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1. Introduction

++ Hadron-hadron interactions ++

B We are interested in the hadron-hadron interactions,
which are governed by QCD (quantum chromodynamics).

It belongs to low-energy phenomena, in which

non-perturbative nature of QCD becomes significant.

e.g., huclear force. T ey N
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Traditional approaches to hadron-hadron interaction:
— Perform hadron-hadron scattering experiments.
— Construct phenomenological models.

On-line seminar @ Yonsei Univ. (Sep. 21, 2020)




1. Introduction

++ Nuclear force ++
B For example, the nuclear force has been investigated as:
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1. Introduction

++ Why NQ Interaction ? ++

B Expected feature of the NQ interaction.
Combination of N(uud / udd) [octet] + ((sss) [decuplet].
No same flavor. —> No repulsive core 1?

Goldman et al., Phys. Rev. Lett. 59 (1987) 627;

Calculations in quark models. @\E

Oka, Phys. Rev. D38 (1988) 298;

Li and Shen, Eur. Phys. J. A8 (2000) 417;
Pang, Ping, Wang, Goldman and Zhao, Phys. Rev. C69 (2004) 065207;
Zhu, Huang, Ping and F. Wang, Phys. Rev. C92 (2015) 035210;
Huang, Ping and Wang, Phys. Rev. C92 (2015) 065202; ...

— Although the details are different, these calculations
iIndicate the existence of the NQ bound state.
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1. Introduction

++ Recent breakthrough 1 ++

B A way to calculate hadron-hadron interactions directly
in lattice QCD simulation by the HAL QCD collaboration.

HAL QCD.

Measuring the correlation function of two-hadrons,
they obtained hadron-hadron interactions from QCD.

og(r,t) = (Ong(y, )pa(@, t)| B = 2 W, P = 0) = dap(r)e™"",
Aoki, Hatsuda, and Ishii, Prog. Theor. Phys. 123 (2010) 89.
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1. Introduction
++ Recent breakthrough 1 ++
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1. Introduction
++ The NQ system from lattice QCD ++

B A way to calculate hadron-hadron interactions directly
in lattice QCD simulation by the HAL QCD collaboration.

Etminan et al. [HAL QCD],

@@

Nucl. Phys. A928 (2014) 89.

Doi et al. [HAL QCD],

q mr = 875 MeV.

“u-}p Bound: BE ~ 19 MeV- ]

t [fm]

No repulsive core !

Implying NQ is bound.
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1. Introduction
++ The NQ system from lattice QCD ++

B A way to calculate hadron-hadron interactions directly
in lattice QCD simulation by the HAL QCD collaboration.
NQ system. —mqo= 1712 MeV,
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Iritani et al. [HAL QCD], Phys. Lett. B792 (2019) 284.
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1. Introduction

++ Recent breakthrough 2 ++
B Hadron-hadron correlations in the pp collisions (7 - 13 TeV).
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Correlation depends on the source

size and interaction.
— The size can be fixed in another way.
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B Hadron-hadron correlations

1. Introduction
++ Recent breakthrough 2 ++

in the pp collisions.
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— Exp. data are consistent with

the HAL QCD potentials !

ALICE, arXiv:2005.11495.
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2. Meson exchange model
for the NQ interaction,
version 2018
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2. Model for NQ, ver.2018

++ Motivation ++
B We want to understand the NQ (°S2) interaction.

What is the origin of the attraction ?
— Physics behind it.

Doi et al. [HAL QCD],

Extrapolate quark masses: EPJ Web of Conf. 175 (2018) 05009.
5
m- = 146 MeV to 138 MeV. % NQCS,)
— (=]l —f=1]2

] || — =13 f=11
Discuss decay modes. 0
> 25
‘E‘ -50
B We construct baryon-baryon |5

iInteraction model ~100 -
with meson exchanges.
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2. Model for NQ, ver.2018

++ NQ and coupled channels ++

B Consider the NQ (°S2, JP = 2+) coupled-channels.
Baryon-baryon systems in S = -3 & I = 1/2:

Channel J¥ =2t
1 NQ (3S,)
2 = (°Dy) AZ - EE Ne T*E 7
3 = (ng) (2434) (2511) (2611) (2703) [MeV]
4 = (3D2) — Hil H E—E -
— 2400 2500 2600 A=+ 2700 1=+ 2800
0 E (' Do) (2649)(2727)
6 =* (°82)
( 2S+1LJ )

Decay channels: A2, X E - Couple to the NQ (5S2) state
in D wave.

Closed channel: AE* = A 2(1530) (the nearest).
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2. Model for NQ, ver.2018

++ Elastic NQ interaction ++

B Possible mediating mesons In the elastic NQ interaction:

Pseudoscalar: the n meson.

Scalar: the “0” meson, which should be treated as
as the correlated two pseudoscalar mesons
(cf. nuclear force).

— We employ the dispersion relation approach.

Vector: NO light vector mesons owing to the OZI rule.

N - 4 - N N—p—g—r o N
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2. Model for NQ, ver.2018

++ Further terms of N() interaction ++
B We may consider further contributions at short ranges:

Exchanges of heavier mesons.

Interactions at the quark-gluon level
such as color magnetic interactions.

-> We treat them as a contact term.

B Box diagrams with K meson exchange
give the inelastic channel contributions.
AE, 22 and A E*,

B(qgs)

K Y | K
+  B(gss) E
Q —s—t————=— ()

( box )
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2. Model for NQ, ver.2018

++ Summary of the NQ interaction ++
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B Evaluate the NQ (°S2) Int. with the above four diagrams.

6
V(E; p',p) =Va(®, p) + VB(®, p) + Ve(@', p) + ) Vhox(i) (E; P, D)

=2

Non-local interaction.

Energy dependence from the box terms.

Each vertex by effective Lagrangians.

Channel

JP=2+

Sy O s O N =

NQ (°S,)
AZ
AZ

AZ* (5S,)

— Free parameter only In the contact interaction.

(Cut-off is fixed as a typical hadron scale A =1 GeV)
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2. Model for NQ, ver.2018

++ Model parameter ++
B The contact coupling constant c is fixed by

N
g\/g

(C)

information from the HAL QCD analysis (up to 2018).

NQ(S,)
AN
B We reproduce the Scatt. length | ™ HHW
of the HAL QCD analysis on NQ. g ** #ﬂﬁ
— Observable. g MQ X
Scatterlng Iength | X2 ﬁ ¢ .
2 t=14 t=12
{a=74x16fmatt=11. ) ¢ t=13 t=11
HAL QCD prowdes the nearly | | (i |

physical quark masses on the lattice.
—> We fix ¢ = — 22.1 GeV-2

to reproduce a = 7.4 tm with these lattice masses.
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2. Model for NQ, ver.2018

++ Elastic NQ interaction ++
B First, we show the NQ (°S2) interaction in elastic channels:

V(E;p',p) = VA(p p)+VB(p p)+Vc(p p)+ZVbox(3) E; ', p)

7=2
Va [ GeV-2] = n exchange. Vs [ GeV-2] = “¢” exchange.
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2. Model for NQ, ver.2018

++ Elastic NQ interaction ++
B First, we show the NQ (°S2) interaction in elastic channels:

6
V(E; p',p) =Val®',p) + VB, p) + Vo(@', p) + Y Vhox(5)(E; P, P)

j=2
Va | GeV-2] - n exchange. Vs [GN\/ axchange.
Vc | GeV-2] —= contact. pp— - 0
" -1
-?_ | : ; -2
) -3
-3 -4
4t Or 5
5t -5t [ ———] 6
ad 10 }
-15 |
0 ’20 ’
-25
1
- 04D [GeV ] -
p | GeV ]0 '

%55 7 92 & —BEEugisi s (on-line, Sep. 24 - 25, 2020)

20



2. Model for NQ, ver.2018

++4+ Elastic NQ interaction ++
B Calculate Vwithp’ =p:V=V(p’=p, p).
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./
./
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./
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25 : ' . x
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The contact term is dominant.

The n and “0” exchanges are moderate.
— Small n NN and “o¢” QQ couplings.
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2. Model for NQ, ver.2018

++ Inelastic NQ interaction ++
B Next, we show the NQ (°S2) Int. from inelastic channels:

6
V(E; p',p) =Va@, p) + VB(@, p) + Vo(@', p) + Y Vbox() (E; P, D)

71=2

— Calculate Vibox with p’ = p and E = mn 7
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()

A E Is the largest
among the box terms
owing to

the large KN A coupling.

455 7 725 —REEuigii7is (on-line, Sep. 24 - 25, 2020) 22



— Calculate Vibox with p’ = p and E = mn 7

2. Model for NQ, ver.2018

++ Inelastic NQ interaction ++
B Next, we show the NQ (°S2) Int. from inelastic channels:

6
V(E; p',p) =Va@, p) + VB(@, p) + Vo(@', p) + Y Vbox() (E; P, D)
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2. Model for NQ, ver.2018

++ NQ (°S2) quasi-bound state ++

B The NQ (°S2) Scatt. amplitude contains a resonance pole
which corresponds to the NQ (°S2) quasi-bound state !

| T(E) | [ Gev_z ]' 025 ' | Re. pan' from T-lnat;'ix —
B oo Im. part from 7-matrix == ==
: o ~ %% .
i o PR V/(r?) = 3.8 — 3.1i fm
g : —_
o L o
L BT ~0 ,,'r’»-:'llfn'r.f'?[h.'lr‘v" % . @\’—\
Re B [ MV IR > Q
o 005 \
. B
H Epole=2611.3 — 0.71 MeV. A S N W
—> B = 0.1 MeV, I' = 1.5 MeV. 0.05 Rl . .
0 5 10 15 20 25
r|fm]

B We can extract the bound-state wave function ¥ ~o
from the residue of the resonance pole.

. COUIOmb aSSiSt fOI" pﬂ_: ABCoulomb ~ 1 MGV‘ AI‘Coulomb ~ 1 MeV
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3. Meson exchange model
for the NQ Interaction,
version 202X
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3. Model for NQ, ver.202X

++ Update the NQ interaction ++

B We have constructed the NQ (°S2) interaction in 2018,
but it Is not so satisfactory today. Mainly because:

1. Experimental data from ALICE as well as the final
version of the HAL QCD NQ potential are available.

2. Contact term was not interpreted.
3. Potential shape of HAL QCD vs. our model.
4. Only 5S2.

—> Update is necessary !

5 5 7 7 A& —PEguiEiisiz (on-line, Sep. 24 - 25, 2020)
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3. Model for NQ, ver.202X

++ The latest data ++

B The latest data from ALICD and HAL QCD will help us
to construct more reliable interaction.

b ] —— — ——— i (a) NQ(SSQ)
p-L27 1 0
6 ) ] -
T 1]
° CaRdy ['4'3 =
9 = A g -200 -
x 4 -
O : o —
. S 3001 ¥
3F - 5 ¥ tla=14
- - —400 $ tla=13
2 3 - b tla=12
: ] 500 I ta=11
1= . I ! ! I I o
= | 1 [
0 100 200 300 0.0 0.5 1.0 1.5 2.0 25 3.0
k* (MeV/c) r [fm]
ALICE, arXiv:2005.1 1495. Iritani et al. [HAL QCD],

Phys. Lett. B792 (2019) 284.
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B The latest data from ALICD and HAL QCD

3. Model for NQ), ver. ZOZX

++ The latest data ++

to construct more reliable interaction.
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.

*) (MeV)

Vir

0¢f

lntc ractlon

Repulsive

/
\v/ Attractive

0

0.5 1 15 2
r* (fm)

Schrodinger l equation
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ALICE, arXiv:2005.11495.

€ 5 M7 25 — gt =

We can fix our model
parameter (coupling
constant) with the Exp.

. e 200
:_ k* (MeV/c)
:_ L 020tk o0 Y-y o0 - -
x T R correlation function.
0 100 200 300
k* (MeVi/c)

of various partial waves.
—> We need 351 as well.

(on-line, Sep. 24 - 25, 2020)

- In Exp., NQ is a mixed state
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3. Model for NQ, ver.202X

++ Short-range part ++ |~ N
B We have introduced a phenomenological . \/

contact term which contributes (C)

at short range.

What is the origin of the contact term ?

Interaction at the quark-gluon level
IS expected to be dominant.

g 9 g 4 9 q

—> We can calculate the contact term by quark exchange.

M In calculating this, the approach by Yonsei group
will be helpful. Park et al., Eur. Phys. J. A56 (2020) 93.
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3. Model for NQ, ver.202X

++ Comparison with the HAL QCD potential ++

B We evaluate equivalent local NQ (552) potential and
compare it with the HAL QCD potential (mz = 146 MeV).

0 “""*'“"'"“/“"Bn———-—— Behavior is qualitatively

consistent with
the HAL QCD.

However, the shape is
different, in particular
the long-range tail.

Vioca() [ MeV ]

Re. part

Im. part === 0.4 0.8 1.2
HAL

1.6

0 02 04 06 08 1 12 14 16|~ Two-fold potential ?
riimlly L2, . y| Importance of
Ky AK K exchange ???
?7?07? Q=.-=.—>—.=-=: ass) Q
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4. Summary
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4. Summary

++ Summary ++
B We constructed the NQ (5S2) interaction according to:

N —— N N —>—o—>—o—>»—N Bl(ggs)

- \ N N N —>—t—>———N
3 - SPRL
: TN + B(gss) :
Q) Q2 Q Q Q o i Q O

Q

The conventional exchanges of the n, “¢”, and K (as
boxes) mesons do not provide sufficient attraction.

Most of the attraction indicated in recent HAL QCD
analysis is attributed to the short-range contact term.

B Fitting parameter (contact coupling constant only) to
scattering length in HAL QCD, we obtain the NQ (552)

quasi-bound state at Epole = 2611.3 — 0.7 1 MeV.
— BE = 0.1 MeV, T' = 1.5 MeV.
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4. Summary

++ Outlook ++

B We have to update our NQ interaction.
— In particular, Exp. data from ALICE as well as the final

C(k*)

7 —
p-£2" 1
6 .
- -
+] a [-}J - ( j
4F T s
3k , ~
s 200
oF k* (MeV/c)
1

—

0 100
k* (MeVi/c)

300

ALICE, arXiv:2005.11495.

i

g g9 q

t

q g q

version of the HAL QCD NQ potential are available.

(a) NQ(S>)

tla=14
tla=13
fla=12

fla=11|

H- £H Ked HH

00 05 10 15 20 25 3.0
r [fm]

Iritani et al. [HAL QCD],
Phys. Lett. B792 (2019) 284.

B NQ (5S2) quasi-bound state, exists or not ?
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Thank you very much
for vour kind attention !
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Appendix
++ Model parameter ++ N\/N

B The contact coupling constant c is fixed by o
information from the HAL QCD analysis (up to 201 8).

NQ(S,) NQ(CS,)

50 7
— =13 t=11 al 3
0 b
S 1 :##1'

o
N

o
N

_25 -
_50 4

_75 4

Vc(r) [MeV]

Dol et al. [HAL QCD],
EPJ Web of Cont.
175 (2018) 05009.

-100 -

kcotdg(k)/m
S o
N o
— Ol
e
=
—_—EF

—-125 -

¢ t=14 $ t=12

150l
th t=13 t=11

|
o ¢
~

r[fm]

0.0 05 1.0 15 2.0 25

— We could use potential V(r), (KImy)?
but it is not observable in general (off-shell quantity).
The potential may be non-local or change under the field
redefinitions. e.g., Epelbaum et al. Rev. Mod. Phys. 81 (2009) 1773.

—> |t is safer to employ observable to fix coupling constant.
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Appendix

++ Equivalent local potential ++

B Our NQ (°S2) interaction is non-local.
—> Construct a local potential as the sum of Yukawa form:

Coordinate

space.

) 9 2 2
Fitted. g ; _ Cn A
Fit function :

Ve [ GeV-2] 0
0

0r -5 '100 "
5 | -10
101 -15 —
i -20 ~ -200
-Eg - 5 §
// = — -300
= 0 Ap [GeV ] 2
o [Gev PF o g P nT 400
-500 2 Re. part. total
Im. part, total] ====
Parameter listed in 600 | | | ‘ o =
T.S., Y. Kamiya and T. Hyodo, 0 02 04 06 08 1 12 14 16
Phys. Rev. C98 (2018) 015205. r [ fm]
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Appendix

++ Comparison with the HAL QCD potential ++

B Mechanism to generate long-range tail of the potential ?
We have checked that the n and “¢” exchanges

give only moderate attraction because of small n NN
and “o” QQ couplings..

N - *—» N N——»—o»—N

"y g — Moderate attraction.
; :’ \\

Q . ‘ — Q () ———r—y——p—— ()
(A) (B)

The K exchange to inelastic channels might help more.
— Exchanged K carries energy (neglected in ver.2018)

and hence it becomes closer to its Nty oy
1 Ky jK
OoNn Mass She". (p;;{)z - m%{’ (pﬁ;{)Q — EK(pK)2 - |pK|2 . : Bgss) .
( box )
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Appendix

++ Comparison with the HAL QCD potential ++

B Nevertheless, we may not consider seriously the shape
difference between the HAL QCD potential and ours.

HAL QCD potential is based on the approach

with the Nambu-Bethe-Salpeter wave function:

(B~ Hoolp®) = [ Ungiys(x Do)y,

HAL QCD, Prog. Theor. Exp. Phys. 2012 01A105.

— We expect that the underlying theory is fine.

The potential is not observable in general (off-shell
quantity), so it may change under the field redefinitions
or may be non-local.
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Appendix

++ Comparison with the HAL QCD potential ++

B Nevertheless, we may not consider seriously the shape
difference between the HAL QCD potential and ours.
Non-locality might take place (???) to generate

long-range interaction. 100 rg -+
— ZN, NQ and QQ give LI i I
the same range of i I ]
- . 25 o 3 |

interactions. s | o%
= 0 omm 4 - L L e e
EN: TC eXChange, ‘;; 25 D: D.?QQ.PP -
NQ: NO = exchange, S0 %, 00t ~
] * Comparison of |
. -75 .

(Q: NO m exchange. o : HAL QCD potentials.

<— Why the same range ? 00 05 10 1(;51)1 20 25 30
r{m

Haidenbauer et al., Eur. Phys. J. A55 (2019) 70.
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