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Introduction

Deeply Virtual Compton Scattering (DVCS)

Chiral-even GPDs:
| / * w{\}\ﬁy (helicity of parton conserved)

Y
QZ
R — —__factoriza; for sum over
’’’’’’’ e ¢ ““'Z“al'ff H%Y (337 ga t) E9Y (337 57 t) parton helicities
X X -
N N ~ ~ .
q,q q,q9 for difference over
G PDS H 7 (,ZIZ, 57 t) E , (fL‘, 57 t) parton helicities
T~ 7 nucleon helicity nucleon helicity
t conserved changed

factorisation for |t|/Q2 « 1
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Introduction

Nucleon tomography: ongitudinal ..
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- Shear stress

Energy momentum tensor in terms of form factors
(OAM and mechanical forces):
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Normal stress
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Introduction

Total angular momentum:

1/2

A%(0) + B1(0) = / r|HY(x,£,0)+ E9(x,£,0) = 2J1

JI'S sum rule

“Mechanical” forces acting on quarks, e.g. pressure in nucleon center:

0
[ dr/—11C(1)

— OO

0) =
p(0) Yy
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Introduction

VCS processes provide the most straightforward way to access GPDs
(at least from theory side...)

N
DVCS TCS DDVCS
Deeply Virtual Compton Timelike Compton Double Deeply Virtual
Scattering Scattering Compton Scattering

* many measurements, see e.g.:

EPJA 52 (2016) 6, 157 first measurement by CLAS ’ hever measured
« description up to NNLO and PRL 127 (2021) 26, 262501 *  description up to NLO and
twist-4 available «  description up to NLO and twist-2 available
PRL 129 (2022) 17, 172001 twist-2 available (preliminary tw-4)
JHEP 01 (2023) 078 (preliminary tw-4)

more production channels sensitive to GPDs exist!
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DVCS Compton Form Factors

Cross-section for single photon production ({+ N — [+ N + y):

Y 0 Y Y
ocx || =|dpgy+ Apycs|” =Lyl + 1 Lpyes|™ +F

Bethe-Heitler process DVCS

.7 =

calculable within QED calculable within QCD
parametrised by CFFs

parametrised by elastic FFs

Im% (& t)L=07rZezH‘1(+)(<f E, 1) Re7 (S t)=PVr§Im%(§’ t)( ] >+C ()
’ ~ > | \e—g ExE) T

o 7t
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Shadow GPDs V. Bertone et al.,

Phys. Rev. D 103 (2021) 11, 114019

15
= (K model
= 10 -
S == = 4+ NLO shadow
Lﬂr
Shadow GPDs have considerable size, but: X
e at arbitrary initial scale do not contribute to PDFs and CFFs T =27
* at other scales contribute negligibly —10 - . . ! . .
0.0 0.2 0.4 0.6 0.8 1.0
making the deconvolution of CFFs ill-posed problem A 1 —— GK model '«\
ol 107 — = 4 NLO shadow I
| 5 - I \

We found such GPDs for DVCS for both LO and NLO
(for discussion see also PRD 108 (2023) 3, 036027)
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Analyses not requiring de-convolution

probing nucleon tomography at low-xB (see: JHEP 09 (2013) 093)

2

2
d® /(dzp; dQ? dt) o (ImH (€, 1)) o [ D eZHIH(E,6,8) | oc [ Y e2HIH(E,0,1)
q q

extraction of D-term (see: Nature 570 (2019) 7759, ET,

EPJC 81 (2021) 4, 300)

10

@ E=02and Q2= 2 GeV2

ANN analysis
5
" Model dependent extraction y
3 oo
[ =
di(t, up) = di(uz) (1 — F) _
1 0.2 04 06 08 1 a=3 A=0.8GeV - S
-t [GeV?]

//////‘ .

7%

~
J

Froissart-Gribov projections (see: PRD 109 (2024) 5, 054010)
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Froissart-Gribov projections - spin 0 K. Semenov-Tian-Shanskyand P.S.

PRD 109 (2024) 5, 054010
FG projections are obtained by reconstructing cross-channel partial wave —

expansion amplitudes from the dispersive representation of the amplitude in the direct channel.

In cross-channel: ’Y* (q) + 7y (—q') — h (p') + ﬁ(—p)

®. @)
Expansion in the cross channel SO(3) partial waves:  H_ (cosf;,t) = Z Fj;(t)Pj(cos ;)

even
L 2J +1 [* B
which gives: Fj(t) = ; d(cos ;) Py (cos@;) Hy (cosby,t)
~1
In direct-channel: Y*(q) + h(p) = v (¢') + A (p’)
20 H | ( 4
Dispersion relation: Re ., (€, 1) p/ dr 2t + L) 92” 1) - 4D(t)
— X ﬁ = 1
. 12 in the current analysis
where: cos 0, —s - O (1/02 = \/1 (see the publication for
t &0 (1/Q°) i t discussion of
consequences)
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Froissart-Gribov projections - spin 0 K. Semenov-Tian-Shanskyand P.S.
PRD 109 (2024) 5, 054010

weight functions

5.....,....,....,

Final result:

FJ=0(t) — 2/0 dz (QO(]'/:B) 1) H+(£E,£I3,t) +4D(t)

T2 T

(x, x,t)

Frso(t) = 2(2J + 1) /1 dx Q"(y:’:) H

0 b

X
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Froissart-Gribov projections - spin 2 K. Semenov-Tian-Shanskyand P.S.
PRD 109 (2024) 5, 054010

Electric combination:

H_(_E)(:z:, cos,t) = Hy(x,cosb;,t) + TEL(x,cosby,t) T = t/(4m?)

helicities of pp couple to [A-A"| = 0
has to be expanded in P;(cos 8,) rotation function

Magnetic combination:

H:(:M)(a:, cosb,t) = Hy(x,cosb;,t) + E(x,cosby,t)

helicities of pp couple to |[A-A'| = 1
has to be expanded in sin 8,P}(cos 6,)/1/J(J + 1) rotation function
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Froissart-Gribov projections - spin 2

Final result:

FE (1) =2 / 4 [20/8) L] e a1 — 1Dy
0 . T L
R0 =200 +1) [ 6022 O,
F}M)(t) = 2/01 d:cH_(I_M)(a:,a:,t) Jz(:;: \/ —10%(1/x)

value

125}

0.25}

K. Semenov-Tian-Shanskyand P.S.
PRD 109 (2024) 5, 054010
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K. Semenov-Tian-Shanskyand P.S.

Froissart-Gribov projections - spin %

PRD 109 (2024) 5, 054010

Numerical estimates - electric case:

__ GK
S e ===== MMS
cecesees KM

ANN
I (EPJC 79 (2019) 7, 614)

(E),DVCS(t)

Fi=o

thin lines and dark bands
are estimates for only GPD H

FJ=0(E),DVCS(t)
(E).DVCS(t)

Fi->

plots for Q2 = 2 GeV~
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K. Semenov-Tian-Shanskyand P.S.

Froissart-Gribov projections - spin 2
PRD 109 (2024) 5, 054010

Numerical estimates - magnetic case:

0,005 -+ |
1 £ 0.0025. _'
L i ol ——— — GK
T = >
e 6 6 6 o o o o KM
ANN

(EPJC 79 (2019) 7, 614)

(M),DVCS(t)

(M),DVCS(t)

thin lines and dark bands
are estimates for only GPD H

Fi->
Fi=6

See the publication for more, plots for Q? = 2 GeV?
in particular for sum rules connecting FG projections with Mellin moments
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Double DVCS K. Deja, V. Martinez-Fernandez,

B. Pire, PS, J. Wagner
Phys. Rev. D 107 (2023) 9, 094035

* The process allows to directly probe GPDs outside x=¢ line,
but is much more challenging experimentally

f = Q>+ Q-
- 20%x5 - Q- Q7
1
(H,E)(p,&,t) = ) / dz C7)(z,p)(Hy, Ey)(x,&,1) _,0°-07
f={ud,s}” 1 P = T 0P
g u+
(£) 1;0 6_f : 1 1 1 -
Cs (x,p)—(e) (p—m—z’() __,O—I—a:—z'()>

* We revisit DDVCS phenomenology in view of new experiments, including
reevaluation of DDVCS and BH cross-sections with Kleiss-Stirling spinor techniques

e Obtained results are available in PARTONS and EplC MC generator
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Double DVCS

DVCS
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Double DVCS

DVCS TCS
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Double DVCS

DVCS TCS In ep experiments
e e ,u"‘
e q’2:0
| 4
-
aem already here (in I')!
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Double DVCS

DVCS TCS In ep experiments DDVCS

e e ,u_l_
- g2 =0 -
A é
q qd1
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N N
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Double DVCS K. Deja, V. Martinez-Fernandez,

B. Pire, PS, J. Wagner

0————————————— 0.2 20000 — 0.2
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Double DVCS K. Deja, V. Martinez-Fernandez,

B. Pire, PS, J. Wagner
Phys. Rev. D 107 (2023) 9, 094035
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Double DVCS K. Deja, V. Martinez-Fernandez,
B. Pire, PS, J. Wagner

Unpolarised cross-section Phys. Rev. D 107 (2023) 9, 094035
integrated over

0<d<2mand /4 < 6l < 3/4 corresponding ALU asymmetry
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Double DVCS K. Deja, V. Martinez-Fernandez,

B. Pire, PS, J. Wagner
DVCS limit

Phys. Rev. D 107 (2023) 9, 094035
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Double DVCS at twist-4 V. Martinez-Fernandez,

B. Pire, PS, J. Wagner

e Starting point: OPE + CFT (Braun-Ji-Manashov result) preliminary
(see: JHEP 03 (2021) 051 and JHEP 01 (2023) 078)

T — / d*z 7% (p/|T{(2)5* (0)}|p)

- 1 1
_ 1, / ai {( —_ |g6(1,0) - 240" / du 0(a,0) — 2/(9* — iAW) / dv O(1,0)] ..
0 0

im2 —22 +10)?

where @, 6., 0, are matrix elements (p’|O|p), (p’|O1|p), (p’|Os|p) containing information about GPDs

* For spin-0 target:

R =(qq")* + 020"
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Double DVCS at twist-4 V. Martinez-Fernandez,

B. Pire, PS, J. Wagner
preliminary

ATT = AT L+ Loy + Iy + Ty + Ly + Liw) + Loy + L) + L

_ 1 t | tE—p) H™)
‘5/_1d”’{_(1 2Q2 ' Q? 8“)w—p i0

- ~

t Py — I,E)(iii) £&(J+ L)
P + Fa > >

§ z — p+10 §+p —{—p+i0\ = - (+)
x+£(ln(s—p—-z‘0> 2 ln(f—p+z'o) P“’)_H

.
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Double DVCS at twist-4
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Double DVCS at twist-4 V. Martinez-Fernandez,
Aldog = lim AT :
B. Pire, PS, J. Wagner

p—E
* In Q'2—0 limit (DVCS) expression agrees _ 1/1 ged _(1- 1 H™) preliminary
2 /4 2Q3vog /) ¢ — € +10 —

with Braun-Ji-Manashov result

2 | 1 z — &+ 10 1 . (TFHE) . - (+)
- _x+€1n( =y )+x_£(L12( 25) L12(1))_H+

* New result for Q2—0 limit (TCS) A = lim A*
1 [t 5 t H®)
N 5/_1d:c { - (1_ 5szrcs) T+ §(1—2t/Q"?) +10
26 | 1 . ([ z—¢ 1 (. (z=&\ . & (+)
N Q% s [m—f Lo ( 2¢ > * T+ ¢ (Ll2 ( 28 ) = (1)) glbros JTCS)]H )
t 26 26 . Tz —¢& 2£ . r—¢& . §Ltcs
- Qs (x+£+io tog® (_ 2¢ ) " x+£(Ll“‘ (_ 26 ) B L”(”) 2

RS x + &+ 10 (+)
e (T ))H+]

O¢

D> 26 . x—& 2 . x—& . £ z + &+ 10
(w—€Ll2(_ 2 )+w+£<h2(_ 2 )_LIQ(I))U—ém( 2

+ 2L 26°07
- €LTCS + ln (CL' +£+7/0))H(+) } + O(tW—6),

Q%cs
2 x—&+10
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Double DVCS at twist-4

e Numerical estimate:
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preliminary
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T

LT+HT corrections

(up to tw-4)

£=0.2
12 =19 Ge\V?

GPD model from:
PRD 105, 094012 (2022)
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Lattice-QCD

* Exploratory study to include lattice-QCD results!

Reduction of GPD model uncertainties due to
inclusion of pseudo-latticeQCD results
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* Take-away messages:

* virtual Compton scattering processes are important for measuring GPDs.
« DVCS and TCS only give limited access to GPDs,
but still offer a wealth of important information:
* nucleon tomography at low-xB
* "mechanical” properties
* Froissart-Gribov projections (now also for spin 1/2 target)
« DDVCS allows to avoid limitations of DVCS and TCS, but is much more difficult to measure
 new DDVCS description (including pheno. studies) available
 new evaluation of DDVCS (and also TCS) amplitudes in terms of twist expansion will become available soon
* new impact studies of lattice QCD data inclusion
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Froissart-Gribov projections - spin 0 K. Semenov-Tian-Shanskyand P.S.
PRD 109 (2024) 5, 054010
Dual parameterisation: —_— —

piesn=s S 8 min(1-2) (- 2) e () ()

1 N+1
/ d:lJiENH+(£IJ,€,t)= Z hN,k(t)gk
0 k=0
where:
N n+l k—l—N
et l— N1 I (1 ) (n+1)(n+2)I(N + 1)
hk(t) = B (t) (1) e — !
Z L T (5 B Tk M T (L 50T (3 + 15)
E.g

1
/ dex Hy (x,€,t) = 6315’2(t) €2 (4315’0(t) 2315’2(t)>
0
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Froissart-Gribov projections - spin 0 K. Semenov-Tian-Shanskyand P.S.
PRD 109 (2024) 5, 054010

This gives: — —
Fr=o(t) =4 " Bao(t) =4 Bav-10(t
=
Frso(t)=4 Y  Bns(t)=4) Biia-1,4()
n=J-—1 v=0
odd

The relations allow us to define "sum rules”, e.g. for nu = 1:

FJ:()(t) = 4 (Bl,o(t) —+ .. ) = §hl,O(t) + 5h1,2(t) + {

contribution of conformal PWS}
3

with v > 2

7

Fr_o(t) =4(B12(t) + B32(t) +...) = —6h1,0(t) + 9h3,0(1) - 221 hs,2(t) + {

contribution of conformal PWs
with v > 2
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Froissart-Gribov projections - spin 0 K. Semenov-Tian-Shanskyand P.S.
PRD 109 (2024) 5, 054010
Modified dual parameterisation: - -

s S T2 2%\ 372 (T 1
e =23 5 0800 (1- ) (1- ) @ () A (g5)

odd even

5—4/1 4m?
Coefficients of Mellin moments: N L
1 N+1
/ diBZIINH_|_ (33, ga t) — Z hN,k(t)gk
0 k=0
even
h i Til ﬂH_k N — 1B ( )( 1) k"'l_N_l I (1 k—ZQ—N) (’I’L 1)(n 2)F(N 1)
N k(1 n,l . k+Il—N . N—n . N+n
o o 2T (5 + M5 D@~k N) T (1+ Y32 T (5 + 52)
To keep these coefficients regular at t=0 one has to assume: For 5 # 1 FG projections get admixture
Broniti (t) =By, nt1 (t) from higher spins
_ 1 _
Bun1() = Buns(9) — (1= 8) (5 =) B0

spin J=n-1 spin J=n+1
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Froissart-Gribov projections - spin 2 K. Semenov-Tian-Shanskyand P.S.
hep-ph/2312.09624

Sensitivity of FG projections on the shape of DD profile function
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