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1. Introduction
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1. Introduction

++ Exotic hadrons and their structure ++
= Exotic hadrons --- not same quark component as ordinary hadrons

= Not ggq Nor ¢q.
--- They should be “color” singlet as well.

@ @D |@q || (R
)49 g q q s
\\,__,/ \_\ // g -
Ordinary hadrons Penta-quarks Tetra-quarks  Glueballs Hadronic
molecules

o The fundamental theory of quarks / strong interactions,
quantum chromodynamics (QCD),
does not prohibit the existence of such exotic states.

o Actually some hadrons cannot be described by the guark model.
--- Candidates: A(1405), P.(4457) and others, ...
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1. Introduction

++ Exotic hadron candidates ++
= Candidate: A(1405).
--- A KN molecular state !?
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1. Introduction

++ Exotic hadron candidates ++
= Candidate: P.(4457) and others.
--- DX, molecular states ???
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1. Introduction

++ The “O+ penta- quark” ++

O+r—>

= Today’s target: “O+ penta-quark”. KRy < @
o Predicted as an anti-decuplet /\
baryon in chiral soliton models. #\/ \%
/ \ 7/ \
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Diakonov, Petrov and Polyakov, Z. Phys.A359 (1997) 305.
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1. Introduction

++ The “0O+* penta-quark” ++
= First discovery.

o v C —=> K+ K- X reaction.
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Nakano et al. [LEPS], Phys. Rev. Lett. 91 (2003) 012002.
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1. Introduction

++ The “0O+* penta-quark” ++
= Both positive and negative results came out from Exps.

o Positive results. Hicks, Prog. Part. Nucl. Phys. 55 (2005) 647.
Table 1
Published experiments with evidence for the & baryon Up to 2005.

Reference Group Reaction Mass (MeV) Width (MeV) o’'s?

[1] LEPS yC - KTK— X 1540 £ 10 <25 4.6

2] DIANA K*Xe — K'pX 1539 +2 <9 4.4

3] CLAS yd — Kt K~ p(n) 1542+ 5 <21 521 0.6"

4] SAPHIR yd - KT K"(n) 1540+ 6 <25 4.8

5] ITEP vA — KYpXx 153345 =20 6.7

6] CLAS yp = a1 K K (n) 1555+ 10 <26 7.8

[7] HERMES etd - KVpX 15263 13+9 ~5

8] ZEUS etp — et KV pX 1522+ 3 8+ 4 ~5

9] COSY-TOF pp — K’ pr+t 15305 <18 4-6

[10] SVD pA — KVpXx 1526 + 5 <24 5.6

4 Gaussian fluctuation of the background, as Npeak/~/ NpG- This “naive” significance may underestimate the
real probability of a fluctuation by about 1-20 .

® Further analysis of the CLAS deuterium data suggests that the significance of the observed peak may not be
as large as indicated.
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1. Introduction

++ The “0O+* penta-quark” ++
= Both positive and negative results came out from Exps.

= Negative results. Hicks, Prog. Part. Nucl. Phys. 55 (2005) 647.
Table 2
Published experiments with non-observation of the ©™ baryon Up to 2005.
Reference Group Reaction Limit Sensitivity?
11 BES ete” > J/¥ —> OO <1.1 x 107> BR. No [68]
12 BaBar ete™ = T(4S) — pkX <1.0 x 107*BR. Maybe
13 Belle ete™ — B'BY = ppkVx <23 x 107" BR. No
14] LEP ete™ > Z— pKUX <6.2 x 1074 BR. No?
15] HERA-B pA — KYpX <0.02 x A* No?
16] SPHINX pC — K'OtXx <0.1 x A* Maybe
17) HyperCP pCu — K9 pX <0.3% Kp No?
18] CDF pp — KVpX <0.03 x A* No?
19] FOCUS yBeO — K'pX <0.02 x X* Maybe
20] Belle T+ Si— KVpX <0.02 x A* Yes?
21] PHENIX Au + Au —- K nX (not given) Unknown
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1. Introduction

++ The “0O+* penta-quark” ++

= Both positive and negative results came out from Exps.

o From CLAS: yd —> K+ K- p n.
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1. Introduction

++ The “0O+* penta-quark” ++
= Both positive and negative results came out from Exps.

o From LEPS: vy “n” —> K+ K- n.

“O+” seems to survive.
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a paper with the latest data ?

Nakano et al. [LEPS], Phys. Rev. C79 (2009) 025210.
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1. Introduction

++ The “0O+* penta-quark” ++
= Both positive and negative results came out from Exps.
o From KEK ~ J-PARC: n-p —> K- X.
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Miwa et al., Phys. Lett. B635 (2006) 72.

Shirotori et al. [J-PARC E19],
Phys. Rev. Lett. 109 (2012) 132002.
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1. Introduction

++ The “0O+* penta-quark” ++
= Both positive and negative results came out from Exps.

o From DIANA: K+ Xe —> K° p Xe’. 1e0F Nent = 2655
160} (a) Integ = 2645
140~ R
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1. Introduction

++ Status of the “0+ penta-quark” ++
= The “O+ penta-quark” has been (almost) dead.

s We must finalize the business of observation vs. non-observation

of the “0O+ penta-quark”.
o Photoproduction always suffers from

¢ meson background via K+K- channel.

High-energy laser electron photon
(Unverse-Compton y -rays)

Neutron >
’ K -meson o

\ Y K*-meson

C

'D’particl\

SPring-8 web page. Neutron

Neutron

o In n-induced production, where strange (anti-)quark is produced
and where it couples to the “0O+” are unclear, as well.

T N\ y l\.-

--- The minimal diagram for the n-induced
p e (. production ... Need more diagrams ?

Hyodo, Hosaka and Oka, Prog. Theor. Phys. 128 (2012) 523.
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1. Introduction

++ Our motivation ++
= Direct production in the KN scattering is desirable !

o Only a few Exps. (e.g. DIANA) observe the KN scattering.

o J-PARC (and other facilities) can serve high-intensity K+ beam.

= S0, we theoretically calculate the K% invariant mass of
the K+d — K%p reaction and investigate feasibility of killing/saving
the “0O+ penta-quark” in this reaction.

--- K+d —> K%p is the simplest way to perform the KN(I=0) scattering.
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2. Reaction kinematics and
mechanisms for K+d —> Kpp
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2. Reaction kinematics & mechanisms

++ A schematic view ++

= Consider the K+d —> K%p reaction.

= In the reaction, charge exchange process takes place.

--- K+ becomes K° somewhere in the reaction.

= Impulse scattering process will be dominant.
o Bound neutron is kicked by K+: K+n —> KO p.

o Bound proton is just a spectator.

CM frame spectator

p(py)

p(py)

/ K()(k’)

scattered

&
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2. Reaction kinematics & mechanisms

++ Three quantities of kinematics ++
CM frame.

= We can fix reaction kinematics with three relevant quantities.
o Initial kaon momentum: kjap.

0 K% invariant mass: Mk, for K° and “1st” proton.

o Scattering angle: 6.’ for “2nd” proton in the global CM frame.

= Caution: We have two identical particles.
Which is the “1st” / “2nd” proton ?
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2. Reaction kinematics & mechanisms

++ Three quantities of kinematics ++

CM frame.

= Case 1:
“1st” proton = kicked out,
“2nd” proton = spectator.

o For a fixed kian, Mk, and 6’
are determined uniquely.
--= cos 0’ = —1: backward.

--- Mk, Increases monotonically
as a function of kiap.

uzndu '1
~ p

“1st,!
p(py) p(p))“st”
fond’ K'(k")

I'

«

p noo
D K (k)

(a) T,
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2. Reaction kinematics & mechanisms

++ Three quantities of kinematics ++

CM frame.

q -7
K+t)-=-=---
~
@ Eiznd!!
= Case 2: p(py) p(py) “2nd”
“1st” proton = spectator, o K°(R)
“2nd” proton = kicked out. 1st
R4
o For each value of kiap, "
Mk, depends on 6,’,
as a system of spectator p nooe
proton and scattered K?. D K (k)
(a) T,
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2. Reaction kinematics & mechanisms

++ Three quantities of kinematics ++
= How to reach the “0O+” energy region ~1.52 GeV in K+d —> K%p ?
--- Possible Mk, as a function of ki.» and cos 02’.

Case 2: ' ) n
§ scattered K § Neglect Fermi motion.
\ +spectatorp s 0.05 GeV/c Interval.
Dt o kg = 1.00 GeV/e
s
D
Ve 0 I
Case 1:
p(p2)  p(pi) 05 | { scattered K0 |}
K'(K)| /J +scatteredp J
’ 0.30 GeVie ol =T
-1 N
p n ™\ 14 145 15 155 16 165 1.7 1.75 1.8
L())T K* (k) MIC’p [ GeV ]
1 l(l
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2. Reaction kinematics & mechanisms

++ Three quantities of kinematics ++
= We can reach the “0O+” energy region ~1.52 GeV in two ways.

/
2

cos 0

1

...  Neglect Fermi motion.
0.05 GeV/c Interval. 5555
05 | 210 = 1.00 GeVie
0}
0.5
0.30 GeVic
-1 .
14 145 15 155 1.6 1.65 1.7 175 1.8

MK”p [GCV]

o One way:
With the lower initial kaon

momentum kip ~ 0.4 GeV/e.

--- Reach the “0O+” energy
region by the impulse
scattering process.

--- System of the scattered
K% and scattered proton.

klab ~04 GeV/c

~
i)
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2. Reaction kinematics & mechanisms

++ Three quantities of kinematics ++
= We can reach the “0O+” energy region ~1.52 GeV in two ways.

/
2

cos 0

1

.. Neglect Fermi motion.
0.05 GeV/c Interval. 5=
05 ¢ 21 = 1.00 GeV/e
0}
0.5
0.30 Ge Vie
-1 L
14 145 15 155 16 165 1.7 175 1.8

MK”p [GCV]

o The other way:
With the higher initial kaon
momentum ki, ~1 GeV/e.
--- Reach the “0O+” energy
region by the double
scattering process.

--- System of the scattered
K% and spectator proton.
--> Re-scattering takes place.

klab ~1GeV/c
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2. Reaction kinematics & mechanisms

++ Reaction diagrams ++
= S0, to reach the “©+” energy region, we take into account:

AU e p(pi) p(ps) p(p )
\ / K() ‘.\ kv )
K* (
(9)(T")
«
p, \ / fl p/\ \n
D kTR KTy D
(1 ) 7-1” “)) 2” %

e - Possible even
Lower kaon

{ with higher kaon §
i momentum. }

§] momentumis
suitable.

25



2. Reaction kinematics & mechanisms

++ Expectation ++

= Lower initial-kaon momentum: pirs) D
o Impulse scattering is dominant. lK e
o How much the “0O+” contribution is strong

in the impulse scattering ? p\dn T
D Kt (k)

= Higher initial-kaon momentum: @) 77
o Impulse scattering is dominant as well.

o In general, double scattering is relatively small.

--> How much the “O+” , ' -
contribution in the double | "% "kay "N "Mkew
sc_at_tering process is \ X (,/1‘4)«" (Ig")-(,;';)./ !
“visible” compared to (7)Y (r)" Y
the impulse scattering. P e

K* (k) }E\ B K™ (k) :L\\_/,p
(h) 75 (c) T3
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3. Numerical results
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3. Numerical results

++ Scattering amplitude ++
= We calculate the K% invariant mass spectrum and cross section
of the K+d —> K%p reaction according to these diagrams:

p(p>)

p(py)

\_/) K" (k)

(a) T

p(py)

K" (k)

p(p))
/ K() k)

-‘,.'

(b) T

p(p>)

p(p)

K()
o A

(q)(T‘

/

(() 73{1

o Anti-symmetrization of final-state protons is take into account.

o The KN —> KN scattering amplitude is calculated by the SAID

partial wave analysis up to D wave.
--> A “minimally” off-shell amplitude is calculated as:

SAID data from INS Data Analysis Center.

Tr+(E, pout, pin) = TL5*"(E)

(poutpin)L

[pon-shell (E)]ZL
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3. Numerical results

++ Inclusion of “O+” ++

= The “0O+” contribution. K, K
o We introduce the “0+” contribution \ /
just as an s-channel “0+”, o >

N CH N

o We assume the existence of “0O+” and its isospin I = 0.

o Spin/parity of “O+”: Assume J? = 1/2-.
--- Calculation with other J? (= 1/2+, 3/2+, 3/2-) is straightforward.
Yang and Kim, PTEP 2013 013D01.

o Effective Lagrangian. T

= -
L=gxneO(K ™ n—K)+h.c. 1.5 o
= .

--- Parameters are fixed so as to 3 |
reproduce “empirical’ and -
predicted values: ——

M® — 1524 MeV, I‘e — 0.5 MeV. 1500 1510 1520) ‘.1{“_1“['_:,,:\; 1540 1550 1560
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3. Numerical results

++ Lower initial-kaon momentum ++

s Calculate the differential cross section

with lower initial-kaon momentum: ki, ~ 0.4 GeV/e.
--- Reach the “0O+” energy region by the impulse

scattering process.

d’c /dMKop dcos 05 [ mb/GeV ]
09

-0.91
092
0.93
51 -0.94
» -0.95
S -0.96
0.97
0.98
0.99

kiab = 0.45 GeV/c

1 1 1 1 1 1 1 1 L

1 | L4 | L4 | | 1 | T

'
—
d

142 144 146 148 15 1.52 1.54 1.56 1.58
.Alﬁgk, [(}e\/]
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2000

1000

p(p>)

p

p(py)
K(l(k')

-I"

\
n .
K" (k)
(a) 7'1”

o Two components.
1. Scattering of K+
and “on-shell” n.

2. O+ production.
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3. Numerical results

++ Lower initial-kaon momentum ++

= The K% invariant mass spectrum p(ps)  p(p})
with lower initial-kaon momentum: k., ~ 0.4 GeV/c. K' (k')
350 v — T
’ ki, =0.40 GeVie
300 } —1 <cosf < —0.8 0.45GeVic ====- . p n \
0.50 GeViec ===~ D K (k)
250 " ) (il) 7'1(1

200

do/dMKop [ mb/GeV |
%

o Two components.
1. Scattering of K+
and “on-shell” n.

2. O+ production.
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3. Numerical results

++ Lower initial-kaon momentum ++

m Total cross section p(py)  p(p))
with lower initial-kaon momentum: ki, ~ 0.4 GeV/ec. K* (k')
J ke
8} _
7} N
p noo
6 D Kt (k)
E °| (a) T,
= a Iu
~ 4 + ¢
3 b
2} >
\E,
1} + - — .
0 . ) . 1 l:‘xp.L ———
02 0.3 04 05 0.6 07 0.8
k. [ GeVie ]

--- We can see ~ 400 ub excess at ki, ~ 0.4 GeV/e.

--- This Iis an update of the calculation by
Julich group. Sibirtsev et al., Phys. Lett. B399 (2004) 230.
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3. Numerical results

++ Higher initial-kaon momentum ++

= Next calculate the differential cross section
with higher initial-kaon momentum: k., ~1 GeV/e.
--- Reach the “0O+” energy region by the double

scattering process.

1

0.05 GeV/c Interval.
05 ¢}

’
2

cos 0

05t

I().M) GeVl/e
1.4 145

-1

1.

'Neglect Fermi motio

\ ki = 1.00 GeVie

p(py) p(p))
K()(k')
e
“
p noo
DD K (k)
p(p:) p(p) p(pl) pip)
\ I K“(k") \ ‘/ K" (k")
\ K* /'1.»’ '. K" A v
(g) (7! (q) (7"
N AT
_(T) ‘T/ /
A pY n AL
KT (k) (\‘ ’/) K*i(k) (\ '/)
(b) 75 (e) 14

5 155 16 165 1.7

MKOP [GCV]

1.75

1.8

o Need forward proton
emission (= backward K)
after the first collision.
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3. Numerical results

++ Higher initial-kaon momentum ++
= Forward p & backward K are largely reproduced

at around ki, = 0.8 - 0.9 GeV/e. Values of cross sections from SAID.

dog+p . g+, /dQ [ mb/sr] dog +, - g0, / A2 [ mb/sr ]

0 1.2 0 1.2
0.2 1 0.2 1
0.8 0.8
204 25-0.4
2 0.6 2 0.6
-0.6 F 0.6
° 04 ° 0.4
0.8 0.2 -0.8 0.2
1 u 1 0 -1 0
05 06 07 08 09 1 11 12 05 06 07 08 09 1 11 12

k.. [ GeVic ) Ry [GeVic)

--- S0 we fiX kiap = 0.85 GeV/c to see how much the double scattering
contributions generate “©+”.
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3. Numerical results

++ Higher initial-kaon momentum ++

= Calculate the differential cross section W e
with higher initial-kaon momentum: k., = 0.85 GeV/c.
X AN
d o/ dMKup dcos 05 [ mb/GeV ] T
1 - 60|
\\ [If”(l; 4;’I§' (k') \\ (1::7“) p ;; /K (k
05 (?)-" \ ‘T)""'7’
e AN AL
D ky D K ky 15
e 0 (h) 73 (¢) T3
-
-
05 o Dominant
k]ab = (0.85 GeV/c 9 = .
component is
-] scattering of K+
1.5 {51 152 153 154 155 and “on-shell” x.
Mo, [ GeV . .
Kp | | o Tiny “O+” signal ... ?
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3. Numerical results

++ Higher initial-kaon momentum ++

p(p:) p(p))

= Calculate the K% invariant mass spectrum k)
with higher initial-kaon momentum: ki, = 0.85 GeV/c.
9 U kﬁk)
8} (a) Ty
% [ p”:;) p({,i)K (k') pU\):) p‘fi‘k’ (k')
o Aok /4 ' \ K" /-«‘/
a 9 INE0, NG
o) T T )
— A
i St (é: :&E_Z K k""»l :LE_/,/};
=4 (b) 75 (¢) T35
3
S o Dominant
o 2| component is
< ¢ | _ .
1 kiab = 0.85 GeV/e 0 <cosb, <1 scattering of K+
0 : L : L and “on-shell” n
15 1.51 1.52 1.53 1.54 1.55
Mo, [ GeV ] o0 Tiny “0O+” signal

~ 0.4 ub.
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4. Summary

The 1st CENuM Workshop for Hadronic Physics @ Inha Univ. (Jun. 17 - 18, 2019)

37



4. Summary

++ Summary ++
= We have calculated the K% invariant mass spectrum and cross
section of the K+d —> K%p reaction to study the feasibility
of observing a “O+” peak.

= For a lower initial-kaon momentum k.1, ~ 0.4 GeV/c, we will observe
a “0+” peak of ~400 ub In the impulse scattering process.

= For a higher initial-kaon momentum ki, = 0.85 GeV/c, we will
observe a “0O+” peak of ~0.4 ub in the double scattering process.
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4. Summary
++ J-PARC ++

= J-PARC --- Japan Proton Accelerator Research Complex.

5
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4. Summary
++ J-PARC ++

= J-PARC --- Japan Proton Accelerator Research Complex.

4'-! Materials and Life Science
. Experimental Facility

Hadron Beam Facility

J-PARC chan
by HIGGSTAN.

g & Neutrino to -
N miokande SRS
3 GeV Rapid Cycle

=
Synch. (25 Hz, 1MW) SS 3'*30 ﬁggg‘m’)’“"g :

- -

J-PARC = Japan Proton Accelerator Research Complex

‘ Joint Project between KEK and JAEA I
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4. Summary
++ J-PARC ++

= J-PARC --- Japan Proton Accelerator Research Complex.

--- J-PARC has a potential
to reach the “©®+”energy region

Hadron Beam Facility

o Primary proton beam: ~ 1012 /s,

J-PARC chan
by HIGGSTAN.

i Secondary
\ . beam

\ : Kamiokande e
HIGGSTAN. a o
bl 30  (0.75 MW)

O Secondary K+ beam ~ 104 /S 99 oton Accelerator Research Complex
S —————— STV RTYTY
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2. Reaction kinematics & mechanisms

++ Three quantities of kinematics ++

CM frame. -
7~
@ )

1) uzndu "1

e o

= Case 1:
“1st” proton = kicked out,
“2nd” proton = spectator.

’
2

0.05 GeV/c Intervl.
05 ¢} \

0.5

cos 0
o

o For a fixed kian, Mk, and 6’
are determined uniquely.
--= cos ,’ = —1: backward.

l().B() GeVl/e

-1

1.4 145 15 155 16 165 1.7 1.75 1.8 ok ML{pincreases monotonic-
M GeV i
kp 1 GeV] ally as a function of kip.
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2. Reaction kinematics & mechanisms

++ Three quantities of kinematics ++

CM frame.

--->

G

@ G\

’
9

cos 0

0.5

-1

...  Neglect Fermi motion.

0.05 GeV/c Intervl.

l().B() GeVl/e

14 145 15 155 16 165 1.7 175 1.8

kyg = 1.00 GeV/e

MKUP [GCV]

\(p\ Eiznd!!
m Case 2:

“1st” proton = spectator,

“2nd” proton = kicked out.

o For each value of ki,
Mk, depends on 6,’,
as a system of spectator
proton and scattered Ko°.
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