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Introduction
Elastic scattering ⇒ form factors = charge distributions in the transverse plane;

DIS ⇒ PDFs = quark distributions in longitudinal momentum;

DVCS & DVMP ⇒ GPDs (see the talk by Hyon-Suk Jo, Monday)
3D imaging (tomography) of hadrons;
Matrix elements of QCD EMT & mechanical properties of hadrons (spin, pressure
shear forces);
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What is non-diagonal DVCS/DVMP?

γ∗(q1) + N(p1) →
{ γ∗(q2)

M′(p′M)

}
+

[
M(pM)N

(
p′
) ]

; M = π, η, ρ, ω . . .

Factorized description in terms of N → B∗ GPDs in the generalized Bjorken kinematics:

−q21 ; (p1 + q1)
2 − large; xB =

−q21
2p1 · q1

− fixed;

−t = −(pB∗ − p1)
2; −t′ = −(p2 − p1)

2; W 2
MN = (p1 + pM)2 of hadronic scale.

Meson-nucleon system resonates at WMN = MB∗ .

K. Semenov-Tian-Shansky (KNU) Non-diagonal GPDs 13.07.2023 3 / 31



Some motivation

Main goal is to understand B∗ in terms of q, q̄ and gluons.

Available probes and their QCD structure:

E.m./weak probe : QCD structure :

γ ⇔ ⟨B∗|q̄Q̂e.m.γµq|N⟩

W±, Z0 ⇔ ⟨B∗|q̄Q̂wγµ(1− γ5)q|N⟩

Only C = −1 probe;

Local in space-time;

No direct access to gluon
d.o.f.

Hadronic probe : QCD structure :

π, K ⇔ ⟨B∗| ??? |N⟩

QCD structure of the
probe unknown;
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Graviton probe and QCD Energy-Momentum Tensor

Graviproduction of resonances I. Kobzarev and L. Okun’62

G probe : QCD structure :

G ⇔ ⟨B∗| q̄γµ(∂ν − Aν)q +
1

4
F a
µαF

a
να︸ ︷︷ ︸

QCD EMT

|N⟩

Gluon d.o.f. enter explicitly!

No good source of G (:

Rate of GN → B∗

Rate of γN → B∗ ≃
mN

MPl

1

αem
≃ 10−17
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Some remarks
Short distance part of the process creates a low-energy QCD string = a tower of local
probes (γ, G , . . .);
Spin J expansion of the QCD string operator:

Although non-diagonal DVCS is a hard process it probes a soft B∗ excitation by
low-energy QCD string;
More analogous to B∗ photoexcitation rather than hard electroproduction (qualitatively
different physics);

Feasibility:

Rates are the same order as in usual
DVCS/DVMP;

In case of DVCS: interference with the
Bethe-Heitler process provides
enhancement of signal;
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Physical contents I

Study of QCD EMT N → B∗ transition matrix elements complements the studies of e.m.
transition FFs;

Possible access to transition spin contents (for N → N∗, ∆), pressure and shear forces
(for N → N∗) and new insight for resonance formation;

Studies underway. Cf. transition angular momentum N → ∆, J.-Y. Kim et al.’23.
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Physical contents II: a unique option for baryon spectroscopy

Important advantages with respect to the usual electroproduction:

1 Excitation of resonances by non-local QCD quark light-cone operators:〈
N∗

∣∣∣ψ̄α(0)Pe ig ∫ z
0 dxµAµ

ψβ(z)
∣∣∣N〉

⋆ excitation by probes of arbitrary spin (not just J = 1);

2 Possible generalization to the gluon light-cone operators:〈
B

∣∣∣∣G a
αβ(0)

[
Pe ig

∫ z
0 dxµAµ

]ab
Gb
µν(z)

∣∣∣∣A〉

⋆ explicit access to the gluonic DOFs.

3 Direct access to Im (spin asymmetry) and Re (charge asymmetry) of the amplitude
ADVCS
N→B∗ . Without complicated PWA!

4 Possible access to non-usual spin-flavor configurations: e.g. SU(6) [20, 1+]: N = 2 orbital
excitation of the SU(6) 20-plet.
Symmetry argument by R. Feynman’1972: “Two quark at least must have their motion
changed to get to the [20, 1+] from the fundamental [56, 0+].”

5 Large gluon components and more. Hunt for exotic.
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Physical contents III: Chiral dynamics in gravitational interaction

More general description: N → πN transition GPDs, M. Polyakov and S. Stratmann,
arXiv:hep-ph/0609045.

A new test ground for χPT - low energy EFT of QCD, First principle calculations!
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Kinematics and decay angular distribution

e(k) + N(pN) → e′(k ′) + γ∗(q) + N(pN) → e′(k ′) + γ(q′) + π(pπ) + N′(p′N)

γ∗N → B∗γ: γ∗N CMS;
B∗ → πN′: πN′ CMS ≡ (πN′) at rest;

d7σ

dQ2dxB︸ ︷︷ ︸
lepton side

dt dΦ︸ ︷︷ ︸
γ∗N→γB∗

dW 2
πNdΩ

∗
π︸ ︷︷ ︸

B∗→πN

K. Semenov-Tian-Shansky (KNU) Non-diagonal GPDs 13.07.2023 10 / 31



Kinematics: invariants

Invariant variables for γ∗N → γπN′

In addition to s = (pN + q)2 ≡ W 2 and t1 = (q − q′)2 ≡ ∆2:

γπ invariant mass: s1 = (pπ + q)2;

πN invariant mass: s2 = (pπ + p′N)
2 ≡ W 2

πN ;

t2 = (p′N − pN)
2;
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A test ground: N → ∆(1232) DVCS

γ∗(q) + Np (pN) → γ
(
q′
)
+∆+ (p∆) → γ

(
q′
)
+ π0 (pπ) + Np

(
p′N

)
K. Goeke, M.Polyakov and
M. Vanderhaeghen’01:

3 +1 unpolarized+4 polarized leading
twist N → ∆ GPDs;

1 + 2 relevant in the large Nc limit;

Early analysis: P. Guichon, L. Mossé and
M. Vanderhaeghen’03;

A. Belitsky and A. Radyushkin’05:

4 unpolarized+4 polarized leading twist
N → ∆ GPDs;

K.S. and M. Vanderhaeghen’23

Important goal: work out of angular dependencies of |DVCS|2, |BH|2 and interference
term.

Implications for experiment: necessary coverage in the cm angle of the final πN state.
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N → ∆ GPDs I
Leading twist-2: 4 unpolarized and 4 polarized GPDs;

Unpolarized isovector N → ∆ GPDs (K. Goeke et al.2001):

1

2π

∫
dy−eixP

+y− 〈
∆ (p∆)

∣∣ψ̄(−y/2)γ · nτ3ψ(y/2)
∣∣N(pN )

〉∣∣∣∣
y+=y⃗⊥=0

=

√
2

3
Ūβ (p∆)

{
HM (x, ξ, t)

(
−KM

βµ

)
nµ + HE (x, ξ, t)

(
−KE

βµ

)
nµ

+HC (x, ξ, t)
(
−KC

βµ

)
nµ + H4 (x, ξ, t)

(
Γ4βµ

)
︸ ︷︷ ︸

omitted structure

nµ
}
u(pN ),

Jones-Scadron covariants (P̄ =
pN+p∆

2
= p∆ − ∆

2
, ∆ = p∆ − pN , t ≡ ∆2):

KM
βµ = −i

3 (m∆ + mN )

2mN
(
(m∆ + mN )2 − t

) εβµλσ P̄λ∆σ ;

KE
βµ = −KM

βµ −
6 (m∆ + mN )

mNZ(t)
εβσλρP̄

λ∆ρ
ε
σ
µκδ P̄

κ∆δ
γ
5;

KC
βµ = /−/i

3 (m∆ + mN )

mNZ(t)
∆β

(
tP̄µ − ∆ · P̄∆µ

)
γ
5;

Γ4βµ =
1

mNm∆

[
∆β −

(∆ · p∆)

p2
∆

p∆β

]
∆µγ5.
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N → ∆ GPDs II
Polarized N → ∆ GPDs:

1

2π

∫
dy−eixP

+y−
〈
∆(p∆)

∣∣∣ψ̄(−y/2)γ · nγ5τ3ψ(y/2)
∣∣∣N(pN )

〉
=√

2

3
Ūβ (p∆)

[
C1(x, ξ, t)gβµnµ + C2(x, ξ, t)

∆β∆µ

m2
N

nµ + C3(x, ξ, t)
1

mN

[
gβµ /∆ − ∆βγµ

]
nµ

+C4(x, ξ, t)
2

m2
N

[
P̄ · ∆gβµ − ∆β P̄µ

]
nµ

]
u(pN ).

Relation to form factors

Unpolarized GPDs are related to e.m. form factors Jones and Scadron’73:

∫ 1

−1
dxHM,E,C (x, ξ, t) = 2G∗

M,E,C (t);

∫ 1

−1
dxH4(x, ξ, t) = 0;

Polarized transition GPDs are related to axial form factors Adler’75;

These FFs can be accessed in neutrino-production reactions;

∫ 1

−1
dxC1,2,3,4(x, ξ, t) = 2CA

5,6,3,4(t).
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Large Nc relations and sum rule

Large Nc relations for octet-to-decuplet transition GPDs, Goeke et al.’01:

HM(x , ξ, t) =
2
√
3

[
Eu(x , ξ, t)− Ed (x , ξ, t)

]
;

C1(x , ξ, t) =
√
3
[
H̃u(x , ξ, t)− H̃d (x , ξ, t)

]
;

C2(x , ξ, t) =

√
3

4

[
Ẽu(x , ξ, t)− Ẽd (x , ξ, t)

]
;

Pion pole contribution into C2:

lim
t→m2

π

C2(x , ξ, t) =
√
3
gAm

2
N

m2
π − t

θ[ξ − |x |]
1

ξ
Φπ

(
x

ξ

)
;

Angular momentum sum rule:

lim
t→0,Nc→∞

∫ 1

−1
dxxHM(x , ξ, t) =

2
√
3

[
2
(
Ju − Jd

)
−Mu

2 +Md
2

]
.
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Cross sections and BSA for JLab@12 GeV I
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Cross sections and BSA for JLab@12 GeV II

∆ in helicity ±1/2 state: 1
4

(
1 + 3 cos2 θ∗π

)
∆ in helicity ±3/2 state: 3

4
sin2 θ∗π
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Experimental status I: resonance spectrum for N∗ → nπ+
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Experimental status II: resonance spectrum for N∗ → pπ0
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Experimental status III: Beam Spin Asymmetry

BSA ∼ TBH × ImTN∆DVCS.
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Going to the 2nd resonance region

Formalism extended to N → N∗ DVCS for N∗ = P11(1440), D13(1520), S11(1535):

■ for spin- 1
2
resonances at twist-2: 2 unpolarized GPDs (vector operator), 2 polarized

GPDs (axial-vector operator);
■ for spin- 3

2
resonances at twist-2: 4 unpolarized GPDs (vector operator), 4 polarized

GPDs (axial-vector operator);

t-dependence of GPDs (first moments):

■ - unpolarized GPDs: first moments constrained by data on e.m. transition FFs
(CLAS@6 GeV)

■ - polarized GPDs: 2 dominant axial FFs constrained using PCAC + pion pole
dominance:

− normalization at t = 0 given by (f πNN∗/mπ)2fπ ;
− t-dependence: dipole (MA = 1 GeV) and pion-pole ∼ 1/(t −m2

π);
− isoscalar axial FF neglected;

x & ξ dependence of GPDs: RDDA b = 1 and b = ∞ with q(x) ∼ x−0.5(1− x)3
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Cross section and BSA
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Hard exclusive ∆π production

Amplitude involves polarized GPDs C1,2,3,4(x , ξ,∆2);

BSA is a twist-3 effect;
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Experimental perspectives

N∆ DVCS and π∆ can be measured at CLAS. Analysis underway.

Present status: 3-4 bins in −t. With extra angular variables 2-3 bins in each variable;

Statistics increase by a factor 3 in 3-4 years;

BSA π−∆++ extracted;

Possible JLab@20 upgrade: statistics may increase by a factor 100 - 1000;

Can we get access to the complete angular distribution of N∆ DVCS/DVMP and π∆
production cross section?

A sizable π−∆++ BSA a challenge for theory: twist-3 observable;

Extension to small-xB and studied for the EIC conditions necessary;
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Summary: physics contents of N-d DVCS and DVMP
1 New tool for baryon spectroscopy: arbitrary spin-J probe and PW

analysis of excited states.

2 A new bridge between PW analysis and QCD.

3 Access to N → N∗ EMT matrix elements: mechanical properties of
resonances.

4 A lab for chiral perturbation theory on the light cone: soft pion
theorems and chiral expansion.

5 GPD formalism worked out for N → ∆(1232), P11(1440), D13(1520),
S11(1535)

관심을 가져 주셔서 감사합니다!
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Backup
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N → πN transition GPDs
M. Polyakov and S. Stratmann, arXiv:hep-ph/0609045

Unpolarized N → πN GPDs:∫
dλ

2π
e iλxP̄·n 〈N (

p′N
)
πa(pπ)|ψ̄(−λn/2)/nψ(λn/2)|N(pN)

〉
=

igA

mN fπ

4∑
i=1

Ū
(
p′N

)
Γiτ

aH
(0)
i U(pN)

Γ1 = γ5; Γ2 =
mN/n

n · P̄
γ5; Γ3 =

/k

mN
γ5; Γ4 =

/k/n

mN
γ5; (P̄ =

p′N + pN + pπ

2
)

A guide to the kinematical variables of H
(0)
i

(
x , ξ,∆2; W 2

πN , α, t2
)
:

πN invariant mass W 2
πN = (p′ + pπ)

2

t1 = (p′N+pπ−pN)
2 = (q−q′)2 ≡ ∆2

t2 = (p′N − pN)
2

Skewness ξ = − n·∆
2n·P̄

Relative pion longitudinal momentum
of the πN system:

α =
n · pπ

n ·
(
p′N + pπ

)
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On physical meaning of α

⋆ Related to πN decay angle θ∗π defined in the πN CMS ≡ B∗ rest frame:

α =
W 2
πN −m2

N +m2
π + Λ(W 2

πN ,m
2
N ,m

2
π) cos θ

∗
π

2W 2
πN

+ O(1/Q2),

where Λ is the Mandelstam function

Λ(x , y , z) =
√

x2 − 2xy − 2xz + y2 − 2yz + z2.

On the pion threshold WπN = mN +mπ :

α
∣∣∣
threshold

=
mπ

mN +mπ
.
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Some properties of N → πN transition GPDs

Soft pion theorems P. Pobylitsa, M. Polyakov, and M. Strikman’01 fix N → πN GPDs at
the threshold W = (MN +mπ) in terms of nucleon GPDs and pion DA;

E.g. soft pion theorem for N → πN transition matrix element M. Polyakov and S.
Stratmann, arXiv:hep-ph/0609045〈

N
(
p′
)
πa(k)

∣∣∣Ob(λ)
∣∣∣N(p)

〉
of the isovector light cone operator Ob = ψ̄(−λn/2)/nτbψ(λn/2):

N → πN transition GPDs are real at the threshold but generally not necessarily real
functions;

N → πN transition GPDs contain information on πN resonance spectrum. Can we take it
out?
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N → πN GPDs and PW analysis of the πN system

M. Polyakov’98: Hi

(
x , ξ, α, t,W 2

)
→ H I ,L,J

(
x , ξ,∆2;W 2, t2

)
PW expansion in α

I : isospin; L : PW in α; i → J = L± 1/2 (total angular momentum).

N.B. N → πN GPDs develop Im part above πN threshold. Relation to πN scattering
amplitude (Watson theorem):

ImH I ,L,J(x , ξ,∆2;W 2, t2) = tan
[
δI ,L,JπN (W 2)

]
ReH I ,L,J(x , ξ,∆2;W 2, t2);

δI ,L,JπN (W 2) − πN phase shifts.

A solution R. Omnes’1958:

H I,L,J
(
x, ξ,W 2

)
= H I,L,J

(
x, ξ,W 2

th

)
exp


N−1∑
k=1

ckW
2k +

W 2N

π

∫ ∞

W 2
th

ds
δ
I,L,J
πN

(s)

sN
(
s − W 2 − i0

)
 .

H I ,L,J
(
x , ξ,W 2

th

)
and ck fixed by near threshold behavior & chiral physics.

Known πN phase shifts δI ,L,JπN (s) from πN scattering.
N∗ resonances built in the solution! How to get them out?

K. Semenov-Tian-Shansky (KNU) Non-diagonal GPDs 13.07.2023 30 / 31



How to treat the angular structure?

Partial wave expansion both in θ∗π ⇔ α and φ∗
π (studies underway)

H I (x , ξ,∆2;W 2
πN , θ

∗
π , φ

∗
π) =

∞∑
ℓ=0

ℓ∑
m=−ℓ

Yℓm(θ
∗
π , φ

∗
π)H

I
ℓm(x , ξ,∆

2;W 2
πN).
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