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Baryon-Baryon Interaction

QCD at Low Energy
/ Chiral Symmetry Breaking \

Confmement

J F u‘
‘“ 0

Exotic ﬂ N Neutron Stars
Hadrons

20
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Dibaryons

Deutron (Urey et al,, 1931) 2

---------- Flavor SU(3) classification
predicts some channels
with no Pauli blocking

e.g., NQ (J=2)

------------------------------------------------------------------------------------------------------
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Lattice QCD Studies by HAL QCD Coll.

S=-6:0-0 (J=0)
28-pletin SU(3)

S=-3:N-Q (]J=2)
8-plet in SU(3)

S=-2:N-E (I=0, ]=0)
part of
singlet in SU(3)

Show strong attraction at almost physical quark masses
Experimental Confirmation — Pair Correlation in HIC

--------------------------------------------------------------------------------------------------------------------
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Heavy lon Collisions as Hyperon Factory

Time—>»

Production of Quark-Gluon Plasma

%M% 1 " %1 b ‘ Crossover Transition Into Hadron
T g Particle Abundance — Thermal Eq.

Hard Collisions Evolution

Initial state

(1-26, A(S =-1)

dNy _
d_ ~:0.12-33 ZE(§ =-2)
Y ly=0
’ 0.015-0.6 Q(S =-3)
Enhanced strangeness & @ © z; oo
. . 5 : » -
production for high- 5 [
energy / large systems ¢ | ©
£ Q/n ; AT
4 B ALICE Po-P
Particularly unique o
opportunity for 10} & ez
S| = 2 vl et
1 10 1 (Nm)
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Two-Particle Correlation
pl P - pl + p2

_ pr=p2 (P1=-p2)-P\°
e

P2

Measuring Pair Correlation
—Constrain Pairwise Interaction

Crs(0) = Nge;r(Q) _ <(1 No Correlation
AB B NsNg(Q) - others  Interaction
\ Interference
etc

--------------------------------------------------------------------------------------------------------------------
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Two-Particle Correlation
p, P=pP1tp2

B pi=p2 (pr=p2)-P .\
e

P2

Small Q

v = [ [ sankosate ket 00

(# of pair) = integrationof  (emission probability x weight factor)

Random emission from the Source  Scattering wave function
Constrained fromy, p, spectrum FSI and (a)symmetrization (for
etc identical pairs)

More rigorous formula found in Anchishkin, Heinz, Renk, PRC57 (‘98

------------------------------------------------------------------------------------------------------------------
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Correlation from FSI

Static/Spherical Source Lednicky+ ‘82

4
C —1= drr’S™(r PIF = jo(Or)
48(Q) AR f (M oM™ = 17o(2r)I7]
’ | QR :32 | 1 273/2 r?
=V.e /™ re _ AN
s e §$(r) = (nR") eXp( 4R2)
o 1
E 1 /' - Asymptotic S-wave scattering w.f.
5 1 :
< 05 5 A ) = sin(Qr + 0)
; 2 Xxo(r) Or
S o s Lo :
{ coto = —— + =
" -0.5F ref/R=0 Q apo 2refo
1 | | | | 1
-4 2 0 2 4
R}{EO
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Correlation from FSI

Weak
Attraction
Regime

2 |

Unitary
Regime

Bound (or repulsive)
Regime

I
QR=0.2 ——
0.5 — —— _|

1.5

0.5

FSI Contribution to C(Q)
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Correlation from FSI

=t

Weak | Unitary 1 Bound (or repulsive)
Attraction ' Regime :Regime
Regime | .
I [
2 I I | B[ I
: | QR=0.2 ——
1
15 ! ! 05 --- |
I ' 1
I |
, !
I l
1

FSI Contribution to C(Q)
o
o wn

O
o
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The Most Strange System: QQ (S=-6)
@ 1S, bound state from Lattice QCD

S.Gongyo et al,, (HAL QCD), 1709.00654

10 t}a=18 | m_ =146MeV, m,=1713MeV

ool k 17— | +Coulomb repulsion
= 50 16 65.3 1.29 0.1
= _ 17 17.6  1.23 0.5
> 0T 18 11.7 1.21 1.0

-50 - @

100 I R Unitary regime in typical

o o5 1 15 2 25 3  gourcesize for HIC

------------------------------------------------------------------------------------------------------------------
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0Q Correlation : elements
I Wave function

3
in- d, % 1 2J + 1
ean GNP = e =0 + ) ()

4 16
FSI+Coulomb+symmetrization = Coulomb+(a)symmetrization
. 10t ¢ 3
@ Source function 0% a0
J 100 L - 10-20% x1c.15 = ]
S(x.k) = s—zmycosh(y = nng(u-kT) /G 2
(27T) E 101 : Se ) 60:800/’0 :
2 4 y2 3 : ’
X 0 O ]
X exp (— SR ) o(t — 190) % 102 [
g, al :
yp = a/R - >
4 .
Boost-invariant, azimuthal symmetric o ]
transverse flow Lg-s [ DBf@: ALICE PO+PD si=2.76Tey
0 1 2 3 4 5 ) 7
Fit to p; spectrum with T=164 MeV ot [Gev/c]

----------------------------------------------------------------------------------------
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0Q Correlation@LHC

1.2
System is too large
T — Furthe.r suppressed by
} the spin degeneracy
factor 1/16
0.8 -
S 06 .
.
0.4 | -
0-10%, t/a=16 —
t/a=17 —
No Strong FSI — — -
0 | | | | | | I

0 20 40 60 80 100 120 140
Q [MeV/c]
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0Q Correlation@LHC

1.2

System is too large

1 _ ] Furthe.r suppressed by
the spin degeneracy
factor 1/16

0.8
S 06
)

0.4

10-20%, t/a=16 —

t/a=17 —

No Strong FSI — — -

0 | | | | | | |

0O 20 40 60 80 100 120 140

Q [MeV/c]
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0Q Correlation@LHC

1.2

System is too large

1 | Furthe.r suppressed by
| the spin degeneracy

factor 1/16

0.8
S 06
)
0.4 /
20-40%, t/a=16 —
/ t/a=17 ——
No Strong FSI — — -
0 | | | | | | |
0O 20 40 60 80 100 120 140

Q [MeV/c]
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0Q Correlation@LHC

1.2

System is too large
Further suppressed by

: the spin degeneracy
factor 1/16
0.8
g 0.6
Moderate
0.4 enhancement from
/ 40-60%, t/a=16 — Coulomb+HBT case
/ t/a=17 ——
0.2 H /i t/a=18 -
No Strong FSI — — -
0 I I I I I I I
0 20 40 60 80 100 120 140

Q [MeV/c]
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0Q Correlation@LHC

2.5
| System is too large
Further suppressed by
2.~ N the spin degeneracy
factor 1/16
1.5 — -
S
- d N | Moderate
- enhancement from
_ 66-80%, t/a=16 — Coulomb+HBT case
0.5 - t/a=1? — ]
;7 t/a=18
7 No Strong FSI — — - Strong enhancement
0 | | | | | | | from Coulomb+HBT
0O 20 40 60 80 100 120 140 case

Q [MeV/c]
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0Q Correlation@LHC
@ The Small-Large Ratio C,(Q)

2 | |

Response to

system size change
1.5 — w/ Coulomb, t/a=17

QS (HBT) Correlation
suppresses the ratio

CsL(Q)

Nevertheless FSI

40-60% / 10-20%

0.5 60-80“;"0;’ 10-20% —— B dom]nates at I.OW Q
No Strong FSI 40-60% / 10-20%
0 No SFang |FSI 6P-800{0 / 10|-20%; - |' Caveat: StatiStiCS
0 20 40 60 80 100 120 140 (need N, > 2 events!)
Q [MeV/c]
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pQ Correlation

in- d, % _x 3 5
o g I = SleCS)I + S leCS)I?

ﬂ Lattice input: Iritani+ (Preliminary)
Coupled to AZ (2430) and XE(2507) T T T T
_ Gauss*(Yukawa)?, t/a=9 —
Absorption of S-wave component L4 10 —
Vi=1(r) = =ib(ro — r)Vy 11
S 12 12 -
g 13
§ w/ Coulomb 14 —
E 1 - Tt
. ] f—é;ﬂ’_—
Bound state regime: S
Suppression of C,(Q) S 08 \\ -
Below unity at low Q @Phys. Point
0.6 | -
| | | | | | |

0 20 40 60 80 100 120 140
Q [Mev/c]

------------------------------------------------------------------------------------------------------------------
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pQ Correlation

in- d, % _x 3 5
(e p)P = 2lpCSR + e Sa)P

pL
ﬂ Lattice input: Iritani+ (Preliminary)
Coupled to AE (2430) and XZ(2507) N S B B R
25 Gauss*(Yukawa)?, t/a=9 —
g~ ® PQ.PT 4r 10 — |
o (] Background
iz — Vi(ES) -~ V,(SS) 11
S — Vu(ES)  —-v,(SS) 2 12 _
e 1.5 — Vu(E€S) ... vV, (SS) 13
. w/ Coulomb 14
0.5
Au+Au 200 GeV g L _
0 STAR Preliminary ]
| | | ‘ @Phys. Point
®
3 ¢ J.Chen, EMMI 6 .
T, 5 workshop@Turin, 2017 S
= 0 20 40 60 80 100 120 140
= . . . . \ . Q [MeV/c]
0 005 01 015 02 025 03 035
k* (GeV/c)

------------------------------------------------------------------------------------------------------------------

Constraining the QCD Phase Boundary with Data from Heavy Ton Collisions



Kenji Morita (Wroclaw/Riken) 13.Feb.2018 21

pZ- Correlation

1, (-

|lﬁp5-|2 = §|lﬁ1£9|2 + §|¢I§1|2

1,
e

1 3 -
= S22 (S0P + 2 CSOP + 5
Lattice input: K.Sasaki+ (Preliminary)

3 | | | | | | |
t/a=9 ——
10 ——

2.5 - 11 -
12 ——

Unitary regime:
Notable
enhancement by
FSI

Expanding Source, w/ Coulomb

CsL(Q) = Cs(Q)/CL(Q)
M

0O 20 40 60 80 100 120 140
Q [MeV/c]
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Concluding Remarks

@ Correlation measurementin HIC can
constrain low energy scattering param.

& FSI| contribution is sensitive to system size:
Comparing small and large systems via Cs,(Q)

@ Indirect search for dibaryon states

Loosely bound Q) Dibaryon?

Loosely bound NQ Dibaryon?

Hint from Correlation!

--------------------------------------------------------------------------------------------------------------------
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Backup

--------------------------------------------------------------------------------
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S5=-3:;
pQ @almost phys.point

3000
Z+~.‘:';‘-
2900 I $0420
2800
3 FOE0*~F*E-
E 1, Py
o 2700 1 e . Y020 _
S =0 Spin-2 : D-wave only — suppressed
= 2600 NQ —Quasi-stable Dibaryon state?
=- ~ ~ .
. o Y=
2500 Spin-1: Strongly Coupled ~~a =
AE
2400
8f-10f, 10f-10f 8f-8-|'-'
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pQ Interaction (°S,)

NQ potential (fitted to Lattice data) : bound state exists

I I I I I
0 R ——
-50 |- - +Coulomb attraction
— -100 | t/a=9 — _ Eg [MeV]
L 0 u 3.77 137 1.6
Ot | 12 3.89 138 1.5
-200 12 4 13 3.47 1.37 2.0
I ! Usedin PRC93; Vi (old) —---
2507 From heavy Vi (old) —— i
| yTt Vi :
I lattice Vi (old) —-—- Bound state regime for Heavy lon
-300 M | | | | Collisions
0 05 1 15 2 25 3 Closetounitary for smaller system
r [fm]

T.Iritani et al. (HAL QCD)

------------------------------------------------------------------------------------------------------------------
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S$S=-2:
p=E @(almost)Phys. Point

------------------------------------------------------------------------------------------------------------------
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p= Interaction (1=0, 1S, 3S,)
NZ potential (fitted to Lattice data)

+Coulomb attraction

300 — | | | .
| 15,, t/a=9 - Effective 1S, 3S,

250 — 1:'[ 10 ————

200 |- ! 1; 1 ta a,[fm] rglfm] a,[fm] r[fm]
_ 150 *, 35, t/a=9 ——— | 9 | -22.66  2.46 = -0.60  4.53
[ 1 10 — — —
§ 100 11 -4 10 -19.86 2.30 -0.73 4.17
= 12 — - -
> 50 4 11 -23.95 2.30 -0.80 4.17

0 12 -12.39  2.40 -0.61 5.30
_50 _|
100 | | | | | _1S0 channel (coupli_ng to XX
O 05 1 15 2 25 3 incorpolated) dominates
r [fm] Close to unitary for HIC source
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More on Q Source Function

@ Fixt
by TNRlongN . Nch> 13

& () freeze-out from phase boundary due to

small cross section
Hybrid model: Zhu et al., PRC'15, Takeuchi et al., PRC'15

@ Parameters

7.9 2.0

T, [fm] 10.0 6.75 4.89
R [fm] 5.18 474 3.8 2.55 1.6
o 0.38 0.38 0.38 0.38 0.37

------------------------------------------------------------------------------------------------------------------
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Correlation from FSI

I . :
Weak i Unitary ! Bound (or repulsive)
Attraction ' Regime |, Regime :
. | €8 | REE Source func X Wave func diff.
Regime | .
: I
2 | . |
I I QR=0.2 —— 70 | | | |
15 | : 0.5 — — — | 17 R=2fm, Attraction
— . I — — B IE—
o) : | 1 L 60 | \\ Unitary
~.._.« I w“ I \ Bound -----
O I — 50 |- \ -
9 1 I ! = r \
pu | \ % 40 I \ |
$ ' | 20N
5 0.5 ' % 30 H \ Q=20MeV -
0 = , \
- b I \ |
Jg 0 ?? - ! \‘
! I o0k AN _
% Yo |
-0.5 T T
-10 | | | |
1 0 2 4 tfmy © 8 10
-4 -2 0 2 4
R}'ag
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Correlation from FSI

|
| . .
Weak i Unitary ! Bound (or repulsive)
Attraction ! Regime | Regime .
) | \CE | REE Source func X Wave func diff.
Regime | .
I |
2 I - B[ I
; | QR=0.2 —
| 0.6 T I [ [
15 : i 0.5 ——— ;N\ R=2fm, Attraction
o I I 1 & 0.4 A Unitary — — -
(W) I 1 é oo frn Bound oo
g ! ! : 1 €°
o I ' = 0
5 0.5 ' =
O — -0.2
= =
c 2 04l !
S O = R
< Vil
T T o064l Q=200MeV a
w () v/
-0.5 Y 08 “u,’ _
-1 | | | |
-1 0 2 4 6 8 10
f
- -2 0 2 4 "{fm
R}'ag
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0 Correlation: Statistics?
@ # of pair A(Q)

To have 100 pairs at low Q:

10 ¢
‘T; 106 _ . Acceptance x Efficiency: 0.01-0.1
E 10—? ;_ —; epe .
of - © Probability of events with more
T 10° 3 than 2Q (assuming Poisson)
Z j09L B 0.12 for 0-10%
LN - E 104 for 60-80%
@ 1010 ¢ E
> - 0-10% E e
g 10t ¢ 10'200; 4 10'1-10% events: not realistic
a - —cU0 ] )
g 10—12 = 20-40% - at LHC
“ 13 40-60% ; _ _
o0 E 60-80% = Notimpossible at Future

o4 l—1L 1 L 11 1 LT High-Intensity Facilities?

o

20 40 60 80 100 120 140 (e.g., J-PARC:int. rate 108 Hz)
Q [MeV/c]
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Counting Correlated Pairs

Distant pairs:
Uncorrelated because
Distance <

(~ System size)
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Counting Correlated Pairs

Close pairs:

Correlated through FSI
Distance <

FSI:y(Q*, 1)
Input from V(r)

(phenomenological /
Lattice)
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Counting Correlated Pairs

Close but large Q pairs:
Correlated through FSI
Distance <

Oscillating |y (Q*,7™)|*
washes out correlation

C(Q) « / S - Lo(@r)P

Hadron Freezeout
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Counting Correlated Pairs

Close and small Q patrs:
Correlated through FSI
Distance <

lY(Q*,r*)|? leads enhance
or reduction of # of pairs
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System Size?
Small System:

Most of observed pairs
with small O correlated

Large System:

Less pairs coming from
close distance

Important Remark:

Coulomb FSI for charged
pairs!

Hadron Freezeout
Conclusion : measure small Q pairs coming from small region!
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Effect of Collectivity

&2 .. . Collective Expansion:

More particles produced
along the expanding
direction

Emission region deformed
to smaller one
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Quantum Statistics (HBT/GGLP)

S4(xa. ka) Random Emission + Symmetrization

’ H ',z‘ \‘
D e ko
o O ,; Indistinguishable!
o % SN
Ss(xp, kp) k
B
1 ika-xa ikp-x ika-xp ikp-x
wAB:_(eAAeBBieABeBA)
V2 2
B KX N2 cos(@ - r) 1_5Vmetnc
KX \Disin(Q - r) g ,| ~UR R=S tm
1 0.5 —
Cu(@) =1+ — f drcos2Q -nSE @) 2 eV
N 0 20 40 60 80 100 120 140

Fourier tr. of the emission func.
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