial stage interaction: tube scatters with (1) partons, (2) tubes, (3) high
momentum jets

Mass ordering and v2{m} are important to find out the right physics for near
side ridge in p+p.

Event-plane/anisotropic flow decorrelation along the longitudinal direction

Asks for string length fluctuations in color flux tube models.

Has strong centrality and beam energy dependence.

Color flux tube .vs. Glasma and the importance of valence quarks.
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