high-energz nuclear

Baryon-Baryon correlation from heavy-ton
collisions and its implication
to baryon-baryon interaction

AKkira Ohnishi (YITP, Kyoto U.)
FemTUM19, Sep. 12-13, 2019, Munich, Germany

K. Morita, T. Furumoto, AO, PRC91('15)024916 (AA)

AO, K. Morita, K. Miyahara, T. Hyodo, NPA954 (‘16)294 (AA, K—p)

K. Morita, AO, F. Etminan, T. Hatsuda, PRC94(‘16), 031901(R) (2N)

S. Cho et al.(ExHIC Collab.), Prog.Part. Nucl. Phys.95(‘17)279 (AA, K—p)

T. Hatsuda, K. Morita, AO, K. Sasaki, NPA967(‘17), 856 (=—p)

K. Morita, S. Gongyo, T. Hatsuda, T. Hyodo, Y. Kamiya, AO,
arXiv:1908.05414 (NQ, Q2Q)

TTTTTTTTTTTTTTTTT

UYITP A. Ohnishi, FemTUM, Sep. 12, 2019 1




Hadron Physics at High-Energy Colliders ?

s High-Energy Nuclear Collisions (\/SNN=4O GeV - 14 TeV)
as a Hadron Factory

@ Higgs, BSM, SUSY, QGP,...
@ dN/dy ~ 1000 (RHIC, Au+Au) — 10°-10° hadrons in one event
@ Various hadrons, nuclei (A<= 4) and anti-nuclei are formed.

@ Yield ~ Stat. Model calc.
(Formation processes are too complicated to be out of statistical.)

# Trend in Hadron physics multiquark  hadronic

@ Quark-gluon structure of hadrons @ @ ’\

(Multi-quark or Hadronic molecule)

internal

@ Hadrons with heavy-quarks excitation| g pair creation) Threshold
@ Hadron-Hadron interaction @ |
AN, XN, AA, EN, KN, .... Chot('17)

@ Hadrons in nuclear matter / EOS of nuclear matter

G Ry eQs
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Outline
# Introduction: Hadron physics at High-Energy Colliders ?

# Correlation function and interaction

@ Two way to use the correlation function

@ Scattering length dependence of the correlation function
# Baryon-Baryon Correlation Function

@ Where is dibaryon ?

@ pQ potential from lattice QCD

@ pQ from STAR and ALICE

@ AA, pE and Q€Q correlations

& Summary
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Correlation Function
and Interaction
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Correlation Function

# Emitting source function

. \ ) \ \\»pl
Ni(p) = [ d“eSi(e.p) T
# Two-particle momentum dist. /) / / p2

@ Assumption: Two particles are produced independently,
and the correlation is generated by the final state int.
Koonin('77), Pratt+('86), Lednicky+('82)

Nyo(py. pa) ~ / P d*yS, (2, 91)52(y, o) Vs o ()
two-body w.f.

N / diadiyS, (z, p1)S2(y, po)|we(r)]?

relative w.f.

# Correlation function

Cpr.pe) = 5 2P o [ drSia(r) ()]
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Correlation Function

s Example: Free identical bosons (spin 0, non-relativistic),
Gaussian source (static, simultaneous, spherical)

i 2 2
S(w,p)ocexp _m—_ v ]

R?2  4R? AMT 2uT

S(CE,pl)S(y,pg) X exp | —

R2 7,,2 P2 q2 ]

\ijl,pQ(way) OCE [6 pP1-x+ P2y_|_€p1 Y+1p2 :13}

1P-R

=€ cm X \2cosq-T
# Correlation function
2
r
C(q) =(47R* _S/Q/dre ———|2cos’q-r
(Q) ( T ) Xp 4R2 q

=1+ exp(—4¢°R?)

Correlation Function — Source Size
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How can we measure the radius of a star ?

# Two photon intensity correlation
Hanbury Brown & Twiss, Nature 10 (1956), 1047.

@ Simultaneous two photon observation probability is enhanced

from independent emission cases Recent data
— angular diameter of Sirius=6.3 msec (Wikipedia)
A TEST OF A NEW TYPE OF STELLAR INTERFEROMETER ON SIRIUS 5 936:|:0 016
By R. HANBURY BROWN * * msec
Jodrell Bank Experimental Station, University of Manchester 1ar
AMND

Dr. R. Q. TWISS

Services Electronics Research Laboratory, Baldeck

NATURE November 10, 1956 o 178
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Fig. 2. l'“mnparlmn hetwesn the values of the normalized cor-
relation eoefficient I'4d) observed from Sirius and the theoretical

Figure 2. Picture of the two telescopes used in the HBT experi- values for a star of angular diameter 0-00437. The errors shown
ments. The figure was extracted from Ref[1]. are the probable errors of the observations
4
HBT telescope (from Goldhaber, ('91)) HBT ('56)
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Two particle intensity correlation

# Wave function symmetrization from quantum statistics

C(q)z/dgrs(q,r) :

ﬁ(eiq-r + e_iQ'r) ~ 1+ eXp(—4q2R2)
Source fn. . ) Static spherical
(r=relative (Symmetrized w.1.) source case

coordinate)

— Small relative momenta are favored
due to symmetrization t Clq) = (Iil2)q/({11)(I2)
of the relative wave function.

Momentum
q=(p,-p,)/2
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How can we measure source size in nuclear reactions ?

# Two pion interferometry
G. Goldhaber, S. Goldhaber, W. Lee,
A. Pais, Phys. Rev. 120 (1960), 300

@ Two pion emission probability is enhanced
at small relative momenta

— Pion source size ~ 0.75 z / pc q (relative momentum)

PHYSICAL REVIEW VOLUME 1200, NUMBER 1 DCTORER 1, 1960

Influence of Bose-Einstein Statistics on the Antiproton-Proton Annihilation Process™

GERsoN GOLDHABER, SULAMITH GOLDHABER, WonNvyonG LEE, anp ABramaM Parst
Lawrence Rodiotion Laboratory and Lhepartment af .F'.I’!}rﬁ-:.‘.i, Uniwr:iijr af {:faia;f'ﬂmir:, Berkeley, California

{Received May 16, 1960)

Momentum
q=(p,-p,)/2
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Another usage of correlation function

s HBT, GGLP: Corr. Fn. + w.f. — Source Size
Another way: Corr. Fn. + Source Size
— wave function — hadron-hadron interaction

# Effect of hadron-hadron interaction on the wave function
@ Assumption: Only s-wave (L=0) is modified.

@ Non-identical particle pair, Gauss source.

pq(r) = — Jo(qr) + xq(7)
S C(g) = / drS () pq(r)|?

=1+ /drS {‘Xq — \jo(qr)|2}
K. Morita, T. Fummoto, AQO, PRCY1('15)024916

zqr

Corr. Fn. shows how much squared w. f. is enhanced
— Large CF is expected with attraction




Wave function around threshold (S-wave, attraction)

# Low energy w.f. and phase shift a, =scatt. length

=eff. range

u(r) = qrxq(r) — sin(gr 4+ 0(q)) ~ sin(q(r — ao))

1 1
gcotd = - + §Teffq2 + O(q4) (6 ~ —apq)
0

@ Wave function grows rapidly at small r with attraction.

@ With a bound state (a;>0), a node appears around r=a,
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From correlation function to hadron-hadron interaction

s Large |a | (|a,| > R) by pry bry
— Large C(q) R sin qr R‘,a" in qr R -+ sin qr
(unitary regime) L N .
/ No b.s loose b.s ao\ 7 :
# w/o bound state o e
Vv Vv deep b.s:
(a()<09 |a()|NR) a, <0<R a,>R 0<a <R
- C@>1 3 ~ R/ag= -0.3
- ) o=-V.o -----
# With bound state » 11 . -1 —
(2 >0, 2| ~ R) , N\ fBreer 03 -
— Region with = ‘ "
C(q) <1 appears 6 ‘ w/o bound state (ag<0)
1 e et e H_‘;:.;:';:....-.-. ........
w/ bound state (ay>0)
I
0 LL model
0 0.5 1 1.5 2

qR
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Correlation Function in LL model

Correlation function (LL model)

1.5
1
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o
g 0
-0.5
-1
1.5

Bound

Unbound

0 0.5 1 1.5 2
gR

LL model: R. Lednicky, V. L. Lyuboshits ('82)

A. Ohnishi, FemTUM, Sep. 12, 2019 13




Baryon-Baryon Correlation Function
(mainly on pQ correlation)
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Where is dibaryon ?

# Deuteron = First dibaryon (pn bound state)

# H-particle: 6-quark state (uuddss)

@ Predicted (Jaffe ('77)), Ruled-out (AA nucl., Takahashi+('01)),
Suggested as a resonance in exp. (Yoon+ ('07))
or as a bound state of EN (HAL OCD ('16))

# Dibaryon would appear in channels, where
Oka ('88), Gal ('16)

@ The Pauli blocking of quarks does not operate,

@ and the Color-magnetic interaction is attractive
Examples: H=AA-NE-X2), NQ, NX*, d*(=AA).

Let us examine the existence of dibaryon states
by using the correlation function !
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Q N dibaryon

8 Q:sss, Jr=3/2+, M=1672 MeV
# [s there an QN bound state (S= -3 dibaryon) ?

@ Predicted as a dibaryon candidate
Goldman+ (‘87), Oka ('88), Gal ('16)

@ Lattice QCD predicts a bound stat 2P 2610
attice Ppreaicts a pouna state B
with narrow width for J=2 (S,) I (),

Etminan+ (HAL OCD)('14),
Iritani+ (HAL QCD) (‘19)

@ Correlation function is measurable !

2E
Adam~+ (STAR)(‘19), ALICE, in prep. 2507
AE 2430
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QN potential from lattice QCD

a QN potential by HAL QCD Collab. (J=2)

@ m =875 MeV, B.E.~ 19 MeV
F.Etminan et al. (HAL QCD Collab.), NPA928('14)89.

@ m_=146 MeV, B.E.~2.2 MeV
T. Iritani et al. (HAL QCD Collab.), PLB 792(°19)284.

100
0
-100
% -200 -
s -300 - %
— -400 = 1?‘
> 500 | =10 1, HAL QCD t/a=14
= :# 13 ——
-600 | -200 -+ 12 —— ]
4 11
-700 | : Fit t/a=14
-800 - ' - - - . 250 F[ NQ,5s, 13 e -
0 0.2 04 06 0.8 1 1.2 14 1.6 % ﬁ o
r [fm] -300 ' ' ' ' '

0 0.5 1 1.5 2 2.5 3
r [fm]
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Calculation Details

8 NQ potential from HAL QCD Collab.
Etminan+(HAL QCD) ('14), Iritani+ (HAL QCD)(’19)

@ J=1 potential is uncertain — Three models

Strong abs. atr <r_ (r, ~2 fm) (Morita+('16)) (Standard)
Complete absorption y(J=1) =0 (Minimum)
Same w.f. as that with J=2, y(J=1) = y(J=2) (Reference)

@ Statistical Error can be evaluated by using Jackknife potentials.

# Coulomb potential enhances CF even without strong int.
— Small-Large ratio of CF (Morita+('16))

@ Large source — Coulomb force dominate
Small source — Visible strong interaction effects

8 Source function: Blast wave, Gaussian source

o
UNIV,
GONITS . QQS
Y i) ‘\
g YUCWANSTIUTEFOR
THEORETICAL PHYSICS -

.-
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Emission Source Function

# Gaussian Source ¢ exp(-r’/4R?*), R=(0.8-4) fm
[Simple and convenient]

s Expanding source model [Reasonably realistic]

d'zS:(z. p) = .[Jrh,'-brf rT—o

= 4 a -
(==}
. 2 2 3

—y
2
[n+]

) dN/(prdprdy) [GeV/c] 2

£ 1073

(27

T [ 3
0-5%(x3.0) - 7
5-10%(x1.5) = ]

[ 40-50% —— N
E 50-60% — 5. 3
60-70% =]
= 70-80% ol -

Data: ALICE Pb+Pb sif=2.76TeV
0 1 2 3 4
p1 [GeV/c]

d

Flow velocity

71l u-p.T)exp

Fermi dist.

T T T T T 3
0-10% x3.0 —— 7
10-20% x1.5 —— ]

% 20-40%
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o
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[ Data: ALICE Pb+Pb s{3=2.76TeV ]
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7

uy, ()

-

Morita+('19)

# Transport model result [should be realistic] — Future work

| w
LE Y P
< 42 I
u
o) f) amamw  voKAWAWSTITUTEFOR
% 3 - THEORETICAL PHYSICS | vITP Kyoto 202
L gt
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Comparison with STAR data

# Dip structure in Small-Large ratio of CF

C(R=2.5 fm)/C(R=5 fm) STAR (1808.02511,
e PLB790 ('19) 490)
Vv, — .
2.5 |

Vin — - - 4' -

Expanding Source

N

Expanding Source

-k
o

®s, + %8, + Coulomb

Cq (Q) = C, (Q)/C4(Q)

-y
il

\///7 (@)

0O 20 40 60 80 100 120 140
Q=|mgk| -m| k,|/M [MeV/c]

Morita, AO, Etminan, Hatsuda ('16)

et
o

We may have a dibaryon state | |

: 0 0.05 0.1 0.15
in QN channel k* (GeV/c)

A. Ohnishi, FemTUM, Sep. 12, 2019 20



Source Size Dependence of Correlation Function

2 |

I I I I

I:"Q: t/a=12 0-10% ——=— |R~8fm

18 | 10-20% —=— =

20-40%

1.6 40-60% “R~4 fm
60-80% — |R~2.5fm

"N/

Expanding source

1 ———%——— TR R AT e R R ey
=]

08 | BIIRC ettt a, (pQ)~ 3.4 fm

N
i

Centrality |7, [fm/c] R [fm] R & A% aF 3P

[] 6 I I I I I I I 0— 10% 100 8.0 6.8 0584 0.628 0.759 0421
' 10 — 20%| 9.085 675  6.23 0618 0579 0.750 0.425

'II] 2{] -"-'I-'I] 5{] B{] ]_'I:”:I 12[] ]_nﬂ.[] 20— 40%| 7.5 588 52 0546 0.692 0.707 0.466

40 — 60%| 5.5 438 392 0.444 (0.858 0.604 06

L G0 — 809, 3.62 212 266 0456 0.812 0.456 082
q=|q | [MeV/c]

K. Morita, S. Gongyo, T. Hatsuda,
T. Hyodo, Y. Kamiya, AO ('19)

A. Ohnishi, FemTUM, Sep. 12, 2019 21




Comparison with STAR data

# Results with potential at nearly physical quark mass
(= between V,, and V)

— Dip is seen but is not deep enough to explain STAR data.

Morita, Gongyo, Hatsuda, Hyodo, STAR (1808.02511,
Kamtva, A0, arXiv:1 908 05414 PLB790 ('19) 490)
. 40-60%/10-20% - | .
1.8 J"'-. 60-80% /10-20% —— ' Expanding Source
16| | -
Z 14b 1 -
o II".
12F pQ, t/a=12 A
" teeseeeeet o- o |
0.8 | |1"*«r e st | | v-
0 20 40 60 80 100 120 140 | | | |
a=lq" | [MeV/c] 0 0.05 0.1 0.15
k* (GeV/c)

|
.
8
| .
=== m  YUKAWAINSTITUTE FOR ;
THEORETICAL PHYSICS VITP Kyoto 220
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ALICE Preliminary

# pp 13 TeV high-multiplicity events in ALICE

— Strong enhancement of CF at small g
0. Vazquez Doce et al. (ALICE), Hadrons 2019
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Source Size Dependence of Correlation Function
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Correlation Function in LL model

Correlation function (LL model)
.
Qo
é“ 0
-0.5
-1
-1.5

0 0.5 1 1.5 2
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STAR + ALICE = N2 Dibaryon
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Do I have time ?
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Relevance of AA interaction to physics

# H-particle: 6-quark state (uuddss)
@ Prediction: R.L.Jaffe, PRL38(1977)195

@ Ruled-out by double A hypernucleus 1?522
Takahashi et al.,PRL87('01) 212502 ('07)

@ Resonance or Bound “H” ?
Yoon et al.(KEK-E522)+A0 ('07)

@ Lattice QCD
HAL QCD & NPLQOCD ('11)
HAL QCD ('16): H as a loosely bound EN ?

# Neutron Star Matter EOS

@ Hyperon Puzzle
Demorest et al. ('10), Antoniadis et al. ('13)

@ Cooling Puzzle (AA superfluidity)
T. Takatsuka, R. Tamagaki, PTP 112('04)37

=N

AA

HAL
('16)

‘He+AA

~6.91 MeV |
Nagara ¢
(01) Ar He
vy~ 80 MeV

Jafte ("77)

A

| w
®  YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS | vITP Kyote 20203
L gt
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AA correlation at RHIC

# STAR collaboration at RHIC measured AA correlation !
Adamczyk et al. (STAR Collaboration), PRL 114 ('15) 022301.

# Theoretical Analysis well explains the data

K.Morita et al., T. Furumoto, AO, PRC91('15)024916;
AO, K.Morita, K. Miyahara, T.Hyodo, NPA954 ('16), 294.

# New Data from ALICE
S. Achara+(ALICE), PRC99('19), 024001; arXiv:1905.07209

A corr. (Cyl., w/ Cppg. 1=(0.67)%)

.2 I I I I | I I I I | I I I I | I I I I | I I

g 185 ALICE pp {5=13 TeV :
1 . E_ O A-A B A-K pairs E
......-... 1'5:_ Baselne -
___,ﬂ';"- 14 Femtoscopic fit ]
E == Quantum statistics
= 0.9 120 E
= fss2, By=2.5fm —a— o ﬁm
© . ESCO8, Ry=2.5fm .o RSP o S

R ' F'G HT-E 5fm ..o 0.8 .n+ -
0.8 ¢ HKMYY, Ry EEfm e .
LLE. }ﬂﬁ?}; 0.6 B
STAR 0-80% —m— T T

0.7 - - A 0 100 200 300 400
0 0.05 0.1 0.15 0.2 Kk* (MeVic)

q (GeVic)
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AA interaction from AA correlation

AA scattering parameters

| ND -
15 | p o s ! Mscrég -
i - 5
{1 -HD'E'. 0.8 fm _',Il i LL “I'E'E' h} NSCO7 —®&-
o . | . ESC08c #
E -._. I I-" \ Ehime ©
10 e A fss2 =
el \ | e FG U
- | . HKMYY ©
- : Y STAR —&
5 s : | | - Nijmegen potentials
LL ((@ E?ﬁ 1A, (ND, NF, NSC89, NSC97, ESC08)
T : % Nagels+('77, '79), Maessen+('89),
0 i . Rijken+("99,'10)

-5 -4 -3 -2 -1 0 1 2 Ehime Ueda et al. ('98)

-1 * Quark model interaction:
1/ d (fm ) fss2 Fujiwara et al.('07)
- Potential fitted to Nagara
Filikhin, Gal ('02) (FG),
— 2 4
q cot 0 = — 1/30 T reff q /2 + O(q ) Hiyama et al. (102, '10)(HKMYY)
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d, (fm)

New Data from LHC-ALICE

ALICE (arXiv:1905.07209)

18 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 |: Dn::r{-‘l
- JT1<ne=2
J[2<ne=<3
14 — Bl ne=3
5 ‘J B Unphys. C(k?)
” J e sTer
. 4 3 HAL @CD
a 4 & HKMYY
i ? ant® 1 * FG
i i [ B o — -=-ND
. ;[“ m::_E ] -=-NF
1 L ‘. i o T TeV a . no
- op 15 =13 TeV : B :"gg?
2 ¢ Eo=502Tev—] ~¥ NS
Mor1ta+( 15’)"“;,1 tpars ] o Enime
= 0 1 ; 3 r 5 ! g
1
fo ()

Weakly attractive V , .
Large reff — Becomes repulisve at low relatively density.
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Relevance of =N interaction to physics

# H-particle: 6-quark state (uuddss) _
may be realized as a loosely bound state =" HAL
of EN (I=0) E52) ('16)
K. Sasaki et al. (HAL QCD, ‘16,’17) ('07) R
s Repulsive EN interaction (I=1) may help AA
to support 2 M _ Neutron Star
Weissborn et al., NPA8SI (‘12) 62.
= fi ! | ] 210 : : .
150 fé preliminary 180 l210 | —
Y g -
e——
1] 0.5 r 1 1I.5 2 2.5 3 0 10 :EJEMA [ME?E 40 50

r{fm]

K. Sasaki et al. (HAL QCD Collab.), EPJ Web Conf. 175 (‘18) 05010.
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=" p correlation

# Prediction of the correlation function by using
=N potential (HAL QCD Collab.) + Coulomb potential

1 3 _
‘w‘spln av. — 2 Z [ WJ 0|2 Z|¢IJ_1’2

1=0,1
~ b ' I

HAL prediction || = ,,FP) ALICE p-Pb {5y = 5.02 TeV E

is examined ! JoF oz ep ;* E

2 - W Coulomb + HAL-QCD -

E B - DR LLLLLLL ]

~ 1.8 11 S E {:_ I t} E
% \ 12 18 - CUIom E
F.‘.‘E " \‘ Static Source, w/ Coulomb 16 :_ ..I' D-E sideband background _:
f.?i 1.4 ’ . [ . _
5 14F * b S. Achara+(ALICE), 3
312 - +. arXiv:1904.12198 .
12 -]

: . . . . 1 __ .............. "ﬂ'_
T e - (LD)=(0,0),(0,1)(1, 0),|(1 1) E

T. Hatsuda, K. Morita, AO, 0 100 3‘3[]

K. Sasaki, NPA967(17), 856. k* (MeVic)
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QO correlation

QQ potential: S. Gongyo et al. (HAL QCD Collab),
Phys. Rev. Lett. 120, 212001 (2017), 1709.00654.

J-SD | | | | | 3 T T T T T T T
HAL QCD t/a=18 tfa=16, 40-60% / 10-20%
l 17 — " o 60-50% [ 10-20% —o—
1 16 +—— tfa=17, 40-60% [ 10-20%
100 ] (103, 15,4 Fit to t/a=18 i 25 60-80% / 10-20% —=-
T ’ 17 — tfa=18, 40-60% / 10-20%
1 . L GO-B0% /7 10-20% —
£ 16
5 20 e .
= S0 r T . =
o . 1 "
b= I =
= I - y
= *x 15 F a ——— 7
e 0 e 00
g !
2 B n a T BN 'R R
'R BB HHEHII....
50 F » ¥
I:IE | | | | | | |
0 2 40 60 B0 100 120 140
E | | | | | o
-100 g [MeWic]
0 0.5 1 1.5 2 2.5 3

r [fm]

K. Morita, S. Gongyo, T. Hatsuda, T. Hyodo, T. Iritani, AO, K. Sasaki, in prep.
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Summary

# High-energy nuclear collisions produce many and various
hadrons in one event, and can be utilized as the hadron factory.

# Two-hadron correlation functions have been used to measure the
source size. Once the properties of the source is known, we can
utilize CF to get knowledge of hadron-hadron interaction.

s Large CF at small q implies large |a,|/R, and the source size
dependence of CF may shows the sign of a,.
# It seems (to me) that there are at least two dibayron states.

@ ALICE and STAR data strongly suggest the existence of S=-3
dibaryon as a bound state of N€2.

@ ALICE data of =~ p implies large |a /R, and the existence of
some kind of pole (b.s., res., virtual) around the threshold.

@ pp, pA and AA collision data will be helpful.

- = QQS
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To do (or Can do)

8 Coupled channel effects — Talk by Haidenbauer, Kamiya

# =~ p correlation with updated HAL QCD potential
(K. Sasaki et al.) — Sasaki's talk

a8 Ap correlation with various potentials
(xEFT, Nijmegen, fss2, lattice) — Talk by Heidenbauer, Rijken

# K~ p correlation with amplitude from chiral SU(3) dynamics
(e.g. Ikeda, Hyodo, Weise) — Kamiya's talk

s J=1 Q p potential — Hyodo's talk

8 |et us use deuteron !
K= d corr. (I=0 ampl.), Ad corr. ¢ H B.E., 3BF), =~ d, ...

8 Can we go to heavy-quarks ?
ct(D) = 0.3 mm — yct(D) = ct(D) coshy ~ 15 cm (y=7)
We may have enough D mesons at y=7 in fixed target LHC.
(N. Yamanaka)

- = QQS
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Thank you for attention !

Coauthors of arXiv:1908.05414
K. Morita S.Gongyo T.Hatsuda T.Hyodo

Y. Kamiya
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Hadron-Hadron Correlation in HIC

o
\X _vO®p)

. H

# Hadron-Hadron Correlation Func.

(Koonin-Pratt (KP) formula)

S. E. Koonin, PLB 70 ("77) 43; S. Pratt,

T. Csorgo and J. Zimanyi, PRC42 ('90) 2646,
W. Bauer, C.-K. Gelbke, S. Pratt, Annu. Rev.
Nucl. Part. Sci. 42 ('92)77; R. Lednicky,

V. L. Lyuboshits, Sov. J. Nucl. Phys. 35 ('82) 770.

2

Ey1E2dNi2/dp1dp2 / (—) 2
C'(q) = ~ [ dr Sis(r | T, ’
(q) (Elle/dpl)(EQdNQ/dPQ) 12( ) le ( q)
Source fn.  ;.¢ _,
q: rel. mom. (referred to also as k*) relative w.f.

a Static sph. Gaussian source, Int. for s-wave, Identical fermions

Cla) =1~ 5 exp(~46*R?) + 5 [ d*rSia(r) [lén(r) = Lio(ar)
X Fermion
(Quant. Stat.)

Source g.wave w.f. free
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Lednicky-Lyuboshits (LL) model
# Lednicky-Lyuboshits analytic model

@ Asymp. w.f. + Eff. range corr. + y© = [y®]*

—10 . iqr
¢O( ) _>¢asy( ) c Slﬂ((]?“ + 5) S—1 [SIHQT 4 €

qr qr r

AC1L(q / drSia(r Wasy( )|2 — |j0(q7“)\2)

| Fy (leff) 4 2%’;(5]) F, (.CL’) . Imj;(Q) F, (ZE)

(r = 2qR, R = Gaussian size, F1, Fy, F5 : Known functions)

- 2R2

# Phase shifts

1 1

qcoto = P T §Teﬂ-‘q2 + O(q4) — 0 > —apq + O(qg)
0

sin(qr + ) ~ sin(q(r —ag) + -+ +) Node atr ~a_

for small g

'-. YWJP .@ A. Ohnishi, FemTUM, Sep. 12, 2019 39




Binding Energy, Scattering Length, Effecitve Range (p£2)

s m =875 MeV, B.E.~ 19 MeV
F.Etminan et al. (HAL QCD Collab.), NPA928('14)89.

s m_=146 MeV, B.E.~ 2.2 MeV
T. Iritani et al. (HAL QCD Collab.), PLB 792(°19)284.

Spin-2 N} Potentials Vi Vi Vi t/a|ao [fm] rer [fm] Er [MeV]
En [MeV]| — 0.5 248 . " .
without Coulomb  aq [fm] [ —-1.0 23.1 1.60 L 3.43 .33 215
reg [fm] | 115 0095 0.650(0,63 12| 3.38 1.3] 2.7]
Es [MeV] 26.9 13| 349 1.3 2.08
with Coulomb ao [fm] [—1.12 5.79 1.29
rest [fm] | 1.16 0.96 0.65 14| 340  1.33 224

(m, = 146 MeV, my = 955 MeV and mq = 1712 MeV). By using the
same parameter set for t/a = 12 in Table 1 with m, = 146 MeV kept fixed
but with physical baryon masses (m, = 938 MeV and mgp- = 1672 MeV),

we find less binding than Fq. (10) as expected: Bpg- ~ 2.18(32) MeV
and /(r?) o =~ 3.45(22) fm. On the other hand, if we additionally em-

|
N
7 .. Y TP M
Q
Ly
®  YUKAWA INSTITUTE FOR s,
THEORETICAL PHYSICS YITP Kyote -
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Correlation Function with Coulomb potential

8 Correlation Function w/o Coulomb potential (spherical source)
Cila) = 1= [ drSimliolar) + > [ s @l P

# Correlation Function with Coulomb potential (spherical source)

Ciq) = / S ()0 (r,q)| — / S ()8 (q:r)|?

Coulomb wf s-wave Coulomb wf

+ 3 [

s-wave wi, ] — i

First two terms are large !

- = QQS
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Detecting Dibaryon State from Invariant Mass Spectrum ?

# Strong signal of dibaryon(s) in correlation function
— How about invariant mass spectrum
— Needs much more statistics

Expected H signal
W e
F LAt :

STAR (0-80 f;‘g.] ——
it .......
(E, T)=(14 MeV, 4.5 MeV), x 10 —

0.8 (1.8 MeV, 1.5 MeV), X 2

0 100 200 300 400 500
Q (MeV/c)

1.0

Morita+ ('15) J. Haidenbauer will make an objection ...
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Q" p correlation

2.5 K | ' T Q-20Mev,%s,0nly — (b)
6 | 55,438, - - Vi _ _
U" 5| Q=40MeV, 552 only — l, Static source
2 | °S,+°8, --- 1 No Coulomb
(Loosely b.s.) G 4| Q=60MeV,’S;only — / Rp=R=2.5fm
O 3 So+°Sy
v, =
o 1.5 Static Sourc 2
O No Coulomb 1
O (no . |
1 ——== — 1.5 1 -0.5 0 0.5 1
/ -==TT 1/aq [fm™]
05 __--- Vi ((deep) b.s.) (a)

0 20 40 60 80 100 120 140
Q=|m kq-mok,|/M [MeVic)

(w/o Coulomb, Strong absorption at r< 2 fm in ’S (decay to 8-8 in S-wave))

K. Morita, AO, F. Etminan, T. Hatsuda, PRC94('16)031901(R) [arXiv:1605.06765 [hep-ph]]
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€ p correlation w/ Coulomb

'R, _=R,=2.5fm, V
p ¥
Vi

Vip
R,=R=5fm, V|
Static Source Vi

5g,+38,+Coulomb | With Coulomb

o
<
g ., c-r,2smy, . | Coulomb + Gamow corr.
© 04} Static Source Vy —
Sg L3 Vip —
0.2 S5,+°5,+Coulomb Ep:ﬁﬂ=5fm__'l|,|'l -

vV
Gamow corrected Il
(h) Vin - -

0 20 40 60 80 100 120 140
Q=Im kg,-mk /M [MeVic]

Coulomb potential washes out the features of 'V, , V, ,V,
and Gamow correction is not enough.




" p correlation: Small / Large Ratio

2.5 “x 1, "STom. i —
AV Ve
5 "I'. Sg 43 II____ ]
5 |\ C(R—z 5 fm)/C(R—S fm)y| S
. g15¢ Vv, Y Static Source Vi ===+
o 27 "'., 211 ——_hh;&{ No Coulomb, R =R,=2.5fm
o \ Static Sourcr 1
15 | Rx R I o i I
Qo 0 20 40 G0 a0 100 120 140
_I_I‘ Q=|m_kg-mgk /M [MeVic]
&) 1 e
= e
4 3]
&
0.3

40 Gl a0 100 120 140
Q=Im_k;,-mgk |IM [MeVic]

—
R
=

By taking small (R=2.5 fm) / large (R=5 fm) ratio,
we approximately see the corr. fn. w/o Coulomb !

A. Ohnishi, FemTUM, Sep. 12, 2019 45




AA correlation in HIC

# Merit of HIC to measure AA correlation

@ Source is “Simple and Clean” !
T, n, flow, size, ... are well-analyzed.

@ Nearly Stat. prod.

— Many exotics will be produced.
Schaffner-Bielich, Mattiello, Sorge ('00), Cho et al.(ExHIC Collab.) ('11)

@ Discovery of “H” and/or Constraint on AA int.
Bound state exhaust the low q strength — suppressed C (q)

Lambda-correlation with resonance 80 3
' . R S S B - : AGS, Au+Au
- ;

b I ‘\‘\.1 o = NA = _ 40 | {9 .
Y ; A=) g
L) P.. = 1& im o= &) O

— . -—F""‘J/ }'d_h“x .‘l"‘ Wih = IT WEy 20 % | R e 1

: 0 f’fﬁ XA\\’
(=N - — — = I I I | I I I I
X _"_f/ S o 0
— SPS, S+8 RHIC, Au+Au

} _2ru T trg-a (nobs) —e— 2 _
Z trg-b (with bs) ~m-| &
O O

=4 ] 1 Ty 8- 1

S P — | A i P B E,.-E'
0 20 L0 B0 80 100
ob— 1
relative momentum (MeV/c) ' 0 20 40 60 80 0 20 40 60 80 100
C. Greiner, B. Muller, PLB219('89)199. (MeV/c)

AO, Hirata, Nara, Shmmum, Akalsht, NPA6 700'00)297¢c
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AA invariant mass / BB correlation function (as of 2016)

Counts/(2 MeV/c?)

— T 45 H—s AA
O b (5= 276 TeV ALICE +|%F Belle AA f
- Vo =2 2 o
3000F-(0-10% central) | clie + —H £ _H“
2500F- Apmt  ~ i Frt ot +-H“+ %—} Tt
>000E- ALICE Collab. o = ﬁ,{;h[; L +
150[]5_ (J’ Adam et al’)’ ++ E - . residaal ’ '
mnni— PLB752 (2016) 217, - . E‘qJ-T—HHJqﬁ“H 3! +H~ ['l‘jL ’HT% —H‘
EDD;— w__,_#j; =p oE , {“ "I” + 'E T 'H;
RN LR RV R T R R | I VY | _ oo e
Invariant mass (Apr) (GeVic?) Belle Collaboration (Kim, B.H. et al.),
e PRL110('13)222002.
STAR pA 13 o 12 STAR Collab.
~pA®pPR E a1 (J. Adams et al.)
:-L “pPASPA proton-proton g:? Nature 52 7(’15)345

§'| - 13 )
i ' M| () 1?
i antlproton-arutiproton ::g:j 08 STAR AA
0 - ﬂlllﬁ B IJI.1 | l]|15 N ﬂ|.2 | In':].25 iSEI% n _:}‘31 ———" LLwio residual
STAR Collab. cleevier STAR p P Adamezyk«neetﬂal
(J. Adams et al.), J i el n (STAR qulabnpratfon),
PRC74('06)064906. e Wo.;f-s PRL T14 {’15)'022301.

.
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B
|
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AA interaction

# Propsed AA interactions

@ Meson Ex. models: Nijmegen model D, F, Soft Core (89, 97), ESC08
Nagels, Rijken, de Swart ('77, '79), Maessen, Rijken, de Swart ('89), Rijken, Stoks,
Yamamoto ('99); Rijken, Nagels, Yamamoto ('10).

@ Quark cluster model interaction: fss2
Fujiwara, Fujita, Kohno, Nakamoto, Suzuki ('00)

@ Phenomenological model: Ehime T. Ueda et al. ('99).

# Two (or three) range gaussian fit results are used in the analysis.

AA potential

200 - : AN scattering parameters
Al NI} s | . ' ' ND
- s : NF - ¥
150 1 NF === {1 157 Un,_bOllnd Bound ~scse
T — NSC97 @
~ 100 | deiel A - | Escose e
- NSCYTE = 10 ¢ Qe { Ehime @
- 50 Ehime "= = v.d f;"é ;
; >~ 7 ~ 2
<= fig] S i R° { HKMYY ©
T ; ¥ »..
- () . &
_ 0 ® ‘f'v
-0
-100 S5 4 3 2 -1 0 1 2

0 o5 1 15 2z 25 3 1/a (fm™)
r (fm) A. Ohnishi, HIPLOH, Apr. 3, 2019 48



Time dependence of AA interaction

[ 12C(K~, KTAA)

+%/DOF = 0.5

-08 -04 C AA scattering parameters
f/a (fm™) WFo'1s @ NE v

2 15 | (1/a - 1 Nscs9
000 - D{-G-B [m lIJ ] o

. LL (free . NSC97

« ree 111 escosc

- . .
E 10 Qe
e

I_ﬂ.!

5|2015 ¢

LL (2=(6.67)))
[ ]

2019
T o<1
Cd1<=ng=2
[J2<=nF=3

Bl o >3
B Unphys. C(k*)

5 -4 -3 -2

BE STAR

—J— HAL QCD
* HEMYY
* FG

-&-- ND

-z NF

-4-- MSCE9

-4-- NSCa7
= Ehime
+« ESCO08
m fas2

T ALICE
pp (5=7TeV
pp I5=13TeV
p-Fo |5, =602 TeV
e

3 4

By
é"; L
e N
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AA interaction from AA correlation

AA scattering parameters

| ND -
15 | MFO'15 ! L NE T
/ - ]
(1. dp= 0.8 im J i L (free 2) NSGQ7 @
— . | . ESCO0Bc ®
E . | T Ehime @
10 e A fss2 =
- v, | e FG O
[T ) HKMYY ©
e E I L/ STAR —&
S : ~ | 1« Nijmegen potentials
LL ((@ E?ﬁ 1A, (ND, NF, NSC89, NSC97, ESC08)
e ' % Nagels+('77, '79), Maessen+('89),
0 | . Rijken+('99,'10)

-5 -4 -3 -2 -1 0 1 2 Ehime Ueda et al. ('98)

-1 * Quark model interaction:
1/ d (fm ) fss2 Fujiwara et al.('07)
- Potential fitted to Nagara
Filikhin, Gal ('02) (FG),
— 2 4
q cot 0 = — 1/30 T reff q /2 + O(q ) Hiyama et al. (102, '10)(HKMYY)

Positive a, (STAR) <—— Negative a, (MFO'l)5)
| Difference comes from the pair purity

50



Additional Source

# Feed down effects v A
Ceorr(Q) = 1+ A(Chare(Q) — 1)
). = Purity of AA pair 50 - A
@ Short-lived Y* — mod. of source fn. __T"<'
o = Anmcanbe excluded (ct=8.71 em) -

@ Y0 Ay is difficult to reject

@ Data based purity 2=(0.67)>2
X0/A=0.278 (p+Be, 28.5 GeV/c) Sullivan et al. ('87)
=/A = 15 % (RHIC)

a8 “Residual” source
@ High-momentum tail — R, ~ 0.5 fm (STAR collab.)
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Feed-Down Effects & Residual Source

# Correlation Fn. w/ Feed-down & Residual source effects.
Ccorr(Q) =1+ )\(Cbare(Q) — 1) + Qres exp(—él’r?esqz)

C,

1
Rep.

0.82

Feed-down

Y
-
'f
-

A: Pair Purity

LE RN L] »

0.5

> (
STAR:
A~ 0.18 (free para.)

Pair purity (1) should be
determined experimentally !
Puzzle: Residual source

0.82 |
Att. |

0.5

Morita et al. (MFO135):
A~ 045

Y0/A=0.278 (p+Be, 28.5 GeV/c)
Sullivan et al. ('87)

Z/A =15 % (RHIC)

AO, Morita, Mihayara, Hyodo ('16)
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| J. Chen (STAR Collab.), NFQCD 2018
R Source Size Analysis on pQ Correlation Function

i 1 )
® po.Fo o Static Source Static Source Au+Au |5, =200 GeV
3 (S.L) = (23) Im (8,L) = (2,4) fm
3] Background I (T.‘I." ® POFD -
=+ V,(ES) ¥, (55) : o L] Background
= Vy (ES) Vi (S5} v ]
=t Wy (ES) —— v, (55) Vi
— )i

=
b
o Static Source
i (S.L) = (2.5,8) tm
S
Q
1]
i

STAR Preliminary

Au+Au VSun = 200 GeV

STAR Preliminary

Static Source
15,L)=(3,5) fm

https://drupal.star.bnl.gov/iSTARffiles/

! Ll
0.4 0.15 0

1 1
0.05 0.1 0.15

: LI 0 005 01 0150 005
0 0.1 0.2 0.3 k* (GeV/c) k* (GeV/c) k* (GeV/c)
k* (GeV/c)
. k* = 0.02 GeVlc S
[4 The source parameters are derived . :
from other PID and centrality P i ; —
dependence measurements at ;- " Zi—/\A .
i h I'|I |! L
e e e e o

Zbroszczyk Hanna.pdf

isiecs wEs (parighal caslial]

wsimnce gian fperphend, cenrall



(K-, K') reaction

8 (K-, K% reaction = doorway to produce S=-2 systems

@ K p— K"E — E nuclei, stopped = to AA nuclei, ...

# What is the origin of large yield Quasi Free E(E%)
at smaller K+ momentum ? /\
T. Tijima et al., NPA546(°92) 588. 04 1
— Various two step processes : {100
Y. Nara, AO, T. Harada, A. Engel OF 150

NPAG14(°97)433

/sr)

o
]
=
L B T L I

& 1200
Multi-step >
§ 0r 1100
@ 20F
a0
v N T 0] 0
- K _ K N
! A i /\"A ]
/ / \A “
QF Z Prod. Two Step of

.
m u
B
|
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Two A production in (K-, K*) reactions

s Experimentalists really measured two A emission !

J.K.Ahn et al. (KEK-PS E224 Collab.), PLB444(‘98)267.
C. J. Yoon et al. (KEK-PS E522 Collab. +A0), PRC75(07)022201

# Invariant mass spectrum of AA is enhanced
from our cascade calculation.

3

— FSI enhancement ? or H particle ?
g 25L A..... Combinatorial
s
E; B, ... Phase Space for
556 = K"?C—"Be(g.s) K'AA
2 [N 2O(K K AKX n 2 C
; | AR AN ~ | U] | e INC (FSI OFF)
E INC Calculilionm D
k 1 | for K =¥ M Mp— Y an Ef E_ INC+FSI (fSSZ:I
-] T = L3 T = INC+FSI (ESC04d)
it =.
Sab | Y 2 ® — E
:—E:- } E ! - Phase Space Calculation .5 1 B D
- T '_L_' E— 1.5 - —  INC Calculation %
i ! . =
| e | ] E i‘ | K'p—=K'Z, Zp—=in N'g

=
n
=N

=N

o e
s g a0 T
B ""-'.:_-_.; LN ‘
"'.l.-_._.._._._" -
el
| | | ] I

i
0 25 50 75 100 125

" K momenum (Geviey TR DA 2 EE 25 2 AA Invariant Mass-2M, (MeV/c?)
Ahn et al. (E224)(98) Yoon et al. (E522)(‘07)
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From correlation to interaction

# Enhancement of AA may show AA interaction effects !
AQO, Y. Hirata, Y. Nara, S. Shinmura, Y. Akaishi,
NPA670(°00)297c; NPA684(‘01)595; NPA691(‘01)242c

@ Enbh. is roughly explained by AA final state int.

@ It should be clearer to measure in heavy-ion collisions.
Enh. w/o bound state, Suppression w/ bound state.

— [ asked Prof. Huan Z. Hunag (STAR) in ExHIC 2010 meeting
and they measured it !

60 . . . ]
AGS, Au+Au
i 40 {2
~ '2C(K"K*AA), P+ > 0.95 GeV/c . &
o 25 - . . S
> E224 —e— 4 u.,&NDt 20 1
= o INC — | Y rg-a
0 +Corr. —— T3 L NF NIV 0 - — o
T 15 ¢ (trg10a) 1= e B ] SPS, S+S RHIC, Au+Au
g 5 2t S e A > b 1T 27 trg-a (nobs) —=—] 2
PR |7, Insces T8z | § | ™ Wi <)
3 05| | X’DOF =05  |qp
g ; 0L— - & oL . . S —
ng 0 . P 08 -04 1 0 0.4 0 20 40 60 80 0 20 40 60 80 100
© 0 50 100 150 1/a (fm™) q (MeV/c) q (MeVic)

) 2
AA Inv. Mass - 2 M, (MeVie') AO, Hirata, Nara, Shinmura, Akaishi (00)

\ .- = QQS
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http://dx.doi.org/10.1016/S0375-9474(00)00117-2
http://dx.doi.org/10.1016/S0375-9474(01)00388-8
http://dx.doi.org/10.1016/S0375-9474(01)01037-5
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