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Femtoscopy - going beyond the system size
Correlations of baryons

KO K* correlations
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Femtoscopy technique

from M. Lisa and S. Pratt

« Femtoscopy — measures space-time characteristics of the source using particle correlations
INn momentum space

« Main sources of correlations: IS |‘II q, r)| d'r
. In the experiment:
uantum statistics (QS o S -
0 (5) C(d)=A(3)/B(d)

- bosons (i.e. pions) — Bose-Einstein QS
— fermions (i.e. protons) — Fermi-Dirac QS
» Final-state interactions (FSI)

A(a) - signal distribution (“same” events)

B (a) - background distribution (“mixed” events)

- strong interaction
— Coulomb repulsion or attraction
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How does it look like?

A JOURNEY OF DISCOVERY

The correlation functions have various shapes, depending on the pair type
(interactions involved), collision system and energy, pair transverse momentum, etc.

—PRC 93 (2016) 024905
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Going beyond the system size

fS ¥ (q,r)|d*r

measured correlation  emission function pair wave function
(source size/shape) (includes cross section)

increase of (anti)correlation

L T o120 _ _
o257 $¢ = . > MC simulation
decrease of the radius THERMINATOR
Py OR 11
2— + increase of the interaction »
Cross section |
. Lty
1.5 ‘N b ® pp 2.0 fm \. .00
[ | 0.9 o
] _.0. m pp 3.0 fm o’ ® pp1.9fm
. J—
-4 "siangusuusunues osl ° V0 " pp3.9fm
. 4
0 0.62 0.64 0.'1')6 O.tITJB 0{1 0.12 0.65 011 0.|1 5 0.|2 0.|25 0.|3
k* (GeV/c) k* (GeV/c)
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Correlation from Strong Interaction ({

fS ¥ (q,r)|d*r

/ v

measured correlation  emission function pair wave function
(source size/shape) (includes cross section)

. i7" s-wave scattering
‘PZEXp(—ik r)+fexp<lk r) approximation
r

NN T | .
f Kk )==—+=d,k“—ik effective range
fo 2 approximation

« If only Strong Final State Interaction (FSI) the result of integration:
*y |2 S S * S *
: 1|f(K) dy | 2Rf5(K) c 3K *
k )=1 —|— | 1— F.(2k R)|—————F,(2k R

Lednicky, Lyuboshitz, Sov. J. Nucl. Phys., 35, 770 (1982)
where p, are the spin fractions

 The correlation function is finally characterized by three parameters:

« radius R, scattering length f,, and effective radius d,

Z
22
:f xe* " lzdz
0

« Cross section o (at low k*) is simply: o=4x|f[

F,(z)=(1—e")/z
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What are the potential applications? (i}

Input to models with re-scattering phase
(eg. UrQMD):
PRC 89 (2014) 054916

annihilation cross sections only measured

Yield dN/dy

for pp, pn, and pd pairs — UrQMD currently

guesses it for other systems from
pp pairs

should help us to answer the question on
deviations of baryon yields from thermal
model expectations

Structure of baryons/search for CPT

violation
STAR, Nature 527, 345-348 (2015)

Search for H-dibaryon
ALICE, PLB 752 (2016) 267-277

Hypernuclear structure theory
Nucl.Phys. A914 (2013) 377-386

Neutron star equation of state
Nucl.Phys. A804 (2008) 309-321

(Data-Fit)/q

- =
= e et

Pb Pb \/——2 76 TeV

b
_

I

ETT+*

. et HGER oLl I T
—-—5 Statistical model fit (X2 N 29 11 8) i
T= 1565|V|eV ,u 07MeV V= 5280fm

E

Q Q d d HeHe H_H4He

ﬂ:nKKK d)DDAAE'E
E Flt T 1565MeVy 07MeV V 5280fm

A. Andronic, SQM 2016
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B Baryon-baryon correlations ;= (k
4 S & ALICE
x 4 ALI?_E P7re_lr|m\}nary = B JoURNEY 0F DTSCOVERY
pp ¥s=7Te . . . . -
© s | « ALICE particle identification capabilities allow us to
3 s ooy measure correlations of different baryons
2.5 == Femtoscopic fit ] ]
, - Baseline fi « Except for pairs like proton-proton or proton-neutron,
. cross sections for other baryons practically not known
1;#- ---------- e eg. only ~30 points for proton-lambda interaction
o measurements exist
0' 1 1 | - 1

0.06 01 0.12 _ _
k* (GeV/c) ALICE can constrain cross sections for these systems at
—— low relative momentum k*

0 0.02 0.04 0.06

« Assuming LO and NLO scattering parameter predictions
ALICE Preliminary In the fit (from Nucl. Phys. A915, 24-58)

pp Vs =7 TeV

* pA @ pA pairs

Osys. uncertainty * Preliminary results of simultaneous fit to proton-proton
— Femtosoopc fit (NLO param.) and proton-lambda correlation functions:

= Femtoscopic fit (LO param.)
& - Baseline fit

» extracted source size: R=1.31£0.02 fm

 NLO predictions seems to be slightly more accurate,
however we still lack statistics

0 005 01 015 02 0.25
Oliver Arnold k* (GeV/c) * we hope to have more accurate results after

QM 2017 poster analysing 13 TeV LHC Run2 data
_http://cern.ch/go/bTS8
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Baryon-antibaryon correlations .

g1 ol pp - ALICE preliminary =
o PP Explanation of the fitting procedure:
1W
" Centrality: 10-20% - daasatunc. | e ¥2 |5 calculated from a “global” fit to all functions:
08/~ Pb-Pb s =502Tev | Lp" " 2 data sets, 3 pair combinations, 6 centrality bins
1o PA®PA 0.7< p$<4.0 (GeVlc) (tota| 36 functions)

5 05< p? < 5.0 (GeV/c)

I erererecsmees-eeseeeeese ¢ SiMultaneous fit accounts for parameters shared
Pl < 0.8

A+DA between different systems (such as AA scattering
0.8 PATP Al < 0.8
i ‘ . length)
120 2 =
' AN  radii scale with multiplicity for a given system
1_ Fo e l .
%EF‘:EEL Rinv:a'g\/ Nch+b
0.8~
005 ot o015 o2 e fordifferent system we assume radii scaling with
k* (GeV/c) m
T
E ALICE Pb-Pb | s, = 2.76 TeV . ) )
< T, L 0-10% 10:30% 3050% e Fractions of residual pairs taken from AMPT
874 .+ KK m B .
+ 0 0 et —
i)+, S DO S pp P\ AN
6 % | | i:. Y!} :. pp () O * / /
| @ng 1 -v 1 (/ i (/ =
Al ***Of*é; v.‘E; pA\ AVA\ AVa
% ® O%* g)ﬁ (Y //
$Eox 5 < = =
2" PRC 92(2015) 054908
0.2 0}4 0.‘6 0.|8 4 1!2 1.I4 1}%771.) (1;586\//62) . N =z
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Baryon-antibaryon correlations .

— 3.8

;:3 36| %

ALICE data:
pA @ PA
4+ AA

+ bb

Uncertainty:
---- statistical

— systematic

ALICE preliminary

—~ 0.8
=075
@07
0.65
0.6
0.55
0.5
0.45
0.4
0.35

X
©

'CbIII|III|III|

EeprEe S 00 06

R f, (fm)

ALICE data:
% pA @ PA
4+ AA
+ bb

Uncertainty:
---- statistical

— systematic

III|IIII|IIII|IIII

ALICE preliminary

6 S T e e ¥ ST Y

Conclusions from fitting:
Interaction parameters are measurable

Scattering parameters for all baryon-
antibaryon pairs are similar to each
other (UrQMD assumption is valid)

We observe a negative real part of
scattering length — repulsive strong
Interaction or creation of a bound state
(existence of baryon-antibaryon bound
states?)

Significant positive imaginary part of
scattering length — presence of a non-
elastic channel — annihilation

Next steps:

Try to look for baryon-antibaryon bound
states
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Baryon-antibaryon correlations .

E ALICE data: Measurements: ESC08c model:
= 10| ¥ PA®PA ¥ AA (STAR) O pA
4+ AA pp (LEAR) v O AA
8 + bb A pA (PS) b EE
6|Uncertainty: ¥* pz
= ; (]
4 ---- statistical E -
— systematic SR ' A
2 L :
OfF—n-sessmmmmeemmnnee st -
—2:— ve E aiss
E ' ALICE preliminary
= 1 | 1 | | 1 1 1 : 1 1 | 1 | 1 1 1 1 I 1 1 1 1
-3 -2 - 0 1 2 3
R 1, (fm)
— 2 =
E i ALICE data: Measurements:
SR T A n'p (COSY)
j4l + bD pp (LEAR)
12 Uncertainty: E
1 ---- statistical :
0.8 — systematic
= \ o\ :
0.6 ) ]
0.4 W) X
0.2 : ALICE preliminary
: i I 1 1 | 1 1 1 1 : ] 1 1 1 I 1 1 1 1 I 1 1 1 i
-3 —2 -1 0 1

3
R 1, (fm)

Conclusions from fitting:
Interaction parameters are measurable

Scattering parameters for all baryon-
antibaryon pairs are similar to each
other (UrQMD assumption is valid)

We observe a negative real part of
scattering length — repulsive strong
Interaction or creation of a bound state
(existence of baryon-antibaryon bound
states?)

Significant positive imaginary part of
scattering length — presence of a non-
elastic channel — annihilation

Next steps:

Try to look for baryon-antibaryon bound
states
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Are baryons interesting?

Let’s look at correlations
In angular space
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0.4 < p -sum < 0.8 GeV/¢_—=={=
ALICE pp @ 7 TeV
(b) all unlike-sign pairs

—

= 1.6]
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An:nl_nz
Ap=¢,—@,
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Ar;lgAcp of identified particles

Eur.Phys.J. C77 (2017) no.8,
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Al;lgAcp of identified particles

Eur.Phys.J. C77 (2017) no.8,

o —t b b

% ALICE pp Vs =7 TeV ] ALICE pp Vs =7 TeV
© |« ppspp . * P =
= pA+pA 1 = pA+pA ]

o AA+AA . o AR _;

IAn < 1.3 . AN < 1.3 E

A
TR
o

|H-I|\\I\|I'

‘IIHlIT‘II\\

—_

o
© L

Otk L i ey 0 [

Ratio to pp
Ratio to pp

IR
o
-~
o
w
N

Ag (rad) ° Ao (rad)
« Similar depletion is observed for lambda-lambda and proton-lambda pairs as well
* Projections — baryon-baryon pairs consistent within uncertainties
« Similarity, but to a lesser extent, is observed also in the baryon-antibaryon case
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A correlation of baryons

Eur.Phys.J. C77 (2017) no.8, 569

ALICE

A JOURNEY OF DISCOVERY

)
)

A L A B “'_\ L B B T S 14 T L B B
% 1o~ ALICE pp Vs =7 TeV ] 2 1 45 ALICEpp Vs =7 TeV J
-« pp+Pp ; © b * pp =
T = pA+ﬁK _] E = pK"’ﬁA E
E o AA+AA E 1.2:— o AR —:
- |An| < 1.3 14F |An| < 1.3 =
= i E
P Very similar! > g
% 1.1$_*_| T T T T | T I T T ‘ T T T T l I T I T | T T T T I T I T T % 1.1§| T T T T | T T T T | T T T 1 | T T T T I 1 T | T T T |—§
o . o = v
S 2
g 09;_| e v v v b e v e b by a g |_; g 09;—| PSRRI RS SN NN SRS N RS STHNN N SN A S |_;
—1 0 1 2 3 4 5 -1 0 1 2 3 4 5

Ag (rad) Ao (rad)

 Projections show how similar baryon-baryons pairs are — consistent within uncertainties
 Similarity between pairs, but to a lesser extent, is also observed in the baryon-antibaryon case

Possible explanations:

* Fermi-Dirac Quantum Statistics? NO (non-identical particles)

e Coulomb repulsion? NO (uncharged particles)

 Strong Final-State Interactions? NO (small peak visible for proton-proton pairs)

- How does it change with p_?
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A correlation of baryons

Eur.Phys.J. C77 (2017) no.8, 569

1.0< pi”m <2.8GeV/c
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1_ .........

ALICE Preliminary, pp \s =7 TeV
proton unlike-sign pairs
28 < pi“m <8.0GeV/c

2
Q 1.5

1_ .....

s 29

ALICE pp Vs =7 TeV, pp+Pp pairs

(b) 1.25 < p_< 2.5 GeV/C/j\

A‘::‘ 2
—_— .‘
£/
51 0
=
20
O

Near-side peak grows with p_
(more contribution from jets)

se 12

(c) projections

p. growth

1-2_' IAn| < 1.3

| ¢ 0.5< p; < 1.25 GeV/e
[*1.25<p <2.5CGeV/c

Anticorrelation

even stronger
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A correlation of baryons

Eur.Phys.J. C77 (2017) no.8, 569

_ . Cpp+pppars ___ (OAA+AApars - (@)pA+pApars
- 51.3 . 3 - ¢ ALICEppVs=7TeV,jAn<1.3 A
- ) O - —— PYTHIAB Perugia-0 7
- 1.2 - =...= PYTHIA6 Perugia-2011 .
- 1.2 -
— 1.1 i |
- : : _
Ca = .
2 0.9 i ]

c,L.,.8__:}.':::}:::::'.::: f i mo.s 0.8

= 12 e e ~, = 1.2F S1.4E

3 1W‘9‘" ST S g%é;

208 TN 4  Losf o0 g

o P T AR BRI B 1 l o - 2RE

- TR R R S R 7 06 20.6¢

o Ag (rad) o LSCU

* None of studied current MC models agree with the data even qualitatively
« What can be the explanation of this effect?

Let’s look at similar studies in e*e” collisions at Vs = 29 GeV (SLAC-PEP) from late 80’s
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Rapidity correlations in e*e collisions (/Z

A Parametrization of the Properties of Quark Jets tn €' ssitbilarion
R.D. Field, R.P. Feynman (Caltech). Nov 1977. 131 pp.
Published in Nucl.Phys. B136 (1978) 1 € @ o g bl Squn
From mechanism of jet production:
TWO prlmary hadrons With the a (’::.:::_: : :-._::.-‘3_ Field (color field)
same baryon number R. Feynman DAL TP
(or charge or strangeness) “Quark Jets” . s -

8th ISMD 1977 ‘)"."‘""‘-q\ T vl Ve ,-»3) New pair creation
are separated by at least i e 8 S
tWO Steps in rank (“rapidity”)' Rank 2 % 3/ gathering to make

eb; /Oas aca o& (-} "mesons"

We are not likely to find two baryons or
two antibaryons at the same rapidity

o G C OCO6G
Fig. 10. Transparency from a talk Feynmen gave on our model for how quarks fragment into

hadrons at the International Symposium on Multiparticle Dynamics (ISMD), Kaysersberg, France,
June 12, 1977.

 Models for e*e" agree with
observations seen in data.

] ] ) 0.5 = pp
correlation anti-correlation o p(nn)
30 — 1.0 g
_ (2) Pp — (©) PP| = o0 Lund 6.2
> 2.0f > 0.57 o ———Lund 43
Z 1.0} Y| SRRR SRRIERRR NN T e b % FF
SN S S © 05 S Lund model
0.0 3 _
L aa describes
-4 -2 0 2 4 -4 4 data
-1.0
Y -4 4

b
TPC/Two Gamma Collaboration, Phys.Rev.Lett. 57 (1986) 3140
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http://inspirehep.net/record/5957
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http://inspirehep.net/search?cc=Institutions&p=institution:%22Caltech%22&ln=en

Rapidity correlations in e*e” collisions ([

y
24

 Models for e*e" agree with
observations seen in data.

. . . 0.5 = pp
correlation anti-correlation isEe 15

30 10 __ GHEIEO(CTCTEE T
~ @ pp| ~ |© PPl ~ oo Lund 6.2
> 207 > 0.5 3 — — _Lund 4.3
> >
= 1.0 = 00T g Sl R e S e FF
N S S “ 05 J° -05 Lund model

. i ) , . . describes
4 20 2 2 -4 2 0 2 4 e , data
Yb Yb -1.0

TPC/Two Gamma Collaboration (H. Aihara et al.), Phys.Rev.Lett. 57 (1986) 3140 -4 2 0 2 4

Hypothesis from e*e” studies at Vs = 29 GeV (SLAC-PEP):
» Depletion is a manifestation of “local” baryon humber conservation

* Production of 2 baryons in a single jet would be suppressed if the initial parton energy is small
when compared to the energy required to produce 4 baryons in total (2 in the same mini-jet + 2
anti-particles) — fine explanation at 29 GeV collision energy, but why at 7 TeV?!
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Femtoscopy - beyond the system size
Correlations of baryons

KO K* correlations
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A JOURNEY OF DISCOVERY

Motivation for K° K* analysis

Which sources of correlations are present in kaon systems?
« Quantum Statistics (QS) — both K°,K®’ and K*K*
e Coulomb FSI - K*K*
 Strong FSI - K%K (via f,(980)/a,(980) resonances)
Why are KoK+ pairs interesting?
e only Strong FSI:
- ,(980) resonance is isospin = 0 - no f,(980) strong interaction

- a,(980) resonance is isospin =1 as is the kaon pair — only a,(980)
strong interaction present

We can study the properties of the a,(980) resonance, which is a proposed
tetraquark state (PRC 75 (2007) 045206)

a,(980) mass and coupling parameters (in GeV) extracted from model fits to ¢
decay experiments: m, Voo xc Yy Reference

“Martin” 0.974 0.3330 0.2220 Nucl. Phys. B 121, 514
* YG0—> KK ; (1977)
f (k ): 5 " “Antonelli” 0.985 0.4038 0.3711 arXiv: hep/ex-0209069
m, —s—I <k —i k {enoz)
a, Ya,»KK Yay—nn Kan “Achasov1” 0.992 0.5555 0.4401  Phys. Rev. D 68,
014006 (2003)
“Achasov2” 1.003 0.8365 0.4580 Phys. Rev. D 68,

"15/09/2017. ISMD 2017 Lukasz Graczykowski 014006 (2003)



Measured correlation functions C__ (k*)/(linear fit)

+ Data stat. unc, Lednicky fit
Ir [[] Total unc. i
0991 ALICE Pb-Pb [s,, =2.76 TeV|[
" 0-10% KK L KoK I KUK -
0.98 | {F NE > 0.675 i i
Allk, - k. <0.675 GeVie k> 0.675 GeVie

)

= - 1r y :

] _

&3 0‘9? [ 1 1 L 1 1 1 1 1 1 1 | L L 1

""m T T T T T T T T T T T T T T T

s

= I+

.

[

o

5 i

=/

— 099 L

e 0 )

-'\_-:' . K\K K\K _
0.98 k. <0.675 GeV/e 1t k> 0.675 GeV/c .
ﬂ.g? i 1 [] | | [ L i +—1 | | L | | L 1

0 0.1 0.2 0 0.05 0.1 0.15 0 0.1 0.2 0.3 0.4

k (GeVle)
« The a,(980) final state interaction gives excellent fits to data!

i : ALICE
arXiv:1705.04929, accepted by PLB, DOI: 10.1016/j.physleth.2017.09.009 ot oo
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Results of the fits

8 T T T
ALICE Pb-Pb Achasov2 parameters ALICE Pb-Pb . Adhsgov] pAameters
s =276 TeV [ - 0.8 L LS =276 TeV
0
6| 0-10% H++g 0-10% _ +
. % - |
4 B KiKi L . . ¢ H |.| 04 _
® 0.0 - LSS
KK I
P Achasov2 parameters - Achasov] parameters - SKS
A ® KXK'
E 2 . -~ O 1 i
E Antonelli parameters Martin parameters

Martin parameters T 0.8 L %

4 | ¢ .:__ HH- 04|

®
Antonelli parameters - ®

@d iE+ hH ‘H‘fHﬂ.ﬂ EH. I*E:

1 1 1 1 1 1 1 1 . .l 1 0 1 1 1 1 1 1 1 1 1
20.2 0.6 1 0.2 0.6 1 0.2 0.6 1 0.2 0.6 1
(k;) GeVl/c (k;) GeVlc

« “Achasov” parameter fits give best agreements with K°,K% and K*K* results

* “Antonelli” parameter fits are somewhat lower
* “Martin” parameter fits much lower

« Present results favor higher a,(980) parameters
arXiv:1705.04929, accepted by PLB, DOI: 10.1016/j.physleth.2017.09.009
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Other interesting correlations

_ _ T [ 0-10% ——Q [0-10% Y ¢)
 Many other interesting (:‘3, e T S iv LR Pe TR PR PR RE AR
correlations not covered in this S EEE " S
talk o, ALICE Preliminary [ 4t
095 + Pb-Pb {syy =276 TeV [,
 Lambda-kaon (!ooth charged 09:_ AK+ e | AK- o
and neutral) pairs | :{ AK- o L Ky o
e scattering parameters T TR R X T- S - YT TR R X TSN - Y-
measured for the first time k™ (GeVic)
e ANAK+ ShOWS greater i 1.05;— ALICE Preliminary AK+ 0-10% ;— Pb-Pb \'s\ =276 TeV AK- 0-10%
i * = = = =
SuppreSSIOn a't IOW k O Eﬁi‘s:::yf A=038+0.09+022 [ A =0.37+0.08 +0.22
compared to: AK-: e E e R- 404 2036 £ 080
« effect arising from ss " nor-wsase | Twlestsomiiee £ 1 e
annihilation compared to s S lus AK- 10-30%
—_ .1: Y = > L] S 000800000
uu? E A =048%0.13+£0.24 E )/ A =041£0.11£0.20
n 0.95 R=3.92+0.45+0.66 [ R =3.92+0.45 + 0.66
e or S=0 AK* system has 09E =
more interaction channels 1053_|- S .
than S=-2 AK-? ®E MK+ 30-50% ~ RK- 30-50%
1E= S 2%®  0%s0 0,00 = J——r‘%
: E -
* For details see Quark Matter e h=064020+020 [ 2206220194020
- R=3.72+0.55+0.42 |- =37210551t0.42
2017 poster by J. Buxton o9 |
http://cern.ch/go/qwF7 BET ETRE T m 55 G I
k* (GeV/c)
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Summary

 ALICE can probe strong interaction cross sections with
femtoscopy

« Correlations of baryons reveal interesting features and
baryons in general seem to be of great importance:

« Unique experimental environment at RHIC and LHC - “baryon-
antibaryon pair factories”

* Femtoscopic correlation functions sensitive to strong interaction
potential, including annihilation, possible bb bound states?

« Angular correlations reveal unexpected behavior — no two or
more baryons in a single (mini-)jet?

- K°.K* femtoscopic correlations measured for the first time:
e a,(980) FSI gives excellent description of the signal

* No difference wrt identical kaons if larger mass and coupling
a,(980) parameters used (“Achasovl” and “Achasov2”) - e.q.

*a,(1000)” favored over “a,(980)”
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ALICE experiment ®
ALICE

A JOURNEY OF DISCOVERY

(ET Drifti) ( Pixel )

TRACKING

, R} & CHAMBERS
PMD ity |
~T116m from I.P,
. : entral Barrel
11 2 tracking & PID
= 517
= il
TRIGGER

ACHAMBERS

ZDC
~116m from |.P,

DIPOLE
MAGNET

ABSORBER
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Identical bosons - typical scenario

A JOURNEY OF DISCOVERY

M.Lisa et al, Annu. Rev. Nucl. Part. Sci. 55 (2005), 357

if a identical to b

q=p,—p,, q=2-k
r=T,—-T,

* Quantum interference of indistinguishable scenarios:

« we detect a pair of particles with momenta p, and p, knowing
that they have been emitted somewhere from the source T,
and T,.

1 . . : :
W= lexp(~ip,T,~ip,T,)+exp(~ip,T,~ip,T,)
|‘P|2:1+%[exp(_ipaTa_iprb+ipaTb+ipra)+exp<_ipaTb_ipra+ipa Ta+iprb>]

:1+%[EXP[—i(Ta_Tb)(pa_pb)]+exp[i(Ta_Tb)<pa_pb)]}

=1+cos(qr)
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Reference frame

_»
_________ ST k __,.—--‘"'—'
— T oal p2
¥
- - The Koonin-Pratt formula
« N/ Qou (S.E. Koonin, PLB70 (1977) 43; S.Pratt et al., PRC42 (1990)
2646) )
: , L C@)=] S(r)1¥(G.r)I'd*r
L k.= |p. + 2 :
out = 1Pt Pral measured correlation _ pair wave function
2 2 2 ~ emission function
S(r) ~exp _rout . rside . r!ong 5 % B 5 3 g &
4R} 4R? 4R}| - CElRresploRi@ ARy~ Riq)- R q;)

with Coulomb — Bowler-Sinyukov formula:

(¥ (G, r)'=1+cos(g7) _(1—7\)+7xK(1+eXp(1R2.q5—R§g§*%zzqzz))

— C:
- The sieg RIS Adeiertod 985 e BB radlus ) ©© y
. N t - | | | t
- The W QU o N R G TP
radaill). from J. Pluta

"15/09/2017. ISMD 2017 t ukasz Graczykowski — Warsaw University of Tec q (GeV/c)



Measuring system lifetime and volume (¢
ALICE
« Lifetime can be estimated from the longitudinal radius

« Clear increase of system volume and lifetime with collision energy, at LHC system twice
as large and living 30% longer than at top RHIC energy (good conditions for QGP
studies)

« BUT... This talk is not about the traditional femtoscopy

lifetime volume
STAR, PRC 92 (2015) 014904 5000 Phys. Lett. B 696 (2011) 328 (values scaled)
= . E | A E89527,33,38,4.3GeV
‘*E I E895 CERES  » STAR o soooh A NA4987,125,17.3 GeV g
< 12 2 NA49 o0 PHOBOS ° ALICE 5 - @ CERES 17.3 GeV ]
i any [ % STAR62.4, 200 GeV ]
e . % 4000F O PHOBOS 62.4, 200 GeV .
10 - [ ®  ALICE 2760 GeV
o o 3000} :
i Tk e : % :
- b % O a [ ]
] x>0 < 2000f g%% :
6/ R 3 ]
i /,Aﬁ I Eg ]
[ AL 1000 ]
4 [ ]
: "10 — ""1'(')2 T "800 T000 1800 2000
dN /d
Sy [GeV] (N fan)
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Measuring system lifetime and volume

« Lifetime can be estimated from the longitudinal radius

e Longer time for kaons, when compared to pions: model interpretation — influence on

kaon evolution time from rescattering via K* resonance

Pb-Pb |5, =2.76 TeV
ALICE Preliminary

Centrality 0-5%

—¢— 7n 1=9.30 £ 0.24 +1.0 fm/c
syst. error

e G 1=11.70 +0.64 + 1.0 fm/c
syst. error
- i (1+ 3T )
ong mpchy " 2mchy.

-1/2

ch Y. =(1-v2) , B=1/T

:
V=
il | BmT+oc

T=0.144 GeV, 0,=5.0, o ,=2.2

| | | | |
(8).2 04 06 0.8 1 P e 060 Jowoia o
(m.) (GeVi/c?)
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Correlation from Strong Interaction — pA example

Lednicky & Lyuboshitz analytical model
R=2.55 fm, Re(f )=-1.26 fm, Im(f )=1.55 fm

0.95

0.8

Example theoretical
correlation function

PA theoretical correlation function
Real part

Imaginary part

 Real and imaginary part of scattering length have distinctively

1 1 I 1 1 1 1
0.3 0.4
k* (GeV/c)

different contributions

L=l ===

0.95

08

0.85=. .

Lednicky & Lyuboshitz analytical model
R=2.55 fm, Re(f0)=-1 .75 fm, Im(f0)=0.00 fm

|

III|IIII|IIII

Example theoretical
correlation function

Real part

Imaginary part

I 1 1 1 1 | 1 1

PA theoretical correlation function

0

0.1

1 1 I 1 1 1 1
0.2 0.3 0.4

k* (GeV/c)

« Contribution from Re(f,) is either positive or negative but very

narrow (up to 100 MeV/c) in k*

« The Im(f,) accounts for baryon-antibaryon annihilation and produces
a wide (hundreds of MeV) negative correlation

"15/09/2017. ISMD 2017

t ukasz Graczykowski — Warsaw University of Technology
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Annihilation vs. yields and femtoscopy

Strong interaction parametrized
by scattering length f,

and effective range d,

Point-like, large momentum transfer Infinite time interaction at low

interaction (rescattering) relative momentum
(Final State Interaction)

Fold in with density and Fold in with source function
dynamics, e.g. via UrQMD

Decrease of single particle yield Specific shape of the femtoscopic
Je b y two-particle correlation function

(important for thermal model) with wide annihilation effect

« Measured cross-sections (f, and d, parameters) can be supplied to
UrQMD for a realistic calculation of the decrease of baryon yield

 Currently UrQMD uses theory guesses for most baryon-
antibaryon potentials!

"15/09/2017. ISMD 2017 t ukasz Graczykowski — Warsaw University of Technology
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Au-Au: pp and pp correlations @ STAR

Figure [] presents the first measurement of the antiproton-antiproton interaction, together

with prior measurements for nucleon-nucleon interactions. Within errors, the f; and d; for the

antiproton-antiproton interaction are consistent with their antiparticle counterparts — the ones for

the proton-proton interaction. Our measurements provide parameterization input for describing the

« Exactly the same
methodology was used by

STAR 1 < . 313 STAR Collaboration
, O measure pp 3 N e 12 Nature 527,345-348 (2015)
interaction (Nature paper) oo ol by
_ . =09 [ O proton-proton
e Conclusions: ' protonproton 3 08 ) proton-neutron(singlet)
1-3 - : = ‘1’; 6 I~/ proton-neutron(triplet)
b LHC and RHIC are . 1.2;— _1c:1clus|i:\g ] —é 1.2 »i gﬁﬁg%':;nne.:gggroton
“baryon-antibaryon pair ME e . 4l
factories” - unique 09 b - J o9 g )
Oppor’[unltles g: é_ antiproton-antiproton :% g: "do : D o O
+ BothALICE and STAR, £ 14 J1a 2F *
with their perfect PID, " j5}. i i
are the only experiments & ¢, . M : ‘
where such ST 09 e
measurements are *%9 005 0g. wo.;1§'8 100 ] }?m) 20 X
possible evie 0
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Residual correlations in pp

« The excess about 50 MeV/c in k* is & o (R
explained by residual correlations, from s Gy ks Rt )
main decay channel leading to protons: g

A pra S| S

« Fitting function is a combination of 2
theoretical pp and pA functions: e }

Coneas(K)=140,,(C (K s R) 1)+ b Tme—
Mo J Conlky s RIT (K, k) 1)

« Assume Gaussian source, Rpp/Rp ratio, 5

decay kinematics taken into account. o ++ i BN
= pp 10-30%

* Results with RC effect taken into account : jfzt:pa,t ghiani
published in: v ~-pA par i
Phys. Rev. C 92, 054908 (2015) |} N

el = e e
0 0.05 0.1 0.15 = (GeV(/)cg
"15/09/2017. ISMD 2017 t ukasz Graczykowski — Warsaw University of Technology 38/27




Residual correlations in pp - transformation matrix

* The transformation matrix T from parent pair k*
to the daughter pair k* determined by random
decay, bound by decay momenta

 When only one particle decays, it has a
rectangular shape, for pairs when both particles
decay it Is smeared m

ang, 9 Il;reatt; Phys. Rev. Lett. 83, 3138 (1999)
Adam Kisiel, M. Szymanski, H. Zbroszczyk, Phys.Rev. C89 (2014) 054916

G) 10°¢ © )
= 0.4 ‘S = 04+ ‘E
1] 3 Q 3
2 a S L 10°g
= =108 & = =
X = & 1 =
0.2 510° 0.2 =
I 10
-
"x___u__.-f -
1 1 I 1 1 1 I
G 0.2 04 %

k* . (GeVrc)

"15/09/2017. ISMD 2017 t ukasz Graczykowski — Warsaw University of Technology 39/27



beam direction

p - particle momentum;
0 - polar angle;
7 - pseudorapidity'

pr - transverse momentum;
© - azimuthal angle;

- mﬁﬁuhﬂan

Fig. A. Zaborowska



AnAg correlation function in experiment

Signal distribution  event1 Background distribution
3 d2 Nsignal TR B d2 Nmixed
S(An,Ad))—dAnAq) B(An,A¢)=

dANA}

6000

40004

20“0;“”

Same event pairs

] O 04\

TR ‘L‘i“‘: l‘..-;‘j'

N'ure S(An,A )

0
< —

pairs
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How does it work? *

A JOURNEY OF DISCOVERY

For particles from the same jet (red): Near-side peak.
-Ap~0
-An~0
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How does it work? *

A JOURNEY OF DISCOVERY

For particles from from back-to-back jets (blue): Away-side ridge
-AQ ~ T

= An ~ const distribution, if avaraged over many events

715/09/2017. ISMD 2017 t ukasz Graczykowski — Warsaw University of Technology 43127



Properties of quark jets

Two primary hadrons with the same Example
e baryon number
e (or) charge
e (or) strangeness

are separated by at least two steps is rank.

The same strangeness:
3 —1=2steps inrank

Strangeness: 0 -1 1 -1
We are not likely to find two Rank: 4

baryons/strange particles or two
: . i )
antibaryons/anti-strange particles @ @ @

at the same rapidity*.

.SS ss dd ss

Modern models (like Lund string mode used
in PYTHIA) are derived from FF model.

*) Provided that the order of particles in rapidity closely reflects their order in rank (Phys. Rev. Lett. 57 (1987) 3140)
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P. Skands
P Y I H IA Particle physics seminar

Warwick Univ., 3.07.2014

SURBROUTINE JETGEN(NY
COMMON /JET/ K(100:2)s P(100:3)
PYTH IA COMMON /PAR/ PUD: PS1., SIGHA Cx2y EBEG» WFINs IFLBEG
a n n 0 7 8 COMMON /DATA1/ MESQ(F:2): CMIXC4s2) s PMAS{19)
IFLEGN=(10-1IFLBEG)/S
W=2.+EBEG
i=0

(then Ca | Ied JETS ET) c1 FL:\SI{:;g AND PT FOR FIRST QUARK

IFL1=1ABS(IFLBEGY
PT1=8SIGMA%SQRT (-ALOG (RANF (012
PHI1=6,2832%RANF (0}
PY4=PT4#COS(PHI1)
PY1=PT1¥SIN(PHI1)

LU TP 78-18 100 I=I+1
¢ 2 FLAYOUR AND PT FOR NEXT ANTIGUARK
November, 1978 TFL2=1+INT (RANF (0} /PUD)

PT2=S1GMA¥SART (~ALOG (RANF(0)2)
A M PH12;&.2832*RANF(0)
PX2=PT2#COS(PHIZ)
onte.Carlo Program for Quark Jet PY2=PT2#SIN(PHIZ)
Generation ¢ 3 MESON FORMED» SPIN ADDED AND FLAVOUR MIXED
K(Is11=MESQ(Z# (IFL1-11+1FLZ: IFLEEN)
ISPIN=INT{PS1+RANF (D))
. K(1,2)=1+F*ISPIN+K(I+1)
T. Sjostrand, B. Sdderberg IF(K(154).LE.&) GOTO 110
TMIX=RANF (0)
KM=K (111 -6+3+ISPIN

A Monte Carlo computer program is K(Iu2)=8+9*ISPIN+INT(TMIX-&-CHI{(KW'1)}+INI(TNIX+CMIX(KM523)
S Ty . ¢ 4 MESON MASS FROM TABLEs PT FROM CONSTITUENTS
P ' at simulates the 110 P(I1:51=PMAS(K(1+2)) _
- . P(Is1)=PX1+PX2
:I'fragmentatlon of a fast parton into a P(1,2)=PY1+PYZ
jet of mesons. It - : PMTS=P(Is13##2+P(L1s2) ¥*24+P(1,5) %x2
1; u%es an iterative C 5 RANDOM CHOICE OF X=(E+PZ)MESON/{E+PIIAVAILABLE GIVES E AND PZ
scaling scheme and is compatible with X=RANF (0) Y
: . TF(RANF (0).LT.CX2) X=1.-X*#(1./3.)
the jet model of Field and Feynman. PCIs3)=(X*W~PHTS/ (X¥WII /2.
PLIs4)=(X*¥W+PHTE/ (X¥¥) /2,

(]

e - & IF UNSTABLEs DECAY CHAIN INTO STABLE PARTICLES
~ e 120 IPD=1PD+1 :
IF(K(IPDs2).GE.8) CALL DECAYCIPDSIY
IEC(IPD.LT.L.AND,I.LE. 76} GOTO 120
. £ 7 FLAVOUR AND PT OF GUARK FORMED IN PAIR WITH ANTIGUARK ABOVE
. Note: IFL1=IFL2
- . PX1=-PX2 I
Field-Feynman was an early fragmentation model PY1=-PY2
. - s GO TO 2
Now superseded by the String (in PYTHIA) and 8 1F ENOUGH E+PZ LEFT: GO .
Cluster (m HERWIG & SHERPA) models. ;Ziw.m.wnu.ano,x.LE.95) GOTo 100
RETURN
END

2
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Rapidity correlations in e*e” collisions

Study of baryon correlations in e+e— annihilation at 29 GeV
TPC/Two Gamma Collaboration (H. Aihara et al.), Phys.Rev.Lett. 57 (1986) 3140

Measured (anti)protons and (anti)lambdas!

Particles with the opposite baryon number
create positive correlation, regardless of their
type (i.e. we see correlation for proton-lambda

systems).

Particles with the same baryon number create
anticorrelation, regardless of their type.

We are not likely to find two baryons or two
antibaryons at the same rapidity
(anticorrelation).

Cab()’a Yb )

baryon-antibaryon
no anticorrelation

A
0 2

"15/09/2017. ISMD 2017

t ukasz Graczykowski — Warsaw University of Technology

Is it similar for hadron-hadron collisions? 42 02 4 4
|\~
Do models reproduce these features? antibaryon-antibaryon
anticorrelation!
46127



Conservation Laws Model (CALM): Simple MC

Jet correlations dominate the
correlation function shape

Anti-correlation shape can be
easily reproduced with a toy
Monte Carlo with conservation
laws included

(no other physics)

C(AnAg)

47
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Femtoscopic measurements: protons

 How does strong interaction manifest in these correlations?
« Example — proton correlations:

 Fermi-Dirac QS + Coulomb + strong interaction
« Dominant effect around q.,, = 0.04 GeV/c

e Strong interaction the only source of positive correlation for baryons

PhD thesis of H. Zbroszczyk

PRC 92 (2015) 054908
(2015) | Protoy - proton correlation function, Rinv= 3fm |

S ;-.1 6
o i'{CE Pb-Pb \ San = 2.76 TeV CEJ ; 4: \
14— ® pp, 0-10%, 0.01<k;<5.0 GeV/c t . [ #‘m
— Full fit 1.2 =)
+ r""s. . . . : “ ~
o pp contribution B ()
105 SN -+ pA contribution 1
® /. TS B
Lf AR T 0.8—
11— I N ET 0_5:_
- 0.4 & QS
0.95— | i+ —o— QS+COUL
0‘2: —e— QS+COUL+SI
| | | | | O_KII|1I1|III|IJI|III|I1I|III|IlI|III|JIl|
0 0.05 0.1 0.15 0.2 0.25 0. 0.02 004 006 0.08 0.1 0.12 0.14 016 0.18 0.2
q (GeV/c) Qinv [GeV/c] |
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Proton correlations - transformation

« Direct transformation from C(q,,,) to C(AnA®) not possible

* One can employ a simple Monte Carlo procedure:
« generate random n and ¢ from uniform distributions (for 2 particles: n,, n,, @,, ¢,)
« generate random p; from measured p; distribution (for 2 particles: p;;, p;,)
 calculate k* from generated n,, n,, @, @,, Py, and py,

« take the value of measured femtoscopic correlation function at given k* and apply it as weight
while filling the numerator of AnAg

pp femto corr. fun transformed AnA@ corr. fun.

£ 4.5 R R ISR R
=t ALICE Preliminary =
ST pp \s=7TeV : =
3.50 HH E g
3_ * pp @ pp pairs _ 9:
2 5‘] |HE| HEI Dsys. uncertainty E %
5 Ellﬂ =
2f =
- @E ] —
:8F - =
- s =
1:_ m.m“**.niz
0.55—%] )
EOEr ey R
0 0.02 0.04 0.06 0.08 0.1 0.12
k* (GeV/c)
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Protons - femtoscopic correlations

Results:

 Femto correlation produces
spike at (An,A@)=(0,0)

e Both the height and the
width of two peaks
comparable

« FSI cannot produce

transformed AnA@ corr. fun. (b) Measured f

observed anti-correlation g

: 1 E

+ Unsolved question: why g NN :
are baryons so different? § 1,054 _

;

0
2

=N NN NN FEEEE N
A(? 0 01 02 03 04
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Non-femtoscopic correlations

* Non-femtoscopic correlations visible in small systems for pions and kaons:

« Grow with increasing k; . ALICE n+ 7o+ arXiv:1101.3665
" e o Pythia Perugia-0
« Grow with decreasing multiplicity 01’-5 f' *PP@7TeV
. i . femtoscopic correlation
« Significant problem in the fitting © l,'e./ g
procedure non-femtoscopic effect
1

« So far hypothesis of minijet/jet origin

« How do baryon correlations look like in pp?

arXiv:1212.5958

1N, <11 12<N,, <22 N.>23
~. 05 .
o o
G 15 X
=
1.0/ o
~J
~ 05
o |
O 15

1>y 200

1.0

0.5

0 0250.50.75 0 0.250.50.75 0 0.250.50.75 1
q._, (GeVic) q._, (GeVrc) q _, (GeVrc)
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4T T
| ALICE Preliminary pp+pp
5 4 pp Vs =7 TeV

3.50 :
! * pp @ pp pairs
3 5' ! Dsys. uncertainty
2.5 ':Il \ == Femtoscopic fit
; - Baseline fit
2
1.5f
1

Flat baseline for all

0.5
o o baryon-baryon pair
k* (GeV/c) measurements.
*’\2.4""I""I"".I'."'I""I A+7K . )
SO e PP Consistent picture

from femtoscopic
measurements and
AnAo!

* pA @ pA pairs

|:|sys. uncertainty

= Femtoscopic fit (NLO param.)
== Femtoscopic fit (LO param.)
- Baseline fit

C(Ag, An)

M EPETET AT EPET AT APET AT AT AT AT |
0 £0105 101 HO 151 02 025
Oliver Arnold v
QM 2017 poster k* (GeV/c)
;\2‘4__""I""I""I""I""I__ T a
383 ALICE Preliminary 1| AA+AA
Gy pp \s=7TeV
2F .
1.8F * AA ® AA pairs =
1-6; Dsys. uncertainty —;
1.4F 3
1.2F -
1 = G
: $$$$$$$ =
0.8 -
OUGE § miink ER s e Bl
0 0.05 0.1 015 02 0.25
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