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Heavy jon collision evolution
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Thermal emission
from collective medium

(9 A particle emitted from a medium will

(Pﬁf N have a collective velocity g, and a thermal
;e (random) one B,
r « As observed p. grows, the region from
/N where pairs with small relative momentum
can be emitted gets smaller and shifted to
the outside of the source
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Consequences of flow

“Collective” flow should apply to all particles
— Ideal 1D hydro — m scaling for all particles

— "“Real” 3+1D hydro + viscosity (no
rescattering) — approximate scaling in LCMS

— Heavier/faster particles give smaller size of
the system

System size decrease — change of the second
moment (width) of the emission function

Measurement of the first moment (average
emission position) not possible for identical
particles

1 AK, M.Galazyn, P.Bozek;
- 1 Phys.Rev.C90 (2014) 6, 064914

m, (GeV/c)
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Collecti

vity and emission asymmetry
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 As particle mass (or p;) grows, average emission

point moves more “outwards” - origin of this
“emission asymmetry” the same as m, scaling

* Average emission points for primordial particles
with same velocity but different mass:

Pions{x" )  Kaons(x. ) Protons ( x”

out

2.83 fm 4.47 fm 5.61 fm

Asymmetry: (17, )~(x7,)=(Xp,)

* Heavier particles (resonances) are pushed even
further out

* Significant difference between particles’ average
emission points at same velocity, different mass

AK, PRC 81 (2010) 064906
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Resonances and pion emission
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Adam Kisiel (WUT)

If flow is off — no shift of emission

Pions — decay momentum of most
resonances larger than pion mass.
Decay acts similarly to thermal
smearing with large temperature.

Emission points of pions from
resonances strongly randomized —
average very close to system center.

Overall average emission point of pions
closer to the center than just flow.

all
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0w AK. PRC 81 (2010) 064906
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Resonances and kaon emission
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Kaons — decay momentum of most
resonances smaller than Kaon mass.
Kaons retain the shift of the heavy
(shifted more!) resonances.

Emission points of kaons from
resonances strongly pushed by flow —
average far from system center.

all
5.54 tm

Kaons ( xfm ) primodial

4.47 fm

Overall: resonances enhance flow-
induced difference between pion and
kaon average emission points.
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Difference in emission time

* Hydrodynamics predicts * In addition pions are more
emission of higher p; abundantly produced from
particles earlier (on resonances, which naturally
average) than low p;. introduce emission delay

» This would mean that at the * This again produces later
same velocity pions are emission of pions —in the
emitted later than kaons. same direction as flow

- This effect goes in the same * Estimates show both time
direction as emission differences are comparable

asymmetry from flow in magnitude
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Emission delay in data

i ALICE. Phys.Rev. C96 (2017) no.6, 064613
* ALICE kaon data in hydro-based <™

ALICE 0-5% Pb-Pb |[s,, = 2.76 TeV

parametrization: kaons emitted on = Sl  —sromewae 4
average later than pions. L3R Wt swavi v Y
2\ eew T =0.120 GeV, BW Eq.(8) 5
. . e K: T = 0120 GeV, BW Eq.(8 || syst.unc.
- It comes from rescattering via K* ?

resonance (not included in blast-
wave or Therminator 2 or hydro)

40—

20

* @Goes in opposite direction to all Lo .

. %.2 0.4 0.6 0.8 1 1.2 1.4
other asymmetries (m.) (Gevic?)
method T (GeV) | ar O Tz (fm/c) | Tx (fm/c)
fit with BW Eq. (8) | 0.120 - - 9.6 £0.2 | 10.6 + 0.1
fit with BW Eq. (8) | 0.144 - - 8.8 +0.2 | 95+0.1

fit with Eq. (9) 0.144 5.0 22 9.3 £0. 1.0 £+ 0.1
fit with Eq. (9) 0.144 43+23 | 1.6 0 95+02 | 11.6+0.1 D

Table 4: Emission times for pions and kaons extracted using the Blast-wave formula Eq. and the
analytical formula Eq. (Ep

Adam Kisiel (WUT) WPCF 2018; Krakéw; 24 May 2018 9/25



Accessing emission delays

H 18 April 1996
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How to measure which sort of particles was emitted earlier and
which later

R. Lednicky !, V.L. Lyuboshitz?, B. Erazmus, D. Nouais

Laboratoire SUBATECH, Université de Nantes/Ecole des Mines de Nantes/IN2P3/CNRS.
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Abstract

A method allowing to directly measure delays in the emission of particles of different types at time scales as short as
107221072 5 is suggested.
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Measuring space-time extent: femtoscopy
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The Integral Equation for Correlation

§)=[ S(F)W(G,r)Pd* r=19(G, )] e

X Uml

* Use two-particle correlation, coming from the interaction ¥
(quantum statistics (HBT), coulomb and/or strong)

* Measure C(g)

* Try to invert the Koonin-Pratt eqg. to gain information about
S from known ¥ and measured C

Adam Kisiel (WUT)
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Correlation — charged particles

* Two charged particles interact via Coulomb and strong after
their last scattering

— This gives the final form of the wave-function, for pion-kaon
pairs the Coulomb interaction dominates

w_(r)=e™ VA ()| F(~in, Lig)+f (k)G (p,m)/r]

€=k r+k'r'=p(l+cos(8), p=k r’, n=(k'a)', a=(uz,z,e’)
F(k',r',0 )=1+r (1+cos0 )/a+(r (1+cos® )/a)+ik r*(1+cos® )*/a+...
6* is an angle between separation »* and relative momentum £*
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Accessing asymmetry

k,,=k cos(¥) Transverse plane

* *

« We want to measure (r,,,)={r"cos(¢),

77
e ///

-~ « But we only measure relative k*
and total momentum v, so we
only know ¥

 We also know that the CF
depends on 6*

* The three angles are connected
by a simple sum rule: average
cosine signs must also follow

By looking at the CF vs cos(¥)we

cos(W):cos(m)cos(G*)+sin(cp)sin(6*)
Sign<cos(‘P)>=Sign<cos(cp)>sign<cos(€)*)> are able to access asymmetries

if |C([cos(W)>0)—1|>|C([cos(W¥) <0)—1|then|cos(¢)/<0
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Pion-kaon in Spherical Harmonics

b T ~ ]+ The pion-kaon correlation dominated
| — by Coulomb (effect is quite narrow
and opposite for same-sign and
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Sensitivity to emission asymmetries

R {C}}wf Clo, cos(@_))cos(q))dq)dcos(e)
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 Increasing emission asymmetry mainly affects Re{C,!}

« No asymmetry gives flat Re{C,t}

 Fitting the two components allows to extract asymmetry
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Space and time asymmetry

* The non-identical particle femtoscopy sensitive to the emission
asymmetry between particle types, possible because they are
not identical

* Measurement sensitive to the difference of the spatial and
time asymmeties, not possible to distinguish between them

Mout:<r2ut>:<yrout_ByAt>

 “Spatial” asymmetry r,, arises in flowing medium, difficult to
produce otherwise

* “Time"” asymmetry At may have various origins, some not
connected to flow
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Simulations in Therminator2

Used hypersufrace from (3+1)D viscous hydrodynamic code
coupled to Therminator2 statistical hadronization

— Tuned to ALICE Pb-Pb Collisions, 2.76 ATeV
— Centrality 0-10%, 10-20%, 20-30%, 30-40%, 40-50%
— The same datasample as used for identical pion/kaon calculation

— Calculated separately for n-K-, K+, K+, nK-, then statistically
averaged to get one datapoint per centrality

Optional: Introduce ad-hoc emission time delay for kaons with
delay for each particle selected randomly from a Gaussian
distribution of a given width and mean

Calculated correlation function with only Coulomb
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Fitting non-identical correlatlon

* (Calculate numerically the correlation
function for points on the (R,u) grid,
where source is defined in LCMS as: _.
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r exp RZ R2 az R2
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Results

* First model calculation for pion-
kaon correlations for Pb-Pb
collisions at the LHC

» Introduction of time delay has
little influence on size. Width of
time delay dist. also small effect

* Emission asymmetry directly
sensitive to time delay introduced
in the calculation, as expected

* Direct measurement of emission
time delays possible also for
heavy-ion environment with flow
(but model dependent)

R (fm)

E
=
=1

-5

Therminator2, Pb-Pb ys,,=2.76 TeV

K" combined

AK, arXiv.org: 1804.06781

¥

8

| | |
10
<chh/dn>”3

SRR R —

s« default
] At=2.1 fm/c, o, = 2 fm/c
s A=3.21m/c, o, =2 fm/c
0 Aw=1.01m/c, 6,=2fm/c
o Aw=2.11m/c,0,=0.3 fm/c

8
(dN_/dn)'™
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Linearity of response

O~ Therminator2, Pb-Pb \s,=2.76 TeV =

—_ - n*-K* combined 7

tE.:c - g] —

:LE -2 N

: _ * b=3.1fm N

E B © b=5.7fm |
- " b=7.4fm

I 5 b=8.9fm |

4T 0 b=9.9 fm h

! 1 ! ! _|3 ! ! ! ! _|2 1 ! 1 ! _|-| ! 7

At (fm/c) AK, arXiv.org: 1804.06781

» Difference between “default” calculation and one with time
delay plotted vs. the introduced time delay

* Clear monotonic, linear, one-to-one correspondence observed,
regardless of the system size. Very robust probe.
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Comparison to data

ALICE has shown first pion-kaon

results from LHC at QM2018

gL  ALICE Preliminary .
. C 0.19< p, < 1.5 GeV/c, n| < 0.8 -
System size well reproduced ¢ ¢f
(similarly to identical pion and & *f : T :
kaon femtoscopy) R A A S A
Emission asymmetry in “default” v —aeediae
case larger than in data E I + |
5 : : ] t g i ¢
Asymmetry with 2.1 fm/c kaon  °f \}
delay consistent with data: 5 5 T 7>

(chh/dn)”?’

Ashutosh K. Pandey (ALICE); QM2018

internal consistency with
identical kaon femtoscopy

Adam Kisiel (WUT) WPCF 2018; Krakéw; 24 May 2018 21/25



Fits vs. pair velocity

* (Calculations also done vs. pair
transverse velocity —
combining two collectivity
signatures in one
measurement

:
%

Therminator2, Pb-Pb ys,,=2.76 TeV

K" combined

o))
17 T 11 | 1T T | 1T T | I
i g |

0.8 09

=
[ J

Size of the system decreases
with pair velocity — clear

T
® centrality 0-10%

T T | T T
m  centrality 20-30%
O centrality 30-40%

u (fm)

N signature of collectivity
-4 | & -+ Emission asymmetry is also

i F 'q% ) clearly observed for both pair
7l 1 _ velocity intervals
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Centrality dependence

=
z . « Correlations show linear size
6 ! f dependence with cube root
: : ¢ 1 of multiplicity, similar to all
T b9 % ’ identical-particle correlation
e e PPy (270 Tel - analyses (pion, kaon, proton,
s T 1D, 3D, etc.)
(dN_/dn)"™
: oroxp0es 1 Emission asymmetry also
= r o 0.85<(B)<1.00 - seems to linearly scale with
L ] multiplicity, regardless of pair
I @% l@ ] velocity range
o l@ +_
o . ]

5 10 -
(dN_fcln)
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Scaled asymmetry

-@.':i B » 0. 70::()3 )<:0 85 .
—05H o 0. 85<(ﬁT)<1 .00 —
—1— JF % %) ]
] | q) | |

5 10

(dN_/dm)'”
* Emission asymmetry scaled with system size:

— Relatively constant with multiplicity — may be smaller at
peripheral collisions

— Grows with pair velocity
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Summary

* Pion-kaon correlations an unique way to analyze the
collectivity and emission time ordering in heavy-ion collisions

* Emission asymmetry directly sensitive to emission time delays
between particle species (but some model dependence)

* New, precise, independent measure of time delays, which can
probe effects such as emission time delay from rescattering via
resonances

 Addition of pair velocity dependence combines two signatures
of collectivity in one analysis

* Relative asymmetry increase and total size decrease observed
for high velocity, first time both effects seen together.
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