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QGP dynamics at midrapidity well understood
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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?



Longitudinal dynamics: QGP expands in 3D
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Longitudinal dynamics: QGP expands in 3D

)| CMS Experiment at LHC, CERN
|| Data recorded: Mon Nov 8 11:30:53 2010 CEST
\ Run/Event: 150431 / 630470
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Large coverage in n is the key ...

HF- Calorimeter
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What do we measure? “Two-particle” correlators

< Multiplicity < Anisotropy flow
(N IN(")) V,u =(0,0)0;(n")) n>0

C =
(NN @) 0, () =v, (e




What do we measure? “Two-particle” correlators

< Multiplicity < Anisotropy flow
o ANGONG") v,y =(0,0)0;01") n>0
<N(17a)><N(7719)> Qn () = Vn(n)einlpn(n)

-4 T, ! (illustration only)
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What do we measure? “Two-particle” correlators

< Multiplicity < Anisotropy flow
o NaONG) Vs =(0,(1)0,(1")) n>0
(NN @) 0, () =v, (e

If W _indep. of n,
Voo =(v, "), 0n")
“factorization”

-4 T, ! (illustration only)



Flow is not boost-invariant in rapidity

“factorization” assumed
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Flow is not boost-invariant in rapidity

“factorization” assumed
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Rapidity dependence of

v, magnitude or W orientation?

(energy density, n/s)

(geometry, initial state)



Asymmetry in forward
and backward participants
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Longitudinal structure of QGP

Torqued fireball

Bozek et.al., arXiv:1011.3354



Longitudinal structure of QGP

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

C M S Tracker

' all pairs with
HF- I I I |Ani>2
PRC 92 (2015) 034911
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Rapidity (de)correlations of anisotropy flow

Vo)
CMS | Traf:kerl | VnA(I”a’“b) II . .
; all pairs with
HE- - |Ani>2
PRC 92 (2015) 034911
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Rapidity (de)correlations of anisotropy flow

Vo)
CMS | Traf:kerl | VnA(I”a’“b) II . .
; all pairs with
HE- - |Ani>2
PRC 92 (2015) 034911
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»(N) indep. of n,

VnA (77aa77b) = VnA (_naanb)
(for symmetric system)
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Rapidity (de)correlations of anisotropy flow
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If W_(n) indep. of n,

VnA (77aa77b) = VnA (—Ua»nb)
(for symmetric system)

o %= Define
Vo (-n°n°)
VnA(na!T]b)

* rn(nasnb) =
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Rapidity (de)correlations of anisotropy flow

CMS

|Ani>2

PRC 92 (2015) 034911

I all pairs with

If W_(n) indep. of n,

VnA (77aa77b) = VnA (—TIaJ?b)
(for symmetric system)

o %= Define
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. Via(®n®)
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Rapidity (de)correlations of anisotropy flow
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Fix n, and vary n,, An =2n?
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Fix n, and vary n,, An =2n?
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Fix n, and vary n,, An =2n?

VoanPnd)
r(n@nP EVnA('namb) . ! | =
A G Tracker Vet Decorrelation of W,
; as An increases
HF- HF+ | b
-5I.2 -3I.0 -2I.4 (I) 2!4 3I.0 5I.2>
na
T T T T T T T T T
- CMS PbPb |5, = 2.76 TeV .
1.00 B
- ] 10-20%
B L] _
— B
o - (] .
o~ 098 b u —
= | W 44< n|< 5.0 = ]
N - — -
0.96— 0.3<p. <3.0 GeV/c —
p; >0 GeV/c |
PR A TR T T T (N Ssra—rr—n O [ T TR T S S T S S S S
0.0 0.5 1.0 1.5 2.0



Fix n, and vary n,, An =2n?
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Fix n, and vary n,, An =2n?
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Fix n, and vary n,, An =2n?
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Fix n, and vary n,, An =2n?
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Let’s vary n, as well
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Fix n, and vary n,, An =2n?
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Centrality dependence of r,(n3,n?) in PbPb

CMS PbPb \s,,, = 2.76 TeV |
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Roughly linear in An=2n2, weak dependence on n,

except for very central events



Centrality dependence of r,(n3,n?) in PbPb
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Centrality dependence of r,(n2,n?) in PbPb
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Comparison with 3+1D hydrodynamics
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QGP in small systems (?)
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Again, is it n-dependence of v, or W_7?



r,(n2,n®) in high-multiplicity pPb
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N dependence of v, revisited

EP decorrelation corrected” Vo{Ngp= n}
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Weaker n dependence for v,{ngp=n}

QGP fluid at forward n may be as “perfect” as mid n



Multiplicity fluctuations: C(n,,n,)
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Multiplicity fluctuations: C(n,,n,)

o N(m)N(m))

<N<771)><N 1, )> - <RS (nl)RS (772 )>

ATLAS o Short-range correlation dsrc (11, 72)
PbPb2.76 TeV .. /8%

SN A N More direct probe of initial
S5t SN probe o1 Initia
Z)z/ s - | entropy fluctuations in y

| Long range correlation LRC (1, 72)
C(T]l) 772) =1 + 5SRC (7717 772) + LRC(nla 772)



Multiplicity fluctuations in PbPb, pPb, pp

ATLAS: decompose SRC and LRC 1 as-conr-2015-051

100 = Nj" <120 p,>0.2GeV
\syy=2.76 TeV, 7 ub™” Sy = 5.02 TeV, 28 nb’ Vs =13 TeV, 14 nb™

Cn(m1,m2)

Short-range
dsrc (m1,7m2)

-+

Long-range

C¥0 (n1,12)
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Multiplicity fluctuations in PbPb, pPb, pp

ATLAS: decompose SRC and LRC 1 as-conr-2015-051

100 = Nj" <120 p,>0.2GeV
\Syy=2.76 TeV, 7 ub” Sy = 5.02 TeV, 28 nb”! (s=13TeV, 14 nb”

Cn(m1,m2)

Short-range
dsrc (m1,7m2)

C¥0 (n1,12)

Similar LRC for three systems )
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Legendre spectra
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: f Unlike-sign Like-sign

0,002 Calculated from CZ”b(n1,n2) |

© . ] ATLAS Preliminary
L RC ¢ TR Pb+Pb t=
i R<as> ® i+--pairs | ;N 1.005
0.001- - <: £ 7

( ? ¥
JoN

o9 g-g-9-019-8-9

®
. @

LRC independent of charge combination



Legendre spectra

- Tn T’fn, + Tn T’rn
Clmom) =1+ Y (anam) (1) T3 (02) : (12) T3 (1)
n,m=0
PbPb _ _ | |
I S ——— Unlike-sign Like-sign
: 72 .. ... | ATLASPril_iminary
i 1 Pb+Pb T=
LRC : v\<a5> ® vepars | 1,005
7 i: <anan+2 é z
| /N >
of g g o:EO\ZG oo

AN NS Py
AN~ AN O N0

(a,)
(ad)
(a1a3>

©C © © ©
~ ~ ~ ~

(aza "
(aag)
(a,a)
(aa,)

LRC independent of charge combination
Dominated by a,
CXP(nm1,m2) ~ 1+ {(ai) mm2 (LRC)



Legendre spectra

T ()T (m2) + Tr(2) 1o (1)

0(7717 772) =1+ Z <anam> 9

n,m=0
010027_ Calculated from C;”b(n1,n2); i Calculated from Ci,”b(n1,n2) ] i Calculated from CZ”b(n1,n2) ]
e e ] -
K O +- pairs ] 0.0015/-® O+ pairs - i O .- pairs
LRC |~ | | I
<a2> ® ++--pairs i ® it+--pairs ] ® L+ - pairs
" 0.001H 0.001= y

0.001 . i
s i <anan+2> ] 0.0005}

T P P T T TY
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N R T \/\/\/\/\/ N N S S~

LRC mdependent of charge combination

Dominated by a,
CX°(m1.m2) ~ 1 + (ai) mm2 (LRC)



a, is related to fluctuations of N, v.s. N

par part

AMPT
Asymmetry in participants ——————
between F and B regions [ AMPT b=8im

10

0.2

1000

500

x [fm] -02 .

nf—nb ) )
An = ’ a1)0c<An) Y B E— v 0
nf+nb ‘
NIZTt_Nﬁth
Apart: 3 B
NpaTt+NpaTt

Peng Huo, QM2015



Engineering F-B participant asymmetry

ZDC asymmetry Ratios of dN, /dn of events with

35000
g E Pb-Pb \/sT,N_z 76TeV  ALICE Preliminary] d - ff t ( ) t 1
n_aoooo_— 15-20% ]
o e ifferent (a)symmetries.
£ 250001~ -----Track Centrality
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Multiplicity dependence of a, for LRC

o~ L
BU ATLAS Preliminary pT>O.2 GeV

" ® Pb+Pb \s,,=2.76 TeV

O p+Pb |s,,=5.02 TeV

p+p Vs=13 TeV

a, from CZUb(nfnZ)

PR TR TR TN (NN TR TN TN AN S SUN SUN S S S S
0 100 200 300

Nch

Assume indep. cluster emission



Multiplicity correlator similar to CMS r,

SUb (777 nref)

Multiplicity fluctuations

VS = 5.02 TeV, p+Pb, 28 nb”

0.99F
[ 100 < N, < 120

L 22<In I<24

0.985:—
[ O 16<n _l<18

0.98 O 1.0<h _|<1.2

p.>0.2 GeV ]

o 1 2
M

Csub( —1, nref)/Cls\Tub (777 nref) =1-2 <a%> TMref

Anisotropy Fluctuations

||||||||||||||||||||||||||

- CMS pPb |s,, = 5.02 TeV

Or &\
A e 1
: e 1
- B\B 7
- L,,=35nb" 5\1\ -
i O @
i (] 4.4<T]b<5.0 1

A O 3.0 <T]b<4.0 O 1

Similar behavior, but n, dependence
is not seen for CMS r, measurement



Summary

» New studies of rapidity correlations and
fluctuations at the LHC over a wide range in n

» Rapidity correlations of anisotropy flow
« Evidence for EP fluctuations in n
« Strong effect in pPb suggests importance of subnucleonic
scale fluctuations

» Forward-backward multiplicity fluctuations
observed from LRC
« Consistent with a form 1+<a?,>nn,
« Scaling among PbPb, pPb and pp



What's next?

Experiments have 10x10 units
coverage in (n?, n®) for

C(?, nP), V,a(n?, n°)
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What's next?

Experiments have 10x10 units
coverage in (n?, n®) for

C(n3, nP), Va3, nP)

Presently,
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What's next?

Experiments have 10x10 units
coverage in (n?, n®) for

C(n3, nP), Va3, nP)

@

PCA fit on LRC (e.g., IAnl>2)

k ”
Vat'n") =" VOOV, ")

Presently,

4

2
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What's next?

Experiments have 10x10 units
coverage in (n?, n®) for

C(n3, nP), Va3, nP)

¥

PCA fit on LRC (e.g., IAnl>2)

k *
VnA (T’a,nb) _ Ea=l ‘/n(a) (na )Vn(a) (nb)

¥

» Precise modeling of 3D hydrodynamics

» New insights to collectivity in small systems,
internal structure of proton

Presently,

4

2
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R(An)

For your entertainment ...
Some PHOBOS results

Two-particle rapidity correlations
T o e T o
ar Cu+Cu200GeV T Au+Au 200 GeV

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

Future studies at RHIC
will be highly interesting!

AN
= \\\\?@4\‘\‘

SN

MO

-2
v, PRC81,034915(2010)



Backups



How is v.{EP} affected by EP decorrelations?

HF- Tracker HF+

|
-5.2

o7



How is v.{EP} affected by EP decorrelations?

HF- Tracker HF+

| | | | | |
-5.2 -3.0 -24 0 24 3.0 5.2

ODS —_— A
v (cos2(p- W) Ans3
RA RA

V, =

Resolution correction:

R, — \/ (cos(2(¥£ —¥E))) (cos(2(4 —¥S)))
{cos(2(¥7 ~¥3)))
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How is vz{EP} affected by EP decorrelations?

Tracker

30 24 24 30

If U, depends onn

R R <COS(2(‘I’§ - ‘P;))><cos(2(111; -y ))>
a =Ry (cos2(W; - ¥3)))

Ry (cos(w; - w3 )
R <cos(2(111; -y ))>

W W, W :real EPs

U
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How is vz{EP} affected by EP decorrelations?

Tracker

30 24 24 30

<cos 2(¢p -V )>
RA

vV, =
) EP method measures
(cos2(p-W3) 1 v, W.r.t midrapidity EP

Ry <COS(2(‘I’§ -, ))> /
<COS 2(¢ - lIJ;)> > ~ <COS 2(¢ - \Pg )>

(cos2(W; - ¥3))

P~

—~
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How r.(n3,n®) is related to factorization and
W_(n) fluctuations?

If V_, factorizes or W _(n) indep. of n,
(v, (=1, 0"))

=1 (for symmetric system)
(v,(1")WV,01")

r(m,m’)=

Otherwise,
(v, ("W, (")eos[n(W ,(-n") =¥, ("))
(v, "WV, (") cos[n(P ()= (7" )])

<cos[n(\I’n(—77a) = lpn(le))]> .
~ - - (for symmetric system)
<cos[n(‘1’n(77 )-W¥,(n ))]>

r(me,m’)=

~(cos[n(W (") -, (-n*)])
(two EPs separated a gap of 2n?)




A subtlety in pPb as v, (-n“) =V, (n")

r(ne,m")= mx Vn(nb)xCOS[n(‘Pn(‘"a)“Pn("b))D
o wam%xcos[n(%m“)—‘I’n<’7b>>]>

\

Do not cancel!

Let’s take a ‘geometric mean’

VnA (‘ﬂa ’ ﬂb) VnA (77a ’ —7’]b)
VnA (T]a s nb) VnA (_Ua s _nb)

\/rn(n“,n”)xrn(—n“,—n”) =\/

(v, G eosn(W (=) =W, " N]) (v, (0, (0" )eosln(W (1) =W, (~n")])
(v, 0, (") cos[n(W () =W, 0" NT) (v, (=), (=n")cos[n(P ,(~n*) =W ,(-n")])

+(cos[n(W, (") =W ,(-n" )

~ [(eos[n(W,(=n") =W ,(n"))]) {cosln(¥, (")~ ¥ ,(=n"))])
(cos[n(W, (") =W ,(1"D]) (cosln(¥ ,(-n")=W (=" )])

Drawback: p- and Pb-side averaged ,not differentiable



Multiplicity dependence of r,(n2,n®) in PbPb

1.03%5prVsTIN=5.02TeV -

F A T ]
R . ; "o, | Huge effect
= 080 __ © g._ in pr!

- ® 44<n°<5.0 a
“’: - O 3.0<1°<4.0 0.3< p. < 3.0 GeV/c

~, 0.7[~ - - - Exponential fits -+ p>>0 GeV/c -

o) )
O

I 120=N"ne < 150 o 1 150<N:fie < 185 :
PR T SO T SO N TN ST TR SO T SN ST TN SO T SO ST SO SO N SO W SN I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

= ol ®.. T Q\Q\\g\ I r up to 20%

- 220< o™ <260 | _
IIIIIIIIIIIIIIIIIIIIIIIIII Il 11 11 1 1 11 1 11 1 1 11 1 1 11 1
00 05 1.0 15 20 00 05 1.0 15 20

> Intuitively, fluctuations should be larger in pPb
» New constraints on the origin of ridge in pPb



AMPT comparison

0-5%
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Nearly no p dependence ...

44 <nb<5 3<nb<4

_ CMS PbPb \s,, = 2.76 TeV

1.0F <=
e m [ ® 5 5 ]
L il - 4 ~— i
i R artai ~— @ ]

~—
L %J 1 ~— @ ]
= 0.9 -+ - -

: a b, :: ~~ :
| @ 0.3<p.<3 GeV, p >0 GeV T =l ]
-| O 1<pi<3 GeV, p’>0 GeV

0'8: ob  0.3<pi<3 GeV, p’>1 GeV

3<n’<4 #

R — (-

s = | 1 3
v & o9F —+ ®

= [ I ]

> ~ - / LN i T 7

0.8 T ]

Indication of an initial-state effect !?




Centrality dependence of r,(n2,n®) in PbPb

r, (0" =~ (cos[4(W , (")~ W ,(-n)])

-6-\
<

©
=

0.85}

@ ﬁre """"" u """"""""
R T g

—~0.90F m 4.4 <1’ <5.0 $\ T

i 002/ centrallty ’ 1
o ey by by 1y ol bl by b by byl 1 1

[ 0 3.0<n°<4.0 N 0.3<pi<3.0GeV/cE $‘\ 1 \\\:
[ - - Exponential fits 1 p; >0 GeV/c hi |:§:| [
20-60% ;

0.0 0.5 10 15 20 OO 0.5 1.0 15 20 OO 05 10 15 20 -
n® n® n®

Also roughly linear increase with n gap

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



Flow factorization breaking in p+

V. (pr.pr)=v (pr)xv, (py)

(two-particle)  (single-particle)

——dueto EP W (p,), caused by “lumpy” initial state

. V a, b )
r(pt,ph)= a nAipT pr) —— ~(cos[n(¥,(p)-W,(p)])
\/VnA(pT,pT)\/VnA(pT,pT) arXiv:1503.01692
pPb, 220<N,, <260 0-0.2% ultra-central PbPb
2.5<p’ <3.0 GeV/c 2.5 <p’<3.0 GeV/c

1 :.' " o,
= i '~.t )
C): - T '~ .
mo'l_ 038 - 9 #' +' i' _'
< "smoother :

| -




Twist or random fluctuations (6 typical events)

Linear twist Nonlinear twist Not twist

0-3 llllllllll —" T T T T
6\ 0.2+ - - - - .. 0
= 0.1r 4 1 F ® -
- 0.0_\— __/‘.‘ oo
| —0.1f 4 F 4 F -
= —0.2} 4 F 4 } -
~— —0.3} 4t 4 F -
> —0.4f (@) 4 L (b) _ (c) -

_05 | | 1 | | 1 | | 1 | | 1 | | 1

o3mm ———m—— /T [T
= 0.2t 4t 4 F -
— 01f 4 F 4 -
0.0F . 'N‘ 7
>0 00 / ] : i N
= —0.2f : - ® i
T 7031 ] 1 T o. .o |
Y —-0.4} (d) . (e) ~ -.. (f) 0 -
_0'5—3—2—10 123 -3-2-1012 3 -3-2-101 2 3

n n n

* 71 dependent event planes from AMPT+Hydro
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Empirical parameterization: 7,(n"“.n")=1-2F"n‘

CMS PbPb centrality(%)
0.06—— — =0 480 |35|-0 250 150 75 250
N\
A O ) PbPb |s,, =2.76 TeV '\cl—
i H n=2 TN=3 -
B U n= 2, 0-0.2% Xn=4 -
0.04 — . . |
i - ¢ e - |
R n=4 >{< - >}<
o7
i .
o
0.02— _
| [ | |
. n=2
i O puE
n | — a—N |
0.00 ' L ' Lo
10°

ml<2.4

Stronger effect for M

» Peripheralevents 7= 4F expected from hydro.
» higher-order n



"Extended longitudinal scaling” of v,

“factorization” assumed

=" 009F = ALICEV,{2} Pb-Pb2.76 eV  PHOBOS v,{EP)}
= 0-40%: event average PRL 94, 122303
0.08 - p, >0 e Au-Au 200 GeV
0.07F ALICE Au-Au 130 GeV
"2 ¢ PREMIMINRRY ¢ Au-Au 62.4 GeV
0.06 f— o Au-Au 19.6 GeV
- m g " "R 113 .+
0.05F =
- . ¢ ? .
oosk T S 5|  Stillapuzzle
: Lk My
003 ML ++H Q'H
u $
- ® ® .
0.02¢ TR + il
0.01F 4 |
O - 1 1 1 I 1 1 1 I 1 1 I 1 1 1 l 1 1 1 l 1 | I 1
-12 -10 -8 -6 -4 -2 0
T‘I—ybeam
Rapidity dependence of

v, magnitude or W orientation?
(energy density, n/s)  (geometry, initial state)



N dependence of v, revisited

CMS Prellmlnary pPb \s,, =5.02 TeV

s S
VAl n =
v, (Pb-side) ® \{EPn = }

POI
O 2. -part correlatlon

L = Ntrk

220 N°f"'"e<260 -

0 0.5 1 O 1.5 . O
CMS PAS HIN-15-008 New

EP decorrelation
also seen in v,{4}



