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correlations and fluctuations !
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EbE hydro.!

overlap zone in x-y!

Final state!Initial state!
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d 2N
dpTdη

1+ 2 vn (pT )cos n φ −Ψn pT( )( )#$ %&
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•  Multiplicity !
•  pT spectra!
•  PID spectra!

QGP dynamics at midrapidity well understood!
•  vn(pT)!
•  PID vn!
•  p(vn)!
•  vn vs vm!
•  Ψn vs Ψm !

!
•  Flow factorization!
•  PCA!

Ψn pT( )

CMS event display!
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Longitudinal dynamics: QGP expands in 3D!

Longitudinal dynamics not well understood yet!
!

•  How is the initial entropy deposited in 3+1D 
space-time? How it fluctuates event-by-event?!

•  What is the role of longitudinal pressure?!



4 

f (pT ,φ,η) =
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dpTdη
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Longitudinal dynamics: QGP expands in 3D!

Final-state in 3D!
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Longitudinal dynamics: QGP expands in 3D!

Multiplicity	
  
Anisotropy	
   Orientation!

Final-state in 3D!
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Large coverage in η is the key …!

Calorimeter!

Tracker!ATLAS/CMS!

ALICE! TPC! FMD/V0!FMD/V0!

η!

HF-! HF+!
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C =
N(ηa )N(ηb )
N(ηa ) N(ηb )

² Multiplicity!
VnΔ =

!
Qn (η

a )
!
Qn

∗(ηb ) n>0 !
!
Qn (η) = vn (η)e

inΨn (η )

² Anisotropy flow!

What do we measure?!“Two-particle” correlators!



8 
aη4−

2−
0

2
4

bη

4−
2−

0
2

4

)b η,a η(
ΔnV

(illustration only)!

C
 o

r V
nΔ

!
C =

N(ηa )N(ηb )
N(ηa ) N(ηb )

² Multiplicity!
VnΔ =

!
Qn (η

a )
!
Qn

∗(ηb ) n>0 !
!
Qn (η) = vn (η)e

inΨn (η )

² Anisotropy flow!

What do we measure?!“Two-particle” correlators!



9 
aη4−

2−
0

2
4

bη

4−
2−

0
2

4

)b η,a η(
ΔnV

C =
N(ηa )N(ηb )
N(ηa ) N(ηb )

² Multiplicity!
VnΔ =

!
Qn (η

a )
!
Qn

∗(ηb ) n>0 !
!
Qn (η) = vn (η)e

inΨn (η )

² Anisotropy flow!

(illustration only)!

C
 o

r V
nΔ

!

What do we measure?!“Two-particle” correlators!



10 
aη4−

2−
0

2
4

bη

4−
2−

0
2

4

)b η,a η(
ΔnV

C =
N(ηa )N(ηb )
N(ηa ) N(ηb )

² Multiplicity!
VnΔ =

!
Qn (η

a )
!
Qn

∗(ηb ) n>0 !
!
Qn (η) = vn (η)e

inΨn (η )

² Anisotropy flow!

(illustration only)!

C
 o

r V
nΔ

! If Ψn indep. of η,!
  ! VnΔ = vn (η

a )vn (η
b )

“factorization”!

What do we measure?!“Two-particle” correlators!
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Flow is not boost-invariant in rapidity!
“factorization” assumed!
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Flow is not boost-invariant in rapidity!

Rapidity dependence of!
vn magnitude  or  Ψn orientation?!

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

“factorization” assumed!
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Longitudinal structure of QGP!
Torqued fireball!

Bozek et.al., arXiv:1011.3354 !

Asymmetry in forward!
and backward participants!



14 Dumitru et. al., arXiv:1108.4764!

Gluon field granularity v.s. y!

CGC model!

Longitudinal structure of QGP!
Torqued fireball!

Bozek et.al., arXiv:1011.3354 !

Asymmetry in forward!
and backward participants!
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Rapidity (de)correlations of anisotropy flow!
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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!

aη

4− 2− 0 2 4

b η

4−

2−

0

2

4

)b η,a η(
ΔnV

-4!

4!

VnΔ (η
a,ηb )

CMS!
all pairs with !
|Δη|>2!
PRC 92 (2015) 034911!



16 

Rapidity (de)correlations of anisotropy flow!
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!

aη

4− 2− 0 2 4

b η

4−

2−

0

2

4

)b η,a η(
ΔnV

-4!

4!

VnΔ (η
a,ηb )

b!

CMS!
all pairs with !
|Δη|>2!
PRC 92 (2015) 034911!



17 

Rapidity (de)correlations of anisotropy flow!
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!

aη

4− 2− 0 2 4

b η

4−

2−

0

2

4

)b η,a η(
ΔnV

-4!

4!

VnΔ (η
a,ηb )

b! a a

CMS!
all pairs with !
|Δη|>2!
PRC 92 (2015) 034911!



18 

Rapidity (de)correlations of anisotropy flow!
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!

aη

4− 2− 0 2 4

b η

4−

2−

0

2

4

)b η,a η(
ΔnV

-4!

4!

VnΔ (η
a,ηb )

b! a a If Ψn(η) indep. of η, !

(for symmetric system)!
VnΔ (η

a,ηb ) =VnΔ (−η
a,ηb )

CMS!
all pairs with !
|Δη|>2!
PRC 92 (2015) 034911!



19 

Rapidity (de)correlations of anisotropy flow!
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!

aη

4− 2− 0 2 4

b η

4−

2−

0

2

4

)b η,a η(
ΔnV

-4!

4!

VnΔ (η
a,ηb )

b! a a If Ψn(η) indep. of η, !

(for symmetric system)!
VnΔ (η

a,ηb ) =VnΔ (−η
a,ηb )

Define!

CMS!
all pairs with !
|Δη|>2!
PRC 92 (2015) 034911!



20 

Rapidity (de)correlations of anisotropy flow!
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!

aη

4− 2− 0 2 4

b η

4−

2−

0

2

4

)b η,a η(
ΔnV

-4!

4!

VnΔ (η
a,ηb )

b! a a If Ψn(η) indep. of η, !

(for symmetric system)!
VnΔ (η

a,ηb ) =VnΔ (−η
a,ηb )

Define!

CMS!
all pairs with !
|Δη|>2!
PRC 92 (2015) 034911!

=
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 ))]



21 

Rapidity (de)correlations of anisotropy flow!
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!

aη

4− 2− 0 2 4

b η

4−

2−

0

2

4

)b η,a η(
ΔnV

-4!

4!

VnΔ (η
a,ηb )

b! a a If Ψn(η) indep. of η, !

(for symmetric system)!
VnΔ (η

a,ηb ) =VnΔ (−η
a,ηb )

Define!

CMS!
all pairs with !
|Δη|>2!
PRC 92 (2015) 034911!

=
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 ))]



22 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!

Fix ηb and vary ηa, Δη = 2ηa  !



23 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!

Fix ηb and vary ηa, Δη = 2ηa  !



24 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!

Fix ηb and vary ηa, Δη = 2ηa  !



25 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!

Fix ηb and vary ηa, Δη = 2ηa  !



26 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!

Fix ηb and vary ηa, Δη = 2ηa  !



27 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!

Fix ηb and vary ηa, Δη = 2ηa  !



28 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!

Fix ηb and vary ηa, Δη = 2ηa  !



29 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!

~ 3-4 %!

Decorrelation of Ψ2!
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between a and b	
  

~ linear!

Fix ηb and vary ηa, Δη = 2ηa  !
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Centrality dependence of r2(ηa,ηb) in PbPb	
  

Roughly linear in Δη=2ηa, weak dependence on ηb!
except for very central events!
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except for very central events!
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Ø  Stronger effect than r2, dominated by fluctuations!

Centrality dependence of r3(ηa,ηb) in PbPb	
  

Ø  Weak dependence on ηb!
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² Good agreement except for 0-5% (strings overlap?)!
² No strong ηb dependent!
² Stronger effect at RHIC energy!!

Comparison with 3+1D hydrodynamics!

 Pang, arXiv:1511.04131!
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v2{ηEP=η}!

Weaker η dependence for v2{ηEP=η}!

QGP fluid at forward η may be as “perfect” as mid η!

η dependence of v2 revisited!

EP decorrelation “corrected”!

v2{ηEP=η}!
v2{ηEP=0}!

CMS PAS HIN-15-008 !
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ATLAS 
PbPb 2.76 TeV 

Multiplicity fluctuations: C(η1,η2)!

More direct probe of initial 
entropy fluctuations in y!

C =
N η1( )N η2( )
N η1( ) N η2( )

= RS η1( )RS η2( )
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ATLAS 
PbPb 2.76 TeV 

Multiplicity fluctuations: C(η1,η2)!

Short-range correlation!

Long range correlation!

More direct probe of initial 
entropy fluctuations in y!

C =
N η1( )N η2( )
N η1( ) N η2( )

= RS η1( )RS η2( )
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+!

Short-range 

Long-range 

Multiplicity fluctuations in PbPb, pPb, pp!

=!

ATLAS: decompose SRC and LRC! ATLAS-CONF-2015-051!
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+!

Short-range 

Long-range 

Multiplicity fluctuations in PbPb, pPb, pp!

Similar LRC for three systems!

=!

ATLAS: decompose SRC and LRC! ATLAS-CONF-2015-051!
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a1 is related to fluctuations of !Npart
F Npart

Bv.s.!

Asymmetry in participants!
between F and B regions!

Peng Huo, QM2015!



47 

d
5< 4< 3< 2< 1< 0 1 2 3 4 5

) R
at

io
s

d
/d

C
h

(d
N

0.97

0.98

0.99

1

1.01

1.02

1.03
 = 2.76 TeV NNsPb-Pb 

15 - 20%
) on 3d

2
 + cd

1
(1 + c

) on 3d
2

 + cd
1

(1 + c

ALICE Preliminary
Region2/Region3

/ndf=35.5/142r

= -0.00262+/-0.000101c

Region1/Region3 =0.00255+/-0.000101c

/ndf=20.7/142rd +A dReflected from -

ALI−PREL−98180

ZDC_
0.6< 0.4< 0.2< 0 0.2 0.4 0.6

N
um

be
r o

f E
ve

nt
s

0

5000

10000

15000

20000

25000

30000

35000

=2.76 TeVNNsPb-Pb ALICE Preliminary
15 - 20%

Region 1 Region 2
Region 3

V0M Centrality
Track Centrality

ALI−PREL−98164

ZDC asymmetry!

f(η) = 1 + c1η + c2η3	
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Engineering F-B participant asymmetry!

c1 ≈ <y0/ση2>!
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Multiplicity dependence of a1 for LRC !

Assume indep. cluster emission!
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Ø  New studies of rapidity correlations and 
fluctuations at the LHC over a wide range in η !

Ø  Rapidity correlations of anisotropy flow!
•  Evidence for EP fluctuations in η !
•  Strong effect in pPb suggests importance of subnucleonic 

scale fluctuations!

Ø  Forward-backward multiplicity fluctuations!
    observed from LRC!

•  Consistent with a form 1+<a2
1>η1η2!

•  Scaling among PbPb, pPb and pp!

Summary	
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What’s next?	
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ΔnV

Experiments have 10x10 units !
coverage in (ηa, ηb) for!

C(ηa, ηb), VnΔ(ηa, ηb)!
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PCA fit on LRC (e.g., |Δη|>2)!
VnΔ (η

a,ηb ) = Vn
(α ) (ηa )Vn

(α )*(ηb )
α=1

k
∑

What’s next?	
  

aη

4− 2− 0 2 4

b η

4−

2−

0

2

4

)b η,a η(
ΔnV

Experiments have 10x10 units !
coverage in (ηa, ηb) for!

C(ηa, ηb), VnΔ(ηa, ηb)!

CMS!

ATLAS!

Presently,!

CMS!

C
M

S!

C
M

S!



54 

PCA fit on LRC (e.g., |Δη|>2)!
VnΔ (η

a,ηb ) = Vn
(α ) (ηa )Vn

(α )*(ηb )
α=1

k
∑

What’s next?	
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ΔnV

Experiments have 10x10 units !
coverage in (ηa, ηb) for!

C(ηa, ηb), VnΔ(ηa, ηb)!

Ø  Precise modeling of 3D hydrodynamics!
Ø  New insights to collectivity in small systems, 

internal structure of proton!

CMS!

ATLAS!

Presently,!

CMS!

C
M

S!

C
M

S!
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For your entertainment …	
  

Some PHOBOS results!
-2

0

2

4
40-50%

Data

Cluster fit

(a)

-5 0 5

-2

0

2

4
40-50% (f)

30-40% (b)

-5 0 5

30-40% (g)

20-30% (c)

-5 0 5

20-30% (h)

10-20% (d)

-5 0 5

10-20% (i)

0-10%
Cu+Cu 200 GeV

(e)

-5 0 5

0-10%
Au+Au 200 GeV

(j)

)d
6

R
(

d6

-2

0

2

4
40-50%

Data

Cluster fit

(a)

-5 0 5

-2

0

2

4
40-50% (f)

30-40% (b)

-5 0 5

30-40% (g)

20-30% (c)

-5 0 5

20-30% (h)

10-20% (d)

-5 0 5

10-20% (i)

0-10%
Cu+Cu 200 GeV

(e)

-5 0 5

0-10%
Au+Au 200 GeV

(j)

)d
6

R
(

d6

-2

0

2

4
40-50%

Data

Cluster fit

(a)

-5 0 5

-2

0

2

4
40-50% (f)

30-40% (b)

-5 0 5

30-40% (g)

20-30% (c)

-5 0 5

20-30% (h)

10-20% (d)

-5 0 5

10-20% (i)

0-10%
Cu+Cu 200 GeV

(e)

-5 0 5

0-10%
Au+Au 200 GeV

(j)

)d
6

R
(

d6

-2

0

2

4
40-50%

Data

Cluster fit

(a)

-5 0 5

-2

0

2

4
40-50% (f)

30-40% (b)

-5 0 5

30-40% (g)

20-30% (c)

-5 0 5

20-30% (h)

10-20% (d)

-5 0 5

10-20% (i)

0-10%
Cu+Cu 200 GeV

(e)

-5 0 5

0-10%
Au+Au 200 GeV

(j)

)d
6

R
(

d6
Au+Au 200GeV!

Two-particle rapidity correlations!

V2Δ (η
1,η2 )

Future studies at RHIC 
will be highly interesting!!

PRC81, 034915 (2010)!

PRC81, 024904 (2010)!
PRC75, 054913 (2007)!
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Backups	
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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!

RA = RA
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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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)!
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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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Nearly no pT dependence …  !
4.4 < ηb < 5! 3 < ηb < 4!
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 = 2.76 TeVNNsCMS PbPb 
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Indication of an initial-state effect !?!
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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	
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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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Empirical parameterization:! rn (ηa,ηb ) =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!

F4
η ≈ 4F2

η expected from hydro.!
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“Extended longitudinal scaling” of v2!

Still a puzzle!

Rapidity dependence of!
vn magnitude  or  Ψn orientation?!

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

“factorization” assumed!
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2-part correlation

η dependence of v2 revisited!

EP decorrelation!
also seen in v2{4}!

v2(p-side)
v2(Pb-side)

CMS Preliminary!

CMS PAS HIN-15-008 !


