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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);

Orbital angular
momentum
5] ~ 25(10) %

~40(?) %
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What is non-diagonal DVCS/DVMP?

7*(q2)

(@) + N = {0
M

)}—i-[/\/l(pM)N(p')]; M=mnp w...

@ Factorized description in terms of N — B* GPDs in the generalized Bjorken kinematics:

2

—q
—qi; (p1+ q1)° — large;  xp = —
2p1-q1

—t=—(pgx — p1)2; —tl = —(pp— p1)2; W.,Z\AN =(p1+ p./\,l)2 of hadronic scale.

— fixed;

@ Meson-nucleon system resonates at Wy = Mp=x.
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Some motivation

@ Main goal is to understand B* in terms of g, § and gluons.

@ Auvailable probes and their QCD structure:

@ Only C = —1 probe;
@ Local in space-time;

@ No direct access to gluon

@ QCD structure of the

E.m./weak probe : QCD structure :
2 U (BT Qs.m, i)
wE, 7% o (B*|§Quvu(1 —75)q|N) d.of.
v, WE Z T, K
B B
N N
Hadronic probe : QCD structure :
il o (B*|777|N) probe unknown;
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Graviton probe and QCD Energy-Momentum Tensor

@ Graviproduction of resonances |. Kobzarev and L. Okun’62

SOVIET PHYSICS JETP VOLUME 16, NUMBER 5 MAY, 1963
|GRAVITATIONAL INTERACTION OF FERMIONS I
G | I. Yu. KOBZAREV and L. B. OKUN’
Institute of Theoretical and Experimental Physics, Academy of Sciences, U.S.S.R.
Submitted to JETP editor June 14, 1962
J. Exptl. Theoret. Phys. (U.S.S.R.) 43, 1904-1909 (November, 1962)
B Gravitational interaction of spin-1/2 particles is considered in the linear approximation. It is
. shown that if gravitational interaction is taken into account, the question whether a free neu-
N trino is two- or four-component acquires a physical meaning. The vertex part for the inter-

action between fermions and the gravitational field is shown to possess properties analogous
to those of the electrodynamic vertex described by the Ward theorem. Observable effects due
to spins are considered.

@ Gluon d.o.f. enter explicitly!
G probe: QCD structure : ML AR

1
G & (B*§vu(0y —AL)g+ =F2_F2_|N
(B"]37u(0y v)a At S, ve [N) Rateof GN = B* ~my 1

QCD EMT Rateof YN — B* = Mp] qtem

~ 1077
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Some remarks

@ Short distance part of the process creates a low-energy QCD string = a tower of local

prObes (’Y? b 1 ').
@ Spin J expansion of the QCD string operator:

g o

W(n)P exp (i/jn dz“AH(z)> V(—n) = *—=e - 120 {H] 7 You

@ 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;

BH
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Physical contents |

Gravitational FFs of the proton, see e.g. V.D. Burkert et al. 2303.08347 Burkert, Elouadrhiri, Girod,
- Nature 557(2018)
density
LETTER
* TOl T02 T03 ibution inside the proton
T10 il
THY
T = T20 o Shear stress
T30 3 Normal stress (pressure)
M. Polyakov' 03: T = (’:’2‘ _ %5u> () + 89 p(r)
1 d1ld =
s(r)=— o )
1 1d ,dx
"= By )
D(r) = J §5 emi87D(-42).

@ 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*, A), pressure and shear forces
(for N — N*) and new insight for resonance formation;

@ Studies underway. Cf. transition angular momentum N — A, J.-Y. Kim et al.'23.
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Physical contents Il: a unique option for baryon spectroscopy

Important advantages with respect to the usual electroproduction:

@ Excitation of resonances by non-local QCD quark light-cone operators:

i

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

Pa(0)PeE IF 44y (2)| W)

@ Possible generalization to the gluon light-cone operators:

N b
<B ‘G;ﬁ(o) [Pe’g Is dXHA“]a Gp.(2)

9

© Direct access to Im (spin asymmetry) and Re (charge asymmetry) of the amplitude

APVGE . Without complicated PWA!

@ 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*].”

explicit access to the gluonic DOFs.

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

@ More general description: N — 7N transition GPDs, M. Polyakov and S. Stratmann,
arXiv:hep-ph/0609045.

@ A new test ground for xPT - low energy EFT of QCD, First principle calculations!

PHYSICAL REVIEW D 102, 076023 (2020)

Chiral theory of nucleons and pions in the presence

of an external gravitational field

H. Alharazin ,1 D. Djukanovic ,2’3 J; Gegelia,u and M. V. Polyakov L3

'Ruhr University Bochum, Faculty of Physics and Astronomy, Institute for Theoretical Physics 1I,
D-44870 Bochum, Germany
Helmholtz Institute Ma University of Mainz, D-55099 Mainz, Germany

3GSI Helmholtzzentrum fiir Schwerionenforschung, D-64291 Darmstadt, Germany
“Thilisi State University, 0186 Thilisi, Georgia

SPewr.xbm‘g Nuclear Physics Institute, Gatchina, 188300, St. Petersburg, Russia

® (Received 17 June 2020; accepted 7 October 2020; published 29 October 2020)

We extend the standard second order effective chiral Lagrangian of pions and nucleons by considering
the coupling to an external gravitational field. As an application we calculate one-loop corrections to the
one-nucleon matrix element of the energy-momentum tensor to fourth order in chiral counting, and next-to-
leading order tree-level amplitude of the pion-production in an external gravitational field. We discuss the
relation of the obtained results to experimentally measurable observables. Our expressions for the chiral
corrections to the nucleon gravitational form factors differ from those in the literature. That might require to
revisit the chiral extrapolation of the lattice data on the nucleon gravitational form factors obtained in the
past.
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Kinematics and decay angular distribution

e(k) + N(pn) = €' (k') + v*(q) + N(pn) — €' (K') + v(q") + m(px) + N'(p})

y

@ +v*N — B*y: v*N CMS;
@ B* > N: 7N’ CMS = (nN’) at rest;

d’o
dQ?%dxg  dtdd  dW?2,dQr

lepton side Y*N—=vB* pgx_, p
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Kinematics: invariants

@ Invariant variables for v*N — yw N’

In addition to s = (py + g)2 = W2 and t; = (g — ¢')? = A%

@ ~m invariant mass: s1 = (pr + q)2;

@ 7N invariant mass: s, = (pr + p;\,)2 = WﬁN;
@ = (py —pn)%
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A test ground: N — A(1232) DVCS

v*(q) + N? (pn) = v (¢') + AT (pa) = 7 (¢') +7° (pr) + NP (p})

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

@ 3 +1 unpolarized+4 polarized leading
twist N — A GPDs; 4 d

@ 1 + 2 relevant in the large N limit;

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

A. Belitsky and A. Radyushkin’05:

@ 4 unpolarized+4 polarized leading twist
N — A GPDs;

K.S. and M. Vanderhaeghen'23

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

@ Implications for experiment: necessary coverage in the cm angle of the final 7/ state.
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N — A GPDs |

@ Leading twist-2: 4 unpolarized and 4 polarized GPDs;
@ Unpolarized isovector N — A GPDs (K. Goeke et al.2001):

il e L I O N(pN)>]
27 yt=

=y,/=0

o \/gzzﬁ (pn) {HM (x, &, 1) (71cg“) nt + He (x, €, t) (chu) nt
+He (x, €, 8) (=K, ) m* + Ha(x &0 (Th.) o Julew),
N’

omitted structure

Jones-Scadron covariants (P = w =pa — %. A=pp—pn t= AZ):

3(ma + my) _
M . A N ApC
Kg, =—i———————¢ PTA";
Bu 2my ((mp + my)? — t) Bure
6 (ma + my) - _
E M A N Anp_ o KAS_5.
Kﬁuiich“iimNZ(t) €goxpP" A Ep.rc(iP A7
3(ma + my) _ _
C P A N 5
kS, = Fi—2 Ay (tP, — A - PAL) A
Bu i mnZ(6) B( I M)
1 (A - pa)
4
r = Ag — ————p, Ay s.
Bu N TA B 2 AB ns
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N — A GPDs Il

@ Polarized N — A GPDs:

= [T (8en) [y 20y - mP P uty/2)| Neew)) =

21 AgA 1

\/juﬁ (pa) {Q(X?Ev t)ggn* + Go(x, &, f)#n” + G(x, &, t)— [ggud — Dgvy.]
3 my mp

2

m

+Ca(x, &, t) [P-Dgg, — AgPu] "“] u(py)-

2
N
Relation to form factors

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

1 1
_/ L dxH E,c(x, €, t) = 26y g c(t); _/ L dxHg(x, &, t) = 0;

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

@ These FFs can be accessed in neutrino-production reactions;

1
/ . dxCi 2 3.4(x, €, t) = 2Cgﬁ6,3,4(t)~
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Large N, relations and sum rule

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

HM(X7€7 t) = % [Eu(Xv 57 t) 3 Ed(X:§7 t)] ;
G(x,&t)=V3 [I:I“(X,E, t) — A9(x, &, t)] :
G alE; t)= ? [E”(X,f, t) — E9(x,¢, t)] g

@ Pion pole contribution into Cy:

. g m? 1 X

@ Angular momentum sum rule:

1

lim dxxHpy(x, &, t) =
t—0,Nc—oo J_1

%[2<J”—Jd)—M§‘+M§]
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Cross sections and BSA for JLab@12 GeV |
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Cross sections and BSA for JLab@12 GeV Il
@ A in helicity £1/2 state: % (1 + 3cos?0%)

@ A in helicity +3/2 state: 2 sin? 0}

106GeV Q*=23GeV? xg=025 074 Fe=106GeV QP=23GeV? x=025
Gev?  d=90° A=10GeV?  d=90°
089 1.13GeV <My <133 GeV 113 GeV < My < 133 GeV

BII + DVCS 5 BIT+ DVCS
0.6 BH -—= BH
--- DVCS --- DVCS

do/ dQ? dxy dt dd cost, (pbiGeV* sr)

o T T o T
-10 05 o 05 1o -10 05 o 05 10
cosB cos@},
0.144 0.14+
L ’/\ 0]
0.10+ 0.104
0084 008
= =
2 0.06-] 2 006
—_—
0044 0044
0024 0024
e ———————————
-002 —0.02
-10 05 0 0s 10 10 05 0 05 10
cos(! cos0;

Semenov-Ti i 13.07.2023



Experimental status I: resonance spectrum for N* — nrt

Stefan Diehl, CLAS collaboration, preliminary
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Experimental status Il: resonance spectrum for N* — pr°

full spectrum, no cuts

clog‘ﬁ

IIII]IIII|IIII|IIII|IHI|IIII[IH
—|III‘IIII|IIII|IIII|I\I\|IIII‘II+

o
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M, [GeV]

—_

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



Experimental status Il1l: Beam Spin Asymmetry

@ BSA ~

Semenov-
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Going to the 2nd resonance region

@ Formalism extended to N — N* DVCS for N* = P;1(1440), D13(1520), S11(1535):
B for spin—% resonances at twist-2: 2 unpolarized GPDs (vector operator), 2 polarized
GPDs (axial-vector operator);
B for spin—g resonances at twist-2: 4 unpolarized GPDs (vector operator), 4 polarized

GPDs (axial-vector operator);
@ t-dependence of GPDs (first moments):

B - unpolarized GPDs: first moments constrained by data on e.m. transition FFs
(CLAS®6 GeV)
B - polarized GPDs: 2 dominant axial FFs constrained using PCAC + pion pole
dominance:
— normalization at t = 0 given by (fnn=/mx)2fx;
— t-dependence: dipole (M4 = 1 GeV) and pion-pole ~ 1/(t — m2);
— isoscalar axial FF neglected;
@ x & & dependence of GPDs: RDDA b =1 and b = oo with g(x) ~ x7%3(1 — x)3
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Cross section and BSA
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Hard exclusive A7w production

S. Diehl et al. '23

ep—>eNr” —>e(pr )t

—e(nr )t

ep—>eNn’ —e(nzt)r’
—e(prHr’

ep >eNn —>epnn

— -
@ 8 —
Sk | 7 05 cevt
o T = -t=0.5 Ge'
g r o Q 0.1:
6 8 9
E g
e B 0.1
E 3 indi=s058 1ot =8638
E e 50 100 150 200 250 300 35 50 100 150 200 250 300 35
3L 11 or
oF ’ BSA as a function of ¢ for representative —t bins
E (Q*= 2.48 GeV?, zp = 0.27). The red line shows the sin ¢ fit.
0: L L

0.1 0.2 03 0.4 0.5 06
B

@ Amplitude involves polarized GPDs Ci 53 4(x, &, A?);
@ BSA is a twist-3 effect;
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Experimental perspectives

@ NA DVCS and A 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 7~ ATT extracted;

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

arXiv:2306.09360v1 [nucl-ex]

6000(— =
% 106 Gev 1
Ng 184 5000 1\ E
O 16
14 4000| \ E|
:i 3000 1
8 2000~ 4
6 N226eV q
4 1000|
2 |
o 25 3 35
0 M., [GeV]

Figure 40: Comparison of the available phase space, accessible with the present CLAS12 setup, in Q2 —
zp3 or the = A** process under forward kinematics (—¢ < 1.5 GeV?) (left) and for the 7+r~ invariant
mass of the same process, which is used to suppress the dominant p production background by the cut on
M(r+7~) > 1.1 GeV, indicated by the yellow line (right) for a 10.6 GeV, 18 GeV and 22 GeV electron
beam.

@ Can we get access to the complete angular distribution of NA DVCS/DVMP and 7A
production cross section?

@ A sizable 7~ AT BSA a challenge for theory: twist-3 observable;
@ Extension to small-xg and studied for the EIC conditions necessary;
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Summary: physics contents of N-d DVCS and DVMP

© New tool for baryon spectroscopy: arbitrary spin-J probe and PW
analysis of excited states.

@ A new bridge between PW analysis and QCD.

© Access to N — N* EMT matrix elements: mechanical properties of
resonances.

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

© GPD formalism worked out for N — A(1232), P11(1440), D13(1520),
511(1535)
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Backup
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N — 7N transition GPDs

M. Polyakov and S. Stratmann, arXiv:hep-ph/0609045
@ Unpolarized N — /N GPDs:

/ 2NN (ply) 7 ()~ An/2) (A /2) N (o)) = 2 ZU (k) Ti7*H;” Uen)

m = pPytputp
Py LA S R ﬁvs: (Rl
n-P mpy mpy 2

)

A guide to the kinematical variables of H (x £ A% W N @ tg):

@ N invariant mass W2, = (p’ + pr)?
@ t; = (py+pr—pn)? = (q—q')? = A2 . ,
AR Y@ > @)
Qo t= (PN - Pn)
— n-A
@ Skewness { = — 5
]

Relative pion longitudinal momentum
of the TN system:

= ~TCH(PRJ
n-pr
= 7 £ Ny ) Ny)
n- (py + Pr)
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On physical meaning of «

% Related to mNN decay angle 0 defined in the 71N CMS = B* rest frame:

2 2 2 2 2 2 *
W2, — my, + ms + AN(W2,,, my,, mz) cos 0

a = >
2Wey

+0(1/2%),

where A is the Mandelstam function

N(x,y,2) = \/x2 = 2xy — 2xz + y2 — 2yz + 22.

@ On the pion threshold W,y = my + my:

Mz

(64 = -
‘thrcshold my + mx
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Some properties of N — 7/N transition GPDs

@ Soft pion theorems P. Pobylitsa, M. Polyakov, and M. Strikman'01 fix N — 7N GPDs at
the threshold W = (My + my) in terms of nucleon GPDs and pion DA;

@ E.g. soft pion theorem for N — 7N transition matrix element M. Polyakov and S.
Stratmann, arXiv:hep-ph/0609045

(N (p') 7*(K) | 0P(N)| N(p) )

of the isovector light cone operator OP = 1(—An/2)p7b(An/2):

Ob Eabc O‘F ’f;[ gabe Oc /f

@ N — 7N transition GPDs are real at the threshold but generally not necessarily real
functions;

@ N — 7N transition GPDs contain information on mN resonance spectrum. Can we take it
out?
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N — N GPDs and PW analysis of the 7/ system
@ M. Polyakov'98: H; (X,§7 (041 55 W2) — HLLJ (x,ﬁ,A2; w2, tz) PW expansion in o
I : isospin; L: PWina; i— J=L4+1/2 (total angular momentum).

@ N.B. N — w/N GPDs develop Im part above /N threshold. Relation to w/N scattering
amplitude (Watson theorem):

ImH"E (x, €, A% W2, 1) = tan [3157 (W2)] ReH! b (x, €, A% W2, );

8L (W?) — 1N phase shifts.
@ A solution R. Omnes’1958:

N—1 2N o, L,J
w oo é (s)
L) 2\ _ 0L, 2 2k N
H (x,g, w ) —H (x,g, Wm) exp { k§:1 W we, ds sy W) } .

o HhLJ (X,{, Wtzh) and ¢, fixed by near threshold behavior &

@ Known 7NN phase shifts 6;’,@‘J(s) from 7N scattering.

@ N* resonances built in the solution! How to get them out?
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How to treat the angular structure?

@ Partial wave expansion both in 0% < « and ¢} (studies underway)

oo 4
H (.6 A% W20, 05,05) = > D Yem(05, @5 Him(x, & A% W2y).
£=0 m=—¢
k| Py (cos6) cos(mep) P} (cos6) sin(|jm|p)
0'S z
1p @ ] ® XAY
2/ d . ‘0 Fy 9. o'e
o f R
49 KX L L X KRN
sih| ok 38 % % ¥ 4% % X Mo
Sliloc ok % % # o4 % % K Ko
mi 6 5 4 3 2 1 o(-1 -2 -3 -4 -5 -6
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