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Femtoscopic Measurements

ALICE The space-time distribution of emission points for particles
of a given momentum.

Longitudinally CoMoving System (LCMS) frame: P, , =—P, ,

out P! P2
“Out” -> pair momentum T T
direction
“Long” -> beam direction > long -

side

“Side” -> perpendicular
to “out” and “long”

“out-side-long” reference frame (Bertsch-Pratt)

side -> geometrical size
out -> geometrical size + emission duration
long -> total evolution time
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Motivation ( J

In non-central collisions, greater transverse pressure in
the reaction plane than perpendicular:

- 5 e stronger in-plane expansion measured as elliptic
flow,
- _ . . o
_— ‘J/ * in-plane expansion diminishes the out-of-plane

spatial anisotropy.
Azimuthally differential pion femtoscopy:

e HYDRO predicts that while the system is out-of-
plane extended, rescattering may make the final
source in-plane,

e freeze-out source shape is complementary to vz
measurements for a complete consistency check
of transverse evolution in HYDRO models,

e measurements of the freeze-out source shape
will provide information on the system’s
P. Kolb and U. Heinz, Nucl. Phys.A 715,

653 (2003). evolution.
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Femtoscopy ( J
ALICE | .
side y /\ i
l_(»T :(]_51+]_52)/2 reaction /]% _
ane pair
n.! harmonic number TI, — x
) b
S(a)

Clg)=="-L qg=p.-

S (q) : distribution of pair mometum difference of particles from the same event

B(q) : distribution of pair mometum difference of particles from different (i.e. mixed)events

C(a)=N|(1-2)+ 2% (a)(1+6(q))|
Correlation functions are fit by Bowler-Sinyukov formula

e separate C(q) created for each ¢, bin,
e fit each C(q) to obtain the radii,

e we show the evolution of the R; with ¢

pair.

ola)-
Ri = R(f +Rin COS[n((ppair —LPnﬂ (,u =5, 0, l)

Ri = Rg + ZRi’n Sin[n((ppair — ‘Pnﬂ (,u = 0s, sl, ol)

exp— (qu(f +Rq. +Rq) +2R’ q.q + R q q,+ Rquoqz)
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Expectation of Radii Behavior
ALICE A §=

- for out-of-plane-extended source:

Rside (Iarge)
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ALICE

- for out-of-plane-extended source:

-for In-plane-extended source:

side

21

20

19

l | I
0 n/2 N 3n/2 ?Dn
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Expectation of Radii Behavior
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ALICE

Expectation of Radii Behavior

- for out-of-plane-extended source:

- for In-

nlane-extended source:

for sp

side

o
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19

nerical source:
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% RHIC vs. LHC Predictions

ALICE
radii oscillations: E. Frodermann, Rupa Chatterjee, and Ulrich Heinz
AZHYDRO model predicts: J. Phys. G: Nucl Part. Phys. 34 (2007) 2249-2254.

e change in kt scaling from RHIC -> LHC for Rsige and Rout-side @S Kt increases,
* Rside and Rout Oscillate out-of-phase at RHIC, and at LHC kr > 0.6 GeV,
* Measured oscillations are time average of source eccentricity.

RHIC LHC
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average radii:

THERMINATOR®@5.5TeV predicts larger average radii RHIC -> LHC,
due to the growth of the overall system at freeze-out.

relative oscillation amplitudes:
THERMINATOR@5.5TeV predicts a smaller R, ,/ R.,,, RHIC -> LHC,
measured oscillations are time average of source eccentricity,
LHC evolution ends out-of-plane extended, but average is still in-plane extended.

RHIC (dN_, /dy=680)

RHIC vs. LHC Predictions

Adam Kisiel et al.
Phys. Rev. C 79, 014902 (2009).

LHC (dN,/dy=2040)
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AZHYDRO predicts Rf,-de,z / Rsz,-de,o changes sign RHIC
source: out-of-plane -> in-plane extended.
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E. Frodermann, Rupa Chatterjee, and Ulrich Heinz
J. Phys. G: Nucl Part. Phys. 34 (2007) 2249-2254.

-> LHC,
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Identification:

Time Projection Chamber (TPC),
Time of Flight (TOF)

Vertexing and Tracking:

Inner Tracking System (ITS)

Trigger and centrality:
VZERO

ABSORBER

Event Plane:
TPC
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ALICE
e k7 scaling: radii
increase with
decreasing Kr.

Fits:

Radii vs. azimuthal angle

R, =R +2R; cos| n(9,,, —¥,)| (u=s.0.)

Ri =R+ 2Ri,n sin[n(qﬁpair — ‘Pn)] (u=os,sl,ol)
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Radii vs. azimuthal angle

ALICE © ©
e kT scaling: radii E | E [rrvewsreTy O
increase with _ >~ 8 a0 .
decreasing Kr. : L ‘
¢ Rout and Rside OScillate
out-of-phase.
Fits:

R, =R +2R; cos| n(9,,, —¥,)| (u=s.0.)

Ri =R+ 2Ri’n sin[n(qﬁpair — ‘Pn)] (u=os,sl,ol)
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ALICE
e k7 scaling: radii
increase with
decreasing Kr.

e Rout and Rsige OScillate

out-of-phase.
. Rlong has no L < - ¢ ,qi(i’epz(fé;ltd)
oscillation. . pair ~  EP. )
® Rout and Rside Kt E@ e TN L S
scaling is similarto % *}
the AZHYDRO s
prediction at RHIC. e

Fits:
R, =R +2R; cos| n(9,,, —¥,)| (u=s.0.)

Ri =R+ 2Ri’n sin[n(qﬁpair — ‘Pn)] (u=os,sl,ol)
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Radii vs. azimuthal angle

- Pb-Pb |5, = 2.76 TeV

ALICE

PRELIMINARY

0 4 w2 3% X
- r
(pPair EP.2 ( ad)
0 7 - 20-30% Centfa“ty
L ® 02<k, <0.3GeVic
0.6F m 0.3 < k; <0.4 GeV/c
X v 04<k,<05GeVic
0 5 i 0 05 < kT < 0.7 GeV/c
[ ¢ + 4 ’ 0 ’ . ¢ h ’
.4 SHESH NI N ag 2] HEgH i : E38 temy 0 et b 3RS
O | i N e i
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o 6r < =276 TeV /.
® Rout-side has very E | E 43_%%\8"" e IS
weak dependence on % b MICE
i - it |
kT. 0 -_’ -_._ '1“%"!‘ ,_’ g % _._'-_--;-.'-‘- ’ ]
® ks and Ro are -2f
consistent with zero : af
as expected from R T R R T R T
symmetry reasons. Ppqir ™ Tep2 (rad) Ppqir ™ Yep (1ad)
An important cross- <€ 20-00% contalty
check of the method o= L oo oscene
and the data. 24 . ot v 04<k<05Gevic
_ 0: it WL ';;’,_.. S Sl D ¢ 05<k,<0.7GeVic
® Rout-side KT Scaling £ b ¥
similar to AZHYDRO £
st 1 1 l |
0 w4 n/2 3v/4 n
Fits: Ppgic ~ Vep2 (ra0)

R, =R +2R; cos| n(9,,, —¥,)| (u=s.0.)

Ri =R+ 2Ri,n sin[n(qﬁpair — ‘Pn)] (u=os,sl,ol)
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% Azimuthal dependence of pion radii;
ALICE LHC vs. RHIC

—~ —~ 4
ALICE Pb-Pb /s, =276 TeV E [ s 02ch<oscverucimmya-2etv | E F

Ve, - 20-30% centrality
- 0.4 < ky <0.5 GeVle .
®02<k,<0.3GeV/c wB 40 S T N g [ 4
- 00.15 < k; <0.25 GeV/e STAR Au-Au | 5 = 200 GeV 4% ol JALICE
® 04< kT <05 GeV/c F 0 0.35 < ky <045 GeV/e

STAR Au-Au s, =200 GeV
00.15<k, <025 GeV/c
©035<k, <045 GeVie

e ALICE and STAR have

the same behavior of
radii oscillation.

(fm®)

outside

e No change of oscillation
sign is observed for Rside

2

e R.ide has weaker
oscillation in ALICE.

e ALICE agrees with
predictions for Rside

oscillation decreasing
RHIC -> LHC.
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Average radii as a function of centrality
ALICE

< OO Pb-Pb 76 TeV . < o0
= . PO-Pb {5y =2.76Te . E [ 0.2 < k; < 0.3 GeV/
® Rout, Rside, and Rlong :_’cz 50;—_, ALICE “:; 50;“ : o.3<k,<o.4G:wz
increase with more &« = oo T ddckeoseee
. - W - ) ° S<k,<0. eV/c
central bins. o W W 0" 8w
. . S R i - s wm N -
e The fall of radii with 20p L B ® T -
. . C ® v »
kT IS due to collective 10F * 10F ¥
radiaIfIOW_ 06‘....110A.L.210....310....410...A.50 00“....110‘...210...L310....410.‘.,L50
_ _ centrality (%) centrality (%)
e Growth of size with — 60 _
multiplicity also £ fm E 3
=S ) < 2F
naturally expected. Fal, &
. - m C
® Rout-side FEMains zero Ny - oy ¥ § § &
R - ] -
for all centralities due 200 ® o = g
. "l -2F
to symmetry. 10f R |
centrality (%) centrality (%)
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Oscillation amplitudes, Rﬁz vS. centrality
ALICE

o Weak kr dependence R 0- : gzjz:zjzzzz R 1.2;_ ALICE Preliminary  Pb-Pb | s,,, = 2.76 TeV
except for Rout- :g/ -0.55- v 04<k <05GeVic C:g : 81: H

e Almost zero Rlong (\5:}5’ 1—ﬁ %:i 06- ﬂ %
except probably the  -15¢ § i @ 0.4k
lowest kr bin. of i ‘ @ 0.2

+ Oscilations I = v B S N

consistent with out-of-
plane extended
source.

e Source eccentricity «2 ¢
evolves with centrality o
iIn a way similar to v ﬂ

(fm”)

Rlong
-
="=2 = =
= =}
2
out-side
T
= |
B = o
B =

_0.50....110.1.1210..‘,310...,410...‘50 0..,.110,...210....310111.410....50
centrality (%) centrality (%)
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Relative oscillation amplitudes vs. centrality
ALICE
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HYDRO Model Comparison Rszide,O

THERMINATOR@5.5TeV Bozek 3D HYDRO
<> L A. Kisiel Phys. Rev. C79 (2009) 014902] ¢ P.Bozek arXiv:1401.4894
- ALICE 2.76 TeV HYDRO 5.5 TeV -~ ALICE 2.76 TeV (3+1-D) HYDRO 2.76 TeV
“\-/ - o 02< kT <0.3GeVic =0.2< kT <0.3GeV/c :_/ ® 02« kT <0.3GeV/c --0.2< kT <0.3 GeV/c
o _ o
gpof- ¢ 0o <Kr<07CeVie =05<ky <07 Gele 960 W 0.3 <k, <0.4GeVic --0.3 <k <0.4GeVic
. '09) STAR Au-Au 200 GeV HYDRO 200 GeV " 8 0.4 < k<05 GoV/
@ [ O 02<k;<03GeVic --0.2<k;<0.3GeVic 'y v 04<k;<05GeVic --0.4 <k <0.5GeVic
| () 04<k;<06GeV/ic --04<k;<0.6GeV/c ¢ 05<k;<0.7GeV/c --0.5<k;<0.7GeV/e
- ALICE Preliminary -
40k 40 ALICE Preliminary
i i .
uncertainties: stat. (bars), syst. (boxes) T
. - . .
et e e
- - e ‘_m: .................... ExEr
O X ) et N
20 20 X P c_ 3 """"" o8-
e mq—‘\- ai-' "
g e Pb-Pb | s,,, = 2.76 TeV g gt Pb-Pb | s,,, = 2.76 TeV
i ":HL}?.certainties: stat. (ba]nrs), syst. (boxes) l \ i l 1 | :
100 200 300 4;\(/)0 100 200 300 400
part Npa "

« THERMINATOR®@5.5TeV model reproduces RHIC data at 200 GeV,

- Bozek 3D HYDRO model is in qualitative agreement with the LHC data.
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. R
HYDRO Model Comparison i
R2
LT C E side 0
. THERMINATOR@5.5TeV Bozek 3D HYDRO
o )
o A. Kisiel Phys. Rev. C79 (2009) 014902 QO-2 P Bozek arXiv:1401.4894
8 ALICE 2.76 TeV HYDRO 5.5 TeV 3 ALICE 2.76 TeV (3+1-D) HYDRO 2.76 TeV
@ ® 02<ky<03GeVic -02<k;<0.3CoVic oe o 02<k, <0.3GeVic -02 <k, <0.3GeV/c
\g;. ¢ 05<k;<0.7GeVic —05<k;<0.7GeVic N kT e k’ GeV
w2 L STARAu-AuU200GeV HYDRO 200 GeV g | " 0.3 <ky<0.4GeVic -0.3<k;<0.4GeVic
« 0 02<k;<03GeV/c --0.2<k;<0.3GeVic \n v 04<k;<05GeVic --04 <k;<0.5CeVic
O 04<k.<0.6GeV/c --0.4 <k, <0.6GeVic ¢ 05<k;<0.7GeVic --05<k;<0.7GeVic
ALICE Preliminary ALICE Preliminary
Pb-Pb s, = 2.76 TeV f uncertainties: stat. (bars), syst. (boxes)
¥ ¢
_ 5 . Q - Pb-Pb |s,, =2.76 TeV
e R S ' :
uncertainties: stat. (bars), syst. (boxes) é o 7 1T T s ;. -
0 t — 0 .........
RN T N TR TR TN NN N NN TN TR SR S T (5 a1 T T T T T T T T T T T R T R A A
100 200 300 400 100 200 300 400
Npan Npan

- THERMINATOR®@5.5TeV in qualitative agreement with the LHC data at low k.,
and agrees with predictions of lower relative R ,,, oscillation amplitude.

« Bozek 3D HYDRO has correct sign, lower amplitude.
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2

Final spatial eccentricity ¢ =2~
side 0
e UrQMD agrees with
relative oscillation A
magnitude, but not with 0.4 = AzHYDRO, MC-KLN, 1/s=0.2
absolute values of Rside . v AzHYDRO, MC-Glauber, 1y/s = 0.08

and its oscillation.

2 B 895 (-0.6<y<0.6)7.4-29.7%
. O -
e Hydro with MC-KLN and ‘&W il & CERES (-1<y <-0.5) 10-25%
MC-Glauber initial - B STAR prelim. QM’12 Au-Au 10-30%

N8~ L 20K (Ve

conditions:

e overestimates final
spatial eccentricity at

2
€ 2R3|de 2
o
N
=

RHIC.
0 | IIIIII| %I | IIIIII| | | IIIIII| | |
10 10° 10°
Is (GeV)
UrQMD model by M. Lisa et al. arXiv: 1104.5267 (2+1)-D viscous hydro w/ lattice QCD EOS
MC-Glauber, ML-KLN by U. Heinz and C. Shen arXiv: 1210.2074 & =0.26 MC-Glauber, ¢ =0.32 MC-KLN,
STAR prelim. data QM’12 C. Anson Tdec=120MeV
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2

- . . . side 2
Final spatial eccentricity ¢ =2
side 0
e UrQMD agrees with
relative oscillation UMb
magnitude, but not with 0.4 s AzHYDRO, MC-KLN, n/s =0.2
absolute values of Rside i v AzHYDRO, MC-Glauber, 1/s = 0.08
and its oscillation. o
o) B E895(-0.6 <y<0.6)7.4-29.7%
. T -
e Hydro with MC-KLN and c& ® | &  CERES (1<y<-05) 1025%
MC-Glauber initial <, 1 . STARpreim. QM'12 Au-Au 10-30% PRELIMINARY
Conditions: o 0.15< k;<0.6 GeV/c Pb-Ph VSTJN=2-76 TeV
ol % 02 A + ALICE0.3< kT<0.4 GeV/c 10-30%
e overestimates final o0 »
spatial eccentricity at Nh -
RHIC. s
e underestimates final S
spatial eccentricity at - % I
LHC. 0 | IIIIII| | | IIIIII| | | IIIIII| | |
. o 2 3
e Final eccentricity is lower 10 HO 10
than at RHIC. s (GeV)

UrQMD model by M. Lisa et al. arXiv: 1104.5267 £2+1)'D viscous hydro w/ lattice QCD EOS
MC-Glauber, ML-KLN by U. Heinz and C. Shen arXiv: 1210.2074 » =0.26 MC-Glauber, & =0.32 MC-KLN,

STAR prelim. data QM’12 C. Anson Tdec=120MeV
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ALIC

Summary ('

Radii oscillations vs. angle:
o Rout & Rsige OScillate out-of-phase,

e compared to RHIC, at LHC we observe weaker oscillation in
Rside-

Model Comparisons:

e R’,, Bozek 3D HYDRO prediction shows qualitative
agreement with ALICE data.

e R ../R.,., THERMINATOR@5.5TeV shows qualitative agreement
with ALICE, predicts smaller oscillations at LHC.

2
side 2

Final spatial eccentricity: €, =2—
side 0

® s in agreement with the relative oscillation magnitude of
UrQMD model and is in disagreement with HYDRO predictions,

e decreases from LHC to RHIC, however remains positive,
consistent with moderately longer system evolution duration.
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HYDRO Model Comparison
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