HEIEEZD 5/\ RO >/ EHEBEFRN

Eof Ké B
RARFZERIIN—TI0FD L. May 12, 2021

s ZAWMRDILHD : NN AOhS)\ RO EHEBEERN

s tHEARIENE/\ RO HEHEEBEFH
o tHREARIER & (X ?

@ Survey of measured correlation function data: AA, pQ-, pK-, p=E-.

s tHEABIEN &)\ RO > DRIGIARE
o BB DIFEY 1 XikTFIE

& Summary

Wvg Siis YITP *\QQS .o .
o TRIF > Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 1




=I=t i)y

o BEE: 1964 EMPEEN 1992 ERPAFEL (EY )
1992 €5k (RCNP), 1993-2008 16X , 2008 £ ~ B

s HAFRRE - ZVBEOHE CIREFENDOHFIBZRIEY

o B> E2%E
FRHIIN—A>8HE (H. BILE. S15)
S5RTIFETOLITVHEEI(ICLIEFIERBFERE (FL)
B A HETOMEDEEEIC EERSEFWRIRR (ExHIC-P)
20— (CKDIREHFEXDIRILDIESRE (KRR , Stocker, Steinheimer, ...)

o QCD tHE &P EFEMBINEAIEN
EIERE{LEZBVWCRHSBEEDORTE (F%F. A8, Bll)
BA A EREAVCHBFEIRILF—DFHIE (GhEF, N, RR)
W RILF—DSHEFEMEIRBFIERN (Kolomeitsev, Lattimer, Tews)

o ARLU SRR & J\RO> M on
J\ROAEEICE 3 /\ RO > REEF R OER K

(W, Bk, #FH. ¥)H - £4K (HAL QCD). Weise, f&H. &H. ..)
ARk = IS DA T IIVINAIN—&ER (AKX, BRE. FH)

-- YTP * Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 2



ZAMRDILHY
NN Abvo\FOVEMEEERAN

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 3



RFZEIL

s R 1: RFOPDLICHLHIEF (BF-PHEF) hMolidRk

o [ZFRZ. PHEFHN

48
s REGFETH 28718 / C‘a\u
o BOM>TLVBRFH TR B

~ 3000 F& =(Z+N)=A = BEFH=7)

o FEMNTFE ~9000 &

ERIELE

s BEH2:RUOMVMEEERICETERNAS/\FOV D RS-

° EHER=/\FOV
*?‘% (pa Il), /\’r&l:l?/ (A9 29 E)a I::Fﬁﬁ? (K9 1, °°°)

o [RFDZITEHEVREREBLED,

o NFOY =B\BEE{ERTESLE24—7-N\FOVDEEHF

A. Ohnishi @ JRFZERHA 4



71 DELER

s %DIFHEE

@ EBA (r>2fm) - 1n 3N
Yukawa (‘35)

o rhipjt — KV Z# 27, p, 0, 0, ...)

E.g. Machida, Toyoda (‘56), Nambu—Jona-Lasinio ('61)

> SEEkE — R HS

Jastrow (‘51) ‘ S, channel -

s BOREY -FAYREVKFHE 200 -
@ I::Illt,\jjs Xt‘,yﬁjlﬁjjs repulsive 2 .

TIIA, ..
o PALYREU®FrE

Ve (r) [MeV]

|
|
| core | a,uw,
|
|

o

|

| —
o | i

|

|

T=1 K% (pp, nn, (pn+np)/\2) |
T=0 REE ((pn-np)/\2) - poos
100 Av18 fm]
I - S

Aoki, Hatsuda, Ishii (‘07)

A. Ohnishi @ JRFEZZERBEHRA 5



% i tHE

s Radial wave function (V¢(r) = ue(r)/kr) D1 I ps

h?  d? h? ¢ 0(0+1) ]
Ug EUg ) p2
[ P4 /

ug(r) — sin(kr —€n /2 + §;) = 5 ( i(kr—L4m[246,) _ —i(kr—ﬁw/%ée))

2m dr? 2mir?
7

# Boundary condition ‘ Op = phase shift (I8 ) I
v(r) =Y @0+ 1)t 24 p,

kr

¢
%]]-{T Z(% + 1) (Sg(k) pi(kr—tm/2) _ 6—72(]@7"—671‘/2)) P,
ARZE =FEBEDEE — A=exp(id)

%

ikr
k- € Sg(k) — 1
—¢" 20 + 1 P
et — Z( +1) 5 v o
¢ — e'°*sin oy

Ay = e | Sy(k) = *%¢R) - £(9) = %Z (20 + 1) €% sin §y Py(cos )

14
Phase shifts determine the scattering amplitude I

N YITP2g A. Ohnishi @ JEFZERBRA 6




J\RO>EHBEERZRANDICE?

s HERHhSD7I0O—F
o ZNIRE! : tARF3ZH|], T A —DIRE

E

o B—IRHE : hASIIBEEHE ((EFT) . 1&F QCD
» yEFT TR>FT—AIDSRDINETRKEDEHHD .

» LQCD FAERHHERDBE.
s REBHNSOFIO—F

@ %73 (NN H): EERMELEERT —4 — {iitlE > RT>3 v
o J\AIRO> -&FH (YN AH)., HEF (n, K)-&FH :
[BSNE#ELT—4,. I\M)\—&%,. J\ROVEF CE,n, KXE)

o D)\ RO>HEHEBFAL?

» BIELRERDTE Y. RFZAVOEF ERBRBZESRVW\\ROS Li&%F

» &ZFES0)\ O EDOHEEER
— HEBEED S\ O BN

* Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 7
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2 A 1E ) = 1HBIBIEX

s HIFORHEATHRI m
Ni(p) = [ 'Sz p) T
o 2 HTEREAE T

@ WM (CESNIZ 2 hiFDRENRIEIIC
YR - ¥IRBEE/EFBTHRMESNS E TS, Koonin('77), Pratt+('86)

N12(p17p2) 2/d4$d4y51( 7p1)52(y7p2)‘\11101,102( )’2

2 B+ w.t.

= / d437d4y51 (x, p1)S2(y, P2) ‘Spq (7) ‘%ﬁ;‘ﬁ&iﬂﬁﬂ;ﬂ
s EFERY >, HOXIRTODHEHBIRIEN

Hanbury Brown & Twiss (‘56); Goldhaber, Goldhaber, Lee, Pais (‘60)

1 . . . ,
\ijl,P2 (a}”y) = E |:6’L(p1-a}+172-'y) + ez(pl-y+zp2.:c)] — EZZP'R % \/§COS(1 L

Ni2(p1,p2) / > | fHEIEIEIHS
C'(p1, ~ [ drS
(pl p2) Nl (pl)NQ(pZ) r 12(’)")|§0q(7’)’ *ii?ﬁ&ﬂjﬂ,ﬁd)
~1 + exp(—4q°R?) YA XHRHS !

Ohnishi @ Nucl. Theor. Group C



Correlation Function (CF): Non-standard usage

s HBT, GGLP: CF + w.f. — Source Size

Another way: CF + Source Size — w.f. — hh interaction
# Effect of hadron-hadron interaction on the wave function

-----
L 4 b S

@ Assumption: Only s-wave (L=0) is modified. -~
@ Non-identical particle pair, Gauss source. . 190‘2 .

pq(r) =€'TT — jo(qr) + Xq(r) ,}::u "‘2
:" / ~~~~~ ’ 1:’-"'
> Clg) = [ drS()lgq(r)P 10O

L 4
-
-----

:1+/drS ) {Ixq(m)[* = ldo(gr)}

R. Lednicky, V. L. Lyuboshits ('82);
K. Morita, T. Furumoto, AO, PRC91('15)024916

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




Examele: AA correlation and AA interaction

Lambda-correlation with resonance

| b" | ;ﬂf\:“\r 1’ *r:.cue-.;- _|
Vo e
sk .- T \\ AO, Hirata, Nara,
Ca ___f;/'_é\“j:tf__“___ Shinmura, Akaishi,
| NPA670('00)297c
t t t t i LF
.1 S R RHIC, Au+Au L. Adamczyk+[STAR],
i 20 40 B0 80 €
relative momentum (MeV/cl| trg-a (no bs) —— 2 __._PRL114( 15)022301
C. Greiner, B. Muller, trg-b (with E
PLB219('89)199. 4 vasg ome |
IEI.-EI""
, , , gn.s i ® ek
) 20 40 60 ¥/ L wen§ ETT REmre
d {ME-U'.I'[ - I ‘_.,-"; —— LLwithr ° ::: [~ @ F-Tpais :
u; 01 ujz | n.la ::: r'mz“"T::::“;“°5 :
Q (GeVic) ]
Weak enh. over quantum § s Acharya+/ALICE], ..
PLB797(‘19)134822 2]

statistical (HBT) CF.

I-'1-':||:| I
k* (MeVic)

o] 100 200 300

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 11



Example: AA correlation and AA interaction

s ND ] It is unlikely that AA
®, trg-a .
S 3N NEN | a| | L AdamezylH{STAR), bound state exists.
<5 TN PRL114(°15)022301
S i O e AUTAU > AA AO, K. Morita, K. Miyahara,
AA event
L . } T. Hyodo, NPA954(°16)294
o L /DOF = 0.5 o AA scattering parameters
-0.8 -0.4 1. E 1u_— ¢ pat) MFO'15 * unbou‘nd FI:I«IE '_:‘_
1/a(fm ) = | Vet 15 (1/a,<-0.8 fm:’{} - 1 NSCa9
5 [ Ume MY LL (free 3) | NSCO7 -2
AO+(“00) - = ~t | Ehime ©
5| E 10 :Q.i ; R fs;é EI
- E ‘__::‘ - o
o S | e
_I_I_lj— 5 ]
0 Sy o b
= "’C(K,K*AA), Ps > 0.95 GeV/e LLO=Q8TY) 4 [ TTovny,,
EE 2.5 I I E224I — {35 -4 -3 (= 1 dne=1
= 2| INC —— 1 =1<no<2
£ +Corr. —— . ] Em2<no<a
BT (rgi0a) AA Inv. mass B e e
EN| spe¢ctrum from jmens
%ﬁ 0.5 | FOKS KTAA) 5 *E‘?W
3 TP S. Acharya+[ALICE], ] s
v — - NSCHT?
© 0 50 100 150 PLB797(19)134822 + Ene
AA Inv. Mass - 2 M, (Me‘v‘;’cz) hae

o~+taq

. @QS
ALY RTP
=)
A<
i)
S w™= = w  YUKAWA INSTITUTE FOR
- “THEORETICAL PHYSICS ITP Kvoto X L

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 12




Fermtoscopic Study of Hadron-Hadron Interactions
s EOLSBHRFHHRATESD? . \ j D1

s BRHESES5. EHROEVET (p, 1, KY) il
o UIES < RA CHENFICHIEY 31T D po

=5 D5) 0\ g \—#%- YN &&El _
ﬁﬁ%ﬁﬁ'\ﬁ?*ﬁ / = /\/41{—1:;2 &3 . mesic R d

Al TE /O [K[K ]
1 p y T T ““““o‘ A p
¥ p ojlojJofo ololAala
24 *A A olo C‘L\\
( ZHe)— @) \\
RRGML [E T~
/%/ 8 Current
T o Femtoscopy
AAK | m A (O: observed)
1l LA

) LYITP RN . :
AL A" Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 13




\ROEENZTRAD ?

s PRIRY D FTICRAIEEE

B T

{ = vyur = yBer ~ y(er) (B> m) ®

s J\RO>D ct

““ p
““
0

@ Strange baryons — A few cm — Time Projection Chamber (TPC)
* ¢t(A)=7.9 cm, ct(X")=2.4 cm, ct(E)=4.9 cm.

@ Charmed hadrons — A few hundred pm — Silicon Vertex Detector
* ct(D*)=312 pm, ct(D’)=123 pm, ct(A*)=61 pm,

Charmed hadron %
([XIX) ARUM

!
:
l

7] ALIGE

350 L Currdmt ]S (data)
300 g L b R

250 fonen e il

b}
200 \ :
150 N iy

ZELRIATERIC !

Painting Resalution {um

-
=
=

o
=]
e
/
I}
13
f
]

-
C!G
-

10
B, (GeVic)

o
Beam pipe &

G. Contint+[ALICE]
PoS(Vertex2019)003

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 14



Fermtoscopic Study of Hadron-Hadron Interactions

s EDESBHUTFHBNTESH ? P
. BEEGS. FRORVET (p, v, K) M
o UIES< MATHERFICHIET ZHF T e

=5 D5) 0\ g \—#%- YN &&El _
ﬁﬁ%ﬁﬁ'\ﬁ?*ﬁ / = /\/4/{—1:3{ #3 . mesic [BF d

_ n [p | AT |E )/Q— K [K[#]n[D][D A p
p olojJofololololala
).:.1‘,3'{ A o]o
(ZHe) > 0
ARIMIV | =
7 Q- 0O Future
//1( 0 Femtoscopy
K g (High-luminosity
A
AA B ;r N + Silicon Vertex
D- Detector)
D+

*_ Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 15
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To be, or not to be, that is the question.

s “HABEW/\ROEHEEFEAE?

@ NN 71, YN - RFEPEME. PIEFENE

@ AA-EN, ON, AA - AL INUAREEZ{VEDEIRETES D
(quark BDI\ND UHHERHE NI, one-gluon ZIHHE]7] )

@ KN (sq-qqq), DN (cq-qqq), DN (cq-qqq), ...
— 5q {Rf& (penta quark state) Z{FDAIEEEH D

Table 1. Leading g L = 0 dibarvon candidates [[2], their BB’ structure and the
CM interaction gain with respect of the lowest BB' threshold caleulated by means
of Eq. [Z). Asterizsks are used for the 10; baryons ¥* = ¥{1385) and =* = Z(1530).
The symbol [i,j.k| stands for the Young tablaux of the SU{3); representation, with

1 arrays in the first row, | arravs in the second row and k arrays in the third row,
from which Py is evaluated. The 10 SU(3); representation is denoted here 10"

—&  alU(d)y I Jr BB’ structure ‘1"".1 ‘I'I-"-J :'
%ﬁ?ﬁ%w{- 0 B30 10 0 3 i q
*EEIQEE&?Q: 1 (3218 1/2 27 —.-I NT* + 2AY) 1

%1’)6@75‘? 2 |1222)1 (07 L["i"i+':""-H—1.,."'?"_"'5] —2
a :ii.'l.] 8 1/2 27 Tl‘ AN — A=Y+ EF=2 - B2 —1

A. Gal (‘16); M. Oka (‘88)

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 17



Source Size Dependence of Correlation Function

Correlation function (LL model)

1.5 l 2
1 . 1
0.5 1
o Bound 1
g 0
Unbound 1
-0.5
-1
-1.5
0 0.5 1 1.5 2
gR
E.g. AO, Morita, Miyahara, Hyodo (°16)
LL model: R. Lednicky, V. L. Lyuboshits ('8§2)
L£08

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 18
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Wave function around threshold (S-wave, attraction)

s 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 = - + §Teﬁ‘q2 + 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,

a,> R 0<a <R
Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 19




From correlation function to hadron-hadron interaction

s Large |a )| (|a,| > R) b oy bre pri
— Large C(q) R""" sin qr R.-~ umar R~ sinqr
(unitary regime) ol s,

4 w/o bound state No b.s. /loose b.s. /(

< ~ V Vv deep m
(30 0’ |a0| R) a, <0<R a,> R 0<a <R
— C(q)>1
: 3 L "R/ay= -0.3

a With bound state R ' 0= "Y- ;T
(a, >0, [a)| ~R) \ larger R 03 -----
— Region with 20 %N 1 —

C(q) <1 appears (> "
(&)

w/o bound state (ag<0)
1 SRS S 2 ——— -_";:_;:;:_____-_ ________
w/ bound state (ay>0)
I
LL model
Source size dep. of CF 0 0.5 1 15 o

— Existence of bound state dR  Morita+(<20)

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 20



Modern Hadron-Hadron Interactions

a Lattice QCD hh potential 0 '
@ V,, is obtained from the Schrodinger eq. or SR

my = 146 MeV

-100

for the Nambu-Bethe-Salpeter (NBS) ] N s,
amplitude. Sl \ |
N. Ishii, S. Aoki, T. Hatsuda, PRL99(‘07)022001. 200 - |/ My = 875 MeV 4
— QQ, NQ, AA-NZ potentials asol |l e
at phys. quark mass are published oo L Va(J = 2) ”]II
# Chiral EFT / Chiral SU(3) dynamics o n g e s

@ V,, atlow E. can be expanded systematically in powers of Q/A.

S. Weinberg (‘79);R. Machleidt, F. Sammarruca (‘16);
Y. Ikeda, T. Hyodo, W. Weise (‘12). 2N Force IN Force

— NN, NY, YY, KN-nZ-7A, .. - Y]
8 Quark cluster models,

Meson exchange models, Ak
More phenomenological models, ... l {121

NMNLO |H
o MLy

'w.lu ’l

Let us examine modern hh interactions !

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 21



2N potential from lattice QCD

s QN potential by HAL QCD Collab. (J=2)
e m =875 MeV, B.E.~0.63 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 = 3‘
= 500 | Sl HAL QCD t/a=14
%{ 13 ——
-600 -200 _£ 12 —— |
11
-700 : Fit t/a=14
'800 . : L L L . -250 _[ NQ, 552 ig _ —
0 02 04 06 038 1 1.2 14 1.6 $ 11
r [fm] -300 | ' ' ' |

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 22



c(Q)

ps2~ correlation

K. Morita, AO, F. Etminan,

no b.s. Rp=Rg=25m,V, —
shallow vi — | T. Hatsuda, PRC94(‘16)031901(R)
deep “r-=“ﬂ=5’""=,}: ' 7 | (w/ Lattice potential with heavier quark mass)
Static Source Vi - -
S, % 0-00% [ P J. Adam~+[STAR],
1.5L Model:R, = R, =5 fm }': Model:R, =Ry =25Mm 5 = 200 GeV PLB 790(‘1 9)490.
25 I T T T T T T :i ) T
(a) , (b) (e)
0 20 40 € 1 2 R=3fm
Q=|mpl [
= 15 ‘
051 1 [i S — |
| | l e —]
T WY e B
0 20 40 &0 80 100 120 140 p Q .
g=1q"| (MeV/c| E
K. Morita, S. Gongyo, T. Hatsuda, 1 3
T. Hyodo, Y. Kamiya, AO, : [+]:+:[ﬂ+;+: F
PRC 101(20)015201. (w/ Lattice : :
potential at physical quark mass) : N =5 1 7
S. Acharya+[ALICE], 2F - o e E
Nature (20), [2005.11495] 'F == et -
(pp 13 TeV) 0 100 - (Mevie) 200 300

Ohnishi @ Nucl. Theor. Group Colloqui

um, May 12, 2021 23



Correlation Function with Gaussian source

9
1.4 r
1.9 1.6
7 1.4
= 1
3 1.2
E
% 0.8 1
=3 0.8
0.6
T
= 0.6

=
N

0.4
0.2
0

.
o

0O 020406 08 1 121416 1.8 2

qR [dimensionless]

NQ potential (J=2, HAL QCD, a;,=3.4 fm) + Coulomb

(P08

ITE Kvoto 2 . 1

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 24



STAR + ALICE = Nf2 Dibaryon

h ! ! ! v | ! ! ! ! | v ! ! ! _l:
? p Q2
6 -
5 1 -
3 % 45 :+:E+jr+=c+:[+1 -
| R/ag= -0.3 X: ] :
larger R 0.3 ----- ER - E
2 ", 1 — - £4-3 ;
G ‘ | . ;
o 1 wio .bfl_“_]d state (ag<0) 0 o0 Ik*tMeV;‘c]I 200 300
----- e (o) ALICE, 2005.11495
oF : -
0 : ' Expanding Source
0 0.5 1 5 2
qR g ;
o 1 =
3 —&
Do you know any mechanism O 2 —V
to suppress C(q) other than = A :- |
the existence of bound state, "
when the interaction is attractive ? 0 005 041 0.15
PLB790 ('19) 490)

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 235



Do I have 10 minutes ?

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 26



H dibaryon state, to be bound or not to be bound ?

s H-dibaryon: 6-quark state (uuddss) HAL
@ Prediction: R.L.Jaffe, PRL38(1977)195 =y — (20)
@ Ruled-out by double A hypernucleus HAL
Takahashi et al.,PRL87('01) 212502 ES22 s ('16)
@ Resonance or Bound “H” ? ' ('07) He+AA
Yoon et al.(KEK-E522)+A0 ('07) AA — A
s Lattice QCD results 1\’; 6.91 MeV ¢
@ Bound: . ag,?)lia w He
HALQCD(‘11), NPLOCD('11,’13), Mainz(‘19) ('01)
(heavier quark mass or SU(3) limit) vy~ 80 MeV
@ Resonance (Bound state of NE): Jaffe ("77)

HAL QCD ('16,18) (heavier mq)

@ Virtual Pole (around NZ threshold)
HAL QCD (“20) (almost physical mq)

‘ We examine LOCD NZ-AA potential and discuss H using CF ! I

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 27




NEZ-AA potential from Lattice QCD

8 NE-AA potential at almost physical quark mass
(m_=146 MeV) by HAL QCD Collaboration
K. Sasaki et al., NPA 998 (‘20) 121737 (1912 08630)

@ Strong attraction Bl B e e S e B i
in (T,S)=(0,0) of N= =1 (T S) (0, 0 |\

@ Weak attractionin AA -, |\ " 18] I T 1T (£ ™1
(Coupling with NZ R T T
causes AA attraction)  “f | i ) "1' "] = i

@ There is no bound state ~ | 1290 VAA 27T\
in NE-AA system ol L INE-AA
(except for = atom), A " A T "

but there is a virtual pole around the NZ threshold
(3.93 MeV below nE’ threshold)
on the irrelevant Riemann sheet, (+, —, +) [relevant=(—,+,1)]

Epole = 2250.5 % i0.3 MeV \

sign of Im(eignen momentum)

O\ . "Y:TP .‘\QQS . g e .
-y THIF | Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 28




Fate of H dibaryon state ~ Virtual Pole ?

# Recent HAL QCD results at almost physical quark mass

@ There is no bound state in NE-AA system (except for =~ atom),
but there is a virtual pole around the N= threshold
(3.93 MeV below nZ’ threshold) on the irrelevant Riemann sheet,
(+, —, 1) [channels = 1(AA), 2(nE"), 3(pE)]
@ Wave function in n=° channel diverges while the Re(energy) is lower
than the threshold — Virtual pole

u; (1) o< exp(ik;r) = exp(iRe(k;)r) exp(—Im(k;)r)

@ If it appears in the Aim E
(—*,17) Riemann sheet, sIm E IIm k
0o 4 o bound
it is a AA resonance bound 10 ol Re I

state

(a NE bound state).

—®
weaker M Re k
. . >
virtual k
weaker .
i virtual weaker

i attraction C attraction
Re F
@ resonance

resonance

Kamiya, Sasaki, Fukui, Hatsuda,
Hyodo, Morita, Ogata, AO, in prep.

GO\ .- - Y'TP .\\vos . g . .
am TRIT | Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 29




p=" correlation function

_ T. Hatsuda, K. Morita, AO,
10— | K Sasaki, NPA967(‘17)856.
(heavier quark mass)

[ 0 J. Haidenbauer, NPA981(‘19)1.
2.0l (NLO(600), w/ CC effects, w/o Coulomb)

M

-
o
i
R -

[11

C,.5(Q)/C5(Q)
>

-
+=

8 - o L] [ ]
<12 [ (w/ Coulomb, it will be comparable with data.)
(&]
— | i~ 26¢ I S S I AU R TR EN T T . .
1545l = oabl ALICE Preliminary 2 D. L. Mihairov+[ALICE], NPA 1005
Q15 O 24¢f pp (s = 13 TeV ] )
0 I '*‘{\ 22k High Mult. (0-0.072% INEL) 3 (‘21)121 760 (QM2019). (Nljmegen pOt.
. 2 Blpz opT = does not explain the data. w/o CC)
L F Coulomb + HAL-QCD :
10 1.8F g 3 Acharva+(ALICE), Nature (‘20)
. 1.6F ¢ - T HALOQCD with £-065 fm ——
0 : m v LR
1.4:— + T4 L ALEE |_|_|| 1 13 Tl T R . R
N N . K. Mi+(STAR, preliminary),
1E T 1AutAu, 200 AGeV, APS2021.
085 ‘r | 1(No Dip at larger R)
I..-\'—I -.4?".IIIIIIIIIIIIIIIIIIII_”IIII_"_II'IIIIIIIIIIIIIIIIIIIIIIIIIIII '__
Kamlya+( in Prep.), A} I| N i T + piidgeel T ke
; <1 | oy o ]
w/ Lattice BB pot. £ oo i e =T ;
at h S m 1.1 L '|I |.af—' p-= sideband background _f_ p-E sideband background 3
p y ° q g ekt Central collision __t Peripheral collision ]
CC effects Wlth AA. [ . __i_ . STAR Preliminary __ '.‘ —E_ STAR Preliminary _
1 o T - R % 3
T T EF e T e S S, Y P
I'I"-\. |_| _:I".| EI:..I :!.III:I .'h_l = lI:IDE: — IO.ll ' Ikéill}s;\:',‘c; I|:|.|2I = i:I'IZE: = Il]!3l_)_l = i:I_DSI — Il:l_l‘lI = Eclg;\,:m; ID?EI — IU‘.IZEI — I|:|L3I ]

g |MeV /|
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AA correlation function
C. Greiner, B. Muller, PLB219('89)199.

Lambda-correlation with resonance

| T G S B 11 (Assumed AA resonance)
" H— v AO, Hirata, Nara, Shinmura, Akaishi,
o BHIC. Au+Au NPA670('00)297c
:_if Y S n et o 1 2 (Before NAGARA, interaction was too strong.)
o

Adamczyk+[STAR], PRL114(‘15)022301
(Residual source R ~ 0.5 fm was assumed.)

Morita, Furumoto, AO,PRC91(‘15)
024916. (Res.Source + flow)

B J J. Haidenbauer, NPA981(‘19)1.

" (Larger cusp ?)

VA
| I _-\I;'\ only o

A +n=0 1.1 b
AA + p== 4 n=? (Full) ——

Quantum statistics - 1 1| I 1 I I_I_[_I_Ij_.—I—I-I 'I—TIZ
I — 1

- 0.9 b 4

P ' 0.8 4 4

' 07 H

1.2

Cah

Kamiya+(in prep.). S
(Smaller cusp than yEFT. wf e —
CC simulates res. source !) T R T "
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Do I have 3 minutes ?

1y ITP W -y ,
et 1027 Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 32




1.3
125 | : with Coulomb ——
12 : without Coulomb = = =

Coulomb anly -------

pK — correlation

S. Cho+ [ExHIC], PPNP95(17)279.
(Insufficient coupled-channel effects)

................ J. Haidenbauer, NPA981(‘19)1.

1.5

1] 005 01 015 0
. = M
q[GeVic] & 1.0

Kp i(w/ CC effects, w/o Coulomb)

T T T T
ALICEpp {5=5TeaV

AT A S. Acharya+[ALICE],
=08B£007 PRL124(°20)092301
, pEpEKT
0.5 ———— [JCoukami

Coulamb+Sirang (Kyata Madel)
[ ]Ceulamb+Sirang (Julich Moedel)

ﬂ}115}i1

Source size dep. may

clarify bound state
nature of A(1405).

Y. Kamiya, T. Hyodo, K. Morita, AO,
W. Weise, PRL124(°20)132501.

1] ) )

50 100 150 ’ ALICE (;ﬂw 13 ]v"n', HM ) i
K (Mele) ' Cr(R = 0.9 [m)

Chig + Cres( R =09 fm) oo )
Ce(R=161m) — — -

I I I I I N
al) 170 150 200 250 300

(Chiral SU(3) dynamics) " £ IMeV/d
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Source Size Dependence of C(pK ~)

# Coupled-channel effects are suppressed when R is large,
and “pure” pK~ wave function may be observed in HIC.

s Can we deduce (Re a, Im a ) at precision comparable to that
in SIDDHARTA kaonic hydrogen data ?

L2 o ' . . . ' | ALICE (pp 13 TeV, HM) +—e—i 12 . ———— .
\. ' —_ R=1fm | ; R =3fm
1.1 —\‘ wj — . . 25 (-’ﬁt[J{z 0.9 [\Ill.;l — i 1.1+ w p— 1
Iy A " Cht + Cres(R = 0.9 fm) -ooeve. J
Car(R = 1.6 fn) — 1 E——
—— = -
=09 L e 1
~ Ry Kp——
0.8 _y__‘_./ K_p TR o
Kp+AE'm+7E nnnn
i 0.7 F Full
~/ Full without Coulomb —.— 1 0 Full without Coulomb —.—
0.6 1 1 | ! C I | | I 1 ] b L 1 1 L L -
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
g MeV/d q [MeV/c] q Mev/d
Ld o ° ‘
Y. Kamiya, T. Hyodo, K. Morita, AO, W. Weise, PRL124(20)132501.
26 T T 1 T T 1.25 T
“F ALICE pp f5=5TeV f S5TAR preliminary
24 ii r,=113£0.02 *57 im
22 A =0.68 £ 0.07 R e
2 : 115 i :
P Y s I ol TP
R pp A L b -K'p ~Kp
016 L p 9L c
1.4 KT | 1.:]5_
o ——
1.2 - Bt
.1 e - - - 3‘-“=
If?.? =5 <1 +
08 A ! ! ! 0.895 +, nhtedad bl
0.0
o EEI 'IEIEI 'IEU 200 250 0 [GE"J {'.] 0.12

S. Acharya+[€lulélCE], PRL124(°20)092301 Siejka+[STAR, preltmmary], NPA982 (‘19)359.
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Summary

s BLRIVF—RFIZEZE (pp, pA, AA) DS5D 2 KiFEEHE
FHRAREUT R D)\ RO HEE/FADFHIRICBHTH S,

o " MHIEMA"(IZTNVWTRWVWD, |y DIEERIFESNS

@ 2015 £ ~REFTICZ < OHEREDAIE N,

KT —ARirEIFDO/\ RO EBHEEFRIIELIBXTWNS,
(RHIC, LHC (X)\RO>TI5 ! &3/ J-PARC))

@ Exotic hadron (/\FO>FRE - HISIKRE ) DIRFR(CHF™IID,
s S5(CHBRNICARBINAETZSLLOD 3] HbD
o B4ARI)\RO>N (LQCD, yEFT THFEMH DM better,
Charmed hadron &0 ),
A\RO> -BBF (E.g., Ogata+(2103.00100)) .
3 {AtHBIRAEX (e.g. App) .
s T—ABHEHSHEERREDREL/I\SA—IH5| S HERLD ?

0 -- YTP * Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 35




Thank you for your attention !

Coauthors of arXiv:1908.05414 (pL2, Q) and arXiv:1911.01041 (pK°)
K. Morita S. Gongyo T.Hatsuda T. Hyodo

Y. Kamiya
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AA correlation function

# AA correlation function

@ Strong enhancement from pure Coulomb CF
@ NE source effect is visible only around threshold.
@ Calculated CF agrees with ALICE data.

1.1 , , , , . 1.2 . . . .
AN only ——-
AN4+n=Y - . 11 L i
1.05 L AN +p=~ + n=" (Full) ——— |
Quantum statistics e 1L I —h}I—I—}:—I—[_I_Ig_I_I_II{_I_I:
1 - 09 L 1 i
0.8 H i
2005 L -
= T 07 H .
Ug - f."ll;ﬂ' — 12‘ - ':]El — -
N R=12fm 0.5 H i
0.85 L - |
0.4 H HALQCD with B = 1.11 fm -
: N ALICE pp 13 T&V +——
0.8 | P | | | 0.3 1 T —L ' =
0 50 100 150 200 250 300 100 200 300 100 500
g [MeV/¢] g [MeV/c]

Kamiya+, in prep.; Acharya+(ALICE), Nature (‘20)
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Lednicky-Lyuboshitz formula I
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Lednicky-Lyuboshits (LL) model
# Lednicky-Lyuboshits analytic model

@ Asymp. w.f. + Eff. range corr. + Yo = [yh]*
e~
o(r) D VPasy(r) =

sin qr e
d +

sin(qr +9) =S™!
r

ACLL(q /d"“Slz (|€asy ()] = [do(gr)]?)

| Fy (T;ﬂ:) 4 QP\{/Q%CEQ) Fl(ilf) . Im];g(Q) FQ(CU)

(r = 2qR, R = Gaussian size, Fi, Fy, F5 : Known functions)
# Phase shifts

- 2R2

1 1

qcoto = P T §Teffq2 + (’)(q4) — 0 ™~ —apq + O(qg)
0

sin(qr + 6) ~ sin(q(r —ag) +-- ) Node atr ~a,

for small q

- - Y :rp A. Ohnishi @ Hadron Spec. Cafe, Jan. 10, 2020, TITech 39




C(q) in the low momentum limit

s Correlation function at small q (and r ~0) — F,=1, F,=0, F,=1

FO)P | 2Ref(0)

AC 3
o 1 1 4, N\
f(q) =(gcotd —iq)” ~ | —— + -regq” — iq — —ag
ao 2
a2 200 2 1 2\ ?
C 0) =1 0 _1_Z2 (20 _ 2
(e = 0) =14 5ps = 2R +2(R \/7?>

1 —2/m~0.36, v/7/2 ~0.89

C(q — 0) takes a minimum of 0.36 at R/a, = 0.89 in the LL model.

A. Ohnishi @ Hadron Spec. Cafe, Jan. 10, 2020, TITech 40



pL&2 correlation
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Where is dibaryon ?

# Deuteron = First dibaryon (pn bound state)

s 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 QCD ('16))

s 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: HEAA-NZ-XX), NQ, NX*, d*(=AA).

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

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 42



2 N dibaryon

a Q) :sss, Ja=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 state Qp 2610
with narrow width for J=2 (°S))

, e B ((2p),
(Coupling to octet-octet with L=2)
Etminan+ (HAL QCD)('14),
Iritani+ (HAL QCD) (‘19)
@ Meson exchange potential is also —
proposed I 2507
T. Sekihara, Y. Kamiya, T. Hyodo,
PRCY8 (“18) 015205 AE 2430

@ Correlation function is measurable !
Adam+ (STAR)(‘19), ALICE, in prep.

e LAY \?os
YTP P # Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 43




Meson Exchange Potential

# Meson exchange NC2 potential
T. Sekihara, Y. Kamiya, T. Hyodo, PRC98 (‘18) 015205

@ 11 meson exchange, 6 exchange, contact term, box diagram.
@ Contact term is fitted to the scatt. length of HAL QCD potential.

Biggs)

N—>e = N N—s»e» N N N N ; , N
; \/ : -
17 2 \/ s
: 7 N\ : Bigss) :

(A (B) (C) { box )

|
S 200
% p-22 HAL-QCD
““n—é -300
- e p-L} Sekihara

400

500

600 = '

0 1.

r(fm)
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Calculation Details

K. Morita, S. Gongyo, T. Hatsuda, T. Hyodo, Y. Kamiya, AO, PRC101(‘20)015201

s 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

*_ Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 45




Source Size Dependence of Correlation Function

[
Ln

T 25 g T 25 T
] R=4fm R=3fm R=2fm
2 p 2 2
| a,~ 3.4 fm
= 15 == ] = 1.5 ]
i | tw ] ] |
~R -,
1 M g 1 H O e T 1 |I'.
[i -
1 : ._.. I. III ._-
b '.- - ."-' I" a8 a i
- 'H."f/ Minimum LW Minimum - = Minimum
0.5 Reference ———— 0.5 i Reforenge ===- 0.5 Reference ——
| | | | | | | | | | | | | | | | | | | |
0 20 40 60 B0 100 120 140 0 20 40 &0 80 100 120 140 o 20 40 &0 B0 100 120 140
x : * : ¥ i
a=|q | [MeV/c] o=|q | [MeV/c] a=|q | [Mev/c]
2.5 m 25 T 25 T
|: R=1.6fm || - R=1.2fm \ R=0.8fm
1 | \
2 2§ 2 F
| I'-I 'w R < a[)
= 15 [l{ =15~ ¥ 5 15 A =
v} | X3 b o L
II .""\- K.
II \'\.\\ I\.\I\"'\.
I o 1 . o o,
I -Tx-"lu'nrrum —— Minimum —— Minimum ——
0.5 Reference ——— 0.5 Reference ——— 0.3 Reference ——
I | I 1 i | I I I | I | | I | I I | I
0 20 40 60 20 100 120 140 o 20 40 60 80 100 120 140 0 20 40 &0 20 100 120 140

L y
g=lq | [Mev/c]

Gaussian Source

g=lq’| [MeVyc]

* I
a=lq | [Mev/c]

K. Morita, S. Gongyo, T. Hatsuda,
T. Hyodo, Y. Kamiya, AO ('20)
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K p correlation
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K p interaction

s A(1405) KN quasi-bound state
Dalitz, Tuan ('60); Koch ('94); Kaiser, Siegel, Weise ('95);
AO, Nara, Koch ('97); Jido+('03)

@ Positive scattering length in K™ atoms
M.Iwasaki et al. PRL78('97)3067;

M.Bazzi et al. [SIDDHARTA Collab., & P 1435
PLB704('11)113. B A\ (1405)
# Kaonic nuclei ?
Nogami ('63); Akaishi, Yamazaki ('02); I > (1385)

Shevchenko, Gal, Mares ('07); Ikeda, Sato ('07);
Dote, Hyodo, Weise ('09)
— Needs precise info. on KN int.
# Scattering amplitude and Potential - 1325
fitting scattering and SIDDARTA

data in chiral approach
Ikeda, Hyodo, Weise ('11,'12),

° ' o
Miyahara, Hyodo ('16) ‘ How about K~ p correlation ? I

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 48




K~ p correlation function data

8 K — p correlation function from high-multiplicity events
of pp collisions Cog
S. Acharya et al. (ALICE), arXiv:1905.13470 ©  ffj ~ A-CEPPis=5TeV
. Acharya et al. , arXiv: . 54 ry=1.1320.02*%7 fm

. . o -0.15

@ High precision data 2.2 ) =0.68 = 0.07
from low to high momentum ! 2}
c.f. Previous scatt. data 1.8\ L

J 1 1 1 1

K'n threshold

& Kaonic atom data. 16F
@ Enhanced at low Kk, cusp, 14F _ o
A(1520), ... 12E — e m =
£ ST
D'EETL L IDI‘}:T:ISFI{I-]I el b ol
= 250 0 50 100 150 200 2501
= ol T k* (MeVic)
Ll . Red:Kyoto model
L n Blue: Julich model
< = . o= grey: Coulomb
= =" SIDDHARTA

1340 1360 1380 1400 1420 1440
V5 [MeV]

1. Hyodo, W. Weise,NPAS8S8I (‘12) 98
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KN-nZ-nA Scattering Amplitude and Potential

# Amplitude in chiral SU(3) coupled-channels dynamics
Y. Ikeda, T. Hyodo, W. Weise,NPA881 (‘12) 98

@ NLO meson-baryon effective Lagrangian (KN-tX-mtA)
+ fit of Kaonic Hydrogen, Cross Section, Threshold branching ratio

8 Coupled-channels potential
K. Miyahara, T. Hyodo, W. Weise, PRC98(‘18)025201

@ Potential fitted to IHW amplitude

F [fm]

R = T SR N

F [fm]

-1 | | | | | | | ]
1340 1360 1380 1400 1420 1440 1340 1360 1380 1400 1420 1440 1340 1360 1380 1400 1420 1440
Js [MeV] Vs [MeV] v s [MeV]

Y. Ikeda, T. Hyodo, W. Weise, NPA881 (‘12) 98
K. Miyahara, T. Hyodo, W. Weise, PRC98(‘18)025201

=-m \?os
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Correlation Function with Coupled-Channels Effects

J. Haidenbauer, NPA 981(‘19)1; R. Lednicky, V. V. Lyuboshits,
V. L. Lyuboshits, Phys. At. Nucl. 61(‘98)2950.

# Single channel, w/o Coulomb (non-identical pair)
C@=1+ [ ars@) [0l - Liolar)l|

# Single channel, w/ Coulomb

Cl@) = [ ars@) (g @) + O ) - 158 @)

Full free s-wave w.f. S-wave

Coulomb w.f. with Coul. Coul. w.f.
# Coupled channel, w/ Coulomb

Cila) = [ drsi(r) [[e“ g, )P+ 1O )P = 158 (@)

+3 w; [ drs; -) 2 s-wave w.f.
; ’ / ‘X” (r.2) in j-th channel

Outgoing B.C. in the i-th channel, ®; = Source weight ((z)j—l)

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 51



Correlation Function with Coupled-Channels Effects
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Correlation Function from Chiral SU(3) Potential (1)

8 Corr. Fn. from Chiral SU(3) coupled-channels potential
+ Coulomb + threshold difference (for the first time !)

Y. Kamiya, T. Hyodo, K. Morita, AO, W. Weise, arXiv:1911.01041

8 Coupled-channels effect

@ W.1. of other channels than K- p decay in r <1 fm.
@ But they contribute to corr. fn. meaningfully.

'|? [dimensionless]

J

[

T T T
Kp —
K'n - ___
T
A
_______ o |
2 3 4 ;

! 1 1 1 1 1 1
] "
| |\ O — 1 RF=11fm ]
! J
.I | ‘:ﬂA
7TE p
| ||_ ) = ' 1" i _...-:- — -
'|| A B k‘j:.___ “"r;.--;:..- - I{_P o
" VK% T TR R oo -]
LN — =7 K p+K'n+7E ceeees |
~/ Full —
0 50 00 150 200 250
g [MeV /¢l

SN
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Correlation Function from Chiral SU(3) Potential (2)

s “Free” parameters
= Source Size R, Source Weight O «— Th+Exp.

+ Normalization + Pair purity (1) — Exp.

@ Larger R — Smaller couple-channels effect from X

(Favorable values of R and ©; are correlated)

@ Simple statistical model esitmate
®_5 ~ exp[(m +my-m_-m,)/T] ~ 2.

3 .

10 102 ' ALICE (pp 13 TéV, HM) —a—sy
8 - Cye with wey =0 = = = -
6 1 - Cht + Cles  ----vee-
3 10 S 2 ¢ R=09fmn -
3
4 -~ \ Wres = 2.95
DL
. 15?
0 1| .

| ] ] ]
0 al) 100 150 200 25() Al
q |MeV /¢l

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 54



Comparlson with other estimates

1&
125 [ : with Coulomb
10| without Coulom -
' Coulombgfily -------
=115 %
AN IC) (‘17)
1.05 ¢ / N
P
1 i#iii i&‘;":';':-i-- ----
/ ==
1 .
0.15

0.95 ' '
/ 005 0.1

g [GeV/c]

0.2 Eg\o.s

Lol
S
24
22
2

ALICEpp s= 5Te\\.lr
Fo=113+0.02 '3/ fm

I ALICE

% =0.68 = 0.07 =

e JKUH threshold 73
1.4F =
1.2 -
1E oo 3
D'E'ET[ - ||:I.l?t.:.S|T.{1 | L]
0 50 100 150 200  250¢

k™ (MeWie)

Kyoto model (~Cho+('17))— accident

No K°%n, X source
No threshold diff.

Julich model (Blue) Gamow corr. for Coulomb

1.5

Kp 7]

Haidenbauer ('19)

P T S R S N SR SR T
100 150 200
k (MeV/c)

Julich amplitude

3 4 , | | |
! ALICE (pp 13 TeV., HM) ——
75 I' Cﬁt _—
i Cge with wry =0 === - ]
. Clhit + Cleg  revmeee-
= Zr R=09fm A
© 1 Kamiya+('19)
1.5 |
Lt I I 1 I I ]
0 50) 100 15(0) 200 25() 300
q |MeV /¢

Cons1stent with Kamiya+('19) w/o Coulomb
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Source Size Dependence (2)

s Experimental confirmation of coupled-channels contribution

— Source size dependence

@ Channel w.f. other than K™ p are localized at around r=0.

(Outgoing boundary condition for K™ p)

@ Contribution of X source is suppressed for larger R.

1 !| I'._ R=1fm
e ;
[ S A

Tos | Seelle o Kp—
| \ _ 7 K p+HKMWm -__
0.7 .5 o= T K p+K'n+ry o
~ Full —
0.6 L I I ! !
0 50 100 150 200 250
g |[MeV /¢|

C'(q)

1.2

1.1

0.9

0.8

0.7

0.6

R=31m

Kp— —.
K p+ K%
Kp+EK'n+7rY o
Full

|
5l

T00

150 200 250

q |[MeV /¢]

3l

)0
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Source Size Dependence (2)

8 Corr. Fn. from pA & AA collisions will elucidate the role of ©X
@ R~1.6 fm — #X effects are suppressed.

3
'I ALICE (pp 13 TéV. HM) 4
. K =10.9 fin pp
= l R=16fm — — . pA
= 2 _
= |
\
1.5 =\ _
Lt | | | | | i
0 50 00 150 200 250 300

g |[MeV /¢
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Correlation functions I
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Correlation Function: Standard and Non-Std usage

\ \ \\apl
BN
/] / / P2
source fn. relative w.f.

Cprp2) = o e = [ansin(mlp(n)

s Standard: Source size from CF (HBT-GGLP effects)
Hanbury Brown & Twiss (‘56); Goldhaber, Goldhaber, Lee, Pais (‘60)
@ CF of free identical scalar bosons from spherical Gaussian source
o(r) =+v2cosq-r — C(q) =1 + exp(—4R%*¢?)
4 Non-standard: hadron-hadron interaction from CF

@ CF of non-identical pair from Gaussian source
R. Lednicky, V. L. Lyuboshits ('82); K. Morita, T. Furumoto, AO (‘15)

@) =1+ [ drS(r) {leo( ~ lio(a)?} (g0 = s-wave w)

CF shows how much ||’ is enhanced — V, effects !

# Correlation function

@ Correlation from the quantum statistics
and the final state int. under indep. particle
production assumption lead KP formula,

Koonin('77), Pratt+('86), Lednicky+('82)




230 -FE BB 1555 B
s HFOBHRZHER

N;(p) = / d*zS;(z, p) L

s 2 FESHBHF L po
o 2HITFAMT DN, RREDHEEHRTHENELNEET S,

) \ \\»pl

N1i2(p1,p2) 2/d4$d4ysl(37apl)SZ(yaPZ)‘\ijhpg(5’77y)’2
2 Bi¥F w.f.
N / d*zd*ySy (2, p1)Sa(y, p2)| g ()

EPO P ] E SR

s THERIRL

Cpr.pe) = 5 P2 o [ arSia(n)g(r)]
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230 -FE BB 1555 B

s fl:FAEBARYY (J=0) . AV AR BHEER. FEZ. JEHExH

° Bl *E?TJEEEQ‘%EUC%X.ZD

S(x,p) xexp | —— —

" R (e P? q’
S(x,p1)S(y,p2) xexp |— R2 AR2  AMT 2uT]

\ijl,p2(way) OCE [6 pP1-T+ip2-yY 1 e'P1 y-+ipo w}

1P-R

=e ‘m X \V2cosq T
> THEAREEL
2
C(q) :(47TR2)_3/2/dr exp {—4T—R2] 2cos’q- T

=1 + exp(—4¢*R?)
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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

: - BT DAITE
— angular diameter of Sirius=0.0063" mEDAE
A TEST OF A NEW TYPE OF STELLAR INTERFEROMETER ON SIRIUS (Wlklpedla) —_
By R. HANBURY BROWN 5.936+0.016 = U*’»
Jodrell Bank Experimental Station, University of Manchester
AND
Da. R. Q. TWISS —
Services E!ﬁctru:i:s Research Laboratory, Baldock . B T {Il IE) / <I1 ) (IE}
NATURE  November 10, 1956 vo. 178 it ~a
o gﬂ*?" I H‘xl\ C(d) - 1
- | B
., C0) -1
2 \
E 0 = iy
3t .
Soef

L
0 2 ] B B ] 14 14
Baseline, d (mekres)

2 2 E it i Fig. & Comporlson beiween ihe vahwea of the sormalizsed cor-
Figure 2. Picture of the two telescopes used in the HBT experi- velstion aoemaisnl I'Hed) cbaervad froms Sirin and the theoretical

1 x u . x values fur & star of apgular dizmeter 005", The croors shown
ments. The figure was extracted rom Ref [ 1]. o b :;mta‘:-banmn of the nbacrraslons

HBP telescope (from Goldhaber, ('91)) HBT ('56)
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Two particle intensity correlation

# Wave function symmetrization from quantum statistics

Cla) = [ d'rs(an)|-

ﬁ(eiQT i e—iQ'r) ~ 1 i eXp(_4q2R2)
Source fn. : 3 Static spherical
(r=relative (Symmetrized w.1{.) source case

coordinate)

— Small relative momenta are favored C
due to symmetrization d C(q) = (I112)q/(11){12)
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 . “=h
G. Goldhaber, S. Goldhaber, W. Lee, ir({i RO
A. Pais, Phys. Rev. 120 (1960), 300 2
@ Two pion emission probability is enhanced | f—h—r'.;;;
at small relative momenta PR

t

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

PHYSICAL REVIEW VOLUME 1200, NUMBER 1 DCTORER 1, 1960

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

GeErsoN GOLDHABER, SULAMITH GOLDHABER, WonNvonG LEE, anp AsramaMm Parst
Lawrence Radialion Laboralory and Department of Physics, University of Califorsia, Berkeley, California

{Received May 16, 1960)

Momentum
q=(p,-p,)/2
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Other bound states ?

1.1

s AA-NZE
@ C,.(q) in AA(RHIC) and pp(LHC)

are similar (No b.s. below AA). -
@ LQCD predicts a virtural pole

near N= threshold, which can be ..
detected as the cusp in C, ,(q). N —— Ceer |

NLO(600) potential predicts the same. i

(The fate of H particle)
K. Sasaki+[HAL QCD], NPA998(‘20)121737;
Y. Kamiya+, in prep.; Haidenbauer(‘19).

a8 KN . ]
0o 50 100 150 200

@ A(1405) is believed to be the bound state ..
of KN, and “dip” is expected at R ~ a,,. ALICE (pp 18 TeV, HM) +——s

Cit (R = 0.9 fm)
Che + (:1'95("% =0.9 fm) e
Cpg(R=16fm) — — -

@ However, Coulomb and coupled-channel - .|

effects modify the dip-like behavior. )
Kamiya+ (‘20).

1.5+

! | ! ! ! 7
0 a0 100 150 200 250 300
g [MeV /]

*_ Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 65




Trends in Hadron Physics

s Hadron-Hadron interaction is closely related with ...

@ Quark-gluon structure of hadrons mubiquerk  hadronic
(Multi-quark or Hadronic molecule) @ @ _G
To be bound or not to be, A\
That is the problem. 1 y |
@ Hadrons with heavy-quarks exciiaon| g par creation Threshold
@ Hadrons in nuclear matter @
and EOS of nuclear matter Cho+('17)

s High-Energy Nuclear Collisions (\/SNN=40 GeV —14 TeV)
are favorable as a Hadron Factory !

@ 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.)

_" YTP * Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 66




Correlation functions
in the near future

Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 67



CF from ALICE in the near future

# S=-3 baryon-baryon correlation (e.g. AZ")

@ Important to confirm NC bound state _Expected H signal
as a peak in C _(q). 1.0

@ Statistically challenging.
In C, data from STAR, statistical

fluc. is 10 times larger than expected ;
Y By Tn)=(14 MeV, 4.5 MeV), x 10 —

signal from statistical model estimate. g (1.8 MeV, 1.5 MeV), x 2
0 100 200 300 400 500

# Three-body correlation (e.g. App) Q (MeV/c)

@ Extremely important to neutron star matter EOS,
if we can extract three-body force.

@ We may need to develop a framework beyond the “Riverside
approximation” to include 2k and hhh interaction.
E. O. Alt, T. Csorgo, B. Lorstad, J. Schmidt-Sorensen, PLB458 (‘99)407 for 3.

<)
50.9 |

(I got the info. mainly from Laura, Valentina and Oton, but I never told it to people other
than CF collaborators of mine.)

-y" \WaSs
2l YTP p # Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 68




CF from ALICE in the near future (cont.)

s Hadron-deuteron correlation (Ad, K-d, Z-d, Qd, ...)

@ Scattering length data of these are important to evaluate
binding energy and lifetime of hyper triton (Ad),

I=1 KN interaction (K"d), and the existence of a bound state.
Etminan+ (2006.12771); J. Haidenbauer, PRC102(‘20)034001.

@ For serious estimate, deuteron breakup effects (d < pn) need to be
accounted for. I asked two low-energy
few-body nuclear physicists h
(K. Ogata, T. Fukui) to apply
the few-body reaction framework Shon (T, Tpn)
(Continuum-discretized
coupled-channels (CDCC))
to hadron-deuteron correlation.

on

g CDCC

(I got the info. mainly from Laura, Valentina and Oton, but I never told it to people other
than CF collaborators of mine.)

& YiTP | Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 69



CF from ALICE in the near future (cont.)

# CF including charmed hadron A ™

@ Extremely important in recent hadron physics.

@ D*(cd)-p(uud) correlation
qq can annihilate, and D*p couples with many other
channels. (LQCD calc. is difficult.)

@ D(cd)-p(uud) correlation - - B
Probes O (c-ud-ud) state (replace s in @(s-ud-ud) with c)

Two pion exchange can induce attraction.
Provides production-mechanism-free (thermal) result. =

Easy to calculate the potential in LQCD.
D. O. Riska, N. N. Scoccola, PLB299(‘93)338 (pred.);
A. Aktaset+ [H1], PLB588(°04)17 (positive); D-

J. M. Linket+ [FOCUS], PLB622(“05)229 (negative).

D" p

(I got the info. mainly from Laura, Valentina and Oton, but I never told it to people other
than CF collaborators of mine.)

O\ . Y'TP .‘\vos o -
i _ Ohnishi @ Nucl. Theor. Group Colloquium, May 12, 2021 70
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