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Longitudinal decorrelations of flow 
orientation angle (Ψn) in AA and pA"
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Initial-state anisotropy!

~1+ 2v2 (pT ,η)cos 2 φ −ΨRP( )#$ %&f(pT,ϕ,η)!

x 

y 

ψRP 

Elliptic flow 

1990s 

Final state:!
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y’ 

x’ ψEP, PP  

~ 1+ 2v2 (pT ,η)cos 2 φ −ΨEP, PP( )#$ %&f(pT,ϕ,η)!

2003-2005 

Elliptic flow 

ψEP: Direction of !
maximum particle !
density!

Final state:!

Initial-state inhomogeneity!
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~1+ 2v2 (pT ,η)cos 2 φ −Ψ2( )#$ %&f(pT,ϕ,η)!
+2v3(pT ,η)cos 3 φ −Ψ3( )#$ %&

+2v4 (pT ,η)cos 4 φ −Ψ4( )#$ %&

+2v5(pT ,η)cos 5 φ −Ψ5( )#$ %&

Elliptic flow 

Triangular flow 

Ψ2,EP  

Ψ3,EP  2010 

+… 

ψEP: Direction of !
maximum particle !
density!

Final state:!

Initial-state inhomogeneity!
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~1+ 2v2 (pT ,η)cos 2 φ −Ψ2 pT ,η( )( )#$ %&f(pT,ϕ,η)!
+2v3(pT ,η)cos 3 φ −Ψ3 pT ,η( )( )#$ %&

+2v4 (pT ,η)cos 4 φ −Ψ4 pT ,η( )( )#$ %&

+2v5(pT ,η)cos 5 φ −Ψ5 pT ,η( )( )#$ %&

Ψ2  

Ψ3  2012-2013 ψEP: Direction of !
maximum particle !
density!

+… 

(particle properties!
dependent)!

Naturally true!
for any Fourier !
decomposition !

Initial-state inhomogeneity!

Final state:!
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~1+ 2 vn (pT ,η)cos 2 φ −Ψn pT ,η( )( )#$ %&
n
∑f(pT,ϕ,η)!

Local hot spots perturb the event plane of a smooth 
background, in a (pT, η,…) dependent fashion. 

ψEP: Direction of !
maximum particle !
density!
(particle properties!
dependent)!

Ψn(pT, η) contains details of the lumpy initial state: 
fluctuations in r, ϕ and η directions	
  

Decode the initial-state inhomogeneity!

Final state:!

2012-2013 
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EXTRA SLIDES

DETAILS OF HYDRODYNAMIC CALCULATIONS

Start with traditional Glauber model:
Each ‘participant’ contributes entropy as transverse Gaussian

(Animation from Igor Kozlov)
MATT LUZUM (USC) FLOW IN PA MORIOND 2015 18 / 14

“lumpy”!

EXTRA SLIDES

DETAILS OF HYDRODYNAMIC CALCULATIONS

With NBD:

MATT LUZUM (USC) FLOW IN PA MORIOND 2015 20 / 14

“smooth”!

rn (pT
a, pT

b ) ≡ VnΔ (pT
a, pT

b )
VnΔ (pT

a, pT
a ) VnΔ (pT

b, pT
b )
~ cos[n(Ψn (pT

a ) -Ψn (pT
b ))]

pPb, 220<Ntrk<260! 0-0.2% ultra-central PbPb!
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Glauber!

KLN!
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arXiv:1503.01692!

Flow factorization breaking in pT!

VnΔ (pT
a, pT

b ) ≠ vn (pT
a )× vn (pT

b )
(two-particle)! (single-particle)!

due to EP!Ψn (pT ) , caused by “lumpy” initial state!

“smoother”!

EXTRA SLIDES

DETAILS OF HYDRODYNAMIC CALCULATIONS

Start with traditional Glauber model:
Each ‘participant’ contributes entropy as transverse Gaussian

(Animation from Igor Kozlov)
MATT LUZUM (USC) FLOW IN PA MORIOND 2015 18 / 14

EXTRA SLIDES

DETAILS OF HYDRODYNAMIC CALCULATIONS

Start with traditional Glauber model:
Each ‘participant’ contributes entropy as transverse Gaussian

(Animation from Igor Kozlov)
MATT LUZUM (USC) FLOW IN PA MORIOND 2015 18 / 14

“lumpier”!
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f (pT ,φ,η) ~1+ 2 vn (pT ,η) cos
n=1

∞

∑ n φ −Ψn pT ,η( )( )%& '(

Ψn η
a( ) Ψn η

b( )

Longitudinal dynamics: QGP expands in 3D"

Gateway to a full 3D description of initial-state 
fluctuations and dynamics of system evolution!
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Flow is not quite boost-invariant in rapidity!

Stronger η dependence for v3!

η
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With respect to Ψn at a fixed η   "

Rapidity dependence of!
vn magnitude  or  Ψn orientation?!

(energy density, η/s)! (geometry, initial state)!
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“Extended longitudinal scaling” of v2!

Still not understood!

 PHOBOS - PRL 94, 122303 (2005)!

Rapidity dependence of!
vn magnitude  or  Ψn orientation?!

(energy density, η/s)! (geometry, initial state)!
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Torqued fireball!

Longitudinal dynamics: Ψn(η) fluctuations !

3

B C F

F
B

FIG. 2. A cartoon visualization of the torque effect. A ran-
dom cluster of wounded nucleons, drawn here at the edge of
the ellipse, with three nucleons moving in the forward (F)
direction (open circles) one one moving in the backward (B)
direction (filled circle), causes a random torque of the prin-
cipal axes. The angle of the torque is higher in the forward
direction than in the backward direction. In the the central
rapidity region (C) the effect is between the F and B cases.

Following Ref. [8], we choose the following parameter-
izations:

f(η‖) = exp

(

−
(|η‖|− η0)2

2σ2
η

θ(|η‖|− η0)

)

,

f+(η‖) = fF (η‖)f(η‖),

f−(η‖) = fF (−η‖)f(η‖), (3)

with

fF (η‖) =







0, η‖ ≤ −ηm
η‖+ηm

2ηm
, −ηm < η‖ < ηm

1, ηm ≤ η‖

(4)

The values of parameters, describing the RHIC data after
the hydrodynamic evolution [8], are

η0 = 1,

ηm = 3.36,

ση = 1.3. (5)

The profile functions are shown in Fig. 1. We note that by
construction f+(η‖) + f−(η‖) = f(η‖). Parametrization
(4) is chosen in such a way, that after the hydrodynamic
evolution and statistical emission [8, 15] one correctly
reproduces the spectra [21] of particles produced at dif-
ferent rapidities in the Au+Au collisions at the highest
RHIC energy.

B. Fluctuations and the torque

The initial density of the fireball (2) can be obtained
in a Glauber Monte Carlo approach. The densities of the
forward and backward going wounded nucleons ρ±(x, y)
and of the binary collisions ρbin(x, y) are obtained with

FIG. 3. (Color online) The schematic figure of the torqued
fireball, elongated along the η‖ axis. The direction of the
principal axes in the transverse plane rotates as η‖ increases.
The left and right pictures correspond to the rank-2 (elliptic)
and rank-3 (triangular) cases, respectively. The effect occurs
event-by-event.

Monte Carlo simulations by GLISSANDO [12]. These dis-
tributions fluctuate on event-by-event basis. The phe-
nomenon has a purely statistical origin, as the positions
on nucleons in nuclei fluctuate. The event-by-event fluc-
tuations in the wounded-nucleon approach are know to
cause important effects, such as the increase of the ellip-
tic deformation, resulting in larger elliptic flow [10], or
the recently discussed triangular flow [22].
Another effect due to fluctuations, focal to this work,

is the event-by-event torque of the fireball. Its appear-
ance is simple to understand. For the sake of simplicity
let us consider the situation depicted in Fig. 2. A clus-
ter of wounded nucleons is formed, here drawn at the
edge of the fireball. It contains three wounded nucleons
moving forward and one moving backward. The cluster
causes the twist of the principal axis. However, due to
the shape of the emission functions of Fig. 1, the shift is
different at various values of the space-time rapidity. At
forward η‖ ∼ 3 there are practically no backward moving
wounded nucleons, hence the three forward-moving nu-
cleons cause the torque. In the backward direction only
one wounded nucleon from the cluster causes the torque,
while in the central η‖ region all four nucleons contribute,
but according to Eq. (4) their relative weight is reduced
be a factor of 2. Thus the relative weight of the effect of
the cluster in the forward, backward, and central regions
is as 3 : 1 : 2. The result is the schematic arrangement of
the principal axes as drawn in Fig. 2.
In an actual Monte Carlo simulation many clusters oc-

cur and the situation is more complicated, but the origin
is as described above. The effect appears on the event-
by-event basis and by symmetry the mean value of the
torque angle vanishes upon averaging over events. Thus,
the effect may only be revealed in event-by-event studies
of fluctuations, see Sect. II C.
A similar phenomenon occurs for the axes of the trian-

gular shape and the axes corresponding to higher Fourier

Bozek et.al., arXiv:1011.3354 !

Global twist"

Wounded nucleon model!

JIMWLK!

Dumitru et. al., arXiv:1108.4764!

Correlation length of gluon field!

CGC-based model!

Rapidity dependent granularity !
of gluon field fluctuations!

Next, quantify this effect experimentally and 
compare to theoretical calculations!
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How about factorization ratio?!

rn ≡
VnΔ (η

a,ηb )
VnΔ (η

a,ηa ) VnΔ (η
b,ηb )

~ cos n Ψn η
a( )−Ψn η

b( )( )%
&

'
(

Need to find a way to always guarantee a large Δη! !

ηΔ
-4

-2
0

2
4

φΔ

0

2

4

φ
Δ

 dη
Δd

pa
ir

N2 d
tri

g
N1 1.2

1.4
1.6
1.8

CMS Preliminary 35-40%
 = 2.76 TeVNNsPbPb  

How to probe Ψn(η) fluctuations experimentally!

A narrow window of Δη ~ 0 !
!

è  significant nonflow from 
near-side peak (jets, 
clusters, resonances etc.)!

Problem:"
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Compact Muon Solenoid (CMS)!

Nearly 4π acceptance coverage!

HF! HF!
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TrackerHF- HF+

η

a a b

5.2-5.2 3.0-3.0 2.4-2.4 0

)bη,aη(ΔnV

)bη,aη(-ΔnV

)bη,aη(ΔnV
)bη,aη(-ΔnV

 ≡) bη,aη(nr

TrackerHF- HF+

η

a a b

5.2-5.2 3.0-3.0 2.4-2.4 0

)bη,aη(ΔnV

)bη,aη(-ΔnV

)bη,aη(ΔnV
)bη,aη(-ΔnV

 ≡) bη,aη(nr

How to extract Ψn(η) fluctuations?	
  

Ensure all pairs used have η gap > 2 units!"

CMS, arXiv:1503.01692!

Redefine “factorization ratio”:!

HF towers (tracks) weighted by ET (pT)!

VnΔ (η
a,ηb ) = cos n φ a −φ b( )#

$
%
&
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If VnΔ factorizes or Ψn(η) indep. of η, "

How rn(ηa,ηb) is related to factorization and 
Ψn(η) fluctuations? !

r
n
(η a ,η b ) =

vn (−η
a )vn (η

b )
vn (η

a )vn (η
b )

=1 (for symmetric system)!

Otherwise,"
r
n
(η a ,η b ) =

vn (−η
a )vn (η

b )cos[n(Ψ n (−η
a )−Ψ n (η

b ))]

vn (η
a )vn (η

b )cos[n(Ψ n (η
a )−Ψ n (η

b ))]

                 ~
cos[n(Ψ n (−η

a )−Ψ n (η
b ))]

cos[n(Ψ n (η
a )−Ψn (η

b ))]
(for symmetric system)!

~ cos[n(Ψ n (η
a )−Ψ n (−η

a ))]

(two EPs separated a gap of 2ηa)!



16 aη
0.0 0.5 1.0 1.5 2.0

)b η,a η( 2r

0.96

0.98

1.00
 = 2.76 TeVNNsCMS PbPb 

 < 3.0 GeV/ca
T

0.3 < p
 > 0 GeV/cb

T
p

10-20%

 < 5.0bη4.4 < 
 < 4.0bη3.0 < 

Tracker

HF- HF+

η

a a b

5.2-5.2 3.0-3.0 2.4-2.4 0

)bη,aη(ΔnV

)bη,aη(-ΔnV

)bη,aη(ΔnV
)bη,aη(-ΔnV

 ≡) bη,aη(nr

ηa!

   r2 (ηa,ηb ) ≈ cos[2(Ψ 2 (ηa )−Ψ 2 (−ηa ))] , Δη = 2ηa !
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ηa!

Decorrelation of Ψ2!
as Δη increases!

   r2 (ηa,ηb ) ≈ cos[2(Ψ 2 (ηa )−Ψ 2 (−ηa ))] , Δη = 2ηa !



18 aη
0.0 0.5 1.0 1.5 2.0

)b η,a η( 2r

0.96

0.98

1.00
 = 2.76 TeVNNsCMS PbPb 

 < 3.0 GeV/ca
T

0.3 < p
 > 0 GeV/cb

T
p

10-20%

 < 5.0bη4.4 < 
 < 4.0bη3.0 < 

Tracker

HF- HF+

η

a a b

5.2-5.2 3.0-3.0 2.4-2.4 0

)bη,aη(ΔnV

)bη,aη(-ΔnV

)bη,aη(ΔnV
)bη,aη(-ΔnV

 ≡) bη,aη(nr

ηa!

Decorrelation of Ψ2!
as Δη increases!

   r2 (ηa,ηb ) ≈ cos[2(Ψ 2 (ηa )−Ψ 2 (−ηa ))] , Δη = 2ηa !
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Decorrelation of Ψ2!
as Δη increases!

   r2 (ηa,ηb ) ≈ cos[2(Ψ 2 (ηa )−Ψ 2 (−ηa ))] , Δη = 2ηa !
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Decorrelation of Ψ2!
as Δη increases!

   r2 (ηa,ηb ) ≈ cos[2(Ψ 2 (ηa )−Ψ 2 (−ηa ))] , Δη = 2ηa !
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Decorrelation of Ψ2!
as Δη increases!

   r2 (ηa,ηb ) ≈ cos[2(Ψ 2 (ηa )−Ψ 2 (−ηa ))] , Δη = 2ηa !
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Decorrelation of Ψ2!
as Δη increases!
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ηa!

~ 3-4 %!

Decorrelation of Ψ2!
as Δη increases!
!

   r2 (ηa,ηb ) ≈ cos[2(Ψ 2 (ηa )−Ψ 2 (−ηa ))] , Δη = 2ηa !

η gap ≥ 2 units !
between a and b	
  

~ linear!
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ηa!

When Δη is small for 
denominator, short-range 
correlations pull r2 down!

   r2 (ηa,ηb ) ≈ cos[2(Ψ 2 (ηa )−Ψ 2 (−ηa ))] , Δη = 2ηa !

Let’s vary ηb as well!
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Tracker

HF- HF+

η

a a b

5.2-5.2 3.0-3.0 2.4-2.4 0

)bη,aη(ΔnV

)bη,aη(-ΔnV

)bη,aη(ΔnV
)bη,aη(-ΔnV

 ≡) bη,aη(nr

aη
0.0 0.5 1.0 1.5 2.0

)b η,a η( 2r

0.96

0.98

1.00
 = 2.76 TeVNNsCMS PbPb 

 < 3.0 GeV/ca
T

0.3 < p
 > 0 GeV/cb

T
p

10-20%

 < 5.0bη4.4 < 
 < 4.0bη3.0 < 

ηa!

r2 consistent for both ηb 
ranges if Δη is large!

For long-range correlations, !
r2 is largely ηb independent!

   r2 (ηa,ηb ) ≈ cos[2(Ψ 2 (ηa )−Ψ 2 (−ηa ))] , Δη = 2ηa !

Let’s vary ηb as well!
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Centrality dependence of r2(ηa,ηb) in PbPb	
  

r2 (η
a,ηb ) ≈ cos[2(Ψ 2 (η

a )−Ψ 2 (−η
a ))]

Roughly linear increase with η gap,!
except for 0-0.2% centrality!
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Nearly no pT dependence …  !
4.4 < ηb < 5! 3 < ηb < 4!
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 = 2.76 TeVNNsCMS PbPb 

>0 GeVb
T

<3 GeV, pa
T
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T
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T
1<p

>1 GeVb
T
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T

0.3<p

aη
0 1 2

)b
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η( 2r

0.8

0.9

1.0

<5bη4.4<50-60%
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0 1 2

)b
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0 1 2

)b
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η( 2r

0.8

0.9

1.0

50-60% <4bη3<

Indication of an initial-state effect !?!
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Higher-order rn(ηa,ηb) in PbPb!
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n=2! n=3!

Much stronger effect up to 15% for n=3, !
as it is entirely driven by fluctuations!
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r3 (η
a,ηb ) ≈ cos[3(Ψ 3(η

a )−Ψ 3(−η
a ))]

Little centrality dependent, consistent with expectation?!

Centrality dependence of r3(ηa,ηb) in PbPb	
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r4 (η
a,ηb ) ≈ cos[4(Ψ 4 (η

a )−Ψ 4 (−η
a ))]

!
r4 is related to r2, esp. for peripheral events!
(linear vs non-linear contributions) !

Also roughly linear increase with η gap!

Centrality dependence of r4(ηa,ηb) in PbPb	
  



31 

Empirical parameterization:!rn (ηa,ηb ) = e−2Fn
ηηa ≈1− 2Fn

ηηa

tracks
|<2.4η|N

310

nη F

0.00

0.02

0.04

0.06 0.12.57.515.025.035.045.055.0
PbPb centrality(%)CMS

 = 2.76 TeVNNsPbPb  = 5.02 TeVNNspPb 

n = 2, 0-0.2%
n = 2 n = 3

n = 4
n = 2

n=2!

n=3!

n=4!

Stronger effect for !
Ø  Peripheral events!
Ø  higher-order n!



32 

Trend qualitatively consistent with participant 
fluctuations in Glauber model!

tracks
|<2.4η|N

310

nη F

0.00

0.02

0.04

0.06 0.12.57.515.025.035.045.055.0
PbPb centrality(%)CMS

 = 2.76 TeVNNsPbPb  = 5.02 TeVNNspPb 

n = 2, 0-0.2%
n = 2 n = 3

n = 4
n = 2

tracks
|<2.4η|N

310

nη F

0.00

0.02

0.04

0.06 0.12.57.515.025.035.045.055.0
PbPb centrality(%)CMS

 = 2.76 TeVNNsPbPb  = 5.02 TeVNNspPb 

n = 2, 0-0.2%
n = 2 n = 3

n = 4
n = 2

But details depend on dynamics!

F-B participant plane fluctuations!

Glauber model!
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Comparison with AMPT model!
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TrackerHF- HF+

A
2ΨφTrack 

η
5.2-5.2 3.0-3.0 2.4-2.4 0

v2 =
v2
obs

RA

=
cos2(φ −Ψ2

A )
RA

Δη≥3!

How is v2{EP} affected by EP decorrelations?!
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TrackerHF- HF+

A
2Ψ

B
2Ψ

C
2Ψ

η
5.2-5.2 3.0-3.0 2.4-2.4 0

v2 =
v2
obs

RA

=
cos2(φ −Ψ2

A )
RA

Δη≥3!

Resolution correction:!

How is v2{EP} affected by EP decorrelations?!
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TrackerHF- HF+

A
2Ψ

B
2Ψ

C
2Ψ

η
5.2-5.2 3.0-3.0 2.4-2.4 0

If Ψ2 depends on η!
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res cos(2(Ψ2

+ −Ψ2
− )) cos(2(Ψ2

+ −Ψ2
0 ))

cos(2(Ψ2
− −Ψ2

0 ))

    = RA
res cos(2(Ψ2

+ −Ψ2
− ))

    ≈ RA
res cos(2(Ψ2

+ −Ψ2
0 ))

Ψ2
+,  Ψ2

−,  Ψ2
0 : real EPs

How is v2{EP} affected by EP decorrelations?!
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TrackerHF- HF+

A
2Ψ

B
2Ψ

C
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η
5.2-5.2 3.0-3.0 2.4-2.4 0

How is v2{EP} affected by EP decorrelations?!

v2 =
cos2(φ −Ψ2

A )
RA

   ≈
cos2(φ −Ψ2

A )
RA
res

1
cos(2(Ψ2

+ −Ψ2
0 ))

   ≈
cos2(φ −Ψ2

+ )

cos(2(Ψ2
+ −Ψ2

0 ))
≈ cos2(φ −Ψ2

0 )

EP method measures!
v2 w.r.t midrapidity EP!
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Some thoughts and remarks	
  

Will these studies invalidate all previous vn results 
(assuming factorization)? No, just need to be 
reinterpreted as vn w.r.t. plane at a give (pT, η) "

What particular constraints to 3D hydrodynamics 
from these data?!

Could “extended longitudinal scaling” of v2 
somehow related to the plane decorrelations?!
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Principle Component Analysis (PCA) in η space	
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FIG. 1. Principal component analysis as a function of pseu-
dorapidity for Pb+Pb collisions at

√

s = 2.76 TeV in the 0-
10% centrality window generated with AMPT. (a) Multiplic-
ity fluctuations; (b) Elliptic flow fluctuations; (c) Triangular
flow fluctuations.

There are a few negative eigenvalues which can be at-
tributed to statistical fluctuations.4

The leading principal components for n = 0, n = 2,
and n = 3 are shown in Fig. 1. Fig. 1 (a) displays the
principal modes of multiplicity fluctuations (n = 0) as

a function of pseudorapidity. The leading mode v(1)0 (η)
is a global 12% relative fluctuation, independent of η,
corresponding to the fluctuation of the total multiplic-
ity within the event sample. The next-to-leading mode

v(2)0 (η) is odd and of much smaller amplitude, as shown
by the eigenvalues, λ(2) ∼ λ(1)/60. A natural source of

4 This can be checked by applying the PCA to purely statisti-
cal fluctuations. We generated random matrices according to
the statistical error of Vn∆(p1, p2), and found that the nega-
tive eigenvalues of Vn∆(p1, p2) are compatible with the negative
eigenvalues of these random matrices.

this odd mode is the small difference between the partic-
ipant numbers of projectile and target nuclei induced by
fluctuations, which creates a forward-backward asymme-
try of the multiplicity [26, 27]. Since both the colliding
system and the analysis window are symmetric around
η = 0, principal components have definite parity, up to

statistical fluctuations. Indeed, the next mode v(3)0 (η)
is even, suggesting that principal components typically
have alternating parities. The corresponding eigenvalue

is again much smaller, λ(3) ∼ λ(2)/5. v(4)0 (η) and higher
modes are blurred by statistical fluctuations. Note that
Eq. (7) defines principal components up to a sign. Here,

we conventionally choose v(α)n (η) > 0 at forward rapid-
ity. Fig. 1 also illustrates the orthogonality of principal
components, that is,

∑

p

V (α)
n (p)V (β)∗

n (p) = 0 if α "= β. (11)

Thus, v(α)n (p) typically has α− 1 nodes.
Fig. 1 (b) and (c) display the principal components of

elliptic and triangular flow fluctuations as a function of

pseudorapidity. The leading modes v(1)n (η) correspond
to the usual elliptic and triangular flows, which depend
weakly on η at the LHC [28, 29]. The subleading modes

v(2)n (η) are odd and of smaller amplitude (λ(2) $ λ(1)/13).
These rapidity-odd harmonic flows, or torqued flows, can
be attributed to the small relative angle between n-th
harmonic participant planes defined in the projectile and
target nuclei [30].
Note that the correlation matrix Vn∆(p1, p2) is the sum

of flow and nonflow correlations [31]. The nonflow corre-
lation is significant only for small values of the relative
pseudorapidity ∆η ≡ |η1 − η2|. If the range in ∆η is
smaller than the binning, it contributes to the diagonal
elements, and its effect is to shift all eigenvalues by a con-
stant. We observe in general a clear ordering of eigenval-
ues (λ(3)/λ(2) ∼ λ(4)/λ(3) ∼ 2) which indicates that the
correlation has a long range in ∆η and is therefore dom-
inated by flow. Visual inspection of correlation matrix
Vn∆(η1, η2) qualitatively confirms this reasoning.
We then carry out the analysis as a function of trans-

verse momentum. In addition to AMPT generated
events, we use experimental data for Vn∆(p1, p2) provided
by the ALICE collaboration [13] for Pb+Pb collisions in
the 0-10% centrality window. ALICE uses all charged
particles in the pseudorapidity window |η| < 1. The
definition of Vn∆ is not quite the same as ours: First,
it is averaged (as opposed to summed) over pairs. We
correct for this difference by multiplying by the average
multiplicity of pairs in each (p1, p2) bin, which we es-
timate using the statistical errors provided by ALICE
(σ $ (2Npairs)−1/2). Second, the analysis is done with a
rapidity gap to suppress nonflow correlations: this means
that particles 1 and 2 in Eq. (6) are separated by a ra-
pidity gap of 0.8. For sake of comparison, we repeat the
analysis using AMPT events (the same as in Fig. 1). In
order to compensate for the lower statistics, we use a

VnΔ (η
a,ηb ) = Vn

(α ) (ηa )Vn
(α )*(ηb )

α=1

k
∑

Due to short-range correlations, !
is it applicable experimentally?!

Bhalerao, PRL 114 (2015) 152301!

Should be possible to fit the!
modes w/o diagonal VnΔ terms !
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Asymmetric (torqued?) QGP fireball !
on p- and Pb-going side?!

Again, is it η-dependence of vn or Ψn?!
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A subtlety in pPb as 	
  vn (−η
a ) ≠ vn (η

a )

r
n
(η a ,η b ) =

vn (−η
a )×vn (η

b )× cos[n(Ψ n (−η
a )−Ψ n (η

b ))]

vn (η
a )×vn (η

b )× cos[n(Ψ n (η
a )−Ψ n (η

b ))]

Do not cancel!!

rn (η
a,ηb )× rn (−η

a,−ηb ) = VnΔ (−η
a,ηb )

VnΔ (η
a,ηb )

VnΔ (η
a,−ηb )

VnΔ (−η
a,−ηb )

=
vn (−η

a )vn (η
b )cos[n(Ψ n (−η

a )−Ψ n (η
b ))]

vn (η
a )vn (η

b )cos[n(Ψ n (η
a )−Ψ n (η

b ))]

vn (η
a )vn (−η

b )cos[n(Ψ n (η
a )−Ψ n (−η

b ))]

vn (−η
a )vn (−η

b )cos[n(Ψ n (−η
a )−Ψ n (−η

b ))]

~
cos[n(Ψ n (−η

a )−Ψ n (η
b ))]

cos[n(Ψ n (η
a )−Ψ n (η

b ))]

cos[n(Ψ n (η
a )−Ψ n (−η

b ))]

cos[n(Ψ n (−η
a )−Ψ n (−η

b ))]
~ cos[n(Ψ n (η

a )−Ψ n (−η
a ))]

Let’s take a ‘geometric mean’!

Drawback: p- and Pb-side averaged ,not differentiable !
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Multiplicity dependence of r2(ηa,ηb) in PbPb	
  

Ø  New constraints on the origin of ridge in pPb !

Huge effect"
in pPb!"

up to 20% !

Ø  Intuitively, fluctuations should be larger in pPb !
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Direct comparison of pPb and PbPb data 	
  

n=2!

n=3!

n=4!

n=2!
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What’s next	
  
Experimentally,!
!

•  Quantitatively disentangle η dep. of vn and Ψn!
•  Disentangle global twist vs random Ψn fluctuations?!
•  p- vs Pb-side in high-multiplicity pPb!
!
Theoretically,!
!

•  Further efforts in 3D hydrodynamics, modeling of 
3D initial condition!

•  What aspects of QGP can be constrained by these 
new data?!



45 

Summary	
  

Ø  New handles on the initial state and transport 
from detailed two-particle correlation structure!

Ø  New results of longitudinal factorization breaking!
•  Evidence for EP fluctuations in η!
•  New constraints on longitudinal dynamics!
•  Promising for completing the picture of QGP evolution in 3D!

Ø  Stronger effect observed in high-multiplicity pPb !
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Backups	
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Ψn(pT) fluctuations in pPb and PbPb!
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toward central PbPb!

nonflow!
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EPOS	
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HYDJET	
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