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Introduction



Progress in exotic hadrons

qq Meson
q° Baryon

q*q? Tetraquark
q*q Pentaquark
q® Dibaryon
q'’q e.g. Strange
tribaryon

oo Glueball

Pentaquark?

i ] K- nn, K ppn?
Kaonic nuclei: KEK-PS, ... 5 i

y 4
Strange tribaryons, ... K_p S
X (3872), Y(3940): Belle |10 ooz
Tetraquark, DB-molecule |D'(cd)D (cd) ?

D,(2317), D;(2460): BaBar, CLEQO, Belle

cS
Tetraquark, DK molecule D' ()K" (uF)
Z.(4430): Belle D*(cd)K"(ds) ?
Tetraquark, ... ccud , D molecule?

P, (4380), T.. (3875): LHCb

ucudc : D (uc )2 (udc), D’ (uc )2, (udc) molecule?

ccud : D' (uc)D ** (dc) molecule?




(MeV)

Scalar mesons J'= 0" at M ~1 GeV  pased on my past experience

Naive quark-model 1 =
o= f,(500) = —=(uu +dd)
a,(1230) V2
-+ 1.0 GeV J,(980) =ss — denote f, in this talk
a,(980) f,(980) x -
a,(980)=ud, ——=(uu-dd), du
p(770) J2
T 0.5 GeV fo(800)=0 Naive model: m(c) ~ m(a,) < m(f,)
Strong-decay issue: The experimental widths { contradiction
v\ I'(fy, ay) =40 — 100 MeV are too small to be Experiment: m(c)<m(a,)~ m(f,)
- predicted by a typical quark model.

OO0

if f, is a tetraquark (¢q¢q g) or a KK molecule,

(\}1\ \ These issues could be resolved
Yoo
\
f i namely an "exotic" hadron.

\ Radiative decay: F. E. Close, N. Isgur, and SK,
' Nucl. Phys. B389 (1993) 513.

e ol SK and V. R. Pandharipande, Phys. Rev. D38 (1988) 146.

2w Decay w +p Decay B—-wtw




A(1405): exotic hadron?

Negative-parity baryons

N. Isgur and G. Karl,
morT T T T T T T T T T TT T T PRD18(1978) 4187.
200 - —
2000 |- ——— —— |
7
o 1904 — — % e w—
2 e 2 é — _— | €&——
" Y2 — — —
g 1700 LD
=z ) = C) i
ool 2
1500 |ZZ223 o] |

1400 | (70777) . —

N335) A(408) ooy
N*1/2- A%1/2- A*112-L*1/2-Z *1/2- Q*1/2-N*3/2- 8*312-A"312- £*3/2-Z%32- Q* 32-N"5/2- A*5/2-E%5/2- =*5/2-
Most spectra agree with the ones by a 3g-picture

e Only A(1405) deviates from the measurement.

o Difficult to understand the small mass of A (1405)
in comparison with N(1535).

— KN molecure or penta-quark (gqqqq)?



Situation of tensor structure by b, for spin-1 deuteron
Nucleon spin Nucleon spin crisis!?

o &

Sea-quarks and gluons?  Orbital angular momenta ?

Na odel

“old” standard model We have shown in this work
Tensor structure

that the standard deuteron
model does not work!?
— new hadron physics?!

Tensg 1sis!?

b experiment
standard model b#( 2%h, standard medel




Gluon transversity A, g

Helicity amplitude A(A;,4;, A;,A,), conservationA,—A,=A, -4,

Longitudinally-polarized quark in nucleon: Ag(x) ~ A(+ —+—, +—+—

Quark transversity in nucleon:

Gluon transversity in deuteron:

ATq(x)~A(+1+1 1—1

A

A AR
A,gx)~ A(+1+1, -1-1),
g As=2

Note on our notations:

Tensor-polarized gluon distribution: 6, g

Gluon transversity: A, g

)_A(_*_l_l, +1_l)
20 2 252

1 1
), A=+, = = quark spin flip (As =1)

2

A E:-» not possible for nucleon

Note: Gluon transversity does not exist for spin-1/2 nucleons.

@7 ” b, (6,9, 6,8)%20 < stillA,g=0 S T

What would be the mechanism(s)

S + D waves

for creating A, g #0?

Physics beyond “the standard model” in nuclear physics?
(Physics beyond the standard model in particle physics???



Exotic hadrons by GPDs
(Generalized Parton Distributions)

H. Kawamura and SK,
Phys. Rev. D89 (2014) 054007.




By hadron tomography

3D view
of hadrons

Origin of nucleon spin
\By the tomography, we determine

or

Exotic hadrons

By tomography, =g . )
we determine 16

Origin of gravitational source (mass)

By tomography,
we determine gravitational
sources in terms of
quarks and gluons.




Generalized Parton Distributions (GPDs)
)4 p+p ;

g, 2°
A k+q r\f\f LS
k

QZ
2p-q
Momentum transfer squared ¢=A’

A+
p \/‘ P "=p+4  gkewdness parameter &= 2D el

t=A° p +p" 2
GPDs are defined as correlation of off-forward matrix:

T 3 1 . o
J B st (-2 20y "y (21 2)| ) #=02,20 = 3 p7 {H(x,é,t)ﬁ(p')ru(pn Ex.&0a(p') L e u(p)}

Bjorken variable N =

4r 2M

f K‘JWZ_<p’lv7(—z/2)7'*}'st/f(z/2)hv> - [H(x,é Ou(p’)y*ysu(p)+ E(x,&, t)u(p)ys (p)}

an *=02,=0 _ pp+
Forward limit: PDFs  H(x,&,9) roteo = SO H(x L =N,

First moments: Form factors 1 1
Dirac and Pauli form factors F; F, j_ldx H(x,,t) = F, (1), L dx E(x,8,t) = F,(¢)

Axial and Pseudoscalar form factors G, Gp | " dx H(x,E0) = g, (), I Cdx E(eE )= g,0)

Second moments: Angular momenta
1 1
Sum rule: J, = Ej_ldxx[Hq(x,g,t =0)+E,(x,,t=0)], J,=2Aq+L,
= probe L, key quantity to solve the spin puzzle!



o o M. Guidal, M.V. Polyakov,
Slmple f“HCtlon Of GPDS H;’ (x,t) = f(x)F(t,x)| A.V.Radyushkin, M. Vanderhaeghen,

PRD 72, 054013 (2005).

Longitudinal-momentum distribution (PDF) for valence quarks: f(x)=¢,(x)=c,x"(1— x )P
1

e Valence-quark number sum rule (charge and baryon numbers): IO dxf(x)=n

o Constituent conting rule atx > 1: B, =2nr—-3+2AS (n =number of constituents)

1
e Momentum carried by quarks (x) = jo dx xf(x)

2
pentaquark Valence-quark distributions
s xf(x) = Nx*(1-x)
Q tetraquark , peri ment; but
n
<1 KEK-B,ILC
e

05

0 02 04 06 08 1



Two-dimensional form factor [Ordinaly ¢¢] ‘

. 41 - =
H (0= f@FEx), Ftp=eto, (=2 Injgiecute KK
X or tetra-quark gqqq
1.2
1 x=04

a 2
S 06 /<rJ_> =0.48 fm
R Compact gq, gqq-like hadrons
04
: Diffuse tetra-, penta-quark
0.2- (molecular) hadrons
0 0.2 04 0.6 08 1




GPDs for exotic hadrons !?

Because stable targets do not exist for exotic hadrons,
it is not possible to measure their GPDs in a usual way.

— Transition GPDs
or — s &t crossed qunatity = GDAs at KEKB, Linear Collider

e.g. at J-PARC ¢ e.g. KEKB F
s r*

LEN

y*  If you know how to handle this kind of N
transition GPDs N—A, please inform me.

A(1405)

K™ (us)+ p(uud) = A, s (uudus) + ' fe
A, = pentaquark (KN molecule) candidate

=~

See H. Kawamura, SK, T. Sekihara, PRD 88 (2013) 034010;
W.-C. Chang, SK, and T. Sekihara, PRD 93 (2016) 034006
for constituent-counting rule for exotic hadron candidates.




Timelike GPDs
= Generalized Distribution Amplitudes (GDAS)
and extraction of gravitational form factors
from KEKB data
Spacelike GPDs GDA = Timelike GPDs

"
T

SK, Q.-T. Song, O. Teryaey,
Phys. Rev. D 97 (2018) 014020.

“v.  ~F st crossing




GPD H(x,&,t) and GDA( = timelike GPD) ®" (z,{,W?)

GDA: ®,(z,{,9)= ‘;Lﬂ_ e (h(p)h(p")

A ’
GPD: H, (x,§,0)= J.ﬁ e (h(p)|W(=y/2)y "y (y/2) h(p))

Y(-y/2)y w(y/2)0)

y+=073;J_=0 x

y+ =0 ,._);J_ =0

2

DA OF (@)= [T e (m(pIF -y /207 W (1 2)]0)

<

y+=093;J_=0

s-1 crossing

h

H;(x,8,1)
% ] ; %
K-S = G+ OP | | e+S =

AY - AY
ks — _—— = P+—
‘ (P z) % ( 2)

/ JLab / COMPASS
P:p+p ’ A:p’_p
2
Bjork iable: 0.
JOrKeEn variabie: X =
2p-q

Momentum transfer squared: 7= A’

€:p+_pl+

Skewdness parameter: " ”
p tp

2P

R
A x/&
2

4@1_;/5

Wt

KEKB

Bjorken variable for 7y : z

> q)I;h(Z,C’WZ)

p =¢P"

q

Light-cone momentum ratio for a hadron in hh: { = —

q
pl+ = (I_C)P+
0t
2q-q
p" 1+ BcosO
PRE 0

Invariant mass of hh: W> =(p+ p’)’



Cross section for y'y = n'n’

d /
d(ﬂ:@) 1671:(s+Q) s Z|M‘
A A
M=h(@el ()T = Ay, TV =i[d'Ee™( L (&L, 0)0)
A =5 h@E} (@ =—eX@el @)gk 2% ['a GO W)

GDA (timelike GPD): @7 (z,{,s) = J' D girty (m(p)w (P W(=y/2)y*y(y/2)0)

ZId

mo?

4(s+0Q%)

do -
d(cos6)

2
e la a4 SOT LW
e Continuum: GDAs without intermediate-resonance contribution
@7 (z,§,W?) =N, z"(1-2)* 22— 1D A - {)F; (5)
1
[1+(s—dm)/ A7]
There exist resonance contributions to the cross section.

> @ (2,5,W) = 18N,z (1-2)* 2z = 1)| B, (W) + B,,(W)P; (cos) |

FF(s)=

—» h =2 according to constituent counting rule

¢ Resonances:

P =G -1

y+=0’.-y'J_=0

0’ =8.92,13.37 GeV*

/

Including intermediate
resonance contributions

0’ =17.23, 24.25 GeV’

02=17.23 GeV?
cos@=0.1

02=1723 GeV?
cos8=0.5

dlz/dcﬂss (nb) dlz‘/dcosﬂ (nb)
B,,(W) = resonance [ f,(500), f,(980)] + continuum N } e ‘ e -
B,,(W) = resonance| f,(1270)] + continuum - } ! h { B l {
SN SN .
Belle measurements: | ‘ } l . +
M. Masuda et al., L H { E
PRD93 (2016) 032003. | *| * § "

W (GeV)

W (GeV)

02=24.25 GeV?2

cos@=0.1

i

W (GeV)

W (GeV)

06 08 1 12 14 15 18 3 22 04 06 08 1712 14 16 18 2 22 04 06 08 1 12 14 16 18 2 22 04 06 08 1 12 14 16 18 2 22




Gravitational form factors and radii for pion

1 0,0 2 ’ ++
[, 422z =107 2.8 9 = o (7 (0w (O] T, (0)]0) b o
’ v 1 v \4 v A
(7 (p)m" (p")| T} (0)]0) =E[(sg" —P"P")O, (s)+A*A"O, (5]
+p’ ,
p=2 2p , A=p'—p 3 J\P‘r
uv q y ’
T : energy-momentum tensor for quark 7 \1:

91,q A ®2,q : gravitational form factos for pion See also Hyeon-Dong Son,

Hyun-Chul Kim, PRD90 (2014) 111901.

Analyiss of ¥’y — n°n’ cross section

=> Generalized distribution amplitudes ®*" (2,8 ,5) Gravitational form factors:
g Original definition: H. Pagels, Phys. Rev. 144 (1966) 1250.

= Timelike gravitational form factors el,q (s), ez,q (s) Operator relations: K. Tanaka, Phys. Rev. D 98 (2018) 034009;

= Spacelike gravitational form factors ©, ! @), 0, " (1) Y. Hatta, A. Rajan, and K. Tanaka, JHEP 12 (2018) 008;
= Gravitational radii of pion K. Tanaka, JHEP 01 (2019) 120.
6.(5) 0,(s)
2 2
1 1.5] Re®,(W) = = = = =
] Im ©,(W)
1.57 11
? 05]
1
: 0 S — —
05 -0.5- -Il--mmmTTTTT
] -1
0 15 ‘
0 1 2 3 4 5 6 7




Spacelike gravitational form factors and radii for pion

1 1¢-~
>—| .ds eV ImF(s)
4" rJam;

: -, ImF() e B
F(5)=0,(5), 8,(), Fi)=[] ds— =", pn) = [dge ™ Fig)=

This is the first report on gravitational radii of hadrons from actual experimental measurements.

< r2> =032~039 fim . <r2> = (0.82 ~ (.88 fm <€ First finding on gravitational radius
mass mech

from actual experimental measurements

& 1) e =0.672:£0.008 fm
mass (energy) distribution

0,(t)/0,(0) 47r2p,(r) (1/fm)
1 3 /
0.8 2'5’; 4zr2p,(r) mechanical
21 (pressure and shear force)
0.6 ? distribution

1.5
0,(t) /0,(0) !

04

f s 1
4 e 4 1
0.2 PR ] -
J - o5,  ~_ T---_._
e eememmmmm T 0, /0,00) ! =S
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ : ‘ ‘ ‘ ‘ : ‘ ‘ ‘ 0 1 y Z " T y i y T d : " T i i " T i " i |
-10 -8 -6 -4 -2 0 0 0.2 04 0.6 0.8 1

t (GeV2) r (fm)



Timelike GPDs for exotic hadrons

; * A(1405
£ fo 7 (1405)

2 %
$ s

y fo 4 A(1405)

Possible at super-KEKB? Difficult even at super-KEKB?



Transition GPDs for exotic hadrons

S. Diehl et al. (SK, 15th author),
arXiv:2405.15386, submitted for Eur. Phys. J. A




Transition GPDs from /N to A

JLab / EIC

In future
K™+p 5> Ay +7 2

SK, M. Strikman, K. Sudoh,

PRD 80 (2009) 074003 p
t/
’
Vi b oS
p T 3 J-W. Qiu and Z. Yu,
Investigation of GPDs ;%Plgg g(()ég })(;i;) 07
with 2—3 hadron elastic s’ ', u'>M N2 ; :
scattering amplitude T+N >y+y+N
0
p A h+M, >h'+y+M,

h+M, >h'"+M . +M,



N — A transition GPDs

A. V. Belitsky, A. V. Radyushkin, Phys. Rept. 418 (2005) 1;
P. Kroll, K. Passek-Kumericki, Phys. Rev. D 107 (2023) 054009,
S. Diehl ef al., arXiv:2405.15386, submitted to Eur. Phys. J.

e )re(z)

A°n* — A*n’ {

N

8 1 o Al
R +5d | =
"( 27’)” (zz]

A°n* — A*n’

1pdz™ .p
ul ixP-z A++ ,, ﬂ,
5 f o < (P’ 4)

P, /1)>

2¥=0,7,=0

G(x§t)+iG(x§t)+iG(x§t) +LA6G(x§t) u(p, 1)
7#1 259 M 2 259 M 3 259 M2 4 259 75 P,

N N N

i WP
— 2P+u5(p s lv)|:

1pdz™ .p.
- _elx % A++ " A,'
2[ o < (p's 49

p(p, /1)>

2%=0,7,=0
+A0

G S o an by | SR S 2
Yy 1(x35’t)+M (x5 8, )+M 3(x,6,%) +F +(x,8,1) [u(p, )

N N N

il "
=Fu5(p > lv)|:

N

1 ,
(-3 Jiova (2
2 2

T DR, » T, | s PN —A*P/
= u.(p's A —ioc”G,, (x,Et)+
2P+ 5(p v)|:MN lT( 5 ) p M]i’, ZM;
yuR’ — Py’ - - n®A — A°n’
JWG4T(-’C9§J)+(”57]_75”])G5T(xa§at)+M—N
u'(p', AN -’ (p', ANA"
MN

1¢edz™ .».
e ixP-z A++ y’ A,
) I S < (r's 4)

p(p, /1)>

2+=0,7,=0
+AJ

A — Aty
GZT(xséat)'Fpay 7 G3T(x’§9t)

+P Gw(x,é’,t)}rsu(p, A)

1
2P

+

{{r(p VAN =i (p, ANy GL (x,E)+ Gsr(x,é,t)}ysu(p, 2)

1 |3
Rarita-Schwinger: u“(p,A) = Z<1p;50"5/1> e“(p,pu(p,o)
Yo X



Transition GPDs for exotic hadrons

JLab / EIC

A(1405)

However, there is no theoretical study
on the N—A(1405) transition GPDs
at this stage.

A(1405)



Constituent-counting rule

for exotic hadrons

H. Kawamura, S. Kumano, T. Sekihara,
Phys. Rev. 88 (2013) 034010.




Rese al‘ch purposes It is not easy to find undoubted evidence

for exotic hadrons by global observables
(mass, spin, parity, decay width)
at low energies.

(1) Determination of internal structure
of exotic hadrons by high energy processes,
where quark-gluon degrees of freedom appear.

Constituent-counting rule could be used

because it counts internal constituents.

(2) Investigation on transition from hadron degrees of freedom
to quark-gluon degrees of freedom for exotic hadrons.

do

1| = 2 do 1
atboectd _ M = atb—c+d _ g oo L ol ey
dt 167[S2 %| & 284 dt Sn—z a+b—>c+d( ) g

n=n,+n,+n,+n,




Constituent-counting rule in perturbative QCD: Form factor

Consider the magnetic form factor of the proton

(p’|J*|p)=a(p’)r"G, (Q)u(p) at Q° =—q" > m;
G, (0" = [ dlx1dly1, ((yDH , (xL[y1,0")$,([x])
¢, = proton distribution amplitude, H,, = hard amplitude (calculated in pQCD)

In the Breit frame with ¢ = (0,9), |f7| - |17’| =P ~0(0).
u'u=2E = External quark line: u ~ JP ~ \/E
(p'|J*|p)=u(p")y"G,\ (Q")u(p) ~ Q) G, (Q")

) #(y], Q%)

e Two quark propagators: E @ ((BNND

e Two gluon propagators:

iy
( Q2 )2
¢ Six external quark lines: (\/E )°

1 Q) 5 _ Q%)
Q* (0% VO (Q*)*"*
2 1 " 1 a0 a©) 1 2
Gy, i 2 YL A R e ETre | s o v=3, —t=
= Gu @)~ eV~ G ey =gy e Q

1

Counting rule for the form factor: G,,(Q*) ~ pr=g ny=3

(p’|J*|p)~




Constituent-counting rule in perturbative QCD:
Hard exclusive processesa+b —c+d

Consider the hard exclusive hadron reactiona+b — c+d

M, .= _[d [x,1d[x,1d[x )d[x,1¢.([x D¢, (x,DH,, ([x,1,[x,],[x.1,[x,1,0*)9,([x, D¢, ([x,])
¢, = proton distribution amplitude, H,, = hard amplitude (calculated in pQCD)

Rule for estimating M

ab—cd

(1) Feynman diagram: Draw leading and connected Feynman diagram

by connecting n /2 quark lines by gluons.
(2) Gluon propagators: The factor 1/P* is assigned for each gluon propagator.
n/2-1

There are n/2 —1 gluon propagators ~ 1/(P*)
(3) Quark propagators: The factor 1/P is assigned for each quark propagator.

There are n /2 —2 gluon propagators ~1/(P)"*™.

Sn

(4) External quarks: The factor JP is assigned for each external quark. '@ gg The
There are n gluon propagators ~ ~P)". %
1 1 Py 1 1 93
Ma —C = n/2— n/2— (\/F)n ~ n— n/Z2— = n— * nia— g
b—cd (PZ) /2-1 (P) /2-2 (P) Z(P) /2-2 (P) 4 S /2-2 - g -
do 1 2 1 g g
Cross section: abed M ~
dt 1671'2 2‘ ab—cd -2

spol



Constituent-counting rule, Transition from hadron degrees
of freedom to quark-gluon ones

Typical current situation

* Transition from hadron d.o.f to quark d.o.f.
* (Looks like) Constituent-counting scaling

45 ; ; ‘ ‘ :
Fischer (*70) —H—
a4 t Clifft (*74) ——
% 35 | Anderson (*76) —o—
O Fujii ('77) —e—
g 31 % * * Zhu (°05) —y— |
o 25 1 Dugger (°09) ]
o
ham ol ’ * * Fit to Exp. data _—
5 s M4 f
0 1 i
e v—d—ew—clg—
w 05+t + 1
L y+tpom +n
5 2 25

1 1 3 3.5 4

s'? [GeV]

BNL experiment

C. White it et al., PRD 49 (1994) 58.

: Cross section |

No. Interaction E838 E755 %~ 1/5"%)
1 *p—prt 132+ 10 4.6+0.3 6.7+£02
2 TTp—pr” 73+5 1.740.2 75+£0.3

3 K*p — pK* 219 + 30 34+14 8.3%70%

4 K p—pK~ 18+ 6 0.9 409 >3.9

5 ntp = ppt 214 + 30 3.4+0.7 8.3+0.5

6 *p—-pp 99 + 13 1.3+ 08 8.7+1.0
13 rtp s aTAT 45 + 10 2.0+06 6.2+ 0.8
15 TpawATA” 24+ 5 < 0.12 > 10.1

17 PP — PP 3300 + 40 48+ 5 91 L0.2
18 Pp — ppb 75+ 8 <21 > 7.5

-~

PRC 71, 044603 (2005);
W. Chen et al., PRL 103, 012301 (2009).

JLab: L.Y. Zhu et al., PRL 91, 022003 (2003);

see R. A. Schumacher and M. M. Sargsian,
PRC 83 (2011) 025207 for hyperon production

n-2: 2+3+2+3)-2=8

e

3+3+3+3)-2=10

cm

<

6. =90

\ 4




Constituent-counting rule for “molecular” systems

Y. N. Uzikov, JETP Lett. 81, 303 (2005).

doldt [ubl(GeVic))

T; (GeV)

d+d—n+’He, p+°H
n—-2=06+6+3+9)—2=22

d+p—>d+p
n—-2=(6+3+6+3)-2=16

Y. Ilieva, Few Body Syst. 54, 989 (2013).

100

s'"do /dt (Gb GeV®)
5 8 8

N
o

J[1 ST T eleLAS Prgliminary;
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- T bAPANET L4
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:_J,?%Jf_ ....... ir_._._jir _____ __;_pig_,c_ﬁu%{.____.__
C JHT l y+3]!11e—>p-|1‘d %‘!0 ]
) S e F——f 44—
C “ | & | ’
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e T T IR
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€, (GoV)
y+°'He— p+d

n—-2=14+9+3+6)-2=17



C Negative-parity b
A(1405): exotic hadron? xfgurad G Karl,

2200

PRD 18 (1978) 4187.

| | T |

2900 | -
2000 | | S ] |
%
> 1900 |- £ v % — —
3 v -
; 1800 | _ e ——=> H@ "
2 1700 22 o 1 Our proposal:
Y/ Y s n [ ]
o8 ) & _
Exotic hadron production
i~ — i 1 |7~ +p = K’ +A@1405): J-PARC,
1400 | (7rrsr) ] COMPASS?
N(B35) AQ405) , , ., o, L Yy +p— K" +AQ1405): JLab

Most spectra agree with the ones by a 3¢g-picture
e Only A(1405) deviates from the measurement.
o Difficult to understand the small mass of A (1405)

N*1/2 - A*1/2- AM12-L*1/2-= *112- Q*112-N"3/2- A% 312-A"312- £*312-=%312- Q* 32-N"5/2- A*5/2-E%/2- =*5/2-

in C(_)mparison with N(1535).

— KN molecure or penta-quark (ggqqq)?

Resonances

J\J\ 3q for A (1405)

5q for A(1405)

stdo/dt

1/2



Ordinary-hadron production 7~ + p — K’ + A as a reference

At low energies

do/dt [ub/GeV?]

Beﬁanza (’62) —=—
Yoder (’63) —il—
Goussu (*66) —0—
Dahl (°67) ——
Binford (°69) —A—
Knasel (°75)

Baker (°78) -~
Saxon (*80) —y—
Parameter set A —

Parameter setB.~~ ===== |

From low to higher energies

12 T .
Fit to Exp. data

| Bertanza (°62)
Yoder (’63)
Goussu (’66)
| Dahl (’67)

w%éﬁ

—_
o

o]

»

s¥do/dt [10° ub GeV'¥]
N [e))

totg

v*v *

'Binforcli 69) ' -—A—-
Knasel (°75) )
Baker (’78) -~
Saxon (’80) ——
[
®

2

2.1 22 23 24 25

s!? [GeV]

, n=10.1%0.6, encouraging!

Lz
ol
16 17 18 19
n=2+3+2+3=10
do, . _const
dt e
Our prediction

s
PN
=.
¥Q
=3
(9>
=
(9
=
e
(g~
75!

do /dQ [ub/sr]
S

Fit to Exp. data —_—

25

s a5 4 45 5
s [GeV]



Exotic-hadron production 7~ + p = K’ + A(1405)

Theoretical and experimental situation
is no as good as the one for the ground A.

n=2+3+2+3=10 if A(1405) = three-quark state

=2+3+2+5=12 if A(1405) = five-quark state
(including KN molecule)

do .., = const e

dt s,
Our prediction at high energies

do / d€Q2 [ub/sr]
o

]
W
T

>
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~o
~

5q scaling

3qg scaling

2I.5 3 3I.5
s'? [GeV]
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Hard production of hyperons

W.-C. Chang, S. Kumano, and T. Sekihara
Phys. Rev. D 93 (2016) 034006 (arXiv:1512.06647).




JLab hyperon productions

s"2/f(0,,) do/dt [Arb. uni]

2.5

1.5

0.5 t

ground A

(-0.25.-0.15)
(-0.15,-0.05)

- (=0.05,0.05)

(0.05,0.15)

| (0.15,0.25)

12 GeV JL

Fit (s'? > 26GeV) ——

2.5 3 35

[
=3
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s"2/f(0,,) do/dt [Arb. unit]

O
2

> €

S bins: -0.25<cos6,,, <-0.15, ---, 0.15< cos@,,, <0.25
4 bins: —0.20 < cos6,, <-0.10, -, 0.10 < cos@_, <0.20
1 bin: —-0.05<cos0,, <+0.05

A(1405)

(L03,-02) —o—
| (-02,-0.1) —8—
— A

(-0.1,0.0)

¢

©00.01) —e—
01.02) —o—
02.03) —o

¢ $ ({) ﬁ
L
%* 8 4 # g () ;
M
\%
| | | Fit(sl’2>g.5GeV) —
2 2.2 24 2.6 2.8
s'? [GeV]



Hyperon productions

s"™2/f(8,,) do/dt [Arb. unit]

4.5

3.5

2.5

1.5 |

0.5 r

¥0(1385)

(-03.-02) ——
[ (=0.2,-0.1) —a—
L (=0.1,0.0) —a
0.0,0.1) S %
L (0.1,02) —e—
- (0.2,0.3) —a
| Fit (s'?>2.5 GeV)

o0 VA oy AV Jfst— ey
LR AR
b0

é 2‘.2 2‘.4 2‘.6 2‘.8

s™2/f(8,,) do/dt [Arb. unit]

N

1.8
1.6

1.4 |
1.2 r

0.8 r
06 r
04 r
0.2 r

o

A(1520)

(03.02) —o—
| (-02,-0.1) —8—
" (-0.1,00) —A— %

EQ %7 @ 00,00 1o
0.1,02) -
‘*719_4& 02,03) —A
| ‘\ | ~ Fit(s"?>25GeV) ——
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JLab hyperon productions including A(1405)

13

1 \ 12 v p — K TA(1405) 6 bins —=— |
| nA — 5 > 11 2 bins —H—

a 10+ Y___ 7T @ TSpo--——___l >N_--—-

7Nn1\ — 3% O oo o :

8 L

13
12
11

a 10 ¢
9
8 L
T [eion ~  ovon e Range of 5 28 24 25 26 27
= o5 [ (02.-0.) —&— 0.1,02) —e— | ' ' '
;% 01,000 —a— 02,03 —— 12 GeV JLab! 12 +
g : ' 11
o
5 s - # 1 e 10}
I8 9
Ag r tb %Jﬁ &L ﬁjﬁ 8t
D
< 05| B ‘% Wé% TH] ‘ ‘ ‘
9 v L 2.3 2.4 25 2.6 27
S ‘ ‘ Fit(s"?>25Gev) —— 12
2 22 24 26 238 Smin [GCV]
s'”? [GeV]

e A. A(1520) and X seem to be consistent with ordinary baryons with n = 3.
« A(1405) looks penta-quark at low energies but n ~ 3 at high energies???

! 2(1385) P n=37 - W.-C. Chang, SK, T. Sekihara,
— In order to clarify the nature of A(1405) [qqq, KN, qqqqq] , | PRD 93 (2016) 034006.

the JLab 12-GeV and EIC experiment plays an important role!



Summary on exotic hadron structure by hard exclusive orocesses

e We propose to use hard exclusive production of exotic hadrons
for probing internal quark-gluon structure

; : do const
by the constituent conting rule, = = ok
)

e Asanexample, 7~ + p — K’ + A(1405) is studied together with

7~ +p— K’ + A as a reference of an ordinary hadron.

e Exclusive processes of exotic hadrons can be investigated
at many facilities in the world.
For example, J-PARC, KEK-B, JLab, AMBER, EIC, ...
in general any hadron facilities like GSI, Fermilab, RHIC, LHC, ...



Exotic hadrons
by fragmentation functions

M. Hirai, S. Kumano, M. Oka, K. Sudoh,
Phys. Rev. D77 (2008) 017504 (arXiv:0708.1816).




Fragmentation Functions

—  Fragmentation: hadron production

e’ q
Y, Z from a quark,

antiquark, or gluon

e q h

E, _2E, E, %
1= = == & 8=
Total fragmentation function is defined by Jsi2 0 E,

1 do(e'e” = hX)
O (o1 dz

Variable 7
e Hadron energy / Beam energy
e Hadron energy / Primary quark energy

Fh(zaQ2)=

o, = total hadronic cross section

A fragmentation process occurs from quarks, antiquarks, and gluons,
so that F" is expressed by their individual contributions:

F'(z,0",, =Y, D]'(»,0")

Dl.h (z,0%) = fragmentation function of hadron / from a parton i



Momentum (energy) sum rule

Dl.h (z,QZ) = probability to find the hadron /4 from a parton i

with the energy fraction z

Energy conservation: 2 I ; dzzD!’ (z,QZ) =bl
h

h=f i SR LK KWK, DS poiny

Favored and disfavored fragmentation functions

Simple quark model: 71:+(u67 ), K N (us), p(uud), ---

Favored fragmentation: Dl7f+ . Dg+ -

Differences between them
could be used
for exotic hadron studies.

(from a quark which exists in a naive quark model)

Disfavored fragmentation: DZ}" ¥ ’ Dz—f i ! D:,t - N

(from a quark which does not exist in a naive quark model)




Exotic hadrons by fragmentation functions

“Favored” and “disfavored” (unfavored) fragmentation functions Hirai, SK, Oka, Sudoh,

Possibility of finding exotic hadrons in high-energy processes PRD 77 (2008) 017504
1 L4 1 i r
Possibilities for f,(980): —(uu+dd), ss, ——(uuss +ddss), KK, or .
AR oy ), KK, or gg ey
e.g.if f,(980)=ss : favored s, § — f,; disfavored u, d, &, d = f,, - (98“).’ Bell® ‘)(“\C'\Q\e'
i n
fSS QOSS\“\e
- 1
Pion case| ,, _ [ldzzD"" (2)
08 g 2nd moments of
M. Hirai, SK, T.-H. Nagai, K. Sudoh,
Favored HKNS07 §LO PRD 75 (2007) 094009.
0.6- } $NLO
© Disfavored
~ 04- } C
g \\ d < b g
u \ * i [ There are distinct differences between
0.2- s = 4 the favored and disfavored 2nd moments.
[} " — It could be used for exotic-hadron studies.
0




Criteria for determining f, structure
by its fragmentation functions

Possible configurations of f,(980) Contradicts with experimental widths
01 I 1o (Jfo = i) =500 —1000 MeV
(1) ordinary u,d - meson —— (uii +dd) - > T eyp =40-100 MeV
\/E T oo (fo = 77)=13-1.8 keV
(2) strange meson, §S > Teyp = 0.205 keV
! 1 ol gl
(3) tetraquark (KK), ﬁ (uuss + ddss)
(4) glueball gg Contradicts with lattice-QCD estimate

my ... (f,) =1600 MeV
> Mgy, =980 MeV

There could difference in fragmentation functions for f,
depending on its internal structure.

* Favored and disfavored fragmentation functions

* 2nd moments and functional forms



Exotic signatures
in deuteron



Situation of tensor structure by b, for spin-1 deuteron
Nucleon spin Nucleon spin crisis!?

o &

Sea-quarks and gluons?  Orbital angular momenta ?

Na odel

“old” standard model We have shown in this work
Tensor structure

that the standard deuteron
model does not work!?
— new hadron physics?!

Tensg 1sis!?

b experiment
standard model b#( 2%h, standard medel




Structure o< (do) M
Functions M
g «<do(T,+1)-do(T,-1) 1

P B 0) da(+1)+d0( 1) >WW<

i (e ; G B [0'(+1) + o (-1)] 0, +1
1 . 1
Sarton F=s2e(a+4) g,=3(a"+4"+a)
Model

— %2 ei2 (Aqi + A&i) qu' zT qli

I:qf (x’QZ):I b, =%Zei2 (6Tqi+6T;i) 6Tqi ZQ? — = 2 ._



A. Airapetian ef al. (HERMES), PRL 95 (2005) 242001.
HERMES results on b, :

T .f
27.6GeVie &0 i
> @ 0.1 -
positron deuteron 0.05F + .
b, measurement in the kinematical region oé—lﬁ— ------------------------ Al
0.01<x <045, 0.5GeV?<Q*<5GeV? ¥

b, sum rule _+ _+
. | S — T S — -
[ dx b,(x) = [1.05 £ 0.3d(stat) £ 0.35(sys)] x 107 :
0.002 0.002k +
at Q2 = 5 GeV2 :[ — —
0.004f . ,
In the restricted O° range Q° >1 GeV’ % . e o °®
0.85 ¥ 8 1_1 c ¢
[ dx b, (x) = [0.35 £ 0.10(stat) + 0.18(sys)] x 10 S N
d (&) -2 -1
at 0% =5 GeV> s 10 10 X
. - ) P 1 5 6_ 2 b, sum rule: F. E. Close and SK,
‘ dxb, (x)= lt1_1)101— EFFQ (1) + 5( 0+ Q)Sea = 0N PRD 42 (1990) 2377.

r d. . 1 2 _ = Drell-Y; iments prob
_f[Fz”(x)—E(x)]=§jdx[uv—dv]+§jdx[u—d]¢1/3 g SEDa e | DI

these antiquark distributions.




Basic convolution approach

: d . .
Convolution model: A,, ,,(x,0)= j Tyz fPDMA, Ly, 0= (B A, (30"

A + A % 1
AhH WH ghuWHth , b= A+o,+0 A 2 - 7 Wuv = T - Tuv
A+T,+T 3 Fi —&1s A+i,,+¢ T Fl T8
q
ey y op
Momentum distribution: f“(y)= jd3p ylo"(p)l 5(y g MPZJ
N
N

__Mp-q 2p Hy \N— fH H
YEMPq P =L D+170) D

D-state admixture: ¢” (p) = 9,.,(p)+¢,.,(p)
U

b= [ V8 SO /3. 0

5Tf(y)=f°(y)—f (y);f_(y) @
=jd3py[ 6 (P):(P)+ 1 — s |¢ (p)lz}(ficos 60— 1)5(y— P q) &
42 d Myv

S + D waves

Standard model
of the deuteron




Comparison with HERMES measurements

0.004-
0.003{ T 02=2.5 GeV?
{1®
0.002-T
0.001} l
:“ [
Xbl 0 J\
-0.001 -
-0.002- { ¢ HERMES
0003 —— 00O
0 02 04 06 08 1 12 14

|b, (theory)| < |b,(HERMES)|

Standard convolution model does not

work for the deuteron tensor structure!?
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(Update to LOI-11-003)
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Gluon transversity A, g

Helicity amplitude A(A;,4;, A;,A,), conservationA,—A,=A, -4,

Longitudinally-polarized quark in nucleon: Ag(x) ~ A(+ —+—, +—+—

Quark transversity in nucleon:

Gluon transversity in deuteron:

ATq(x)~A(+1+1 1—1

A

A AR
A,gx)~ A(+1+1, -1-1),
g As=2

Note on our notations:

Tensor-polarized gluon distribution: 6, g

Gluon transversity: A, g

)_A(_*_l_l, +1_l)
20 2 252

1 1
), A=+, = = quark spin flip (As =1)

2

A E:-» not possible for nucleon

Note: Gluon transversity does not exist for spin-1/2 nucleons.

@7 ” b, (6,9, 6,8)%20 < stillA,g=0 S T

What would be the mechanism(s)

S + D waves

for creating A, g #0?

Physics beyond “the standard model” in nuclear physics?
(Physics beyond the standard model in particle physics???



Proposed JLab experiment

Lol, arXiv:1803.11206

A Letter of Intent to Jefferson Lab PAC 44, June 6, 2016
Search for Exotic Gluonic States in the Nucleus

M. Jones, C. Keith, J. Maxwell*, D. Meekins

Thomas Jefferson National Accelerator Facility, Newport News, VA 23606

W. Detmold, R. Jaffe, R. Milner, P. Shanahan EleCtron Scattering With pOlarized-prOton target
Laboratory for Nuclear Science, MIT, Cambridge, MA 02139
D. Crabb, D. Day, D. Keller, O. A. Rondon
University of Virginia, Charlottesville, VA 22904

J. Pierce

Oak Ridge National Laboratory, Oak Ridge, TN 37831

do e*ME

B xy’F,(x,0*)+ (1 - y)F,(x, ——x1 A(x,0%)cos(2 }
dxdydg| ., 4Q[y (x,0%)+ (1= y)F,(x,0%) (1- y)A(x,0%)cos(2¢)
2 as 2 9 IQ %
A,0%)=2 - S el J,5var80:0")
By looking at the proton polarization angle ¢, the quark transversty A, g can be measured.



Summary

In general, it is not easy to find internal structure of
exotic-hadron candidates by global observables,
such as mass, spin, ...
High energies = Quark and gluon degrees of freedom.

It could be appropriate to use high-energy processes

for determination of internal configurations
for exotic-hadron candidates.

* 3D tomography by GPDs

e Constituent-counting rule

* Fragmentation functions

(* New observables in spin-1 hadrons)

Experimental projects
JLab, J-PARC, KEK-B, AMBER, EIC, ...



The End

The End



