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Physics Motivation and Goal (5)

- GPD/TDA for quark structures in hadron reactions at high s and Q?

- Set up a Regge + parton model to test GPD/TDA in such extreme

kinematic regions (Quick and easy plot for u-ch. process in experiments)

Photoproduction (NINA/Daresbury) (10)

- DCS data; hadron + parton at backward angles

- u-ch. Nucleon Reggeon at backward angles

- Meson-baryon form factor from GPDs & TDA

w, p° & ¢ photoproductions
TA photoproduction

Electroproduction (CLAS-6 GeV & Fpi-2/JLab) (10)

w electroproduction
T electroproduction

- Extension to electroproduction with dipole form factors for y*NN
- GPDs & TDA for tNN and wNN vertex form factors
Summary (5)



1. Physics Motivation and Goal

1. Electromagnetic production of w
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NN form factor

Nucleon GPD: VGG model
Phys. Rev. D 56 (1997) 2982
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Nucleon TDA: PSS model
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e 0000 1. Physics Motivation and Goal
2.Hadron model for high energy & at small u (large t)

QCD Factorization btwn hard and soft amplitudes
s> M? t—>0,0%~10 GeV?

> VGL model ~ good for a;, but a; smaller than data
> VGG model ~ electroproduction g; from GPD
» PSS model ~ Backward process from TDA

» BK model for backward w photoproduction data of NINA, Daresbury
e Simulate PDF via hadron form factors in the Regge model



do/du (ab/ GeV?)

2. Photoproduction

3. NINA/Daresbury data on w Photoproduction

R. W. Clifft et al., Phys. Lett. B 72, 144 (1977)

B AT BACKWARD ANGLES

NINA data for —1.8 < u < 0.02 GeV? at E, =3.5, 4.7 GeV
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(Daresbury Lab. by Clifft 1977)
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» |soscalar channel

» Exp. Observations:

e Only N, trajectory of u-ch. nucleon
with a deep dip at u = —0.15 GeV?,

but the depth of a dip weakened by

a fraction of 1/3 at E, = 3.5 GeV

e Needs a mechanism to fill in the dip



" SN 2. Photoproduction
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do/du (nb/GeV

» Issue of parton contribution in addition to

the dip of N, trajectory in NINA data

do 2
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- e A~ N, trajectory of u-ch. nucleon
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] i /\/l/r with a deep dip at ©u = —0.15 GeV?
b} s_'a coefficient at 3.5GeV
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e Parton contributions with s® scaling
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" SN 2. Photoproduction
! . .

. Reggeization of nucleon exchange in the u-ch

e Gauge invariant Born terms

o 5 J e
Gauge invariance -2? b
needs s-ch. Proton * e N
pole ,.f'rl N \ .
Dhirect Crossed
_ +k+M
Mg = _u(pI)FWNNﬁ < f M2 NFT'NNH(}U);
N
_ p—k+M
ﬂ‘fu - _u(pi)r"rNNﬁ w f ﬂd—g il FMNNH(P)
N
K _ L
v = (end - Mj; 4. ). en =1, ry = 178

r =g, gunnN = 15.6, kunn =0
WwNN = JuNN (ﬁ + 4Mrg n, ﬁ])



" 2. Photoproduction

e Nucleon Regge pole with signature ™ = +1

My = (M + M,) x (u— Mz) R (s,u)

| =

RN( ) B ﬂﬂ':ﬁ,‘r (1 + T-e—i?r{&_w(u)—ﬂ.E)) s Cr_w(u]—{],f.
T Iany(u)+0.5) sinw(ay(u)—0.5) so

e N, trajectory o (vVu) = 0.9u — 0.365

e A dip at u=—0.15 GeV? from NWS zero, 1 + ¢ i"lan(u)=0.5) —

Re a
J4
: /
12
&0
11
| I I |
=] ‘\“-‘._________E'________...-’/ 1t
L6838 0,539 {0,851
i (Gev)




" S 2. Photoproduction
2

. Parton contribution

» Nonforward parton distribution as a fill-up mechanism at the dip

e Extended wNN vertex to include isoscalar FF by similarity to v* NN vertex

a(u)—0.5 a(u)—-0.5 a(u)—0.5

S S i) S

JonnY* | — = gonn¥Y* | — + gonnyH e WE ) | —
So So So

RY 5 RN 4 W E (u)RY

. | T
» relative phase between hadron and parton o(u) = (a + b-u)m
» nucleon isoscalar form factor F,=F +F/
» quark contents FY = ey u+ eqd F' = e d +equ

e Regge-like ansatz R2 for parton density
M. Guidal, M.V. Polyakov, A. V. Radyushkin, M. Vanderhaeghen, PRD 72, 054013 (2005)

q= / dz g, ()2~ (17D () (o = 0.3)

e Unpolarized parton distributions

u,(x) = 0.262x7969(1 — x)35(1 + 3.8x°%° + 37.65x)
d,(x) = 0.061x~%65(1 — x)*03(1 + 49.05x°5 + 8.65x)



2. Photoproduction

3. Regge+parton model for simulating NINA data

do
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Nucleon Reggeon+ meson poles

an (u) =0.9u—-0.365 (canon.phase)

Parton
» Change of trajectory
in the present of partons
ap(u)=0.9u—0.56 (canon.phase)
$(u) = (- 65u +93)7 /180; E, =3.5GeV



4. Results
° d—g at backward angles
du

» Expected dip at u = —0.15 GeV?

by NWSZ of 1 + e—im(an(u)=1/2) —

2 3 T _;2 T 1

do/du [nb/GeV]

10 E T | I

= (a) E =28 Gev
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do/du [Ub/GeV']
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(b) E, =47 Gev
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do/du [ub/GeV|

0 Ballam 1973

2. Photoproduction

I T T I T T E

ET=3.5 GeV ’“I}p — ,_,;_,,‘p

Battaglieri 2003 E
Clifft 1977

u[GeV']

» Parameters fit to data

p(u) = (-95u +70)7 /180; E, =2.8GeV
p(u) = (—35u+120)7 /180; E, =4.7 GeV



- 2. Photoproduction

5. Applications
w(782),p°(775) & $(1020) photoproductions

* Study GPD contents of nucleon & delta isoscalar/vector FF in u-channel

» w & ¢ cases
Mg = (Mg+M,) (u — M3) [RV + e @E® (u) RV

> p° case

M, = (M+M,)(u — M3) [RN + e@EY ) RV

2 . _
I8 )= £ (u) 3 Ml (u— MF) RS+ e#sWE™ (u) R

= Baryon Regge pole
ay(u)-J
PD FF for meson-baryon FF R (s,u) = ajTJ - a](u)]%[l + ol m(eyw-05)] <i> J
S

E®w) = 1fldx[u(x) + d(x)]x~%a1-0u
1 3
0 = AT exchange

1 —k+M
F” () = f dx[u(x) — d(x)]x~ %0 = a(p) - s (ke — ke®) (p Mz)A) Mg

0
 fon .
x 22 (nqﬁ —qn®) ysu(p)
p

F(v)( ) M(O) [euKu

e K /
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(ag= 0.3 GeV™2)



" N

N exchange

gl =156, gL =0
g5=32,  gp=0
gp = 2.6, gp =2.6%3.7

RN = canon. ay(u) = 0.9u — 0.365

RN = canon. ayw) =0.9u — 0.56

oy) = (—65u +93)m/180

At exchange

c; = —2.68e, fona = 5.05
Gy (0) = 3.02, ky = 3.7
K, = 1.673, Kqg = —2.033
Ny = 1.713, nqg = 0.566

R? = complex ap(u) = 0.9u — 0.25

R2 = canon. @r(u) = 0.9u + 0.2

pa(u) = m/2

2. Photoproduction

6
10 0
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" BN 2. Photoproduction

~A*T photoproduction

* Study GPD contents of NA axial vector FF in u-channel
My = ME(u— MZ)|RA + e 9a(WGHA (u) RA|

Gauge invariance e, —ep++ —ep- =0

A++

My =My +MJ+MT + M,

MA™ =Full yAA vertex & full A propagation "

GNA () = fol dx[Au, (x,u) — Ad,(x,u)] x—aq(1-0u

pA T T T T T T

-~ GPDs with '=0.1/GeV >

D. de Florian, R. Sassot, M. Stratmann, W. Vogelsang, PRD 80, 034030 (2009) I — GPDs with o'=1.105/GeV

1.5+ = = Dipole fit to experiment =

Au,(x) = 0.677x0-092-D (1 — x)3-34(1 — 2.18x%5 + 15.87x)

®

1

A

&}
Ad,(x) = —0.015x0164=D (1 — x)389(1 + 22.4x%° + 98.94x)

0.5

1.24 + 0.01 I
(1 —1t/1.05%)2 0

GL(t) =
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At exchange

fana _ —k+M
ME = iGN, (k) ° -

A, g8
mn- _MA Vﬁq <

anA=1-7

F#ZA(") = (epég"” —epety")

”A [k“k" 2 _ %I:'(e“k" n erﬂ)] .

QSR € K. Azizi, K. Azizi, EPTC61, 311 (2009)

Kp = 434, XA — 1234, AA=618
R? = complex ap(u) = 0.9u — 0.25

~

R? = canon. @(u) = 0.3u + 0.05

pp(u) = —5m/180
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2. Photoproduction

B I | I
- k=3.5GeV

o A(u)=0.9u-0.25 (cplx)

ag = 0.3 GeV ™2

Yp— T A

Barber 1981

o#(1)=0.3u+0.05 (canon):; -57/180
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" J
w Electroproduction (CLAS-6 GeV & Fpi-2/JLab)
y*(k) + p() - w°(q) +p®")

2
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a 3. Electroproduction

2. . data on backward w electroproduction

PHYSICAL REVIEW LETTERS 123, 182501 (2019)

Unique Access to u-Channel Physics: Exclusive Backward-Angle
Omega Meson Electroproduction

W.B. Li."? G. M. Huber.,' H. P. Blok.™* D. Gaskell,” T. Horn.® K. Semenov-Tian-Shansky,”® B. Pire.” L. Szymanowski,"
J-M. Laget.S K. Aniol,'" J. An‘ington.]: E.J. Beise,” W. Bocglin.” E.J. Brash,” H. Breuer,"” C.C. Chang.”
M. E. Christy,'® R. Ent,’ E.F. Gibson,'” R.J. Holt,"® S. Jin,"” M. K. Jones,” C.E. Keppel,'®> W. Kim,"” P. M. King,
V. Kovaltchouk.” J. Liu,” G.J. Lolos,' D. J. Mack,” D. . Margaziotis,'' P. Markowitz,"* A. Matsumura,” D. Meekins,”
T. Miyoshi,” H. Mkrtchyan,”* I. Niculescu,” Y. Okayasu,” L. Pentchev,’ C. Perdrisat,”® D. Potterveld,'” V. Punjabi,”’
P.E. Reimer,"” J. Reinhold,' J. Roche,”” P.G. Roos,”> A. Sarty,”® G.R. Smith,” V. Tadevosyan,”* L. G. Tang,'*’
V. Tvaskis,”* J. Volmer,”>® W. Vulcan® G. Warren,>! S. A. Wood,” C. Xu,' and X. Zheng}2

W = 2-2 1 Gev, (Jefferson Lab F, Collaboration)
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" S 3. Electroproductior

Theory & Experiment for backward y*p — wp

10
. Regge mOdeI by JM Laget i-‘: s pem, W om 2AEQ0Y, OF = 1 75 G’ ; Il:-"vJ-l s Pei, Wl 47 OaV, OF = 255 Gat
J. M. Laget, PRD 70, 054023 (2004) \ A\ j
. ¢ AR
J. M. Laget, Prog. Part. Nucl. 111, 103737 (2020) Ew /f}'f 1 *N\ Efl
ck \\ f,cm& ot N/
- Meson exchange in the t-ch - J:-:d Cf ‘E_{f
- Nucleon exchange in the u-ch e v * y
- Cuts in t-ch & u-ch baryon cuts, L T R RS
- 2 gluon exch < 10 —__ O=t6Gev Q'aaasGev’ [ 1 1T
O ~——_ e e
e TDA by Pire, Semenov, Szymanovski <. o =
Phys. Rev. D 91, 094006 (2015) Fobob —
B o 1 Y
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- * 3. Electroproduction
xtension to EIECtrOprOdUCthn

t-ch. exch. as background contribution
1. Nucleon Born terms for electroproduction

M, = (M;+M;) (u — M2)[RV(s,u) + €@ 9 w) RN (s,0)]
Dipole FF GPD FF

m EMFFaty*NN and wNN vertices
Lyopp(k) =e (Fl(QZ)a’— F2(0%) [&/ Ié])

o (@) = 9t + 2222 [

AM,

m Gross-Riska prescription for gauge invariance of
nucleon charge form factor

-k
F1(QD)d = [F1(Q?) — Fy(0)] (a— iégk—> +F(0)d



" 3. Electroproductior
2. Parton contribution to nucleon Born terms

e Nucleon electromagnetic form factors at y*NN vertex
(1) PDF
F5%(Q%) =e R (Q%) +eg FH(Q?) Q%= «2)

Following concept of collinear factorization

(2) Dipole-form factor for consistency with photoproduction Q% = 0

2 2
1+ 1 -1 1
H(QZ)ZL 1:52'D J{1+Q2/A2 J | FZ(QZ)Z[?ETZ ][1+Q2/A2 ]
p p

e wNN strong coupling form factor

(1) PDF
Fupp(W) = B () = FP () + F' (W) = (e + eg)[u() + d(w)]

b=(p-)?



" 3. Electroproduction

3. Result: Conventional Model

Production mechanism
- Nucleon exch. w/o partons
- Meson exch in t-ch
- Conventional model fails with on-shell cutoff-mass for EMFF

10 T T T LA
— A, =1.1GeV W=2.48 GeV
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S A,=11GeV Ap: ) jgézv L 8 i E W=228GeV 3
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ERN: T » ] 2 .
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H10°F ER i = C 1t ]
..8 F 3 b L 4 - -
C \ ] = | | | | -
r \ ] 10—2 I I ) I I I I
3 N 1y 0 0.1 0.2 0.3 0.4 0.5 0
10- E_ canon. Regze “: _EE E _ T T {V=221 GeV| — T T T T T T T 2
F R v oF ] b 06~ v, (6=180% 1 [ |
C A,=0843GeV{ T i 3 osf 1. L5
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" 3. Electroproduction

4. Result:  Regge + parton Model

Production mechanism
- Nucleon EMFF A, = 1.55 GeV consistent with y*p — tn
- Meson exch in t-ch
- Parton structure in w NN FF

0
10 T~ 1 T~ 3 E T T I 3
N; w=248Gev ] [ W=2.47GeV ]
[0 Z Q2=1.75 GeV2 7 B Q2=2-35 GeV2 7
#(u) = (60u +100)7 /180 g o 1T @sey
3. " — = ) —
) g 10 A_=155GeV 3 E E
E T ' T ES 3 - R(canon.), R*(cplx) . C ]
10 E photo-exten‘sion | ¥ | | | | 3 ED i o =09/ GeV> 4 1 4 ]
- W=2.48 GeV I W=2.47 GeV - 2 . |, of=0isupooy | A
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5. Result: Photoproduction vs. electroproduction

- t-ch simple poles

- u-ch nucleon Reggeon
- u-ch parton contrib.

- Mid-angle region
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3. Electroproduction
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6. Result: Regge vs. Nucleon transition distribution amplitude (TDA)

dzaT A(s,mg),Mz) 1

3. Electroproduction

B. Pire, Kirill M. Semenov-Tian-Shansky, L. Szymanowski

dQ,  12872s(s—M2) 2

Phys. Rev. D 91, 094006 (2015)
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7 14
109 (£, A2) = j [ZZT;M +ZTcgk>]
a=1 a=8

Test these signs in experiments
e Dominance of o7 over g; by 1/Q%

d?or
aQ,

~ 1/Q®-scaling for fixed xj

2
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=" 3. Electroproduction
m electroproduction with CLAS 6
\/_

> M(y'p>n'n) = \/EMn _?ZMAO
My = Mi(n) (u— MR)RN + @ GY wRY)
Mao = M (8%) (u — MY (R + 930 G a)Re)

C ~
Mg = u(p)Fa(@®) s (ek — ke®)
0

P —k+M i fre
! (u—Mg)A) Mag- - 7’ u(p)

2
FA(QZ):< Qz) , A4 =A% =155 GeV?
G (W)= GA (w)

' > M(v'p »1%p) =vV2ZM, +%M
GYA(u) = fol dx[Au — Ad] x~ %170 r'p p) p T3Ma+

1 : My = (Ms+Mp)(0) (u— ME)(RY + e VG (W)RY)
GAo(w) = f dx[28u + Ad]x~%a(1=x)u
0

M+ = My (A%) (u — MR)(R® + &' 200 GE (w)R™)
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K. Park et al. (CLAS Collaboration), Phys. Lett. B780, 340 (2018) ,,

N exchange

RN = complex  ay(u) = 0.9u — 0.365

RN = complex  @y(w) = 0.9u —0.56

py) = (—65u + 100)/180

At exchange

1= _2.683, fTL'NA =2.2

R® = complex  ap(u) = 0.9u — 0.25
R? = complex  a@,(u) =0.1u+ 0.5

pa(u) = 30m/180

Comments

= 7Y cross sections are larger than tt cases.

Oy Opr» Opp [nb/sr]
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Summary & conclusions

¢ To simulate NINA data on backward photoproduction the Regge+parton model considers
PDF at the meson-baryon vertex form factor in the u-channel nucleon (and delta) Reggeon.

¢ The Regge+parton model provides an economic way to plot empirical cross sections for
backward hadron reaction.

¢ Application to pi delta photoproduction provide the axial vector contents of helicity parton
distributions, while the case of vector meson production leads to the vector contents of
unpolarized parton distributions at high energies and large Q2. More data are needed to
constrain model parameters, e.g. the relative phase between hadron and partons.

¢ Dipole type of nucleon EM form factors are favored for consistency with photoproduction, the
Regge model with GPD form factors at meson-baryon vertex is extended to investigate
parton dynamics in backward pion and omega electroproduction experiments at JLab.

¢ Regge approach with hadron form factor parameterized by PDF can be a tool complementary
to GPD/TDA to analyze experiments on parton structures at high enough s >> |t| and large
— t (small —u) such as CLAS-12 upgrade, JPARC, and future EIC.
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