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Introduction

1 QCD, the field theory of quark and gluon interactions,
> 1s expected to describe the strong force between hadrons.
> 1s a successful theory in the limit of short distances (perturbative QCD).

(1 Many of the scattering processes of hadrons are dominated by
long-range forces (“soft interactions®).

1 A large fraction of these soft interactions is mediated by
vacuum quantum number (J*“= 0**) exchange and is termed “diffractive”.

1 In hadronic interactions, diffraction is well described by Regge theory.

. Examples of diffractive scattering processes
>pp—=pp,Tp—=7TPp,Yp—(p,w, 0, J/P)p ...




Soft hadronic processes
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Soft hadronic processes
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Soft hadronic processes
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Reggeon (Meson exchanges)

(1 an exchange of a family of ordinary mesons.

1 Governs relatively low energy regions.

1 Exchanges of (7T, 1, p, o, ...) mesons and their
resonances are possible in the 7 channel.

A single particle exchange Sum up all meson
in the ¢ channel of spin J exchanges of various J
p p P P
* 2 * A, Pa, ...
| W 1 f.d, f.d;g,
P P P P
. o ~ s@(0)—1

It violates unitarity for large J. a(?) 1s called a Regge trajectory.

Froissart bound :

chOt(s) < constant X logz(s/ $0) ) = a0) + at 06




Soft hadronic processes
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Reggeon (Meson exchanges)

(1 an exchange of a family of ordinary mesons.

1 Governs relatively low energy regions.

4 (p,w) trajectories (C=-1, natural parity) &
(f2,a) trajectories (C=+1, natural parity)
are all degenerate.
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1 a(t) categorizes hadrons with
the same internal quantum numbers.
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o XS =5 07




Soft hadronic processes
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Reggeon (Meson exchanges)

(1 an exchange of a family of ordinary mesons.

1 Governs relatively low energy regions.

4 (p,w) trajectories (C=-1, natural parity) &
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Baryon exchange processes
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Soft hadronic processes
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1. Exclusive photoproduction of vector mesons

1 Diffractive scattering processes ms (w22mevie: ) [sizsoevic ) [s73icevic )
>pp—=>Ppp, TP = TP @@ |-@®
>vp—(p, ®, ¢, JP) p wp JL charm || top J

ad 7 MeVic? | =06 MeWic® | =4 1B GeWic®

@ @ J b J

( down Lsu'ange L hottom

(d Particle Data Group 2020 (https://pdg.Ibl.gov)

Mesons LIGHT UNFLAVORED MESONS (S=C=B=0)
Light Unflavored —
Further States ForI=1(m b p, a): ud, (uu— dd)/v2 d%
S for I=0(n,n",hh',w & ff) ci(uu+ dd)+ e s35)
Charmed fip s TP
Charmed, Strange (including possibly P(770) £ (J ) =1 (1 )
non-qgq states) w(782) IG(JPC) - 0_(1__)
Bottom e I s R S
Bottom, Strange ¢(1020) I (J ) =0 (1 )
Bottom, Charmed
a2 & il S i — " | c¢MESONS (including possibly non- q g states)
bb (including possibly non-gg states) T gy s
Non ggq Candidates J/w(ls) IG(JPC) =0 (1 ) 09




1. Exclusive photoproduction of vector mesons
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1. Exclusive photoproduction of vector mesons
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1. Exclusive photoproduction of vector mesons
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. We focus on yp — @ p.
- Low energy 90 [yp — ¢pl << 0 [yp = (p.w)p]

o O s due to the OZI rule (The Feynman
.\"\.,L_L‘_ ‘,__{;111' diagram 1s disconntected.)

!’# ;Ta 1, ao, fo. f1

3 = — vud
p - p
1 High energy 00 [yp — ¢pl ~ 0 [yp — wp]

v » O Fn: Isoscalar EM form factor
0‘3 B of the nucleon
i i Pomeron 4Mir B ﬂirf

Fy(t) = 5 -

d General vector meson exchanges (p,w) [JP¢(177)] are not
allowed due to their negative charge conjugations (C=-1).
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1. Results:yp - @op

differential cross sections
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1. Results:yp - @op

spin-density matrices

1 Decay frame

:I'.l'. I11.

V rest frame

M .
Adair frame

—

:«:T._m_ Hehcty frame P c.m. frame

) ¥ Vv ﬂ‘v
mi&/; %;g TX
/ g p P %ﬁ?’

- Gottfried-Jackson frame Helicity Gottfried-Jackson |V rest frame
O Definition
o _ 1 M M* ' .« .

P =y Z apiining M, » A, ' : Helicity states of the vector-meson

Ay hishy

1

pl., = 5 S Miagaia, M i d For a r-channel exchange of X, | |

ey i g the momentum of y and V is collinear in the GJ frame.

i
2 § : *
p}o.}o.f - ﬁ A’}}M}LI'}L;}L[_}LY M}LI-}J;}LE}L??
Ay hinhg
s L A, M M
Py = N vV phihing, SV i, o

Ay i hy

Thus, the pij* elements measure the degree of helicity flip
due to the -channel exchange of X in the GJ frame.
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1. Results:yp - @op

spin-density matrices
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parity exchanges
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1. Results:yp - @op
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1. Results:yp - @p

decay angular distributions (¢ — KK decay)
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1.Results:yp - @p

final state interaction (FSI)
 Scattering amplitude: 7,y n(E) = [Bynony ]

(k1) P(k2) ¥ o
f %‘,‘fi; J Ward-Takahashi identity
# Pomeron ! !
?r .17, ag, fo
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if we replace ¢, with k,:

? ié k, MF (k) = 0




1.Results:yp - @p

final state interaction (FSI)

 Scattering amplitude: 7,y n(E) = [Bynony ] 1 Effective Lagrangians
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1.Results:yp - @p

final state interaction (FSI)
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1.Results:yp - @p

final state interaction (FSI)

I Scattering amplitude: 7,y n(E) = [Bynn + Tiptn(E)]
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1.Results:yp - @op

final state interaction (FSI)
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1. Results:yp - @op

final state interaction (FSI)
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2. Exclusive electroproduction of vector mesons

YW p—-Vp

reaction

O Photon(y) polarization vector
plane

Transverse comp. (Ay=t1) [photo-, electro-]
Longitudinal comp. (Ay=0) [electro-]

Virtual photoproduction

— 0, do/dQ, do/dt [photo-, electro-]
— OT, OL, OTT, OLT, R=0L/0T ... [electro-]
(T-L separated cross sections)

can. frame

Decay frame |
{O at rest)

— spin-density matrices (pij) [photo-, electro-]
— decay angular distributions (W) [photo-, electro-]

Adair frame

Helicty frame: in favor of s-channel helicity conservation (SCHC)

Gottfried-Jackson frame: in favor of t-channel helicity conservation (TCHC) i




2. Exclusive electroproduction of vector mesons

v'p— V(p, 0, @, J/P) p

theoretical framework

Q=0 <--->1low Q* | <<---->> high Q?

t-channel Regge <<----->> | handbag
trajectory exchange diagram

1 Extending to “the virtual-photon sector” opens the way
> to explore to what extent meson exchange survives,
> to observe hard-scattering mechanisms,

with a second hard scale, “photon virtuality -(ke-ke’)*=Q>”. 5




2. Exclusive electroproduction of vector mesons

Y p— V(p, o, ¢, JP)p
71 -~
T [t :
= e Feynman dlagrams
mZ SO
5HN =
'\9"‘:-‘?’? __:'--é'-"-;'
4+ \:bv - L-_.'
3l 4 ; ° 1(1285),
E 4 . 2 ; Pomeron |?T n, do, j“
ol % Cornel M,_s
1 | DESY p\P: '
1) 1 1 1 1 L 1 ; ' .I

0 041 0.2 0.3 0.4 0.5 0.6 0.7 0.8
2
Q
W2 Q2%—m?

:I.'Bj -

[Kinematical range covered by vector
meson electoproduction experiments]

[Morand (CLAS), EPJ.A24.445 (2005)]

([ We can test which of the two descriptions - with “hadronic” or “quark”
degrees of freedom - applies in the considered kinematical domain.

(1 At low photon virtualities (Q* < Mv?) and low energies (W < several GeV),
our hadronic effective model 1s applicable. 23



2.Results:y'p - @p

unpolarized cross sections

o [ub]

[S.H.Kim, S.i.Nam,
PRC.101.065201 (2020)]

do
a'(b

o = oT + 0L,

( o + gorrcos 2P + /2&(1 + )c:rLTcuscb

1
2T

¢: Virtual-photon polarization parameter

[Cornell (Dlxon et al. ) PRL.39.516 (1977)]

()W =23 GeV ]
(2.0-2.6 GeV) |

() W=25GeV ]
(2.0-3.0 GeV) |

(€)W =28 GeV |
i (2.0-3.7 GeV) |

(d) W=47GeV |

(4-6 GeV) |

Q° [GeV?]
Bomeron | BS (o)
§"('é{6"f5)'mi AV (f1)

d The Q? dependence of the cross sections is well described.
J The agreement with the exp. data is good at the real photon limit Q*=
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2. Results:y'p - @op

T-L separated cross sections

(@)W =25GeV |! (b)W=2.8GeV |} ) W=4.7GeV |
10°F 3 1 E 110°
= il i i | | d 1
5, _dor _ 7 M2
s \';‘:- ‘N , N dt 2121| |
3 3 . iF E v
10° e NSRS | G O 0 o
i N ~ ST _daon _ MO=0)2
10 F ~. 3F 1F 110 N dt ’
O TN (I O ot M e W e B AT SRR v
~dorr _ 2 MO M
' N di 21},::&1
ld{I'LT 1 Z :
- - i (MHHM{A,,}
y
2 N dt 2ﬁl?=:l:1
E + MBI ALOF)

[CLAS (Santoro et al.) PRC.78.025210 (2008)]
[S.H.Kim, S.i.Nam, PRC.101.065201 (2020)]

([ Pomeron and S-meson exchanges dominate
transverse (T) and longitudinal (L) cross sections, respectively. 5
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2. Results:y'p - @op

T-L separated cross sections

(@) W=25GeV |! (b)W=28GeV |} ) W=4.7GeV |
10°F 3 1 10°
E 10'F 3 10" S
) S \ Pomeron
10" F “ L SO~ 1P 110" L
e — e “"b_‘.___‘__‘_ A e - gmmmmmmmmmmomommns
: D '~ SLo T S (ao,fo)
10 F ""*«...:_ iF 110 I
0 1 2 3 40 1 2 3 Ti0 0 TTaTTaT PS (7t,M)
AV (f1)
= |tota1
=)
%)

[CLAS (Santoro et al.) PRC.78.025210 (2008)]
[S.H.Kim, S.i.Nam, PRC.101.065201 (2020)]

([ Pomeron and S-meson exchanges dominate
transverse (T) and longitudinal (L) cross sections, respectively. 5



2. Results:y'p - @op

T-L separated cross sections

1) [ ] [T [T 10
' () W=25GeV || (b)y W=28GeV || (c) W =4.7 GeV

5t 1t 1t 15

= I

E gPomeron
S (ao,fo)
PS (71,1
AV (f1)

7 |tota1

=

| ]

1 The signs of Pomeron and meson contributions are opposite to each other.

 orr and oLt become zero as W and Q? increases, indicating SCHC. o
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2. Results:y'p - @op

spin-density matrix elements (r«")

_I {)4 T T T ] __I Im T T ] _I {MI T T ]
05 O - Rer), r 0.5
0 E—— 0
05 1t it {-0.5
0 i 2 3 40 i 2 3 4 0 1 2 3 4
05F ! 1 F 4L 1 F L H0.5
Too - T Rer
0 F— 0
05 1t it {-05
: : : : : : : : : - : : 0 4
0 1 2 3 4 0 1 2 3 4 04 Pper ER.F:’U
"""""""""""""""""""""""" ’-‘_ 2 =
i I
1T Imr;fﬂ 17T Imr‘?_l 105 ! 1 + &R
—_ X3
.............. i 1 IIG' 3
0 ry; ) for a = (0—3)
1 : —_— ] 14+ £R
058 T 1T 17T 103 o
1 1 1 1 1 1 1 1 1 1 1 1 pr‘ -
0 1 2 3 40 122 23 4 0 1 2 3 4 rf}: R ] . fore=(5—-%8)
Q- [GeV~] 14 &R

[ By definition, if SCHC holds, rij* = 0.

. The relative contributions of different meson exchanges are verified.

. Our hadronic approach is very successful for describing the data at
Q’=(0-4) GeV?, W=(2-5) GeV, t=(0-2) GeV~. .
T e T R T e e T T e e e e e e e e T T e L e P R L EE L
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3. Exclusive photoproduction of J/-meson

102

10

o (ub)

d The LHCb Collaboration reported the pentaquark states v T/
Pc*(4312, 4440, 4457) with the quark content uudcc.

> Its existence can be verified in v p — J/4 p in the s channel. Pt
> Not clear signal from the “Hall D” experiment.

> The “Hall C” experiment at the 12 JLab GeV will produce new results . p p o




e
3. Exclusive photoproduction of J/-meson

Iﬂz T |111||[ rrlel
10 .

L e, YPT PP

10

IJIIIII|

o(yp — J/yp), nb

o (ub)

£... o] ==== Kharzeev etal x2.3 i
. | —— JPAC P}(4440)
T 1| — — incoherent sum of: ;
S| { | |------- 2gexch. Brodsky et al .
107 ] o 3g exch. Brodsky et al - -

9 10 E. Gev 20

o/ YTP—=@P

[Exp: GlueX, PRL.123.072001 (2019)] 5 g 1 i

[Theory: Brodsky et al, PLB.498.23 (2001) i - i
based on PQCD and effective HQ field theory]

d The LHCb Collaboration reported the pentaquark states v T/
Pc*(4312, 4440, 4457) with the quark content uudcc.

> Its existence can be verified in v p — J/4 p in the s channel. Pt
> Not clear signal from the “Hall D” experiment.

> The “Hall C” experiment at the 12 JLab GeV will produce new results . p p o
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3. Exclusive photoproduction of J/-meson

oo 7  WParticle Data Group 2020 (https://pdg.Ibl.gov)
§ . S Mesons | reviews |
a * Light Unflavored [ n.(19) 07(0~7)
'§ B Further States o| J/1(15) 0~ (1)
‘-% = p— Strange e Xxo(1P) 07 (07)
o i Charmed e x.(1P) 0" (1)
© — - fﬁgﬁ?ﬂﬁﬂﬁ Charmed, Strange (including possibly e h(1P) 0 (1)
i ‘ | : — — incoherent sum of: non-qq states) * X(1P) 07(2%7)
0 et B 33?3?32&1??53? Eotmm & . 2s) 07(07")
510 oy > ottom, Strange . (25 (1)
’ Ef}ttom, Charmed _ . $(3770) 0-(1-)
[Exp: GlueX, PRL.123.072001 (2019)] cc (including possibly non-gg states) |—=| | g3, 0-(2)
[Theory: Brodsky et al, PLB.498.23 (2001) bh (includin - —
: : g possibly non-gq states) was 1(3823), X(3823)
based on PQCD and effective HQ field theory] Non ¢g Candidates \ . ¥(3842) 0-(3)
1 The LHCDb Collaboration reported the pentaquark states ! T/
Pct(4312, 4440, 4457) with the quark content uudcc.
> Its existence can be verified in v p — J/4 p in the s channel. Pt
> Not clear signal from the “Hall D” experiment.
> The “Hall C” experiment at the 12 JLab GeV will produce new results . D p

28




3. Exclusive photoproduction of J/-meson

Y p = V(p, ®, ) p g B  ypo Iy r B
 The exchanges of W ~ [1 Which mechanism W

the light unflavored JJ1(1285), is dominant?
. .?T 1, @, fo :
mesons are crucial. I 5 o~
p p p p
Exchanges of O light mesons O ¢C Mesons
W W Yp—Jpp
(1 Which mechanism
A ""X“ Xels - is dominant?
P P P p
L rpoy =2V uvaBy 45,450, Lony = — igannN®ysN
J B W a8 oNN =~ igenN N ey,
1 Effective Lsnn = —gsnnNSN,
L ) ﬁj’f‘? gl’f’u‘?'} F“uw# S
agrangians TSy =M, e 1 ,
S i Lrvn == 95w |7 = iS5 5,00 | fagN

ﬁ-‘:,-q_'}f]_ _g":r"f}-'}fl #Hﬂﬁaﬁﬂualal(bﬂflﬁ: 29




3. Exclusive photoproduction of J/-meson

(1 coupling constants

Y J
% | I [« n08) 0°(0°)
W o [ J/(18) 0 (1)
; << e xo(1P) 0t (07)
AT, . AXc0s Xels - > ¢ xa(1P) 07 (1)
! « he(1P) 0~ (1)
>> /‘\ - XEQ(]-P) 0+(2++)
P P P P ¢ 7.(25) 07(077)
ch i : . (28 0 (1~
Which is more dominant? was) )
o« ¥(3770) 0-(1)
O light mesons o« (3823) 0-(277)
Mesons Mass '[JP) Bry/y iy 9.7/ — M~y GMNN > z;as;:é?j;s}, ) 0-(37)
T 134 (07) | (356 £0.07)-10° | 0.002 13.0 \ ¢ ¥s(3842)
548 (07) | (1.108 £ 0.027) - 1072 | 0.011 6.34
n' 958 (07) | (525 +0.07)-1077 0.026 6.87
fi 1285 (1) (6.1 +£08) 107" 0.0007 2.540.5
ne(1S) 2984 (07) (1.7 £ 04) - 1072 2.14 0.0289
0 cC mesons
Mesons Mass {JF) [y [MeV] Bras /v %] G — T f oy Bry pp M —pp
Xco(1P) 3415 (07) 10.8 1.40 + 0.05 147 || (2.21 £ 0.08) - 107 | 0.0046
Xe(1P) 3511 (17) 0.84 34.3 4+ 1.0 0.10 || (7.60 & 0.34) - 107° | 0.00084
ne(25) 3638 (07) 11.3 < 1.4 < 1.51 seen —
Xe1(3872) 3872 (1) < 1.2 > 0.7 > 0.008 not seen — 30




3.Results:yp -J/Wp

total cross section (each contribution)

10 E| T T T T T T T T T T T
: = ]
[ — 1 ; Mesons Mass (J)
1_ — £1(1285) | 1 T 134 (07)
51N — Me | _
ot
i —- %a(351D| 1 | light mesons T
~ | 1 | ight meso £ 1285 (1)
5 10_2:_ ——— = TJC(LST) 2984 {D_)
b f ] -
_3__ _________________ B Mesons Mass (J©)
10 E | eeemmmmTTTTTT J CC mesons Yeo (1P) 3415 (07)
- /..—'-* e mmm =TT T Xe1(1P) 3511 (17)
J Y e | | ne(285) 3638 (0)
- _Lﬂ I e 1 1 1 1 1 1 1 1 1 1 1 +
10 10 20 30 40 Xe1(3872) 3872 (17)

1 o (light mesons) > o (tetraquark states) [by one ~ two orders of magnitudes]
PS mesons S mesons «— mostly




3.Results:yp -J/Wp

total cross section (each contribution) VPP
0 N (@W=25GeV |
].0 o ' | ' ' ! ! | ' ! ! ! | ! ! ! ! E 1{)2 -
5 — 7 5 |
— —
i — £(1285) | - 2 10'F
10"F e 3 5 ]
: - = %c0(3415)| 3 10" .
i —- xaG3IDf 1| light mesons | <

G [nb]
S
IN
|
A\
=T
ot
L:

10°F P JcEmesons

-
-

o [nb]

10"~ 19 20 30 40

1 o (light mesons) > o (tetraquark states) [by one ~ two orders of magnitudes]
PS mesons S mesons «— mostly

d Thus the tetraquark states will become important for the longitudinal part oL
for v'p — J/ p. 31
o e e e e e e T L e
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Summary

OForyp— @p &y p— @ p, we studied the relative contributions between
the Pomeson and various meson exchanges.
The light-meson (7, 1, ao, fo, ...) contribution 1s crucial to describe the data at low energies.

< For v p — J/ p, the light-meson contribution is not negligible to the
cross sections and can be confirmed by the upcoming GlueX data at Hall C.
The tetraquark state yco (3415, 0) is important for the longitudinal part oL for v p — J/ p.
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Summary

O Foryp— @p &y p— @ p, we studied the relative contributions between
the Pomeson and various meson exchanges.
The light-meson (7, 1, ao, fo, ...) contribution 1s crucial to describe the data at low energies.

< For v p — J/ p, the light-meson contribution is not negligible to the
cross sections and can be confirmed by the upcoming GlueX data at Hall C.
The tetraquark state yco (3415, 0) is important for the longitudinal part oL for v p — J/ p.

<> Extension of these elementary processes to reactions off nuclei targets [y A — V A]

> A distorted-wave impulse approximation within the multiple scattering

formulation is used to analyze the low-energy LEPS data [y “He — ¢ “He].
> Extension to Y’ A — V[, J/p, Y(1S)] A, [A =H, °C, ...]
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Summary

O Foryp— @p &y p— @ p, we studied the relative contributions between
the Pomeson and various meson exchanges.
The light-meson (7, 1, ao, fo, ...) contribution 1s crucial to describe the data at low energies.

<& For v p — J/ p, the light-meson contribution is not negligible to the
cross sections and can be confirmed by the upcoming GlueX data at Hall C.
The tetraquark state yco (3415, 0) is important for the longitudinal part oL for v p — J/ p.

<> Extension of these elementary processes to reactions off nuclei targets [y A — V A]

> A distorted-wave impulse approximation within the multiple scattering

formulation is used to analyze the low-energy LEPS data [y “He — ¢ “He].
> Extension to Y’ A — V[, J/p, Y(1S)] A, [A =H, °C, ...]

<& Approved 12 GeV era experiments to date at Jafferson Labarotory:

[E12-09-003] Nucleon Resonances Studies with CLAS

[E12-11-002] Proton Recoil Polarization in the “He(e,e'p)*H, “He(e,e'p)n, 'He(e,e'p)
[E12-12-006] Near Threshold Electroproduction of J/1p at 11 GeV

[E12-12-007] Exclusive Phi Meson Electroproduction with CLAS12

<& Electron-Ion Collider (EIC) will carry out the relevant experiments in the future. 32
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Thank you very much for your attention
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