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Microscopy (107°)
Femtoscopy (107°)

Femtoscopy = The study of particle correlations
at low relative momentum

In high multiplicity events (M>~50)
such correlations are dominated by:
Bose-Einstein correlations (Quantum Statistics)

and
Final-State-Interactions (Coulomb+strong)

Only 2 sources of correlations make femtoscopy a clean
porobe of heavy-ion physics.
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Use Measuring the source radius
1 ~ Ax
® The last stage of particle interactions is kinetic freeze out.

® At freeze out in high-energy particle collisions, the
characteristic separation of particles is femtoscopic

(Ax~1015 m).
AxAp > 21h

AxAp ~ 21h

® Bose-Einstein correlations will be visible for Ap<~0.5 GeV/c.

Relative momentum correlations are sensitive to the relative
separation at freeze out.
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Use  Measuring the fraction
2 of pions which are coherent

Coherent pool of particles:
ordered phases,
same quantum state

Chaotic pool of particles:
random phases

Pion condensation, Disoriented Chiral Condensates, +.....
may create a coherent pool of pions.



Standard Correlation
FuNnctions

o N, (p1,P2,---,Pn) 0 = momentum
~ Ni(p1)N1(p2)---N1(pn)

Kr3 = |pti + P12+ P13 /3

Kr4 = |p11 + P12+ P13 + P14l /4




Fitting 2- and 3-pion
Bose-Einstein Correlations

Quantum-Statistics
correlation

Suppression parameter
related to incorrect fit functions
and coherence

Edgeworth expansion for
non-Gaussian features

Csorgo & Hegyi,
Phys. Lett. B 489, 15 (2000)



Isolation and fitting of
3-pion Bose-Einstein Cumulant

c3 = 3-pion cumulant correlation

Isolated using:

N3(pi, p2, p3) — 3 pions from same event
N2(pi1, p2)Ni(p3) — 2 pions from same event
Ni(p1)Ni(p2)Ni(p3) — All pions from different events

Kz = K2!2 * Ky!3 * Ky — 3-body Final-State-Interaction

Cumulant fitting

—Riznv,3 Q% /2

c3(q12,931,923) = 1 + A3 Ew(Rinv 3912) Ew(Rinv 3931) Ew(Rinv.3923) €

T

3-pion suppression parameter Edgeworth factors to account for
non-Gaussian features




ALICE 2014
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Mo

radii from 3-pion correlations

somewhat smaller
than from 2-pions.

Intercept parameters tar below

the chaotic limits.
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1D source radil from 2-

and 3-pion correlations

N pp, pP-Pb and Pb-

Edgeworth fits

Mo

radii from 3-pion correlations

consistent with that
from 2-pions.

Intercept parameters much

more consistent
with chaotic limits.
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Radii Comparison with IP-GLASMA

— GLASMApp R

initial

—— GLASMA p-Pb R

initial

—— GLASMA Pb-Pb R

initial

| GLASMAppR o Message:
| GLASMA p-Pb Eh N, o Similarity of ALICE radii
y ' in p-Pb and pp

E GLASMA Pb-Pb R
< ALICE pp

hydro

can be reproduced with GLASMA
initial conditions alone.

5 ALICE p-Pb

o ALICE Pb-Pb
They can also be reproduced

with a hydrodynamic phase
in p-Pb.

Schenke & Venugopalan
arXiv:1405.3605




Use
2

Measuring the coherent
fraction of pions
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2-pion Bose-Einstein
contributions

2-pIioNs
I
I

Chaotic pool 7}{

Coherent pool

1 suppressed combination
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3-pion Bose-Einstein
contributions

3-PIoNS
It T T
It

Chaotic pool T')*(T'

T

Coherent pool

2 suppressed combinations
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4-pion Bose-Einstein
contributions

4-plons
Ittt
|/

Pt

Coherent pool

Chaotic pool

X

3 suppressed combinations

5 5 =

=
3 3 3 =

Resolution of coherence increases
with the number of pions used.
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—Quartic EEaREE A Measure of coherent fraction
---Quadratic , ,

by comparing 3-pion to
2-pion correlation strength

c3(q12,923,931) — 1

ALICE Pb-Pb y\s,,=2.76 TeV

SNN

All Correlations are first
Coulomb corrected.

10-20% & 20-30% = N\

r3 1S suppressed below 2.0.
Intercept corresponds to
~20% coherence at low pr.

30-40% 40-50% °

ALICE 2014
PRC 89 024911 (2014)
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—Quartic 0-3<K73<1.0 GeVie Measure of coherent fraction

---Quadratic

by comparing 3-pion to
2-pion correlation strength

c3(q12,923,931) — 1

All Correlations are first

Coulomb corrected.
10-20% 20-30%

r3 1S consistent with 2.0.
Intercept is consistent with
0% coherence at high pr
30-40% 40-50%

ALICE 2014
PRC 89 024911 (2014)
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Check that 3-body
Coulomb corrections
WOrk

The cumulant (hollow points)
als Coulomb corrected.

Consistency with unity
demonstrates success of
3-body Coulomb ansatz

K3 — K21 2*K2‘| 3*K223

ALICE 2014
PRC 89 024911 (2014)
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Future measurements in
ALICE

An interesting hint of coherence in Pb-Pb collisions
has been observed with 3-pion correlations.

4-pion correlations are even more sensitive to

coherence. The 4-pion analysis is already underwavy.
Preliminary results expected tor WPCF Aug 2014.
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New method to extract
coherent fraction— “Built” C4QS

Cao(KT, gout, Oside, JLong) IS statistically well defined.
It can be tabulated very differentially.

For fully chaotic pion emission:
Co%(qy) - 1.0 = Ty
(pair exchange amplitude squared).

Also for fully chaotic emission and neglecting
the multi-pion phases for 3-pion and 4-pion interchanges,
C49S is entirely built from each of the 6 T;
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Fquations to Build QS
correlations with coherence

G = coherent fraction of pions

1-G)X (T3 + T3+ T3)

6G(1—G)*+2(1 — G))T12T13 T3

1 —G*) (T + T3+ Ta + Ty + Toy + T2

4G(1-G)’ + (1 -G (T3 T + T Ty + T Ts)

6G(1 —G)*+2(1 — G)’)(T12T13Tos + T12T1aTos + T13T14 Tsa + Toz Try Taa)
8G(1—G)’ +2(1 — G)")(T12T13ToaTas + T12 T4 Toa Tsg + T13T14To3Tas)

+
_+_
+
+

These equations valid for Recon=Rch
(coherent Radius = chaotic Radius).
We will also consider Reon=0 (point source).
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Proof of Principle

Therminator model

¥2 / ndf 22.06/ 4 calculation (no coherence).
2.923 + 0.114

| | | Black line (Built)
> IS in good agreement
e c°(cumulant) with Blue points
— Gaussian fit to < —> 4-pion QS correlations
are built from information
already present
at 2-pion level for the case of
no coherence.

— CfS built

Deviations from this
expectation
may be used to search for
non-zero coherence.

0.02 0.04 0.0
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summary

Radii Measurements (Use 1)

For the tirst time, femtoscopic radii have been extracted
using 3-pion cumulant Bose-Einstein correlations.
3-pion cumulants are advantageous in low-multiplicity
events such as in pp and p-Pb collisions.

They are less sensitive to background correlations.

Coherence Measurements (Use 2)
An unexpected hint of qguantum coherence has been
observed using 3-pion Bose-Einstein correlations
in Pb-Pb collisions at the LHC.
The eventual 4-pion measurement should shed
more light on the possibility of coherent pion emission.
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Fitting 2-pion
Bose-Einstein Correlations

Quantum-Statistics

correlation

Suppression parameter
related to incorrect fit functions
and coherence

Gaussian Fit when Ey = |.0
Non-Gaussian features parameterized with an Edgeworth expansion.

K3 and K4 expansion parameters retained and extracted from 3-pion cumulants.
Free fit performed for all 3 systems and all multiplicity bins.

<k3>=0.]|
<K4>=0.5
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Edgeworth expansion for
non-Gaussian features

Csorgo & Hegyi,
Phys. Lett. B 489, 15 (2000)



Isolation and fitting of
3-pion Bose-Einstein Cumulant

c3 = 3-pion cumulant correlation

Isolated using:

N3(pi, p2, p3) — 3 pions from same event
N2(pi1, p2)Ni(p3) — 2 pions from same event
Ni(p1)Ni(p2)Ni(p3) — All pions from different events

Kz = K2!2 * Ky!3 * Ky — 3-body Final-State-Interaction

Cumulant fitting

—Riznv,3 Q% /2

c3(q12,931,923) = 1 + A3 Ew(Rinv 3912) Ew(Rinv 3931) Ew(Rinv.3923) €

T

3-pion suppression parameter Edgeworth factors to account for
non-Gaussian features
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p-Pb |5 =5.02 TeV
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. . Therminator2
Therminator?2 calculations of 0-5% Pb-Pb

2- and 3-pion Bose-Einstein correlations
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[]

Therminator 2 (0-5% Pb-Pb)

Gaussian fits in : isiel et al.
Comput. Phys. Commun. 174, 669

Rinv,3 smaller than Ri,y by ~0.6 fm (6%). (2006)

P. Bozek Phys. Rev. C 77,03491 |
28 (2008)




. . Therminator2
Therminator?2 calculations of 0-5% Pb-Pb

2- and 3-pion Bose-Einstein correlations
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ALICE Pb-Pb \s,,=2.76 TeV
0-5%
0.2<k;<0.3 GeV/e

— Edgeworth
— 0.4<k<0.5 GeVic

0.6<k;<0.7 GeV/c

e Ssame-charge
O mixed-charge
0.3<k,<0.4 GeVic

0.5<k,<0.6 GeV/c

0.7<k,<0.8 GeVi/c




pp 15=7 TeV,(N_)=8.6 x0.4

** projection
e c3* projection

0.2< qz,qg < 0.5 GeV/c
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same-charge, Q,
same-charge, GRS
mixed-charge, Q,
mixed-charge, GRS

same-charge
mixed-charge

0.06 0.08 0.1
0, (GeV/e)




0.16<K+ ,<0.3 GeVic




Quadruplet Fractions in Therminator

o
\l

o
»

—— 0 interacting pairs
—— 1 interacting pair
2 interacting pairs
—— 3 interacting pairs
——— 4 interacting pair
5 interacting pairs
6 interacting pairs

Quadruplet Fraction
o
o

o
N
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r3 1N [ herminator

| %2/ ndf 12.57 / 21
| lwaic ~ 2.044 = 0.007
aC)uartic 8669 + 4315.9

0.04 0.05
0, (GeVlc)
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