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Impact of S=-2 Baryon-Baryon Interactions (1)

8 Is “H(uuddss)” bound, unbound HAL
( : ) 9 , ’ Ullbuund ('20)
or quasi-bound * =N
# It is plausible not to be bound below AA. Quasi-bound
@ Bound H in the SU(3), limit. AA *HH{\:\
Bag model: Jaffe, PRL38(1977)195. gﬂ‘;-:l}a“&f_
LOCD: HALQCD(‘11), NPLQCD('11,’13), Mainz (‘19). Bound (01) s He
@ But no discovery of bound H. ~380 MeV
No M(Apn~) peak; AA hypernucl.: Takahashi+ ('01); Jaffe ('77)

Femtoscopy:STAR(‘15); ALICE(‘19); Morita+(‘15).
# Quasi-bound state below NE or Unbound ?
@ Resonance “H” from (K-, K%) ?
KEK-E522 ('07)
@ LQCD at almost physical m, — Unbound
HAL QCD(*20). 1

e <1
J1<nac2
E2<nacd
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Impact of S= -2 Baryon-Baryon Interactions (2)

# AA and NE interactions are relevant to “Hyperon Puzzle”

@ A and E are predicted to appear at (2-4)p,,
and softened EOS cannot support 2 M _ neutron stars.
— Repulsive YNN interactions, Quark Matter, Modified Gravity ?

@ Precise AN, AA, N=, and ANN interactions need to be known.
» Repulsive EN interaction (I=1) may help support2 M_ NS

' ¢
Weissborn et al., NPA88I (‘12) 62. i ’ (fm>)
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: | | EOSY# -
l{l"} = 0 14 Il:"r 16
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Ishizuka, AO, Tsubakihara, Sumiyoshi, Yamada (‘08)
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S=-2 Barzan - Barzan Interactions

# Theoretical Approaches

@ Phenomenological (Nijmegen, Jiilich, Ehime, Quark model, ...)

@ Chiral EFT [Haidenbauer, Meissner, Petschauer (‘16); Li, Hyodo, Geng (‘18)]
@ | Lattice QCD [Sasaki+ [HAL QCD] (‘20)]
s Experimental Information

@ Double A and = hypernuclei
Takahashi+(‘01); Nakazawa+(‘15); Hayakawa+[E07](‘21); Yoshimoto+[EO07](‘21).

@| Femtoscopic study of hadron-hadron interactions

[See also Valentina Mantovani Sarti (Wed), Laura Serk§nyté (Sun)]
Adamezyk+[STAR](‘15, AA); Acharya+[ALICE](‘19(AA), ‘19(NE), 20(NE));
Morita, Furumoto, AO (‘15, AA); Hatsuda, Morita, AO, Sasaki (‘17, NZ);
Haidenbauer (‘19, AA-NZ); Haidenbauer+ (‘20).

We study p=— and AA correlation functions
in the coupled-channel framework (KPLLL formula)
using S=2 lattice baryon-baryon interaction from HAL QCD.

[Kamiya+ (2108.09644)]
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Coupled-channel N=-AA potential
and correlation functions
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NZ-AA Potential from Lattice QCD

s NE-AA potential at almost physical quark masses
(m_=146 MeV) by HAL QCD Collaboration
K. Sasaki et al. [HAL QCD], NPA 998 (20) 121737 (1912.08630)
@ Significant attraction in (I,S)=(0,0) of NE.
@ Weak attraction in AA (Coupling with NE causes AA attraction).

14K r NIE L “I T 1 L E)- AA o :il T _ 1 |
2 T = 15 =
= "N (1,S)=(0,0) v=p = \ e F
) 4
__" ! '.E‘I". Ji___|_,.|.=-""""-'-_-'_M_ - ‘h"'ﬂ- — |
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il EETH e [fm)
0 | }Ii o “. T 1 | o o :: T 1K
; .l h\ 13 .. ........... | ;: . \ K — _ ;
= _ NZ(T 5| = =
; il \'\ —mj— ; i g ——
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NZ-AA Potential from Lattice QCD

s Low-energy scattering parameters

@ Nuclear physics convention ;. .5 — 1 + lreﬂ:]gz + O(k?)

ao
total spin | baryon pair ap [fm] reff [fm]
n= L22(0.13)( P ohn ) — i LAT(0.85) L5 3.7 (0.3 T — a2 702 e
J =10 n=" 2OT(03D 0 — 0. 14(0.08) (L LE0.E D) = 02003 R
AA 0.78(0.22)( 510 5.4(0.8)( 101y
i p= 0.35(0.06)( *H 0T — a0.00 BalL0y 35 40000 )
n=" 0.35(0.06)( 5 02) RA(L.0)( 5T

@ Re (a;) <0 — No bound state in AA-NZ systems.

(except for = atom)

# There is a virtual pole around the N= threshold
(3.93 MeV below nZ° threshold)
on the irrelevant Riemann sheet, (+, —, +) [quasi-bound — (—,+,1)]

Epole = 2250.5 — i0.3 MeV AN

sign of Im(eignen momentum)

TTp 828 — —
A mEN > A. Ohnishi @ PANIC2021, Sep.8, 2021, Online/Lisbon 7




Virtual Pole

“ Virtual pole (single channel case) }w”
= Eigen energy of the pole is
below the threshold,
but the wave function diverges
atr — oo,
(Imaginary part of eigen momentum
is negative, exp(iqr)/r — .)
“ Lattice BB potential at almost physical quark masses (HAL QCD)
» With Coulomb potential

W Im F slm g

bound [mig > 0
weaker

FESmance

and threshold mass difference, n-. p=
virtual pole.appears < 56Mev
on (+,-,+) Riemann sheet 3 o—ee—
(w.f. of nZ° channel diverges). . L

> Atomic states are Virtual =~ atom

well separated from VP. pole

(na?/2n’>=14.6 keV/n?)

Deep VP < > Resonance
(no effects) depends
on system




Femtoscopic Study of Hadron-Hadron Interaction

\\\\\ﬁpl
N

T

# Correlation function (CF)

@ Koonin-Pratt formula
Koonin('77), Pratt+('86), Lednicky+('82)

C(p1,p2) = lev(lzif])ojl\;;al) ~ /dr512(’r)|gpq(r)\2

source fn. relative w.f.

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

# Hadron-hadron interaction from source size + CF

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

Clq) =1 + / drS(r) Lo - lo(@r)®} (w0 = s-wave w.f)

CF shows how much |¢|’ is enhanced — V, effects !
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Coupled-Channel Correlation Function

# Correlation function with CC effects (KPLLL formula)
—> sum of j-th channel contributions leading to j=1

with outgoing momentum g
Lednicky, Lyuboshits, Lyuboshits (‘98);
Haudenbauer (‘19)

ij/drS ()| W5 (r)?

U () = [0 — jolqr)or + 45 (1)
¢§_)(q) x e " [/ror e " /7 (r = 00)

(No Coulomb case)

=- Outgoing
Mom. q

P in channel
ji=1

;S5 (r)[ W5 (r)|?

J

Source Normalized
weight Source fn.

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

difference are taken into account in the charge base, p=-, n=°,

Y. Kamiya+, PRL(‘20, K p)

0, AA.

@ Source size (R) and source weight ((oj) need to be determined.

, - 9QS
R LIYITP 4
w"sn 'YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS | YVITE Kvoto 3 M
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Theoretical EE - and AA Correlation Function

8 p=- correlation function

@ Strongly enhanced at low ¢ by the strong interaction,
and further enhanced by the Coulomb potential at q <50 MeV/c

@ AA source effect is small.
# AA correlation function

@ Suppressed by quantum statistics, but enhanced by the strong
interaction at low q.

@ NE source effect is visible only around the thresholds.

3=~ Full with Coulomb — || p=" anly - AA oy ——
i 1 Ful it Conloanb — -~ | i p= | ¥ N AN+ n=
pure Coulemb ... |I pE = A Fullp —— i1 +n=" (R PR
| .
'I slomlons L RULIE STAELIsT
il i :"\—F'll
i /—— ==
! (1t _{“
= I LA s / .
1 | na | / {
i3
e =1 1 R =1 _ t=12
£ =12 fin | k N I i R=1
; - g o T .,-|.‘.I:'-|!~I' q 4 N 7
Kamiya+ (2108.09644)
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Comparison with p=- and AA
correlation function data
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Parameters in Correlation Function Data

“ Actual data contains non-femtoscopic effects — Pair purity < 1.
(jets, misidentified particles)

Coxp(q; By A\, Nyw) = N(q) [1 + M Chneory (¢; 12, w) — 1)]

> We adopt Pair purity (1) from MC analysis results by ALICE.
> Source Weight ((oj) is given by a simple statistical model.
(Sensitivity is small.)

» Normalization with jet effects (N(q)=a+bq) is determined
by the fit to the data.

» Source size (R) is determined
by the fit to the data for pp 13 TeV collisions,

R,=-(pp) ~ 1.05 fm [RpAELECE(pp) = 1.02 £ 0.05 fm)]
and based on the scaling relation for p Pb 5.02 TeV collisions.
Ryz- (pPb)/Ryz- (pp) =~ Ry ¥ (pPb) /Ry (pp) [Ry=- (pPb) = 1.27 fm]

(AA and p=~ source sizes are assumed to be the same.)

13



E:? - Correlation Function

8 pZ=- correlation function data implies attractive N= interaction.

@ Strong enhancement from pure Coulomb CF
@ AA source effect is negligible. nE’ source effect is visible.
@ Calculated CF agrees with ALICE data.

3.0

" HALOCD with B = 1.05 fm —
pure Coulomb with B = 1.05 fm .
_ ALICE pp 13 TeV {corrected) —a—
;_ p= I:'{:c:1'1'{~{-twi_]|
CF(pE)
from pp 13 TeV
(R=1.05 fm)
1 §
- xS ET—
0 i 0 R 00
g [MeV /e

Kamiya+ (2108.09644); Acharya+(ALICE), PRL(‘19), Nature (‘20)

TN

26

(.5

(R=1.27 fm) _

" HALQCD with B = 1.27 fm
pure Coulomb with B = 1.27 fim e

ALICE pPb 5.02 TeV +—a—

CF(pZ) |
from pPb 5.02 TeV |

iy
N
i !_E_f_iul_i_'_n'_""“—‘—l—r b

1 1 1
20008 A 1ol

g |MeV /|

T FiH)
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Comearison with other results

2 _ T. Hatsuda, K. Morita, AO,
ol 10— | K. Sasaki, NPA967(‘17)856.
%; ' \ 7| (heavier quark mass)
é 1.6 T T 1 — — ]
S 14 =P 1 J. Haidenbauer, NPA981(‘19)1.

2.0 =

} (NLO(600), w/ CC effects, w/o Coulomb)
(w/ Coulomb, it will be comparable with data.)

CsL(Q)
o

=y
T

- ]AL;CETPrt;lin';inall'y - é
C pp Vs = 13 TeV
ok High Mult. (0-¢ 3.0 . 1 —
" gy ey HALOQOCD with # = 1.05 fim —
42 Spz op= pure Coulomb with B = 1.05 fin - e
0 E— ISICII — '16{]' — I1éf 1.82— gzﬁ:zgzj _;_ ALICE pp 13 TeV (corrected) —s— |
k (MeVic) 1-5;* ¢ Coulomb | p=" I_r{.'i;ll'l'{"{"[ﬁ‘[l.]|
D. L. Mihairov+[ALICE], SEANLTTT s
NPAI1005(‘21)121760 (OM2019). B e S|
(Nijmegen potential does not Y] S S
. 0 100
explain the data.)
Lo
Kamiya+(2108.09644).
(w/ Lattice BB pot. at phys. m, 1 ER

0 T L] T BTHTH} w0
lf]' |:II|[|.'1'I- lf'l

and CC effects with AA)
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AA correlation function

# AA correlation function

@ Enhancement from pure quantum statistic CF
@ NE source effect is visible only around thresholds.
@ Calculated CF agrees with ALICE data.

Analytic model (Lednicky-Lyuboshits formula) works well.

1.1

_-"LI;"‘L only L
AN+ Rn=d

AA 4+ p=~ + 02" (Ful) —— |

Quantum statistics

tfa=:12

R=12fm

: 100 150 200 250

q [MeV /(]

300

t
HAL QCD with it = 1.05 fim ——— 1
Chiantum statistics with & = 1.05 fim e
LL formula with & = 1.05 fim —.—.—
ALICE pp 13 TeV  —a—y
0 Tr 0300 00 A0
i |MeV /e

Kamiya+ (2108.09644); Acharya+[ALICE] (‘19)
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Comearison with other results

C. Greiner, B. Muller, PLB219('89)199.

Lambda-correlation with resonance

| T G S B j: (Assumed AA resonance)
" e v AO, Hirata, Nara, Shinmura, Akaishi,
o BHIC. Au+Au NPA670('00)297c
:_E* 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 t 1.2

AN+n=Y -
AN+ pE~ + n=" (Full) —— |

Quantum statistics -

g | == i
- : .49

0.8
= € S 0.7
Kamiya+(‘21).
tla=12 . 0.6
Smaller C”Sp than XEF]-: R=12fm IR HAL QCD with B = 1.05 fm ——
Chuantum statistios with A = 105 fin o
® 4 H LL formula \'\"_131. f? = l_ll-? .|':JE —_————
CC simulates res. source, | e T
L 1 ' L 0 TUn T R BT} i
100 q[xllie';r:| 200 250 300 7 MeV o]

but not enough for STAR data
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Unbound nature of N=
confirmed ?
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R Deeendence of Correlation Function

# Source size (R) dependence of C(q) is helpful to deduce the
existence of a bound state.
Morita+(‘16, ‘20), Kamiya+(‘20), Kamiya+(2108.09644)

@ With a bound state, C(q) is suppressed at small ¢ when R ~ |a |.
(w.f. has a node at r ~ |a | with a bound state.)

@ Qualitative understanding by the analytic model (LL formula)
[Lednickey, Lyuboshits (‘82)] with the zero range approx. (r ~0)

ith Coulomb

M, y) = —a| iy | X

w/0 Coulomb

o 1.5

1 1.4 114 1..'."lT.h paag = —3.32 |- R
1.6 _ 1.6
0.5 1.4 11,77 | —
1.4
= 1.2 =z
2 0 O | 1.2
= 1 &
M og ]
0.5 0.8 0.5
0.6 .8
| =1 .
(1.4 (1.6}
—1.5 0.2 -1.5 | 0.4
0 0.5 1 1.5 9 0 0.5 1 L5 )
g L Kamiya+(2108.09644)
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R deeendence of EE - correlation function

# R dep. of calculated results
— Enhanced region shrinks
with larger R. No Dip.

K. Mi+(STAR, preliminary),
Au+Au 200 AGeV, APS2021.
(No Dip at larger R)

| I ar er R data from Au+Au 24p STAR Au+Au {5, = 200 GeV 0-40% T T STAR AusAu |, = 200 GeV 40-80%
g C —s— pTapE I —e— pETapT ]
220 Coulomb (r=3.5fm) XI Coulomb (r=2im) -
[ ] [ ] [ ] o Coulemb {r=4fm) T Coulomb (r=2.5fm) E
seem to show similar behavior boocamme 3 coEmi :
[ ] r Coulomb [r=5im) ] Coulomb (r=3.5im) ]
. o p-= sideband beckground T p-Z sideband backgrownd 1
= Central collision 1! Peripheral collision
Q I.tl_— (n} =+ . -
- :__i_ - STAR Preliminary _:_ —It_ STAR Preliminary _:
A ——— T ]
- T % e ]
L fa] E - K [
1:__ e s sm e e e — — R ey s -;B_ ___P_____E___T.T:
l.,:.. [ N I | i | 1 Ll 1 e 1]
o 0.05 orgn 02 025 0.3 7 0.05 0.1 n?t‘ﬁse\.-m 0.2 0.25 0.3
iGaV) .
HAL + Coulom 1.5 I , I +( O“lomb 2 " " HALQCD with R'= 1.05 fm —
= i'! 1 1 =100 fm ] — _ - pure Coulomb with 72 = 105 fin o
2 q Lid B=12f1 — — | i % with pag = —3.32 1.8 | ALICE pp 13 TeV {corrected]  —e—
=150 = = - ) LW : ) E N
24 H=300n —eame i | 1.6 p.:_ |_{.'U1'1'{"{'Ti‘[i_]
. 0.5 % 5
2 25 E 4
2 1.4
] 4 g ) ——
L 12,4 CF(pZ)
e ] 1
= L = i e L
| = 1 1 from pp 13 TeV
i ={).3 i
1.4 f =12 : —_
(R=1.05 fm)
S5 e Lo p 4
I3 ]
R (L6
1 S
. :00. [ -
0.8 . \ | . ] . - iH () 4 : . . ]
0 I g B ! (L. 1 Lo 2 0 00 0300 00 500
L l.!.R g |MeV e

ZTYITP 4TS
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c.f. R dependence of pK- correlation function

% Enhanced C(q) from pp collisions,

and dip in heavy-ion collisions.

= Typical behavior expected
from LL formula + Coulomb
with a bound state.

Kamiya+(PRL, ‘20)

These R dependence of C(q) supports
again the KN bound state nature

of A(1405).
28 . ALICE ;::p i _8Tev
2.4 ii
2.2 =0 .

I TR

L ‘-2 .II'.: “ jug pp
1.4 Viow T T T
1.2 = . *“
ﬂ_; f” = s;T 1 , ,
S. Acharya+[ALICE],
PRLI124(20)092301

i - —

[ ::::ni

I l Pb+Pb
T ]
I].!EI:— Rg= 522 01 wney Myt i ]

TN TR AN TN TN TR MO N T |
o 100
K" (MeVIc)

S. Acharya+[ALICE],
2105.05683

LL+Coulomb

0 0.5 1 1.5

9
qR
1.25]
ET STAR preliminary
'I.'Iﬁé— * E it “-: Kr
: TP .
E L Kp ~Kp
~|.l:]5E : i_._ Au+Au
e Tttt
B.Eﬁu. L T T H.[IGELW::]OID;'& il b EI' 1'2 b bt
Siejka+[STAR, preliminary],
NPAY982 (‘19)359.
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.Summarz

# Correlation functions are helpful
to constrain / examine hadron-hadron interactions
as well as to deduce the existence of a bound state.

2 We have calculated p=- and AA correlation functions
by using lattice N=-AA coupled-channel (CC) potential.

@ w/ effects of CC, Coulomb, threshold difference.

@ ALICE pZ=~ and AA correlation function data are consistent with
the HAL QCD potential.
@ Source weight effect from conversion channel is not big,
except for the cusps at N= thresholds in AA corr. fn.
(Solving CC equation is still important.)
# Unbound nature of N= will be supported by studying
the source size dependence of the p=- correlation function.
(Any way to confirm the virtual pole nature ?)
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Thank you for attention !
Coauthors of Y. Kamiya et al. (p="), arXiv:2108.09644.

Y. Kamiya K. Sasaki T. Fukui

T. Hatsuda

Y. Kamiya, K. Sasaki, T. Fukui, T. Hyodo, K. Morita,
K. Ogata, AO, T. Hatsuda, arXiv:2108.09644 [hep-ph].
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To be, or not to be, that is the question.

Table 1. Leading g L = 0 dibaryon candidates [TZ), their BB structure and the 4, Gal (‘16); M. Oka (‘88)

CM interaction gain with respect of the lowest BB’ threshold calculated by means
of Eq. ). Asterisks are used for the 10; baryons £* = X{1385) and =* = Z(1530). H
The symbaol [1.j.k] stands for the Young tablaux of the SU{3); representation, with

I arrays in the first row, | arrays 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

S u

-&  SU(3) r g BB' structure ﬂ:ﬁ:f“—”
0 B30 100 0 3 AR 0
1 3218 12 2 —=(NZ* +2A%) -1
2 2221 0 0 -L[M+2'~.f“ V/3LI) -2

onftla

3218  1/2 2* :}Egﬂmz—r* LR OTEY -1
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Poten riallz measurable hh pairs

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

Scat&+Nuclel Scatt.+Mesic atom
n|p|K]|K n:n*A >|E2|Q [D|D|[Ks|d|pp| o |+a
n
Ol O TATATOTO el OO O[O0][O
K| el 0O[0[0][0 0
K" O 0]0O0]10]O0O O
T AT O]O]0O]|O
Scatt. [ 1 AlTOoOlOlOTlO
+Hyper %\ 0 /m 0 0
Nuclei | 0 O
E E A
Q /
D O /
D' O i
Ks ,/O/ O
d /.,o’ N
pp O O
oA | O
Pt
AA hypernuclei —~~ Femtoscopy

Blue: Pairs we have studied, O: Experimentally measured
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Source size deeendence of correlation functions

4 pE—
@ Smooth dependence on R. (No bound state, Non-identical particles)

8 AA

@ Complicated R dependence (Quantum statistics)
@ No long-tail (q > 200 MeV/c) with R > 1.5 fm.

2.k 1.1

Ei:ll . I R=009fm —
L X f 1.2 fin — —
!I| =150 = = =
ra L
A
l.4 )
= L. o
Ls 1.7 1
- HY =000 —
| S A=12fn — — -
| v H=15fm — _ _
. ; =300 -—-aaan
e IS U1 R £ . 1| | R 11 o
'] |IIIII1|| i i |l'|||1|, o
Kamiya+(2108.09644)
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Non-Fem foscoeic Parameters

# Relevant parameters=R, A, N=a+bq
(@’s are almost irrelevant for p=— and AA correlation functions.)

Coxp(q; R, A, N, w) = N(q) [1 + AM(Chineory (q; 12, w) — 1)]

collision | pair A i B(MeV /e) "1 [fm]| [9] S. Acharya et al. [ALICE], Phys. Lew. B 797 (2019), 134822
— [arXiv 1905.07209].
P p= | [15) (1 [15] 0 1 05
(13TeV) [AA 0338 [@) | 005 | 12810 | | [(14] S. Acharya etal. [ALICE], Phys. Rev. Lett. 123 (2019}, 112002
pPh (p= |0.513 (14| 109 [ -2.56 « 107 s farckiv 1904.12198].
(5.02 TeVy| AN | 0.239 9 | 0.949 020w« 10 4| [15] 5. Acharya et al. [ALICE], Nature 588 (2020), 232-238 [arXiv

20005, 1 1495].

TABLE II. The pair purity A, non-femtoscopic parameters a and b,
and the effective source size 7 in the Owing Munction Oy, (g). The
parameters o and b in pp (AA purs) and pPb (p= and AA pairs)
collisions and M in pp collisions are the actual fiing parameters.
MNumbers with references are taken from Refs. [9][14] [15], and the
number with (#) 15 estimated from other other parameters. See the
text for detals.

Kamiya+(2108.09644)
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Correlation function from T-matrix

s s-wave w.f. using the half-off-shell T-matrix (T )

J. Haidenbauer, NPA 981(‘19)1.
1 1

fotkr) = dnlhr) + 2 [ daion) 5= g

e~ 0 (k4 60) 1
sin(kr =
kr 0 21kr

é_)(k,r) _ 6_%501;0(]6,7“) R (eikr _ e—2i606—ikr>

s Strong T-matrix + Coulomb potential
J. Haidenbauer, G. Krein, and T. C. Peixoto, EPJA 56 (‘20)184;

using the Vincent-Phatak method

[C.M. Vincent and S.C. Phatak, PRC10(‘74)391; 4°f D A A AR AR
B. Holzenkamp, K. Holinde and J. Speth, b (S) + () — without =N

2.0 — with T
NPA 500(°89)485 (1989)] " e

1.5}

g i
o [
1.ID_
R=12fm |
0.5 Strong + Coulomb B
. 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 i
ﬂ'ﬂﬂ 25 50 75 100 125 150

k (MeVic)

m-m Y-TP .‘\vos . . . .
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Analzfic model of correlation function

s Asymptotic w.f. is described by the scattering amplitude f(q)

(non-identical particle pair, short range int. (only s-wave is modified),

single channel, no Coulomb pot.)
2(r) =07 — jo(ar) + @y (r:0)

0P (r;q) =

10 : iqr
e* sin(qr + 0 1 ior —igr  SIDQT e

( ) _ —— (S — 7" = + f(q)
qr ~ 2igr qr r

o5 (rig) = S71 D (r59) [S = exp(2i0), f = (5 = 1)/2ig = [g ot d — iQ]_l}
8 Correlation function in Lednicky-Lyuboshits (LL) formula
(with static Gaussian source, real 6) (Lednickey, Lyuboshits (‘82))

Cla) = [ arste) [#0m[ =1+ / ars(r [)sao [ = Gotar)?|

sin qr

s+ [amdrso) (5@ + 22 (e + (@)

’f( )|? Teff 2Re f(q) Im f(q)

C F ( ) F1(2qR) — Fy(2¢R

LL(Q) 2R? 3 R T ﬁR 1( q ) R 2( q )
[f(q) = (qgeotd —iq)~", Fi(z) = é/om dtet " Fy(x) = (1 - e_$2)/$, F3(z) =1— %]

E) - Y TP .‘\?os R R . ]
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Lednicky-Lyuboshits functions

Fy(z) = > /OwdtetQ_"’Q, BE)=0—e)/z, Fyz)=1— ——

x 2\/_

' Fl(g} i

1+ c12? + cox* + c32"
1+ (c1 +2/3)x2 + cqx* + c528 + c3a®
(c1,c2,c3,c4,c5) = (0.123,0.0376,0.0107,0.304, 0.0617)
AO,Morita,Mihayara,Hyodo, NPA 954 (‘16)294.
30

Fi(x) ~

(0 <z < 20)




Bird's-eye view of C(q)

s Zero eff. range pot. — C(q)=F(R/a, qR)
reg =0 — qcotd = —1/ag — f(q) = (qcot § —iq)~ ' =
" _1|_ /2 B — % F1(2z) — ng(Zx)] (x =qR,y = R/ayp)

# Low momentum limit

B R
R/ag +1qR

Clx,y) =1+

1/1 2\ 2
Clz,y) >~ |-——=] +1—-= (F; = 1,F, - 0atxz—0)

2 \y 7 T

@ Enhanced C(q) at small g |5 Corelation function (LL model) §
with a <0 . 1.8
2 rag 1 rap\? 1.6
) =1-7=(%)*+3(%) os 1.4
5 1.2

 a,>0 — Size dependent C(q) z ©° 1
* C(q)>1atsmall R T g-g
+»C(q)<lat R~a, 17 0.4
-1.5 0.2

(w.f. node atr ~ a)

qR
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Bound state diagnosis bz fem toscopy

# Source size dep. of CF 3
tells the sign of N R/ag= '0::13 """
the scattering length (a,). \ larger R 0.3 -----
. . 2 ‘ 1 ——
@ With attraction, = ‘
Large CF at small R. o N W
@ With a bound state 1 bede I Bl
(ay>0), CF is suppressed w/ bound state (ay>0)
_—
at R ~ a, 0 | LL model Morita+(‘20)
0 0.5 1 1.5 2
qR
ory e [ L ri e
l/* sin qr - “sin qr
Source size dep. of CF L
= T r
— To be bound, / No b.s. 7:111}5& b.s. Y
or not to be bound. ! v deep b.3:
L/a, <0 0<Rfa <<l 1<R/a,
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ALICE+STAR = N2 Dibaryon

b - o L =1 = 1 -p' Q I_lf
6 . | =
_ F R JrJ__II:—l~:| ) E_l_:l ) [-I-:I __
3 S B
R/ag=-0.3 35 e
larger R 0.3 ----- N3 - (Mevie) E
2 : 1 — n
E 1 ;_ : E |J N T
o ; wfcz _bf)tmd state (a<0) 0 100 K* MeVic) 200 300
~ W/ bound state (ag=0) Acharya+(ALICE), Nature (‘20)
Morita+(‘20) 2, i -
0 : : : Expanding Source
0 0.5

L — 'y'rl
........ v-

0F —_ Ve

' f.ll D.lIJE 011 l1+|15

STAR (1808.02511, k* (GeV/c)

PLB790 ('19) 490)
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Correlation Function with Gaussian source

2
4 1.8
1.2 1.6
=z 1.4
=1
s 1.2
E
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
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Source Size Dep. of CF w/ Coulomb poten tial

Corr. fune. with Gamow factor

1.5 . .
S TR THL II O I 1.5
1 R OO e Xty ANV | |
STAR (AA -
_ | | Bound (AA) L6
(.5 "‘"1--._....: - ALICE (pp) 4
[~ s, ..
-2, 0 1.2
= Unbound
| O =2 1
—).o -
().
_1 =1
(). 6
—-1.5 : (.4
() 1

qH
Y. Kamiya+(2108.09644) (LL x Gamow factor)
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Modern Hadron-Hadron Interactions

s Lattice QCD hh potential
@ V,, is obtained from the Schrodinger eq.

for the Nambu-Bethe-Salpeter (NBS)

amplitude.
N. Ishii, S. Aoki, T. Hatsuda, PRL99(°07)022001.

— QQ, NQ, AA-NE potentials
at phys. quark mass are published

# Chiral EFT / Chiral SU(3) dynamics

M. = 146 MeV |

NQ, 55,
\ My = 875 MeV |

Fit t/fa=12 —

V(r) (MeV)

0 0.5 1 15 2 2.5 3
r (fm)

<4 th at low E. can be expanded systematicahy 11 PUWCLD UL Y/ /).
S. Weinberg (‘79);R. Machleidt, F. Sammarruca (‘16);

Y. Ikeda, T. Hyodo, W. Weise (‘12).
— NN, NY, YY, KN-aX-zwA, ...
8 Quark cluster models,
Meson exchange models,
More phenomenological models, ...

2N Forge dH Farce
]“:J il .'..\.::I.... =
(X X FAY

NLO Fal |

o X
AR

Let us examine modern hh interactions !

- H
any ol LYK
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Relevance of =N interaction to physics

s H-particle: 6-quark state (uuddss)
may be realized as a loosely bound state

of EN (I=0) ES22 o
K. Sasaki et al. (HAL QCD, ‘16,’17) ('07)

# Repulsive EN interaction (I=1) may help AA
to support 2 M _ Neutron Star

Weissborn et al., NPA881 (‘12) 62.

200

=N
Dl

HAL
('16)

s 8. | preliminary |

V(rmMev]
wun
o

==l

=)

K. Sasaki et al. (HAL QCD Collab.), EPJ Web Conf. 175 (‘18) 05010.
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dPo/d/dM,, , (ubisr/(7.5 MeV/c?))

AA correlation and A interaction

4 Cdae=1

A 1=ne=2
J@z=ne=3

1 [l no=3

1 BEE Unphys. Sk

] BE sTaR
4 = HaL Qo

& HEMYY

J % Fo
] +-no
] -o-NF
J - NsCES
av - -+ NSCOT

+ Ehima
+« ESCO8
= fgE2

s S ND It is unlikely that AA
®,_ trg- .
SN f " | L. Adameczyk+[STAR)], bound state exists.
I Y | NN PRLI14(°15)022301
NSE;BQ 15 _ ;-:-:{Nmnme“m} u+Au — AA AO, K. Morita, K. Miyahal"a,
L R o T. Hyodo, NPA954(‘16)294
0 % /DOF = 0.5 o AA scattering parameters
08 04 _ =" 9mo S | N v
f/a(fm’)y £ [ Vo 15 ?:rau-:jns.afn;‘{}unhou‘nd 1 nscas
EF [ Oenes o i LL (free 3) E“éséﬁﬂi .
AO+(“00) - ~y Ehime ©
T £ 10 o AEnE -
o FL
. Y 5
"2C(KK*AA), Py > 0.95 GeVi/c LL O~ ETY [T &-“
25 | E224 —— R -
5 | INC —
+Corr. —— .
15 (rg10a) AA inv. mass
.| H spe¢ctrum from
. 2K, K*AA)
Y TP S. Acharya+[ALICE],
0 50 100 150 PLB797(19)134822
AA Inv. Mass - 2 M, (MeV/c®)
o~+taq

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

25

no b.s.
shallow

I HP=H£I1=2.5fI1"II, v, —

n—
Vig —

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

2 deep F‘p=“n=5f""=,}‘:: -~ | (w/ Lattice potential with heavier quark mass)
- Static Source Vi --
55| 5, T o  E—— J. Adam+[STAR],
1 1.5 Model:R, =R, = 5 fm }': ModelRy =Ru=231M pueauys=2006ev | PLB 790(‘19)490.
: A Po4FD
0 (a) . . - | | | | | | {EIJ] :: 2 {::_.]
0 20 40 € 1| 2 R=3fm :' a b R=1.7Fm i
Q=[m,| : v
= 15 \‘ . i5 |
0.5F 1 [|i' e ) 1 \i\__"'“——" _____
T Wl e [
0 20 40 &0 80 100 120 140 p Q .
a=1q’| (MeV/c] 6 =
K. Morita, S. Gongyo, T. Hatsuda, 5 4 14
T. Hyodo, Y. Kamiya, AO, L . “r [HJ”H ,ﬂ‘*’ -
PRC 101(°20)015201. (w/ Lattice ° 3 ] 1
potential at physical quark mass) 1\ -, 239} g
S. Acharya+[ALICE], ' "& s+ | E
Bound state ? I 2005.11495 [nucl-ex] 'E = R |
(pp 13 TeV) k* (MeVic)

|
m"= = @ YUKAWA INSTITUTEFOR
o THEORETICAL PHYSICS
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EI( - correlation

13 S. Cho+ [ExHIC], PPNP95(‘17)279.

without Coulomb = = =
Coulomb anly -------

1] 005 01 015 0 _

a 'l\-\
q [GeWic] 61.0 -

I I I I
ALICE pp {5=5TeV
ry=113 002", fm

— L1z

A=0068+007

0.55————

ﬂ'.?iE’Tﬂ.'l

125 vin Coulomd =\ (Tpsufficient coupled-channel effects)

................... J. Haidenbauer, NPA981(‘19)1.
b Kp i(w/ CC effects, w/o Coulomb)

S. Acharya+[ALICE],
PRLI124(‘20)092301

pEKpEKT
[JCoukami

Coulamb+Sirang (Kyata Madel)
|:|I'_'2nl.|I-:|n1:||EIr-:|rg iJulich BModel)

0.8 ! ! ! 3

50 100 150 ’

- k* (MeV/c) '

Source size dep. shows >
interesting feature. 3

Y. Kamiya, T. Hyodo, K. Morita, AO,

ALICE (pp 13 TeV, HM) —e—j

Cr(R = 0.9 [m)

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

W. Weise, PRL124(“20)132501. 0 s w0 0 20 20 3w

(Chiral SU(3) dynamics)

g |MeV /¢l
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Other bound states ?

1.1

_‘ll_\ Ull]_‘.' I_._._

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 /]
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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)
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