Theoretical approach to correlation functions
of strange hadrons at accelerator experiments
and search for exotic bound states

AKkira Ohnishi (YITP, Kyoto U.)
Meson 2021, Online hosted by Jiilich/Frascati/Krakow,

May 17- 20 202
# Introduction

@ Femtoscopic study of hadron-hadron interaction: Basics
# Bound state diagnosis from femtoscopy

@ Do we have a bound state in NQ, NK, and NE ?
# Other hadron-hadron correlation functions

& Summary
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Introduction
— Femtoscopic study of hh interactions —

Ohnishi @ Meson2021 Online/Jiilich/Frascati/Krakow, May 19, 2021 2



Exotic Hadrons

s Exotic hadrons
— X, Y, Z,Pc.... Discovered/Proposed
at LEPS, Belle, BaBar, CLEO, BES(LILIII), LHCb, ...

U O @b ® s
e “e e O

X(3872) 7,(4430) Pc(4450) T o

(o]
(o]

[ — data
r — total fit
" background

@ Proposed mechanisms: Singularity,
Hadronic molecule, Compact multi-q state,
Hadro-quarkonium, glueball, ...

Weighted candidates/(2 MeV)

T
400t Pc(4'a;‘12)' P.(4440)" EP,?(445?)'
Various hadron-hadron (hh) interactions
need to be known for deeper understanding [}*® = 0 w0 a0 T w0 s o
LHCb [1904.03947]
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How can we access hh interactions ?

# Theoretical approaches Lattice ﬂ
@ Nuclear force models: meson eXCh., 0 oo “" I I
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 - o
/ Chlral 0 i i [ l'\."” _
4 — -300 Wi ]
“ Y .
, 1 g
: - " 340 1360 1380 1400 1420 1440 >
=« Haidenbauer /s MeV]
N (1510, Miyahara, Hyodo,
. Z};;lf ‘Zég;g;z 73 Weise, PRC98(¢18),
0 i 025201 [1804.08269] Sasaki+ [HAL], NPA998
\wu--ﬁ-mﬁ SISO} (Ikeda-Hyodo-Weise (“20)121737 [1912.08630]
- amplitude) (taken from ALICE(‘] W
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How can we access hh interactions ?

s Experimental approaches V) \ \\ P1
@ hh scattering (NN, YN, N, KN) ] X A —
@ Hadronic nuclei (normal nuclei, T / / —
hypernuclei, kaonic nuclei) b2
@ Hadronic atom (=, K-, X, =, ...) Ni2(p1,p2)
@ Femtoscopy Clprp2) = Ni(p1)N2(p2)

s Femtoscopic study of hh interactions

@ Applicable to various hh pairs
(NN, YN, KN, DN, YY, Yd, YNN, ...)
@ Valid when the source is chaotic

@ Weakly decaying particles = a0 B -
— Good pair purity g S,
@ Future measurements: B T 3 :
Charmed hadron, hNN, ... s -
600 |- =
o 400 - =
e A p 200 E
*‘ q.DQ 1.1 1.11 1.12 1.13 1.14 1.15
M, (GeVic?)
ALICE [1805.12455]
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Femtoscopic study of hadron-hadron interaction

\ \ \\ﬁpl

# Correlation function (CF)

@ CF = convolution of source fn. and |w.f.|* X >< A
(Koonin-Pratt formula) T / —>
Koonin('77), Pratt+('86), Lednicky+('82) | P2

C(p1,p2) = szf(lzgjjl\;;z;)z) ~ /drS(r)|gpq(r)\2

source fn. relative w.f.

# Source size from quantum stat. + CF
Hanbury Brown & Twiss (‘56); Goldhaber, Goldhaber, Lee, Pais (‘60)

8 Hadron-hadron interaction from source size + CF

@ CF of non-identical pair from static spherical source
R. Lednicky, V. L. Lyuboshits ('82); K. Morita, T. Furumoto, AO (1408.6682)

Cl@) =1+ [ drs() {leo(r)? = lio(ar)P} (o0 = s-wave wet)

CF shows how much |p|’ is enhanced — V, effects !
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Examele: AA correlation and AA interaction

Lambda-correlation with resonance )\ 4a?R2 )\ 5 . 0
o o< Cl@=l-ge7™ " + §/d7°5(7“) {lpo(r)* = ljo(ar)I”}
i N e )\ = pair purity prob.
~ Eﬁf’“ﬂ \\ AO, Hirata, Nara,
s ¢ ____f://—‘xﬁ—\’ —— 1 Shinmura, Akaishi,
— | NPA670('00)297c
t t t t { LF
) S T RHIC, Au+Au L. Adamczyk+[STAR],
i 20 40 211 g0 €
relative momentum (MeV/c) T trg-a (no bs} —— 2 ___PRL114( 15)022301
C. Greiner, B. Muller, trg-b (with be
PLB219('89)199. r—\‘—a—ﬁ—rﬂ il
IEI.-I-:I""
. . : gn.s I,.-" ® e
) 20 4 60 ¥/ L wen§ ETT REmre
d {ME‘U‘.‘IE u.ﬁr— ‘_.,-"; vy ::: ot o T o :
u; 01 ujz | n.la ::: r'mz“"T::::“;“°5 :
Q (GeVic) - .
Slight enh. over quantum | s. 4charya+{ALICE], .|
PLB797(‘19)134822 2]

statistical (HBT) CF.

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

o] 100 200 300
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Examele: AA correlation and AA interaction

s S ND L. Adamczyk+[STARY], AO, K. Morita, K. Miyahara,
o a . trg-a PRL114(°15)022301 T. HyOdO, NPA954(‘16)294,’
£ 3 g NF . AL s — AUTA A Morita, Furumoto, AO, PRC
ol S i | 91((15)024916. -1.25 fin < a, < 0.
S INSC89 Ty i g;: AA scattering parameters
Ty 2 - 10_— 4P MFO’'15 * llnb()u‘nd | ';':IIE '_:'_
o L /DOF = 0.5 HE F e 15| (1/2y<-0.8 fm?) ] Nscsg -
08 -04 0 F [ Owme o LL (free ) | N3C37 =T
| g e || ) EE
AO+(*00) 'l ; E | waw ©
(Before Nagara, B 5 e v
from (K-, K'AA) — LL (A=(d.67)%)/, _v-a.“ 0~ — aoq
. 1/a | (fm’ ’ .
inv. mass spec.) fa,l (fm7) - R
S. Acharya+[ALICE], © [ unpound " §51%i -
PLB797(‘19)134822 ~ + -
i E B STAR
0~+aq 1 E T
It is unlikely that AA : N B
. 0 N i i)
bound state exists. ' R g
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Which hh interactions are accessible ?

Seatt-ANuclel - go,tt +Mesic atom
p | KK | |n|A|Z |2 |Q
n
Scatt. 01002 Alolololo
+Hyper 0]0]0]0]O
Nuclei (K| [o]ofo[o]o0
y ~ToToToTo Current
Alololo]o
4 _ Femtoscopy
A 0 — (O: observed
5— , / and analyzed)
O O
AA hypernuclei

= VQS
LE Y TP .o
=
w"sn 'YUKAWA INSTITUTE FOR
- THEORETICAL PHYSICS

| VITP Kvoto 3 L.
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How far do hadrons fly ?
s Average flight length

B T
{ = ~vyur = yBer >~ vy(er) (B> m) ®

s Hadron ct * A

@ 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,

250 b { -

200 Rl :
150 N R

p

Painting Resalution {um

—_
=
=]

o
= o

13
1

B i = o

=)

10
P, (GeVic)

It will be possible to measure
each charmed hadron !

G. Contin+{ALICE]
PoS(Vertex2019)003
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Which hh interactions are accessible ?

Seatt-+Nyclel - gt +Mesic atom

Scatt.

+Hyper

Nuclei

N  Current

Femtoscopy
S | (O: observed
= and analyzed)
o
D |
D |
Ks ‘
v \

AA hypernuclei Future Femtoscopy

(High-luminosity
+ Silicon Vertex Detector)

line/Jiilich/Frascati/Krakow, May 19, 2021 11
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Bound state diagnosis
using femtoscopy
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Bound state vs Source size dependence of CF

a8 To be bound, or not to be bound ?

@ Leading 6q dibaryon candidates: H (AA-NZE-XX), NQ, AA(=d¥)
(No Pauli blocking of quarks, Color-spin int. is attractive)
A. Gal (‘16); M. Oka (‘88)

@ Mesons: ¢ (nn), f /a, (KK), X(3872)(DD¥)
@ Pentaquark state: Pc(4450) (Zcﬁ*)

# Does CF depends on the existence of a bound state ? — Yes

@ Lednicky-Lyuboshits analytic model shows specific size dependence
(Asymp. w.f.+eff. range corr.+Gaussian source)
Lednicky, Lyuboshits (‘82)

e~ 0 sin qr edr
(r) iy (1) = sinfar +0) = 57 |28 4 ()
Cr(q) =1 + / drS15(r) ([thass (V) — ljo(ar)|?)
=1+ ‘];(}%)2'2 B (=) + 213%” Fi(22) - 20D o0

(x =qR, R = Gaussian size, F1, F5, F3 : Known functions)

)\ .- Y'TP .‘\vos . g . .o e .
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Source Size Dependence of Correlation Function

8 “Zero-range” case in LL. model

R
of =0 — qcotd = —1/ag — = (gcot§ —iq) ' = —
Toff qco Jao = f(q) = (gcotd —iq) Riag 1 iR
1 1 2
C(x,y) =1+ Z [5 — \/_y% Fi1(2x) —xF>(2z)| (z=qR,y = R/ap)
2
:% (1—%> +1—% (F1 = 1,F; > 0at x — 0)
Y Correlation function (LL model)
@ (C(q) takes a minimum 1.5
value 1-2/t ~0.36 1
at R/a =\n/2~0.89 05
é“ 0
-0.5
-1
-1.5

E.g. AO, Morita, Miyahara, Hyodo (’16)

B\ .. ?os
2} YTP > _ # Ohnishi @ Meson2021 Online/Jiilich/Frascati/Krakow, May 19, 2021 14




From correlation function to hadron-hadron interaction

s With a bound state - - bry - bry
and for R ~a, (a >0), R,,-"' sin qr R Snar R .+ sin qr
\w.f.|* is suppressed <,
° ° - r T > r
in the source region " Nobs 7 loose bus. :
— Suppressed C(q) % v deep b.s:
a, <0<R a,>R 0<a <R
3 — l l
: : R/ag=-0.3 -----
) III|. -1 —
larger R 03 -----
2 B ‘t. ' 1 —— 7]
s |
o .
1 I ~ g _*;:;:;::___:-_ ________

w/ bound state (ay>0)

LL model

0 0.5 1 1.5 2
dR  Morita+(<20)

Source size dep. of CF
— Existence of bound state
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Example 1: NS2 interaction and Nf2 bound state

8 () : quark content=sss, J*™=3/2+, M=1672 MeV
s () p bound state as a S= -3 dibaryon ?

@ No quark Pauli blocking Qp 2610
in QN, H=uuddss, and d*=AA channels. B ()
Oka ('88), Gal ('16)

@ J=2 state (°S,) couples to Octet-Octet

baryon pair only with L. > 2
— Small width is expected. Az 2430

T. Goldman+, PRL59(‘87),627;
F. Etminan+[HAL], NPA928(‘14)89;

J=2

XE 2507

Iritani+[HAL], PLB792(‘19)284. . —
@ Correlation has been measured w7
at RHIC & LHC ! ol |
STAR (19); ALICE (‘20 .-%:-150 [/ NQ (5 Sa)
” 200 - I;"I Iritani+(‘19)
Let us try to discover 0 1 F:‘;if —
the first S<0 dibaryon ! Bl e S|

r (fm)

O\ .. Y'TP .\\vos .. . . g .
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ps2- correlation function

no b.s. M
shallow Vig —

R-R25m,v, — | K. Morita, AO, F. Etminan,
T. Hatsuda, PRC94(‘16)031901(R)

2| deep “w=“ﬂ=5f""-$: ' 2 | (w/ Lattice potential with heavier quark mass)
—_ Static Source v
518 o1 J. Adam+[STAR)],
15k Model:R, =R, =5tm_| E Model:R, =R =25fm o = 200 GeV PLB 790((19)490.
1 2.5 T T T 25 = T
(b) | (e)
] @ l 2 R=3fm 2 R=1.2fm
0 20 @ [
§ 15 ‘ G 15 |
osl @) . f e e . |
: ||_ - LT
| | | lll\k/ - _ —
' o o 1 1 1 1 Ph;;glr::;; I_ _ 1 ] 0.5 Ee;glrr::; T
0o 20 40 IS\'h" I |I I f I- I- ::
= 7 JE—_—
K. Morita, S. Gongyo, T. HatsmdajI “ L p () E
T. Hyodo, Y. Kamiya, AO, . ] :
PRC 101(°20)015201. (w/ Lattice ~ _ ° < g
potential at physical quark mass, 5 ‘; 0 = =
a,~ 3.4 fn) A\t -
: 41 * (MeVie 7
S. Acharya+[ALICE], A\ \ - e -
Nature 588 (‘20), 232 13 ——— RN
0 100 200 300

[2005.11495] (pp 13 TeV)

k* (MeV/e)
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STAR + ALICE = Nf2 Dibaryon

7 ]
6 pe
5 1
_ | :-lﬂ . (] N
:i;. af H.r’Jrﬂ'ﬂc.l_:* 3
3 C 1 3
Sl <SR o — {9 255 ]
largerR _~ 03 ----- 0 20 40 60 80 100 120 140 2 i k” (MeVic) -
27 ! 1 — 9=1a’| (Mev/c) 15_ .
g w/o bound state (ap<0) 'D_ I ”é'ﬂ' Ik.ll:Me;”C]I Eé'ﬂ' - 36—0
L RN )
w bound stzte (8,>0) ALICE, Nature588(°20)232 [2005.11495]
I ol " ]
0 ' \ ‘ e S B B A Expanding Source
0 0.5 1 1.5 2 b
qR 2 | R=3fm 1 .
Z e
T 15| 1 o 1 it E
o I “‘g
1} fﬁ' - v,
vomn — | g | e v,
0 zlu :1lo E;u slﬂ 1¢IJ-:J 1I20 1:1:0 Or ——= Vu 1
. a=1q"| (Mev/c)
Dip from a bound state Iy T
survives Coulomb. STAR (1808.02511,  k* (GeV/e)
PLB790 ('19) 490)
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Example 2: N K interaction and A(1405)

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

(c.f. Del Grande, Zmeskal)
M.Iwasaki et al. PRL78('97)3067; I >-(1385)
M.Bazzi et al. [SIDDHARTA Collab.], PLB704('11)113.

Kaonic nuclei ?

Nogami ('63); Akaishi, Yamazaki ('02); Shevchenko, Gal, Mares ax 1325
('07); Ikeda, Sato ('07); Dote, Hyodo, Weise ('09);

S.Ajimura+ [J-PARC E15], PLB 789 (2019) 620.

K p 1435
I A\ (1405)

— Needs precise info. on KN int. SR ——
Scattering amplitude and Potential Z 2 PE e
fitting scattering and SIDDARTA 2| | 1 o e
data in chiral approach MmN » o
Ikeda, Hyodo, Weise ('11,'12); o *|+ \&, =
A. Cieply, J. Smejkal (‘12, NLO30); o J,J ”++++*++¢+++++*
Miyahara, Hyodo, Weise ('18, CC NK-nX-nA potential) O B R I
J-PARC E15 (‘19)

How about K™ p correlation ?
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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~
Lednicky, Lyuboshits, Lyuboshits, Phys. Atom. Nucl. 61 (1998), 2950;

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

= 1—/dr51( )7o(qr)| /drz% W( ) (q;r )|
Pimi(r) = (€97 + Ay (@)e="]2iqr (wn = 1) w; S ()W (g5 )2

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, p=-, nZ’, AA.
Y. Kamiya+, PRL(°20, K™ p)

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

) r Y TP L088 . . e .
. Ohnishi @ Meson2021 Online/Jiilich/Frascati/Krakow, May 19, 2021 20

| VITP Kvoto 3 L.




pK — correlation

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

with Coulomb ——
without Coulomb = = =

Coulomb anly -------

J. Haidenbauer, NPA981(‘19)1.

full CC  <¢ 1 Julich, NLO30, w/ CC effects,
j / Sil?le chan. 1 w/o Coulomb)
oy emlest 1S Acharyat[ALICE],
:\\ 2.2 _'.._l‘= 0.8 + 0.07 o PRL124(‘20)092301
L 20 2 ;
A _ Y FEpERT
0.55 5o o0 1 % ”35. B Cone i
k (MeVrc) 1:4 - Coulamb+Sirang (Kyaba Madal)
LEE— []Coulamb +Strang [Adich Model)
CF with small N
source is explained ! 080 f’”m Jf"? O
. * (MeV/c) IO (o TV HM)
Source size dep. may . f“_"“' o b i
clarify bound state A e b
= 2| ! —_—
nature of A(1405). S . nK® cusp

Y. Kamiya, T. Hyodo, K. Morita, AO,
W. Weise, PRL124(‘20)132501. lU‘
(Chiral SU(3) dynamics)

A(1520)

150 200 250

g |MeV /¢l

300
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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) +—— 12 ' . : T
) Can(R =09 f) —— 1L W, = "
2.5 . y i . J
Caﬁ: T (.-I-CS(R = 09 h’ﬂ) --------
Cge(R =16 fm) — — - L —
= 27 _ 1 Zool ]
& ll wﬂ'z —_— 2-95 [ g Kp— —
15 08 e K p+ % - -~ 4
a2 7 Kp+A'"nm+al onnee
0.7 Full
06 ~/ Full without Coulomb —.— 1L 7 0.6 | Full i'.l']'thc'mt C_I‘-mllumb ==
1 1 1 1 1 | | | I i .
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] ¢ [MeV/d]
¢
Y. Kamlya, T. Hyodo, K. Morlta, AO W. Weise, PRLI124(‘20)132501.
26 : 12507
N ALIGE pp s = ETE” | STAR preliminary
2-‘1 r,=113+002 0 im '
22y A= 0.68+ 007 ' K o K*
i 115 L i
o di ntp np
< p K'p ~Kp
1.05
3 ==
o : ———y S S
If:' T 5 =1 [ . .
08 ! ! ! posC. . T L . it ot o i il
0 EI] 1I:II:I 15E| 200 250 0 0.0 U' IE

[Ge "u'-"{:]

S. Acharya+[ALI CE], PRL124(‘20)092301 Siejka+[S TAR preltmmary/, NPA9S2 (19)359.

STAR preliminary / new ALICE data seems to show a dip,
which suggests the existence of a bound state.




Do I have 5 minutes ?
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H dibaryon state, to be bound or not to be bound ?

s H-dibaryon: 6-quark state (uuddss)

@ Prediction: R.L.Jaffe, PRL38(1977)195

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

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

# Lattice QCD results

@ Bound (below AA threshold):
HALQCD(‘11), NPLOCD('11,’13), Mainz(‘19)
(heavier quark mass or SU(3) limit)

@ Resonance (Bound state of NE):

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

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

HAL
=N = (20)
HAL
ES22 oo ('16)
('07) ‘He+AA
AN F7601 Mev |
Nagara .
(01) A He
vy~ 80 MeV
Jafte ("77)

‘ We examine LOCD NZ-AA potential and discuss H using CF ! I
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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 b NE RS L0 L TTEE LML TR
in (T,S)=(0,0) of N= =1 (T S) 0, 0 |\ =0 -
@ Weak attractionin AA -, |\ 7 1= 1T 7 7 |~ ™= 1
(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.

G ‘,3 = (heavwr quark mass, I=0 only, w/o CC effects)
g | | o 1J. Haidenbauer, NPA981(‘19)1.
S 20l (NLO(600), w/ CC effects, w/o Coulomb)
S (w/ Coulomb, it will be comparable with data.)
o
3 < F Ao Pt % D. L. Mihairov+[ALICE], NPA 1005
' 2ot High Ml (0-0.072% INEL) (21)121760 (QM2019). (Nijmegen pot.
2::% Blps opF does not explain the data. w/o CC)
18F ; TR g Acharya+(ALICE), Nature (‘20)
L 16 ° oulom
0 20 1.4 z— " S: lsid:band background
12? * N " HALQCD with & = 087 fm —
1E aq | pure: Coudonsh with # = 057 fm oo |

085 ———— R == | K. Mi+(STAR, preliminary),
Kamiya, Sasaki, Fukui, at e . Aut+Au 200 AGeV, APS2021.
Hatsuda, Hyodo, Morvita, L | (No Dip at larger R)
Ogata, AO (in prep.), sy T SRV + AN
w/ Lattice BB pot. at phys. m, = e
CC effects with AA. N Sl el
There is no signal 1 Lﬂlﬂ‘ S b === Py

T L R - :

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)

_-\IA only o
A +n=r - 11 L

L L MR | T
0 50 100 1.05 | AN+ pE~ 4+ n=" (Full) | I 1T
k (MeV Quantum statistics - 1L I _I_[_I_I__.——I-I -I-TI:
— 1
e 0.9 J‘Wl 4
i 0s | 1
0.7 H

Cah

tfa=12 4 0.6 H
. ; R=121fm 0.5 H i
Ka m iya +( i n prep. ). i 04 | PL\LQCI]).::,L1}E :;:P 11';;]-1 {fr\n — i
° / 0 TR0 20 om0 0 20 300 400 500
(CC simulates res. source !) N e
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Recent & Near-Future
Correlation Functions
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Recent & Near-Future Correlation Functions

PP, PA E.g. A. Kisiel [ALICE], Acta Phys.Polon.Supp. 6 (13)519

K*K"S S.Acharya+ [ALICE], PLB774 (‘17)64 [1705.04929] 1l
— Slightly suppressed at low q o

Tetraquark component of a, meson g
PA [2104.04427], p¢ [2105.05578],

pPA, AA [2105.05190], pXx° [‘20 [1910.14407]] (ALICL)

pD* (in prog.) Scatt. length is strongly model dependent.
— To be discriminated by experiment !

model | a

DN (I=0)
1

[fim]

DN(I=1) I_[‘]:J_]_l

iy, boutnd state (I=0) bound state (I=1)

B 1]
2 [2

P 3 H
4 [4]

-0.16

0.07

-4.38

0.03-0.16

-0.26 None None Hofmann+(‘05)
-0.45 None None Haidenbauer+(‘07)
-0.07 2804 None Yamaguchi+(‘11)
0.20-0.25 None None Fontoura+(‘13)

deuteron-hadron CF

S. Mrowczynski and P. Ston, Acta Phys.Polon.B51(‘20)1739 [1904.08320]; F. Etminan,
M. M. Firoozabadi, [1908.11484]; J. Haidenbauer, PRC102(‘20)034001 [2005.05012];
K.Ogata, T.Fukui, Y.Kamiya, AO [2103.00100].
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Summary

# Correlation function is useful to access hadron-hadron

interactions as well as to deduce the existence of a bound state.

P~

Chiral CC pot.
(examined)
Bound state

(favored)

=
=

D+

Ks [+

pPE

Lattice QCD CC
pot. (examined)
Bound state

(disfavored)

pL
Lattice QCD pot.
J=2 (examined)
Bound state
(favored)

u
D TTYETP .\\i
=)
4=
i)
S w™= = w  YUKAWA INSTITUTE FOR
- “THEORETICAL PHYSICS ITP Kvoto X L

olle]le]le](e)
olle]le]le){e)

olo|o|o(o|o|>IP>lolo|o

pD*
Chamed
hadron-
nucleon
interaction
(work in

prog.)

Scattering pars. (a,, r,.)

(constrained)
Bound state (disfavored)

K*K’
Tetraquark

component
in a , meson
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Summary (cont.)

# Many questions and homeworks

@ In many of previous works, CFs from predicted potentials are
compared with data. Is it possible to extract scatt. pars. directly
from data ?

@ Source is assumed to be Gaussian and the size is regarded as a
parameter in theory papers. Can we use the size determined
independently ?

@ How can we calculate three-body CFs ?
Can we extract 3-body force ?
@ ...

8 I’m sorry that I did not refer to numbers.
Please refer to the papers.

Thank you for your attention !
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Thank you for your attention !

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

and next paper on pEL , 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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Note on Correlation Function with Coupled Channels

i

# Correlation function in the i-th channel K~

_ & () ) ’
Z/drijj(r) Vi (r,q)‘
’ Source fn.

s Asymptotic wave function (s-wave, w/o Coulomb)
K. Miyahara, T. Hyodo, W. Weise, PRC98(‘18)025201 [1804.08269].

— —Sj@'—] (vi = qi/ps)

()
vl (riq) - S

) :l () (. ) ST [ Yi | 1 5..ﬂ_ ﬁST,e_iqu
r Q) q; zn:%n (ra(Z) nzqn v, ’ 22(]@ [JZ r ?Jj 71 r

@ No incoming w.f. for j#i in y®
@ No outgoing w.f. for j#i in y©
# Correlation function (spherical source)

C’()—l—/d'rS \]qu\2+2/d'rwj

¢>1

2iqi

()(

q)‘2

) - Y:TP *\QQS . . . o .
- FTEIF > Ohnishi @ Meson2021 Online/Jiilich/Frascati/Krakow, May 19, 2021 33




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
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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; (r) o< exp(tq;r) = exp(iRe(q;)r) exp(—Im(q;)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
X . >
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 .
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Scattering Length

s pQ (ao in nuclear physics convention)
K. Morita, S. Gongyo, T. Hatsuda, T. Hyodo, Y. Kamiya, AO, PRC101(‘20)015201

[1908. 05414/ TABLE III. S-wave scatlering length ap. effective range rep, and
binding energy of the pi! pair with the latice QCD potential for dif-
ferent £ /o and the Coulomb attraction.

Elalog [Im] ren [fm] Eg [MeV]

11| 345 .33 2.15
12| 338 .31 2.27
13| 349 .31 208

14 | 3.40 .33 2.24

# K°N (ao in high-energy physics convention)
Y. Ikeda, T. Hyodo, W. Weise, NPA881(‘12) 98 [1201.6549]

alK7p) = =093+10821m (TW) . g(K™n) = 0204i0.76 fm (TW)
a(K7p) = -094+1085Mm (TWB)  4(K—n) = 0.27+i0.74 fm (TWB)
allp) = ~070+1089 m (NLO) - g(g—n) = 0.57410.73 fm (NLO)
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