2 8F - 3RFESSHREDHDSIRD
J\RO EHEEER
REXRE-ERYEFZHR KA B
6 6 EU SRS —EMmITIARE

FiREE [EFI 55 —THHfE< NEDIEERE]

June 14 & 19, 2021, Online
Introduction: 2 fIFESHEHEEHS/\ RO > EHEBEERN

[ 2 RIFEDSHEAI SEKS/\ ROVEHEEFALE LS VETZD
AXELIRIE] DRYRERS (19H05151, 2019-20 £FE ,40+40 HM)

FIZIREREE (21HO00121, 2021-23 £

o EEF -/)\RO2MEE, Fr—»L/\RO>. 3&HE

Summary

E ,30+30 58)

Clusters & Hiefarchies

i, N \?os
&'YITP 4 # A. Ohnishi @ Cluster 6th, June 19, 2021, Online 1



Cluster & Hierarchies
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How can we access flavored hh interactions ?

# Theoretical approaches Lattice ﬂ
@ Nuclear force models: meson exch., o “"
quark model, ... (need data) 50| N 0 ( 5 g ) |
@ Ab initio: chiral EFT (yEFT), lattice QCD | o 2) |
(need data or CPU resources) 2 ol /[ NG, S,
> Irztam+[HAL],
0T PLB792(‘19!284
. 250 1810. 03416 Vi ---
Chiral \ . ! lvm -
4 -300 L !
/ N ’ TN A
s 0 _____'_".--"' R
, 1 g
: 1 "2 1340 1360 1380 1400 1420 1440 =
>« Haidenbauert /s MeV]
N (1510, Miyahara, Hyodo,
. Z};;lf ‘Zég;g;z 73 Weise, PRC98(¢18),
0 i 025201 [1804.08269] Sasaki+ [HAL], NPA998
\uu--aéd-é@--ﬁm-ﬁ (Ikeda-Hyodo-Weise (200121737 [1912.08630]
- amplitude) (taken from ALICE(‘] W
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How can we access flavored hh interactions ?

s Experimental approaches

@ hh scattering (NN, YN, N, KN)

@ Hadronic nuclei (normal nuclei,
hypernuclei, kaonic nuclei)
and atom (n, K, X, =, ...)

@ Femtoscopy

8 Femtoscopic study of hh interactions e

@ Applicable to various hh pairs —_ 12 d(p 1,P2)
(NN, YN, KN, DN, YY, Yd, YNN, ...) 12 (P1, P2)

@ Valid when the source is chaotic

@ Weakly decaying particles

D1

.
I,
////Pz

B N12(p17p2)
Cla) ~ Ni(p1)Na(p2)

\\\
{

1=
=

1800 [F - E
— Good pair purity 3™ D amty,
@ Future measurements: B T gm0 -
1000 3
Charmed hadron, hNN, YY) ® 3002— —i
600 =
P
*‘ q.DQ 1.1 1,11‘_‘_._‘1_.12 1.13 1.14 1.15
M, (GeV/ic?)
ALICE [1805.12455]
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2 A 1E ) = 1HBIBIEX

s BIFOMH S TRIER
Ni(p) = [ dteSi(z.p) o
s 2 HIFESEEIARIRILK L

o 2HFMNMIZICESN. HIRRBOREIFALZTHRENMESNS LTS,
Koonin('77), Pratt+('86), Lednicky+('82) 2 *_"i? w.1.

N12(p17p2) N fd4$d4ysl(xapl)SQ(y7p2)’|\I]P1,P2(xayj|2
Ni(p1)Na2(p2) [ d*xd*yS:(z, p1)Sa(z, p2)

/':/drS('r)Isp('r;C].)|2 = 1+/dr5(r) lo(r; @) = Lio(qr)|”]

N \ \ N
RORRNS VAN oL B

BBy — - B F
s BEEIEHEDA AL IE -5 BDHO—OARL
> 1HRSBI% + HBR K>V — R Y X

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

o FHEHREE + V—RABEE — N\FOVREIHEEER

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

\ \ \\»pl

C(q) =
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Bird's-eye view of C(q)
s HEBIHDARI MRS FV\-ENEAZ AVLVCEIRIRE (LL 1=2Y)

R. Lednicky, V. L. Lyuboshits ('82)

Clg) =1+ |];(§)2’2F3 (TGRH) + ﬂj/e%fg) F1(2qR) — le]‘%f @) [5(2qR)

f(a) = [q cotd —iq) ™, Fi(z) = / St o, Fy(w) = (1— e ) fa, Fylw) =1 2/2v/7

(ERER - HORBY—X - sif - J—0OV&L - 1Fv R - BIERF - AEEFEBR)
s BIN (a,<0) IC&D wiilk

Correlation function (LL model)

1.5 2
— C(q) DIFX 3 1.8
O (0) = 1 2 /ag 1 /ag\2 1.6
w0 =1- 2= (%) +3 (%) o e

z © 1
@ 7 or RFHIKEESHD (a0>0) 05 | 0.8
—r~a, C wflCEi A+ g'g
— R~a, T C(q) DHIH 1.5 0.2

0 0.5 1 1:5 2
qR
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Examele: AA correlation fn. and AA interaction

A 4 2p2 )\ . A = pair purity prob.
Clg) =1 - e +5 /dTS ) {100 (r)|* = ljolqr)|*} paif PRI P
AA corr. (with feed-down, residual corr.) AA scatterlng parameters
15| MPO 15 .J unbou‘nd - NSC%E -—:
(1/ay<-0.8 f:n } LL (free A) Eg%:%gz :
_ Y ™~ Ehime ©
E 10 ®0% N F fss2 ™
- v ] FG O
T = Iy HKMYY ©
0.8 LLEL nrﬂ}m — = . :_' 4 93 | STAR —*
. KP (w/ flow JLH{‘-'I 67 _i_ LL {;_:{15_5?}% . -‘:\a.“ 6 ~ — aoq
0 0.05 0.1 0.15 0.2 0 ° .
q (GeV/ic) -5 -4 -3 -2 -1 0 1 2
L. Adamczyk+[STAR], 1/a (fm™)
PRLI114(‘15)022301; -1.25 fm < a, < 0.
K.Morita, T. Furumoto, AO,
PRC 91(“15)024916; £" Jgr,
AO, K. Morita, K. Miyahara, " {=5
T. Hyodo, NPA954(‘16)294. i E g
S. Acharya+[ALICE], - e R
PLB797(‘19)134822  *F__ Sl .. T
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2 A-FEENSEHEANSES/\ PO EHEEFRB L
LS VMETDDeIELIRNGE (19H05151 BRES )

* Probing QQQ2 and p€2 dibaryons with femotoscopic correlations in relativistic
heavy-ion collisions, K. Morita, S. Gongyo, T. Hatsuda, T. Hyodo, Y. Kamiya,
AQ, PRC101(°20), 015201 (Editors’ Suggestion).

[ K p correlation function from high-energy nuclear collisions and chiral SU(3)

dynamics, Y. Kamiya, T. Hyodo, K. Morita, AO, W. Weise, PR1.124 (°20),
132501,

------------------------ - oaam . - - . - . . - . - oamom g

» Deuteron breakup effect on deuteron-Z correlation function, K. Ogata, T. Fukuli,

* Femtoscopic study of coupled-channel N = and AA interactions, Y. Kamiya, K.
Sasaki, T. Fukui, T. Hatsuda, T. Hyodo, K. Morita, K. Ogata, AO, in prep.

=-m \?os
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{2p correlation function
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NI(2 interaction and Nf2 bound state

K. Morita, S. Gongyo, T. Hatsuda, T. Hyodo, Y. Kamiya, AO, PRC 101(‘20)015201.
a8 Q- (sss): J==3/2+, M=1672 MeV
# ()~ p bound state as a S=-3 dibaryon ? o p 2610

@ No quark Pauli blocking B Q)
in QN, H=uuddss, and d*=AA channels.
Oka ('88), Gal ('16)

@ J=2 state (°S)) couples to Octet-Octet ZE 2507
baryon pair only with L. > 2 AE 2430

— Small width is expected.
T. Goldman+, PRL59(‘87),627;

F. Etminan+[HAL], NPA928(‘14)89; 0 T
Iritani+[HAL], PLB792(‘19)284; sof /7
Sekihara, Kamiya,Hyodo, PRC98(‘18)015205. 100 |
@ Correlation has been measured %_150 (i N Q(5 SQ) _
at RHIC & LHC ! STAR (‘19); ALICE (200 > | [/ . .
200t i/ Tritani+(“19)
. i Fit t/a=12 —
Let us try to discover S Ehminan+(149—> Y
. R , , o Vi
the first S<0 dibaryon ! 300
r (fm)
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ps2- correlation function

R-R25m,v, — | K. Morita, AO, F. Etminan,

no b.s.
Shallow Vi — | 'T. Hatsuda, PRC94(*16)031901(R)

2| deep “w=“ﬂ=5f""-$: ' 2 | (w/ Lattice potential with heavier quark mass)
—_ Static Source v
=15 P & J. Adam+[STAR],
15k Mnd:I:HP=Hu=5fm__}': Mudel:FlﬁRn:z'“'\{ Au+hAu |5 = 200 GeV PLB790(‘19)490.
1 : PL+PLL
ll:l 2 |‘ I I I I T I_ j _I
, 1@ E Lo L@ e
0 20 T | | 20-40%
P 16 | | 40-60%
ok BO-80% ——
— 14 h)|
(a) = Ll P, t/a=12
0.5f 1.2 —1 I*
5 5 53 I l » g
- k* [.G HMH++W
. . b
K. Morita, S. Gongyo, T. Hatsuda, °°, . 20 e
T. Hyodo, Y. Kamiya, AO, a=lq’| 8
PRC 101(°20)015201. (w/ Lattice 5
potential at physical quark mass, T LF
a,~ 3.4 fm, expanding source) ° 3:
s [ * (MeVic _E
S. Acharya+[ALICE], 1A\ . B -
Nature 588 (‘20), 232 L iR
[2005.11495] (pp 13 TBV) ° 10 k* (MeV/c) 200 20
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STAR+ALICE suggests a N2 dibaryon state

Morita+, PRC101(°20)015201 b
[1908.0414] (Gaussian source)

‘larger R - .....

w/

w/ bound state (a;>0)

- \
0 | |
0 0.5 1 1.5 2
qR

Reference: V,_ =V _,
Minimum: ¢,_,=0

Dip from a bound state
survives Coulomb.

05 -

Cik*)

1 |
0 20 40 &0 80 100 120 140

g=1q’| (MeV/c)

200
k* (MeVic)

] 1 1 1 1 ] 1 1 1 1 |:

100 200 300
k* iMeV/e)

ALICE, Nature588(°20)232 [2005.11495]

(b)

1 R=3fm

Minimum — |
Reference ——
1 I 1 1

1 1
0 20 40 60 80 100 120 140
a=1q"| (Mevyc)

STAR, PLB790 ('19)

490 [1808.02511].

40-8B0%
Maodel; H* = H" = .5 dml
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{2p Correlation Function with Gaussian source

2
1.4 | 18
1.2 1.6
=z 1.4
<001
3 1.2
E
E 0.8 1
= 0.8
0.6
T
= 0.6
0.4 0.4
0.9 0.2
0

0O 020406 08 1 121416 1.8 2

qR [dimensionless]

NQ potential (J=2, HAL QCD, a;,=3.4 fm) + Coulomb
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K p correlation function
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K N interaction and pK - correlation function

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

@ Positive scattering length in K~ atoms
M.Iwasaki et al. PRL78('97)3067;
M.Bazzi et al. [SIDDHARTA Collab.], PLB704('11)113.

a Kaonic nuclei ?
Nogami ('63); Akaishi, Yamazaki ('02); Shevchenko, Gal, Mares
('07); Ikeda, Sato ('07); Dote, Hyodo, Weise ('09);
S.Ajimura+ [J-PARC E15], PLB 789 (2019) 620.

— Needs precise info. on KN int.

# Scattering amplitude and Potential
fitting scattering and SIDDARTA

data in chiral approach

Ikeda, Hyodo, Weise ('11,'12);

A. Cieply, J. Smejkal (‘12, NLO30);

Miyahara, Hyodo, Weise ('18, CC NK-nX-nA potential)

do/dM [nb/(MeV/c )]

K p 1435
I A\ (1405)

I > (1385)

nX 1325

0

L Eﬁ+* ; +|'+++|.+**+‘#++|.+

=T T 1T T T T T 1
150 < g « 650 MeV/e

|' + V  dota I
i or, |

‘'t ﬂr? 1
|+ : Hﬂ

all 4

1 Ll | ! | 1

2.4 2.6 3.0
M [GeV/c?]

J-PARC EI5 (‘19)
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Chiral SU(3) K N interaction
s Chiral SU(3) KN scattering amplitude

Y. Ikeda, T. Hyodo, W. Weise, NPA881(‘12)98.

@ Tomozawa-Weinberg : :

+ Born (w/ Exchange) + NLO 3 e
@ Fit to SIDDHARTA data of i T\r

KN diagonal scattering amplitude =~

at threshold.
o KN-nZ-tA-nA-nE-K= e e T E—

# Coupled-channel KN-nX-tA potential based on IHW amplitude
K. Miyahara, T. Hyodo, W. Weise, PRC98(‘18)025201.

[ o [ [ J 1 1 1 T T T
@ Fit to IHW amplitude and pole positions of a0 20 o = g -
el -
E T T a T T E B =
KN == nZ M == KM o
1 T E 0 -
_ . 2t W b
E ECF EqF E .anl| i
S / o BO | 4
7 SR | -1F
1 1 1 1 1 1 1 7 | | | 1 | | Bl |- H -
1340 1360 1380 1400 1420 1440 1340 1360 1380 1400 1430 1440 1340 1360 1380 1400 1430 1440 -
J2 [Mev] Ju [Mav] Ja [Mav] oo L = n
1340 1350 13=0 4I:I: IiE:I 1ib:l

Rz 2 [Ma']

i \Was
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Correlation Function with Coupled-Channel Effects

# To evaluate pK™ correlation function, we need to take account of
coupled-channel effects of NK-tX !

8 Correlation function formula with CC (KPLLL formula)

@ Coupled-channel contributions with y© boundary cond. K~
R.Lednicky,V.V.Lyuboshits,V.L.Lyuboshits, Phys.Atom.Nucl.61(‘98)2950,

J. Haudenbauer, NPA981(‘19)1 [1808.05049].
/ al'chq7 \I!( ) (r)|?

= 1—/dr51( )| do(gr)] /drz% W( ) (g;7)|? et
Pimi(r) = (€97 + Ay (@)e="]2iqr (wn = 1) wi S ()| (g5 )]

VYiz1(r) = Aj(Q)e_iqr/QiqT [\I!(_> boundary condition]| Source Normalized
weight  Source fn.

=1

(No Coulomb case)

@ Effects of coupled-channel, strong & Coulomb pot., and threshold

difference are taken into account in the charge base.
Y. Kamiya+, PRL(‘20)

@ Source size R and weight o, (j#1) are taken as the parameter.

-m \?QS
.| Y TP < ‘# A. Ohnishi @ Cluster 6th, June 19, 2021, Online 17
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Comparison with ALICE data

o= _ 19 _ S. Acharya+{ALICE],PRL124(°20)092301
s PEI\SA—F =Rand o .

@ ALICE value (single channel) R=1.13 fm
(K*p $HBIB3EY (Jillich+Gamow) TiRZE )
o RIEFFrRIVICIKEFEULRWEREL.
R, 0 ) FETERELHHETS
s BAINSA—4 =Nand>r
Cae(q) =N [14+ M(C(g) —1)]

11

2.4 r,=1.13+0.02 °

Jlb

22

1]
E'Eﬂﬂ ALICE po {5 < ETE'-.-'

A =0068+0.07

- Eik™
U
B
|
i
'ﬁ-::
L
[
1
a
2 1 3 0 a1
| ] ] | ]

]
hIIIEIH

I::'T"f.E' <= 1

l
EIII 1 EIEI 15E| 100 250
k* (MeV/ g

o FUB(LINS A—4 (N) & pair purity
(., EEEREINZ pK DS ) (&
#AllC KB h
-> R,0,) C&ICit LTRE 7

i

Y. Kamiya, T. Hyodo, K. Morita, AO, 1
W. Weise, PRL124(20)132501.

1 1
0.8 ] 1.2 1.4
R ()]
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pK — correlation

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

J. Haidenbauer, NPA981(‘19)1.

with Coulomb ——
without Coulomb = = =
Coulomb anly -------

-l full CC Xp | (Julich, NLO30, w/ CC effects,
j Sil?le chan. w/o Coulomb)
' iif If:“ff_ 1';;;;;';;'25:??;1 3 s Acharya+[ALICE],
S 2.2 % =068 +0.07 PRL124(‘20)092301
F. 2 2 .
I ~— 1.8 E bEpEKT
0,55 'k-"'m' ——7 = sk [JCoulamb |
(MeVic) 14 Coulamb+Sirang (Kyoba Madel)
12 __ [L]Coulamib+Strang (Julich Model)
CF with small o
08E o T . .
0

source is explained !
Source size dep. may
clarify bound state

nature of A(1405).

Y. Kamiya, T. Hyodo, K. Morita, AO,
W. Weise, PRL124(20)132501 T T T
[1911.01041] (Chiral SU(3) dynamics). g [MeV/¢

a0 100 1580 2 250
& (MeWic) 3

ALICE (pp 13 TeV, HM) —e—j

Cr(R = 0.9 [m)

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

nK® cusp

A(1520) |
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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.

3 ‘ .
ALICE (pp 13 TV, HM) —e— 12 ' . . T
T1L
. _ Cir(R=1009 f;n) — | 1.1 L w] p—
' Cht + Cres(R =09 fm) --eeee
Cge(R =16 fm) — — - L —
= 2 1 =9 ]
G Wry — 295 G Kp——
15 0.8 K p+K'n --- 4
- _ T K p+Rn+7m8 o
T X 0.7 Full
~/ Full without Coulomb —.— 1 Full without Coulomb — . —
0.6 L L 1 L L C I I I I I ] (LG L I L L -
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 100 150 200 250 300
g [MeV/d] g [MeV/d] q |[MeV /|
L ] ] ‘
Y. Kamiya, T. Hyodo, K. Morita, AO, W. Weise, PRL124(20)132501.
28 ALICE pp {5=5TeV ' o L B =
“F pp{s=5Te = [ e e ] £ STAR preliminary
24 i r,=113+0.02 *47 im ° 2-_+: e
22§ 3= 0.68 + 0.07 il

. 7t K
a L N 1.15— ° S
i IB L t: ! pp "1-_ i: _:':- Tl —~ | dlp . j;:-"r"_' ¥ ﬂ'_p
& i G a :::“”, .:‘.J—?'.: E . 4] K p
Srsk\a g 2= TR PA 4 = PbtPb .

] __ etk 1.05| - A
12 . L ] E =25 Au+ u
07 <5 <1 ook =820 ity Yty 4 .
0.8 T [ I I TR T T T I T | el ot corfected for Jeed-aown
K" (Me\lic) . H'[GE"H’J"{:] E ;

& (MeW )

S. Acharya+[ALICE], S. Acharya+[ALICE],  Siejka+[STAR, preliminary],
PRLI124(°20)092301 2105.05683 NPA982 (19)359.

STAR(prel.) & new ALICE data show dip at small q.




= d correlation function
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Hadron-Deuteron correlation function

s Hadron-deuteron correlation (Ad, K-d, Z-d, Qd, ...)
S.Mrowczynski, Patrycja Ston, Acta Phys.Polon.B51(‘20),1739 [1904.08320](K-d,pd);
J.Haidenbauer, PRC102(‘20)034001[2005.05012](Ad); F.Etminan+[2006.12771](82d).

@ Scattering length data of these are important to evaluate
* binding energy and lifetime of hyper triton (Ad)
+» I=1 KN interaction (K-d, Z-d)
* and the existence of a bound state.

@ Problem: Breakup and Dynamical Formation of d (d < pn)

— Continuum-discretized coupled-channels (CDCC) h
M. Kamimura+(‘86); N. Austern+(‘87);
M. Yahiro, K.Ogata, T.Matsumoto, K. Minomo,

PTEP 2012 (2012) 014206 ” Shpn (T, Tpn) d
@ Measurable at LHC-ALICE N ‘
and (probably) RHIC-STAR ——
pn ——
— - CDCC
d

-y" \WaSs
. YTP p # A. Ohnishi @ Cluster 6th, June 19, 2021, Online 22



= d c(q) using cDCC

# Three-body wave functions (s-wave) = lf
¢( ) 7“ Ps4q AanOk Xnk T an) r —
Z Z e - "'nn pn .
/ R
J, spin, isospin, ... / P-=-p ]
intrinsic Kinematic normalized d —

momentum factor pn w.f. =-pn w.{.

bin in k-th bin

s = d Correlation function

1
C(q) = Citola) + 2.3 /d"“ S(r) Z Xk (75 @) |2
pure Coulomb \

1/2J +1)/(2J,+1) “E ~d” source fn.

s Potential = HAL QCD potential at almost physical quark masses
K. Sasaki et al. [HAL QCD Collab.], NPA 998 (‘20) 121737 (1912.08630)
(coupling with AA is ignored).

D& YITP | A. Ohnishi @ Cluster 6th, June 19, 2021, Online 23




= d correlation function: Result

s CDCC results of = d correlation function

@ Enhancement from pure Coulomb C(q) by EN interaction from
HAL QCD potential.

@ Breakup & Reformation effects ~ 10 % (Barely measurable)

@ Dynamical formation of deuteron is (maximally) included.

|2

Implicit assumption: / dpS(p)|er(p)|” =~ const.

@ Threshold cusp at d — pn threshold is seen, but not prominent.

! 2
. o e AR b CooC
Single channel description i W - 135, only
may not be bad. A s "‘*%;\fﬁf: o
— Bound or Unboundin Zd [ ¥ *[ 'Y S Ny
ﬁ:om Experimental data O N e e
(if measured). A
1F —
K. Ogata, T. Fukui, Y. Kamiya, and AQ, 0o w0 200 300
PRC, to appear (arXiv:2103.00100). g (MeVic)

mmy" \?os
& YiTP < # A. Ohnishi @ Cluster 6th, June 19, 2021, Online 24




= p and AA correlation function
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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) HetAA
Yoon et al. (KEK-E522)+A0 ('07) AA — |
s Lattice QCD results ~6.91 MeV ¢
@ Bound (below AA threshold): Nag'ara ‘He
HALQCD(‘11), NPLOCD('11,’13), Mainz(‘19) ('01) aa
(heavier quark mass or SU(3) limit) vy~ 80 MeV
@ Resonance (Bound state of NX): Jaffe ("77)

HAL QCD ('16,18) (HAL preliminary)

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

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

A. Ohnishi @ Cluster 6th, June 19, 2021, Online 26



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. [HAL QCD Collab. ], NPA 998 (‘20) 121737 (1912. 08630)

@ Strong attraction | o e P e S e I
in (T,S)=(0,0) of N= =1 (T S) 0, 0 |\ =0 -
@ Weak attractionin AA -, |\ 7 1= 1 5 1 15[ ™=
(Coupling with N= I T A R . e v L B TR
causes AA attraction) -\ i ep L o oep U TR
@ There is no bound state > \ 1290 VAA 27T\
in NE-AA system Al =i JNZ-AA
(except for = atom), N T T T TR
but there is a virtual pole b £
around the N= threshold L B Im g
(3.93 MeV below nZ" threshold) | v moS0) v | ges l
on the irrelevant Riemann sheet, | ° act *T—I' Reg
(+, _‘,\+) [relevant=(—,+,+)] W U G (S
ReB™ 0

sign of Im(eignen momentum) c.f. Hanhart talk (Mon.)
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p=" correlation function

[~

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

R ‘?13 = ‘ (heavier quark mass, I=0 only, w/o CC effects)
g S J. Haidenbauer, NPA981(‘19)1.
= Ll (NLO(600), w/ CC effects, w/o Coulomb)
S [ (w/ Coulomb, it will be comparable with data.)
g i T ¥ T ! . LE? SR TN TR T TR |
S, 4 of ALIGE Preiminary D. L. Mihairov+[ALICE], NPA 1005
e 254 Hign Mult, (0-0.072% INEL) (21)121760 (OM2019). (Nijmegen pot.
[ Blpz @ps does not explain the data. w/o CC)
1or 185 ; TR g Acharya+(ALICE), Nature (‘20)
L 1.6 | Coulomb
0 20 1.4 ;— - p-= sideband background
1'2;— . 'l " HALQOD with ® = 087 fm —
1= ' pure Codomh l"Il.|. |'| _I:I-?T ||| e
0.85————s SRR == 1 K. Mi+(STAR, preliminary),
Kamiya, Sasaki, Fukui, _ = AutAu 200 AGeV, APS2021.
Hatsuda, Hyodo, Morvita, Hi | (No Dip at larger R)
Ogata, AO (in prep.), - S T
w/ Lattice BB pot. at phys. m, o - %g
CC effects with AA. 1 i B
3l I
° ° Lil!ﬁ l_rL.T"""—l—l ::_:_—'3— :“\ _E_—E_ _
There is no signal A S S S SV X -ssoriO N
Ly .'l._:J o _-I.u. T gl ol e B

| of bound state.
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AA correlation function

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

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

| J. Haidenbauer, NPA981(‘19)1.
| (NLO600)

1.2

_-\IA only o

A +n=0 1.1k
=0

TR e vEme L s e
uantum STAtlStICs  -----eeeee- - ___}:ﬂ_I_.—I— T =~
1 0.9 J—ﬁ/h’ﬁj _
0s | } _
~ 0.7 H

Cah

tla=12 0.6 H
L ; R=12fm 0.5 4
° I ° 0.4 H HALQCD with B =1.11fm —— -
am lya ln prepo ) ) ALICE pp 13 TeV ——+
B . Il 1 1 1
R 1 e ' (- s 0 200 300 400 500
q [MeV/¢| q [MeV/c]

(CC simulates res. source !)
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Summary of 19H05151

# Correlation function is useful to access hadron-hadron
interactions as well as to deduce the existence of a bound state.

n

P

K_

K+

3

3
+

A

b)

[1]

Q| D |D"'|Ks| d |pp]|+a

O

O

O

Il o (o] [o]oO

ellelielie)

O|0|0|0|0

olo|o|o|>

olo|o|o|>

ool O (O|D>|D>|O

o

Q|10 OOL
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21H00121
Fv—LA - )I\RO> & 3 FHEE
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Correlation functions of Charmed Hadron and Nucleon

# CF including charmed hadron

@ Extremely important in recent hadron physics.

@ D(cd)-p(uud) correlation

+ Probes O (c-ud-ud) state (replace s in O(s-ud-ud) with c)
D. O. Riska, N. N. Scoccola, PLB299(‘93)338 (pred.);

A. Aktaset+ [H1], PLB588(‘04)17 (positive);

J. M. Linket+ [FOCUS/, PLB622(°05)229 (negative).

* Attraction from two pion exchange
S. Yasui, K. Sudoh, PRD80(‘09)034008.
* Easy to calculate the potential in LQCD.

Y. Ikeda et al. (private communication)

8 D-(cd)-p(uud) CFs from proposed potentials
Hofmann, Lutz (‘05) (repulsive); S

Haidenbauer+(‘07) (repulsive); 15 b

Yamaguchi+(‘11) (att., w/ bs); Fontoura+(‘13) (repulsive)

Data will discriminate
these potentials !

2h

(.5

D*

mcedel 4|2 e

pure Conlomb

w/ Coulomb

= i

K=11Im

1
1]

1
| HITH]

T
q [MeV /e

!
2l ALl

Kamiya, Hyodo, AO (in prog.)
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Three-body correlation functions

8 Three-body correlation functions are S CETTTTTTTTTRLICE prefiminary
measured and discussed; ppp, App, pd, ... [ e 0 serenet)
s Continuum Three-body w.f. sf iy [Eeereopn ]
at various momenta with Coulomb. =
@ Riverside approximation (37) E L, :
E.g. E. O. Alt, T. CSOl’gO, B. LOl’Sttld, Gg_'-'"'_';]-_r;'"' ;n.zn 03 04 05 06 07 08
J. Schmidt-Sorensen, PLB458 (‘99)407. U Mantovani Sari @SQA;;Zj;}
W23 = 1(q12)1(qe3)1(gs1) D.
— Does not give free correct w.f. 05 | 1" states
@ Complex Scaling ? -1 A\ X, He(a2'}n

* .y N
AHE 4N ® COntrmUUIm

Y. Kikuchi, T. Myo, M. Takashina, K. Kato,

Im(E) [MeV]

1.5 Continuum
K. Ikeda, PTP122 (“09) 499; °l - |
T.Myo, AO, K.Kato, PTP99(*98)801.

-2.5

SHe(1/27)+n]
\WLN
+f ¢ d 1 | Ilr:l:': ]-Ilr:l:': Il-l -3 . ! ! LET 1
GY(E;€.8') = <£‘E ﬁ”.f> = i ! ;—EE-‘F - 0 05 1 15 2 25 3

Re(E) [MeV]
@ Other idea ?
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Summary

s HEREBZAWZ/\ ROCEBEERORRZED TS,

@ 19H05151 (2019-2020): (F(XFtHEED
+ Qp, QQ (K.Morita+(‘20)), Kp (Y.Kamiya+(‘20)),
=-d (K.Ogata+(to appear)), = p, AA (Y.Kamiya+(in prep.)).
» HAL QCD, Chiral SU(3) dynamics D5 D8 B{EHZ A L\/=1BEEI%X
» BEEFVYRIVHNRZSTHERBZ RO DI FEERER
» Continuum Discretized Coupled-Channels (CDCC) DFIH
@ 21H00121 (2021-2022):
» pA, pX’, AZ- — HAL QCD potential ZFBUL\T C(q) &5t5
*» D p,D'p —» BIFDORT>SvILZFIH. Pentaquark states ?
» 3 {XIHBIREAE > P 1T P EEHR,
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Thank you for your attention !

Coauthors of arXiv:1908.05414 (pL2, 2) and arXiv:1911.01041 (pK),

arXiv:2103.00100 (d="),
and next paper on p=—-AA (Y. Kamiya, K. Sasaki, T. Fukui, T. Hatsuda,

T. Hyodo, K. Morita, K. Ogata, AO, in prep.)

K. Morita S.Gongyo T.Hatsuda T.Hyodo K, Ogata T.Fukui (J. Haidenbauer)
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