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MOTIVATION

The strong interaction between particles is an important problem in nuclear physics.

What is the interaction cross section for

baryon-antibaryon (bb) pairs?

annihilation?

Do baryons and antibaryons attract or repel ~ aftraction?

with strong interaction?

Can a pair of non-identical baryons (e.g. pA\)

annihilate!
Do bb bound states exist?
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» baryon-baryon cross sections not well known,

» bb (baryon-antibaryon) parameters are practically
unknown (except pp, np, dp),

» LHC Is a baryon-antibaryon factory,

» ALICE can register and identify different (anti)baryons,

» femtoscopy provides a means for measuring bb
interactions!
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INTRODUCTION

Femtoscopy Is a technique of measuring the distribution of relative momenta of pairs of particles.

This distribution depends on the shape and size of the source and interactions between those particles.
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INTRODUCTION

Ve can use data collected by ALICE to extract strong interaction parameters.

C(k')= [SE|P* )] d'r
i

g -

v \ k> eik*r*
Let's measure this Make some assumptions about this Yk ,r)=e™" + f(k)—
r
(based on previous measurements and studies) //
_A/* 1 / i A
f(k )=—+ — ik
i 2
The correlation function is described by the following parameters:
* Fo - source size
» fo - scattering length (complex number) Finally, try to extract these parameters.

* do - effective range

At low relative momenta, cross section Is described by scattering
2
amplitude: & = 47|f]
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MEASUREMENT

LHC AND ALICE

» LHC is a 2/ km particle collider (pp, p-Pb, Pb-Pb),
» pp collisions up to |3 TeV center of mass energy, Pb-Pb up to 5.02 TeV per nucleon pairr,

RReElEroctexperiments: ALICE, ATLAS, CMS, LHCDb.
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MEASUREMENT

LHC AND ALICE
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» ALICE (A Large lon Collider
Experiment) is designed mainly
to register heavy-ion collisions,

» |9 sub-detectors,

» excellent PID at low-momenta.



MEASUREMENT

The experimental correlation function is defined as follows:

» P(p1,p2) - probabllity of observing particles with momenta
P(pl 9p2) p1 and p2 simultaneously (in the same event),

C(p,.p,)=
(pl pz) P(pl) : P(pz) » P(p1), P(p2) - probability of observing particles with momenta

p| and p2 Independently (in two different events).

In ALICE we observe almost the same number of particles and antiparticles. ALICE allows
identification of (anti)protons and (anti)lambdas with high precision, making femtoscopic studies

possible.
SHlte



EXPERIMENTAL CORRELATION FUNCTIONS

A few examples of measured bb correlation functions:

X o PP ALICE preliminary X, pp ALICE preliminary
1 1
" Centrality: 10-20% E data sta. unc - Centrality: 10-20% ~e data stat. unc.
- yst. unc. L [ | syst. unc.
0-81” Pb-Pb |5, =2.76 TeV o 08~ ppo-Pp |5 =502TeV g
1o PA®DPA 0.7 < pi <4.0 (GeVic) 1 ol PA ®PA 0.7 < p_r; <4.0 (GeVic)
B 0.5< p¢ < 5.0 (GeV/c) - 0.5 < p¢ < 5.0 (GeV/c)
1W 1W
mPl <0.8 m°l <0.8
0.8— |nA| <0.8 0.8— |T]A| <0.8
1.0 AA 1.0 AA
1 o -pre—g-e¢rE—C—C¢ O
E‘E_E!%o%.gm
0.8
005 01 045 o> 005 01 015 02
k* (GeV/c) k* (GeV/c)

» A\ correlation function measured for the first time in history.
» pp correlation function never published before.
» p/A\ analysed for the first time together with other systems, in centrality bins and with full regard of

residual correlations.
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FITTING PROCEDURE

COMBINING DIFFERENT SYSTEMS

» X21s calculated from all functional fits we have (36 functions in total):

B oRE 502 TeV,
» pp, pA\, A\
» 6 centrality bins.
» 3 sets of parameters: pA, AA and the same parameters for heavier bb pairs,

» all parameters which are the same for different functions are shared between them.

|1 /18




FITTING PROCEDURE

RESIDUAL CORRELATIONS

The experimental correlation functions are indirectly influenced by decays of heavier particles.

® e In this example, we plot proton-proton
@ correlation function, but actually interaction

was between proton and lambda...

hadronization @
interaction\‘ @
measurement p p /\ /\
/ 1B

The final correlation function Is a weighted sum of
correlation functions of all residual components: p/_\ «[ J'/\/_\ & NS

C.(k)=1+ D AIC,(k)—1]

?
| ] s

from Monte Carlo
simulation (AMPT)
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FITTING PROCEDURE

SOURCE SIZES

» For different particle pairs, we assume

approximate scaling with mt (transverse

>

For different centralities, we assume that

source sizes scale with multiplicity:

Mass):
—~ x2 / ndf 17.7 /1 23 :g\
£, 0F % 10.1103/PhysRevC.92.054908 | a 4.913 + 0.07227 e
EE N - Y ~0.5077 + 0.0407 .
Sy + ALICE preliminary 0.50 0.04076
8F- + }
6F {» * 'l'.‘P }
51 + {'%{
4 :Extracted from the fit: T .}...6""-0...__.
® pp@276TeV ; “®-rele
® pp@5.02TeV f
3 ® PA@276TeV
® pA@5.02TeV ® Previous ALICE results
2] @ AA@2.76TeV for pions, kaons and protons
@ A@502TeV | =====- fit to ALICE data vl L
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

m. (GeV/c?)

» Data for mrmr, KK and pp come from previous
ALICE measurements,

» Assume that Rog = Rpp.
» We extract bb radii from fit to the data.

3.6
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2.4
° Radius from Therminator

2.2

— a3\ N.,+b fit to expected radii
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others using calculated multiplicities for each
centrality bin.

» Radius set for one centrality, then scaled for all




FITTING PROCEDURE

SUMMARY

» X2 calculated for 36 functions,

» residual correlations taken into account,

» radii scaling with multiplicity for different centrality bins,

» radii scaling with m for different pairs (including residual ones),

» 3 sets of interaction parameters (R fo, 3 fo, do) for pA, AA and heavier bb pairs,

» parameters shared between systems.
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MEASURED INTERACTION PARAMETERS

~ 38 . : : bl s -~
E . A‘E'CpEKd;taﬁ-A © ALICE preliminary » Combined fit of pp, p/A and AA performed
= % ™ A : .
sl & AR : for the first time.
+ bb .
3.2 Jncertainty: » we have measured 3 sets of parameters -
3 -
---- statistical [~ . :
agl | W for pA\, A\ and effective parameters for
: systematic \
2.6 "‘ . _
- heavier bb.
2.4
221 » we have good precision relative to other
18 N S - - S—— T
R £ (fm) measurements,
£ ®[ALICE dam: — » values are similar for all measured pairs,
:@_75 % PR ® DA ALICE preliminary ~ = {2
@ 07| + AN » results for p/A, A\ and bb similar to pp,
+ bb
0651 — — e
nty: ° :
0| oY » 3 fo is non-zero for all bb pairs,
---- statistical
0.55
— systematic . K rom :
05 » SR fo is negative for all bb palrs.
0.45 =
0.4
0.35
18 B e = B - E——Y
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MEASURE

D INTERACTION PARAMETERS

E ALICE_data: Measurements: ESCO08c model: » Combined fit of pﬁ’ p/_\ and /\K per-formed
< ¥ pA @ pA Vv AA (STAR) O pA .
+ AR pp (LEAR) O AA for the first time.
+ bb A pA (PS) = B8
Uncertainty: : * pE’ we have measured 3 sets of parameters -
4 ---- statistical i = s !
T ' O
| syserae | @ : N for pA\, A\ and effective parameters for
= T . =
N A _ heavier bb.
= * ALICE preliminary » we have good precision relative to other
R 1, (fm) measurements,
E °[ALICE data Moasuromonts. » values are similar for all measured pairs,
o 18| % pA @ pA A 1 (COSY) - & et
@ 16| & AR P » results for p/A, A\ and bb similar to pp,
{4l bb PP (LEAR)
Uncertainty: E : Loy
12| oY : » 3 fo is non-zero for all bb pairs,
] ---- statistical ;
— systematic ' . . T :
08— % : » SR fo is negative for all bb palrs.
0.6 :
0.4 A
0.2— : ALICE preliminary
= L . . L L
3 = = 0 i 2 3
R f, (fm)
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S fo non-zero

INTERPRETATION OF RESULTS

» annihilation

R fo negative

(even for non-identical

bb pairs, such as pA)

repulsion > spatial separation?
‘N i
®0® ©® ‘ 4
®® 0.
(b) £ N\ f\f\,
L P ® @

bound states? @ @ @
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CONCLUSIONS

» femtoscopy is a powerful tool capable of measuring the strong interaction

Sio e aucepreimnary || DD, PP, PA, P/, AN, A\ correlations functions were measured by
v RERERLEn s ALICE at 2.76 and 5.02 TeV
entrality: 10-20% T

0.8/~ Pp-Pb /sy = 5.02 TeV 1 Syt e : : :

1_2@@5 S e | * this type of analysis was performed for the first time
1” E > ALICE_data_l: H ALICE preliminary g 07§ ALICE_data_l: ALICE preliminary

<08 <o)« prom e
0.8~ Al < 0.8 + bb - + B

— . . . 3.2 Uncertainty: 065 Uncertainty:
1.2 AA 3|---- statistical e T statistical
L 0.55
28 “» 0.5 Systematic
‘ 0.45

1 o -8| — systematic \
FEE.;T v 26F ~
0.8~ 2.4 0.4

bollllllllllll

0.05 0.1 0.15 0.2 PEE N S
k* (GeV/c) -1 16 1.4 EF) - 038 5t (fr;g.e -18 16 1.4 a2 - 038 %r, (fn-g.e
> scattering parameters (‘R fo, 3 fo and do) were extracted for p/A, A\ and heavier bb pairs
» either strong interaction is repulsive for bb pairs, » annihilation is present and has similar

or there exist bound states of bb magnitude for all bb pairs

anti-lambda







Cross section (mb)

10 |

CUTS

Event, tracks and pair euts were directly taken from previously approved analyses:

Two-proton correlations in Pb-Pb collisions at +/ssn=2.76 TeV from the ALICE experiment at the LHC (paper)
Proton-lambda correlations in Pb-Pb collisions at ~/ssn=2.76 TeV in the ALICE experiment (preliminary, QM)
Two-Lambda femtoscopy correlations in PbPb collisions at +/snw = 2.76 TeV from the ALICE experiment (preliminary, QM)
One-dimensional pion, kaon, and proton femtoscopy in Pb-Pb collisions at +/san=2.76 TeV (arxiv.org/abs/1506.07884)
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http://arxiv.org/abs/1506.07884

DESCRIPTION OF THE PROCEDURE

* Background removing procedure:

* Correlation functions were generated from

o ERSTaru Therminator, excluding all femtoscopic
o062l Therminator simulation|Mean  o4sso interactions,
0.06H
>l o fits with different form of the background
0.056 [ . .
' were performed (linear, quadratic, 3rd and 4t
0.054 ;
. order polynomials),
0.05
0045 * quadratic function was chosen and fitted to
0 I I0I1I - I0l2I - I0I3l - I0.[4I - I(')ISI - I0I6l - I0[7I - I(').I8I I II;QI(Q;;\I”;)‘I the eXperlmental da-ta fOI” |<* from O | 5_030
o . , e a8 to 0.80 GeV/c (depending on the system),
0062H] Therminator simulation |Mear o4
0.061 [
oo  fitted background was subtracted from the
2oH CF before fitting,
0.058;
0.057 =l f i | |
= IMiexmiiiat AR i * ) ;
oossEf T AT vy RPN, * influence of the choice of the background
E- TPy | * iR . . : : .
" | function is taken into account in systematic
0.054— 2 p .
0:l - I0?1I - I0?2I - l0%3l - l0!4l - l0!5I - IOf6I - I0?7I - l0{8l - l()k*lg(le;\l//;; uncertalntles S-tUdleS'

2]



DESCRIPTION OF THE PROCEDURE

Momentum resolution correction:
* for each pair and each centrality a matrix of Qgen VS. Qrec Was generated,

» for each slice in grec a gaussian fit was done,
* dependance of Omr VS. grec Was plotted,

* as it Is almost constant, the average width was taken for fit function smearing.

Average Omr (K* frame)

Bl 201 | data 2015 data
A HC12a17b) | (LHCI6g1)
Dp 0,010 0,010
pp 0,010 0,010
oJA\ 0,010 0,010
PK 0,010 0,010 Momentum resolution correction Is crucial
AN 0,009 0,009 for proper analysis - it affects shape of the
AR 0.009 0009 correlation function very significantly.
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Residual correlation fractions from AMPT or HIJING:

DESCRIPTION OF THE PROCE

Pair | HIJING | AMPT Rl HIING | AMPT
o | 035 | 025 oA\ 0.36 0.29
AN 0.07 0.08
e 0.7 | 0.2 o= 0.04 000
B 002 | o002 =0 0.03 0.02
oS+ | 004 | 004 = | 001 | 900
A=0 | 00l 0.00
N 00| 0.0 B 00 =
e 0.00 0.00 =0y + 0.00 0.00
=3+ | 000 0.00
AZO | 004 0.00
P30 0.19 0.00
S 0.0 0.00

DURE

Pair | HIING | AMPT
NS o

= | 004 | 003

= 005 | 004
==0 | 000 | 000
== | 000 | 000
== | 000 | 000
AZ° | 022 | 000
o050 | 002 | 000
=50 | 003 | 000
5050 | 006 | 000

L




201 |

2015

0-5%: 1601

5-10%: 1294
|0-20%: 966
20-30%: 649
30-40%: 426
40-50%: 26 |

Centrality | dNgp/dn (Npart) | (dNen/dn) / ({Npart) /2)
0-5% 1601 £60 | 382.8£3.1 8.4+0.3
5-10% 1294 +49 | 329.7+£4.6 7.9+0.3
10-20% | 966+37 | 260.5+4.4 7.440.3
20-30% | 649+23 | 186.4+3.9 7.040.3
30-40% | 426415 | 128.9+3.3 6.640.3
40-50% | 26149 | 85.042.6 6.140.3
50-60% | 149+6 | 52.8+2.0 5.740.3
60-70% | 76+4 | 30.0+£1.3 5.140.3
70-80% 35+2 15.84+0.6 44+04
Centrality | (dNen/dn) | (Npan) | g7y (dNen/dn)

0-2.5% |2035+52 | 398 +£2 10.2 + 0.3
2.5-5.0% | 1850 +£55 | 372 +3 9.9 +£0.3
5.0-7.5% | 1666 +48 | 346 +4 9.6 +£0.3
7.5-10% | 1505 +44 | 320+4 9.4 +0.3

10-20% | 1180 £31 | 263 +4 9.0 £0.3
20-30% | 786+20 | 188 +3 8.4 +0.3
3040% | 512+15 | 13142 7.8 +£0.3
40-50% | 318+ 12 | 863 + 1.7 7.4 +£0.3
50-60% | 183+8 |[53.6+1.2 6.8 + 0.3
60-70% | 96.3 +5.8 | 30.4 £ 0.8 6.3+ 0.4
70-80% | 449 £3.4 | 156 £0.5 5.8+0.5

ik

https://arxiv.org/pdf/ 1012.1657.pdf

0-5%: 1923
>-10%: 1586
10-20%: | 180
20-30%: /86
30-40%: 512
40-50%: 318

https://arxiv.org/pdf/ | 512.06 | 04.pdf



https://arxiv.org/pdf/1012.1657.pdf
https://arxiv.org/pdf/1512.06104.pdf

Baryon-baryon scattering parameters from ESCOSc:

Extended-soft-core Baryon-Baryon Model

ESCO8 |. Nucleon-Nucleon Scattering
https://arxiv.org/abs/1408.4825

Extended-soft-core Baryon-Baryon Model

EscO8 Il. Hyperon-Nucleon Interactions
https://arxiv.org/abs/1501.06636

Extended-soft-core baryon-baryon model |lI:

S=-2 hyperon-hyperon/nucleon interaction
https://arxiv.org/abs/1504.02634

Pair | f§ (fm) | dg (fm) | f§ (fm) | d (fm)
pA 2.46 3.14 1.73 3.55
AA - - 0.85 5.13
=0/ -0.56 -2.52 5.36 1.43
=0/ 9.83 2.38 12.90 2.00
20/-8%- | 7.25 2.00 -0.53 1.63
pxt 3.91 3.41 -0.61 -2.35
Z0/-x+/0 | 2.80 2.46 10.90 1.92
»tyet - - 0.65 19.97
AR /0 from AA
ARSI from AA
px? from pA
MO from AA

L5

Recent Nijmegen Extended-Soft-Core ESCO8-

models

http://www.phys.kyushu-u.ac.|p/fb20/PresentationFiles/
Plenary/FB20_Rijken.pdf



https://arxiv.org/abs/1408.4825
https://arxiv.org/abs/1501.06636
https://arxiv.org/abs/1504.02634
http://www.phys.kyushu-u.ac.jp/fb20/PresentationFiles/Plenary/FB20_Rijken.pdf
http://www.phys.kyushu-u.ac.jp/fb20/PresentationFiles/Plenary/FB20_Rijken.pdf

C(k*)

£ a8
- Colors: g
3 — Ref=-4.01m © 36—
B — Ref,=2.0fm -
] — Ref;=0.0fm 341
251 — Ref=2.0fm aof
- Re f,=4.0 fm C
2 Line styles: 3 :—
Numerical integration (with R* cut) ogl—
Numerical integration (no R* cut) —
Analytical formula 26 :_
2.4:—
N o Radius from Therminator
22— ¢
= | | | | | | 21— alN,+b fit to expected radi
v v e ey e b ey by _||[||||||||||1|||
0 002 0.04 006 0.08 0.1 012  0.14
k* (GeVic) 200 400 600 800 1000 1200 1400 1600 N,
Parameter bb pA & pA AA
+0.24(syst) +0.18(syst) +0.16(syst)
§Rf 0 (f m) _1'04:t0.15(stat) _1'11:1:0.04(stat) _0‘96:1:0.06(stat)
+0.30(syst) +0.15(syst) +0.13(syst)
(@Y
‘SfO (.fm) 0'51:l:0.19(stat) 0'63:t0.05(stat) O'5O:t0.08(stat)
+0.52(syst) +0.55(syst) +0.26(syst)
do (fm) 2'96i0.73(stat) 2'56:+:0.14(stat) 2'71:I:0.31(stat)
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