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Introduction

(b)

projectile spectators

F
e

projectile

3 5 Y spec

target spectators

- One of the largest uncertainties in the modeling of heavy-ion
collision arises from present poor understanding of the early-
time dynamics especially in the longitudinal direction.

- Event-by-event, A-A collisions are not symmetric and are not

boost invariant systems.
* eg: Ni,. # N2 ., produces asymmetry in the final distribution ——

- Longitudinal correlations can probe rapidity profile of the initial
fireball density.
- Also, charge correlations, medium effects, ..

- Rich and interesting physics, but under explored!
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Introduction

- A simple wounded nucleon model predicts large event-by-event linear fluctuation in

multiplicity, assuming a linear emission profile in rapidity for each wounded nucleon
(A.Bzdak,D. Teaney: 1210.1965)

But there can also be higher-order fluctuations.

Asymmetry in initial state Asymmetry in final state

Event2 Nl > N2&.,

projectile

N(n)/<N(n)>

Event1 N.,.<N. .

NE _ NB

_ “'part part >
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- Nll):art+N1})3art n

Previous measurements focused on forward-backward asymmetry, eg: correlation coefficient

between two symmetric rapidity windows. R __ STAR
£ osE oo Phys.Rev.Lett.
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Biased by statistics in the bins, also not the full correlation map.
New proposals: measure correlation function in 71, 72 (1210.1965, 1506.03496, see poster by M.Zhou)
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Quantifying shape fluctuations

- Event-by-event shape fluctuations may be expanded in an
ortho-normal set of polynomials, eg: Legendre polynomials

1 I
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N(n) = (N(n)) <1+ZanTn(n)>, Tn(n):mpn(n/y) 2 or l
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First few Legendre Polynomials

A quantifies overall multiplicity fluctuations,
- @1 quantifies the linear component of the FB asymmetry of N (1),

* o quantifies difference in N (n) between mid and forward rapidities (from different amounts of
nuclear stopping(?)),

- In this analysis, interested in @1, @2 and higher order terms which quantify shape fluctuations




Quantifying shape fluctuations

- Event-by-event shape fluctuations may be expanded in an 1
ortho-normal set of polynomials, eg: Legendre polynomials
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First few Legendre Polynomials

1)N(12))
(N (1)) (N(n2))

- Define the two particle correlation function:  C(71,72) =

Tn)T (n,) T,0)T,(n,)

- If {a,,) = 0, the correlation function can be used to extract
the r.m.s and correlations of the e-b-e modulations

0(7717772) =1+ Z<anam>

n=0

(Tn(m)Tm(nz) + Tn(nz)Tm(m))
9

==> <anam> can be obtained from a discrete transform of
CF into the chosen basis.

5 -5
6 Shape of base functions in 2D with {ana,) = 0.01



Analysis procedure

- Analysis using 2.76 TeV Pb+Pb collisions at LHC recorded by the ATLAS detector

- Correlation functions constructed from
charged particle tracks reconstructed in

ATLAS Inner Detector in || < 2.4 and having - Barrel SCT

br > 0.5 GeV

(N (m1) N (12))
(N (1)) (N (n2))

<
<Nsame( )>
(

pairs
<Nmz:c 771’ )>

pairs

0(7717772) —

- Events for mixing chosen to have similar
multiplicity and detector conditions as the
foreground event.

ATLAS Inner Detector System

- Robust procedure to minimize detector effects
- Not biased by statistics in the bins.




Analysis procedure: Residual centrality dependence

- Apply a rescaling by the projections to remove residual centrality dependence

_ C(m,me) [ Cn,m2) [ Cm,m)
CN(7717772) — Cp(nl)cp(n2) Cp(nl) —/ NG d77270p(772) —/ oy d Y 2.4

- Removes contributions from shape changes correlated with change in multiplicity, does not
affect higher order terms ({(a,a,,) with n,m > 0)

0(7717 772) =1+ <a0a0> + Z(aoan> (Tn(n2) + Tn(nl)) + Z <anam> (Tn(nl)Tm(HQ) ;Tn(UZ)TmO?l))

n=1 n,m=1

Cn(n1,1m2) Z A Q) ( )Tm(m);Tn(%)Tm(m))




Analysis procedure: Residual centrality dependence

- Apply a rescaling by the projections to remove residual centrality dependence

for more detais see
arXiv:1506.03496

0(771, 772)

_ 0(771,772)
Cp(nl)cp(W) Crlm) = /

2Y

Cn(mi,m2) =

dna, Cp(12) :/

0(7717 772)

dni:Y =24
oy m;

Removes contributions from shape changes correlated with change i
affect higher order terms ({(a,a,,) with n,m > 0)

n multiplicity, does not

T (n2) + Tn(m2) T (1))

0(771, 772) =1+ <a’0a0> + Z(aoan> (Tn(772) + Tn(nl)) + Z <anam> (Tn(U1>
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ATLAS Preliminary, Centrality 35-40%
VS =2.76 TeV, Pb+Pb,L =~ 7 ub™
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{aoan) causes CF to
look different depending
on the multiplicity bin
widths used for single
particle averages

<N(771)N( 2)>
(N (n1)) (N (n2)

0(7717772) =

After rescaling by
projections consistent
for different bin widths




Results: Correlation

Functions

P, > 0.5 GeV

<. 1.0004 1.001;
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Centrality
50-55%

- Correlation signal increases with centrality, expected, as the participant

asymmetry Anpart grows with centrality

- Ridge along diagonal narrows towards peripheral —> Increase in short

range correlations
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Results: Correlation Functions

T+

pT>0.5 GeV
- If the first order (linear) modulation is

£ 10004 1.001 dominating event-by-event, then,
=, 1.0002] 1.00051
O ’ 4
3
0.99981 0.99951" Cn (771, 772) ~ 1+ <a%>ﬁ771772
-2 -2

Centrality
20-25%

Centrality
5-10%

- Intermsof ny =m +1n2 and

Ay

ATLAS Preliminary nN—=1"mn —172,
V5 =2.76 TeV, Pb+Pb

3 2 2

Cn(n—,ny) ~ 1+ <a%>8?(77+ —nZ)

~ 14 0.065(a?)(n —n?)

Centrality
50-55%

- Correlation function should be
dominated by the quadratic
dependence along 74 and 7)_—

o) =1+ 3 () (Tn(nl)Tm(W)-;Tn(UQ)Tm(m)) T =\ 2L v =2
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Results: Projections of CF
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Correlation strength drops fast for |n_ |<
1, decreases more slowly beyond
Quadratic dependence not clear,
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dependence on 1)_

Previous measurements also were
concerned with 77_dependence, but only

at N4+=0.
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Results: Projections of CF

Cym,)

Projections along 1) :
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P> 0.5 GeV

| ATLAS Preliminary
Pb+Pb, |s,=2.76 TeV
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Solid lines are fits to
C (14) = 0.065(a3)n? +b

).9995 Centrality 20-25%
| |

'..Q.l....l ............ .

Centrality 50-55%

PRI S N RN S ST S TS U U N N

1.1-— '
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Short-range correlations mainly change
the pedestal ‘b’.

Could help disentangle short-range and
long-range correlations.
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Results: Linear component from fit
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(af),,, from fit to projections along 7+ from different 7)_ slices.

. \/{al),..  grows rapidly with centrality.

- Weak dependence on 71—, the fit values are not very sensitive to short-range correlations.
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Results: Legendre coefficients, spectra

Cn(n1,m2) Zanam ( n(m )Tm(m)‘;Tn(W)Tm(m))
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Results: Legendre coefficients, spectra

Cn(mm2) =14 ) (anam)
n=1

+ T (n2) T (1)

(Tn (m) T (n2)
2

)

rality 35-40%
ATLAS Preliminary
Pb+Pb, |s,,=2.76 TeV
L~7 ub’
P> 0.5 GeV

0'02__. Centrality 5-10% - Fs  Cent
- ATLAS Preliminary { 0.04f

0.0151- Pb+Pb, |5,,y=2.76 TeV - 5
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® Centrality 80-85%
ATLAS Preliminary |
Pb+Pb, |'s,=2.76 TeV -
L=7 ptb'1 |

P> 0.5 GeV

[ Il <2.4

~— | ~~

Vv {(a2) forn=1,.,6 and \/—(a,a,42) forn=1,.5

- Linear modulation,

values. Non-zero values observed for\/(a2) and /—(a,an,2)

- The magnitude of the coefficients decrease with n.

\/ (a%) is the largest, but there are higher order modes with non-zero

In most central classes coefficients drop to zero for large n, but in peripheral classes they
stay non-zero, could be from increased short-range correlations.
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Results: Legendre coefficients, centrality dependence

C I I I I I I I I I I | I I | I I | I I I |
K ATLAS Preliminary e @
Pb+Pb, \s, ,.=2.76 TeV
& o o @

107 & L~7 ub” —
Nze .
—20 s @D -
i i
B DO | _
. NN | (2 a,)

10 =
0

. /a% /a% /CL%’ /—aiasz as afunction of Npart

-+ Values are small in central collisions, but grow to more than 10% in peripheral collisions.
- Similar Npart dependence for the leading coefficients.
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Results: Comparison to values from Fit

(from Legendre expansion)

(from Fit to projections)

c(cu\‘_ I I I ! | I | | ! | I | | \ I I | | I j
~ ATLAS Preliminary | ®  Direct calcylation i
Pb+Pb, \'s,,=2.76 TeV
L~7 ub! Fit results:

107 p_>0.5 GeV, nl <2.4 - In|<04 -
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10-2 __ | | | | I | | | | I | | | | I | | | | I —_

0 100 200 300 400
Npart

1.0015 T T T
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r O 12<m|<16
1.001- O 20<m|<24
¢ 28<m|<32
L & 36<m <4

1.0005\-

® Centraiity 20-25%]

0 1 2 3 4
.|
C(114) = 0.065(ai ) +

- Comparison of first order coefficient from Legendre expansion and from fit to

projections.

- Similar centrality dependence, but values from fit always smaller than values from

Legendre expansion.
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Results: Comparison to Glauber model

(from Legendre expansion)

m_ I I I I | I I I I I I I I I . ‘ I I I . I
S ATLAS  Preliminary @ | Direct calculation
— HIJING
Pb+Pb, |'s\\=2.76 TeV e \(a2 ) AZ ) x04
L~7 ub™’ .
. .
107 p_>0.5 GeV, hl <2.4 E
Q..
10-2 - I ! L | | L | ! | | I T.’l | =

o - Glauber model captures the centrality
- dependence of \/{a?) in mid-central
_ collisions.

Fails in most central and peripheral
classes, larger fluctuation than
predicted by Glauber —> sub-

i} nucleonic level fluctuations?

projectile
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Results: Comparison to HIJING

10"

102

(from Legendre expansion)

I I I | I I I I I I

I I I ‘ I I I I
ATLAS | @  Direct calculation

— HIJING

--== (A2 ) x04

Preliminary
Pb+Pb, \/sNN=2.76 TeV

L~7 ub™’

P, > 0.5GeV,Inl <24

o - Glauber model captures the centrality
- dependence of \/{a?) in mid-central
_ collisions.

Fails in most central and peripheral
classes, larger fluctuation than
predicted by Glauber —> sub-

i} nucleonic level fluctuations?

+ Also shown are,/(:2) from HIJING

HIJING over-estimates |/ (a?) in mid-

projectile

20
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Comparison to Model simulations

- Strong correlation of event-by-event @11 with participant
asymmetry is seen in models like HIJING

P T T T | T T T | T T T | T T T | T

0.04—

Inl <6

0.02—

Pr>0.1GeV o HIJING b=8 fm -

—®— AMPT b=8 fm |

0.03}
- @

0.02

0.01

0

[ Il <2.4

Centrality 20-25% |
ATLAS Preliminary
Pb+Pb, |5=2.76 TeV ]
L~7ub’ B
o p, > 0.5 GeV

- e e N e N B e T ey O

- |dCa|ldw | Cx|dn Ko = r.) ® | R
S|I8|8 |88 s o’ C | By | T ‘d.,,
© © (4] © ©

- /a2 from HIJING larger than that from AMPT.

- HIJING b=8 fm
0.2~ 1000
§m,- ol
T arXiv:1506.03496

. \ A
-0.2 0 0.2

Anpart

[see poster number A4-2

for more details]

HIJING shows slower decrease of /a2 than data, AMPT shows slightly faster decrease.

Effects of final state effects?
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Summary and Conclusions

- Multiplicity correlations in longitudinal direction can provide information on the initial
conditions in the longitudinal direction, and also final state correlations.

- Correlation functions:
- Strength increases with centrality.

- Dominated by quadratic rise along 74 —> suggests that @1 modulation is the
largest.

- Quadratic dependence is fit to obtain an estimate of 1/ (a3) .

- Legendre decomposition:

: \/@ modulation is the largest, magnitudes of higher orders decrease
progressively.

-+ Centrality dependence of /(43 . ) from Glauber model matches that of |/(a2) in
mid-central collisions, differences in central and peripheral collisions.

- HIJING over-estimates /(a2) values.

- Difference between HIJING, AMPT and data —> Medium effects?

- This and future measurements can provide important constraints on the initial

conditions, particle production, medium evolution and final state correlations in the
longitudinal direction
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Previous STAR and ALICE results

- Previous measurements focused on correlation coefficient between two
symmetric rapidity windows.
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—vent-by-event modulations
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Statistical fluctuations

- Event by event modulations can also arise from statistical noise

N(n) = (N(n)) (1 +y anTn(n)> . Tu(n) =+ (n+ %)Pn(n/Y)

- But these should average to zero inthe CF, C(n1,72) = <

- since

a) Statistical fluctuations in two different 17 are uncorrelated

b) Self correlations are not counted in the CF
when 171 = 1)2, statistical fluctuations dont average to zero and equals (N (7))
which is same as the number of self-correlations.

- S0 the(anam> from CFs are quantities unfolded for statistical noise.
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Analysis procedure: Residual centrality dependence

_Mixed-events matched in N} Mixed-events matched in FCal ZE;

ATLAS Preliminary, Centrality 35-40%

N : . = - vvvvv SOKANNY - \S\=2.76 TeV, Pb+Pb,L ~ 7 b
= L & RRRRRRIELLLLRLIAN N | i
AR NS IRBLL. S R

®) AN XK KX, - X :‘ RIS

N
R

X
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\ -~
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w

FCal SE, [TeV]
D

ATLAS Preliminary

Pb+Pb, |s\=276Tev [ 1
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L ! | L L L ! | L
2000 3000 1

Ny with p,>0.5 GeV
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Analysis procedure: Residual centrality dependence

+ 1.0024 O <
=y e \Trava N KX

N

<3

o
N

Mixed-events matched in N

.. T

%0

NC S

RRRRRRILLL
O

)

But can be easily decoupled

Multiplicity width of bins used for normalizing affect CFs

rec - Mixed-events matched in FCal ZE;

ATLAS Preliminary, Centrality 35-40%

SR ISERLHK AR . =2. V, Pb+Pb,L ~ 7 ub™
A RARERRRLIIRELLRIA VSw=2.76 TeV, L~7u
XXX ..

(S

NN

ORI
NI RIX Y" 2
0.0.,.0’:,}“‘ ]

Change of shape with
multiplicity causes CFs to look
different

(T (1) T (n2) + Tr(n2) T (1))

C(m,n2) = 1+ (aoao) + Z<a0an> (Tn(n2) + T (m)) + Z {anam) 5

/

overall multiplicity
fluctuations

n,m=1

f f

intrinsic shape fluctuations
at a given multiplicity

change of shape with
multiplicity
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Analysis procedure: Residual centrality dependence

1. Mixed-events matched in N’

_Avij.Mixed-e.vents matched in FCal ZE;

4 1002 =y - ' TS ATLAS Preliminary, Centrality 35-40%
- o R RARRRRRIRIRRRY
5 RN . (S =2.76 TeV, Pb+Pb,L ~ 7 ub”

> > T, (n) T, (ng) + T, (1) T,
Clm.ma) = 1+ (agao) + 3 a0aa) (Tulme) + Tuln) + 3 {agay,) Lol Tml) * T T o)
n=1 n,m=1
Can be removed by rescaling with the projections
C'(n1,1m2) C(n1,1m2) C(n1,m2)
Cn (01.7) = ’ c :/—’d e :/—’d Y =24
~ (7, m2) ACHACS (1) oy @2: Cp(2) oy
ATLAS Preliminary, Centrality 35-40%
VS =2.76 TeV, Pb+Pb,L ~ 7 ub T~
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. Mixed-events matched in FCal ZET\

_ ~ e e T ge) | After rescaling by
;—S 1,002 _?_“fé‘f:‘j‘i‘:ft",‘_". £ r?v_g_f_%_v;‘_"_fi":_,‘f‘ projeptions correlation
T R AR functions are |
N > N > [consistent Irrespective
2 * of mixing bin widths




Analysis procedure: Residual centrality dependence

{..._Mixed-events matched in Ni;°

_”.:.Mixed-e.vents matched in FCal ZE

ATLAS Preliminary, Centrality 35-40%

- RLRIKRIIX XXX IIIIXXANY

PaN

VS =2.76 TeV, Pb+Pb,L ~ 7 ub”

2N

0(771,772) =14 <a0a0> 4 Z<a0an> (Tn(nQ) + Tn(”l)) 4+ Z <anam> (Tn(m)Tm(772) erTn(%)Tm(?h))
n=1 n,m=1
-+ Can be removed by rescaling with the projections
_ Clm,me) ~ [ Clm,n2) [ Clma) ,
Cn(n1,m2) = Co (1) Co (1) Cp(m) —/Tdﬂmcp(nz) _/Tdnlay =24

Cn(ni,m2) =1+ Z<anam> (Tn(n1)Tm(n2) ;TH(UZ)Tm(U1)>

- Shape fluctuations at a given multiplicity are captured by (@, @) with n,m >= 1.

see arXiv:1506.03496 for more details
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Projections - |l
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Comparison with HIJING - I
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Spectra - |l
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Ridge In p+Pb collisions

ATLAS p+Pb
Vsyy=5.02TeV, L =28 nb"

1< pjb <3 GeV

- ATLAS
|| S =5.02 TeV
| L.=28nb"

int

..
o4

-.‘..

*e
*.
-

.
.
.

¢

220 <N < 260
1<p; <3GeV, jAn|>2
—@— n=2
—&— n=3
—4— n=4

& n=5

CMS, 220<N¢, <260

off

=+ V 5, N7 <20 sub.
— V3, N7, <20 sub.

!

| |

|

| | | | I | | | | I | | | | I

L, —o e

Long-range azimuthal correlations in high multiplicity p+Pb collisions.
Fourier harmonics v1 — Vs extracted from the two-particle correlations.
Recoil subtraction is applied to remove contribution from away-side jets, resonances

etc.

Uy, show similar shape in p7 as those in A-A collisions.

Decrease with increasing n

Large v that changes sign with p7 also observed.
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Recoll subtraction

Y(Ag, An)

ATLAS p+Pb
Vsyy=502TeV,L =28nb’
1<p?"<3GeV

e
e
-

corr

YSUb(A¢7 An) — Y(A¢7 A?]) —Q pert

1

. pe __
(X is chosen such that aYN—peak = YN _peak
Peripheral bin is taken to be one with total FCal energy, E}Eb <10 GeV

E;°<10GeV 1

(A, An)

YN—Peak — f
|An|<1

1
Y(AmdAn -3 j: dAns Y(An)dAn YU (Ag, Anp) =

[ B(Ag, Ap)dAgdAn

S (A¢, An)

max
iy

|

B(Ag,Ap) PV




Dipolar flow

- In A+A collisions a rapidity even first order flow (V1) is observed.

Fit
1

0.05

:

| ATLAS ~ 0-5% -
- Pb-Pb y5,,,=2.76 Te\H
[ L= 8 b ]
0.12<lAn|<

Phys.Rev. C86 (2012) 014907

-ve at low pr, +ve at higher pr

Arises from
hydrodynamic
response to initial
geometry

v

0.5 1 1.5
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Dipolar flow

In A+A collisions a rapidity even first order flow (V1) is observed.
Arises from hydrodynamic response to initial geometry

Phys.Rev. C86 (2012,

| ATLAS ~ 0-5% - 0.0
- Pb-Pb {5, =2.76 Te\/ —
—— h - 2 -
| L= 8 ub - o
0.12<lAn|<5 — |
| 1
0.05(
0 ......................
- 0.02
LL>1—
o O iR N
-0.02

_IIIIIIIIIIIIIIIIIIIIIII~

Phys.Rev. C86 (2012) 014907

T ] T T T I | T | T T

 ATLAS 80-90%. § 005 0-5% -

" Pb-Pb {s,,,=2.76 TeV 1T 2

i X 01 : :

---------------------------------------------------- . ¥

59 & 10.005 | ?

Q - ) . +\ \+ -

" Lo | i \ i

R A X1 * J N

11.1101111.1¢1.11.1|1.1 - ] \ S
2 4 6 8 10, g7 4 6 & 0,

pr Pr

U

Mom. conservation

-ve at low pr, +ve at higher pr

Also has a momentum conservation component at 2PC

v (P53, %) = vi(p§)v1 (py) — Kp§ph

Mom. Conservation + flow
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Dipolar flow in p+Pb

unsub
Vi1
go
P
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1 1 1 1 l 1 1 1 1 1 1
0 5 10

Before subtraction p: [GeV]

- Before recoil subtraction, the first order harmonic reflect mostly the momentum conservation effect

0.015

-~

>

0.01

0.005

-0.005

ATLAS p+Pb

VSNN =5.02TeV
L..=28nb"

I 1 1 ] 1 1 I 1 l Ll I 1 L j

Ll I 1 L | 1

After subtracEion

- After recoil subtraction show characteristic ptr dependence of dipolar flow

- Similar to that seen in central Pb+Pb collisions
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vnpscaling between the p+Pb and Pb+Pb systems
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Consistent vs values
between the two systems at
similar multiplicity

- V2 values, after scaling the pr

axis differ only by a scale
factor between the two
systems.

Suggests a similar origin for
Vnin the two systems and
similar medium response to
initial geometry.
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