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Introduction

From Wigner distributions to GPDs to PDFs

6D/5D Wigner distributions
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inclusive processes
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Introduction

DIS and collinear factorisation

Deep Inelastic Scattering DIS: inclusive process
= 1-dimensional structure

= Collinear factorisation at the
cross section level

Coefficient Function ® Parton Distribution Function
(hard) (soft)
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Introduction

GPDs: Deeply virtual Compton Scattering (DVCS)

DVCS: exclusive process (non forward amplitude)
Fourier transf.: t <> impact parameter
= 3-dimensional structure

Collinear factorisation implies

Coefficient Function ® Generalized Parton Distribution
(hard) (soft)
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Introduction

GPDs: Deeply virtual Compton Scattering (DVCS)

DVCS: exclusive process (non forward amplitude)
Fourier transf.: t <> impact parameter

= 3-dimensional structure
Collinear factorisation implies

Coefficient Function ® Generalized Parton Distribution
(hard) (soft)

GPD H(x,¢&,t):

x: Average momentum fraction of nucleon carried by the partons

&: Longitudinal momentum fraction transferred to hard part

t: momentum difference squared of nucleons

[X. Ji: hep-ph/9609381], [A. Radyushkin: hep-ph/9604317, hep-ph/9704207]

[J. Collins, A. Freund: hep-ph/9801262], [D. Miiller, D. Robaschik, B. Geyer, F.-M. Dittes,

J. Horejsi: hep-ph/98124438]
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Introduction

GPDs: Deeply Virtual Meson Production (DVMP)

DVMP: ~ replaced by p, 7, --

GPD ® CF  ® Distribution Amplitude
(soft) (hard) (soft)

[J. Collins, L. Frankfurt, M. Strikman: hep-ph/9611433]
[A. Radyushkin: hep-ph/9704207]

proofs valid only for some restricted cases
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Definitions

Quark GPDs at leading twist-2

Quark GPDs at twist-2 [M. Diehl: hep-ph/0307382] (Note: A = p’ — p)

d o
o= 5 ST WAt il
1 A,
= 27 [H (& ) 8P ulp) + E(x. &, 8) ap )"’mu<p)].
. £=0,t=0
Forward limit: H9(x,&,t) ———— PDF g(x)
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Definitions

Quark GPDs at leading twist-2

Quark GPDs at twist-2 [M. Diehl: hep-ph/0307382] (Note: A = p’ — p)

zt=0,z, =0

Fo= 5 [ S e w12y a2 )
3 | HO 60 86 alp) + 90,61 ) T3 ()

£=0,t=0
5

Forward limit: H9(x,¢&, t) PDF g(x)

Gluon GPDs at twist 2 [M. Diehl: hep-ph/0307382]

1 dZ +.,—
F& = ixP™z NG G+
e e (P16 (= ) ( NP oo
1 icteA,,

u(p)

~2p+ 2m

[Hg(x €. 0y u(p) + E5(x,€. £)i(p)

Forward limit: H& “=2=% pDF xg(x)
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Exclusive quarkonium photoproduction and GPDs

Factorisation at the amplitude level:

A= [ 11 dx /0 e H(x)6(2)C(x, 2)

H(x): Generalised parton distribution (GPD)
¢(z): Distribution amplitude (DA)
C(x, z): Coefficient function (CF)
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Exclusive quarkonium photoproduction and GPDs

Factorisation at the amplitude level:

A= [ 11 dx /0 e H(x)6(2)C(x, 2)

H(x): Generalised parton distribution (GPD)
¢(z): Distribution amplitude (DA)
C(x, z): Coefficient function (CF)

e No all-order proof of factorisation but NLO result indicates that it works
[D. Ivanov, A. Schafer, L. Szymanowski, G. Krasnikov: hep-ph/0401131]
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Exclusive quarkonium photoproduction and GPDs

Factorisation at the amplitude level:

A= [ 11 dx /0 e H(x)6(2)C(x, 2)

H(x): Generalised parton distribution (GPD)
¢(z): Distribution amplitude (DA)
C(x, z): Coefficient function (CF)

e No all-order proof of factorisation but NLO result indicates that it works
[D. Ivanov, A. Schafer, L. Szymanowski, G. Krasnikov: hep-ph/0401131]

Generalised to electroproduction in [C. Flett, J. Gracey, S. Jones, T. Teubner:
2105.07657] See also talk by Chris
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Leading order amplitude

» Exclusive J/1) photoproduction
probes gluon GPDs only at LO.

» Employ static limit (NRQCD):
= ¢(z) ~ d(z —1/2).

A= ey T

1
v v d H b b)
T = g /7X {Cgm <£)g(xx§ MF)}
]

X

o (€Y FLo
CgO (x) [1 N % B iésgn(x)] [1 - % + iésgn(X)}

oty ((0s1)) % % %
N\ sm | STz e T awg,

Fro = 4maseeq
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Leading order amplitude

» Exclusive J/1) photoproduction
probes gluon GPDs only at LO.

» Employ static limit (NRQCD):
= ¢(z) ~ d(z —1/2).

A= ey T

1
v v d H b b)
T = g /7X {Cgm <£)g(xx§ MF)}
]

X

o (€Y FLo
CgO (x) [1 N % B iésgn(x)] [1 - % + iésgn(X)}

oty ((0s1)) % % %
N\ sm | STz e T awg,

Fro = 4maseeq

Large W, (small x in inclusive physics) <+ small £
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Imaginary part of amplitude
DGLAP and ERBL regions

DGLAP; ERBL DGLAP-
» Evolution equations different in ERBL/DGLAP regions.

» ERBL region shrinks as W, increases.
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Imaginary part of amplitude
DGLAP and ERBL regions

DGLAP; ERBL DGLAP,
» Evolution equations different in ERBL/DGLAP regions.

» ERBL region shrinks as W, increases.
For LO amplitude:
» Picks up imaginary part at x = £€.
ImC;© (i) = —w% [5 (i — 1) +0 (i + 1)}
g Fio

5 Hg(€7€)
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Modelling the GPDs
Double distributions

Hi(x, €) = / dﬁ/l ™ dd(5 + ta—x) di(B.a).

1+|8|

» Based on double distributions (DDs) [A. Radyushkin: hep-ph/9704207].
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Modelling the GPDs
Double distributions

1-18|

Hi(x,€) = / a5 [ dad(3+a - x)di(5.a).
1481

» Based on double distributions (DDs) [A. Radyushkin: hep-ph/9704207].

» DDs d;(8,«) even in . = polynomiality property of GPDs
1 n o i
/ldxx"H,-(x,g, )= > (26YAL,(t)+mod(n,2)(26)"Ch 1 (1),

j=0, even

» Consequence of Lorentz invariance [X. Ji: hep-ph/9807358].
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Modelling the GPDs
Double distributions

Hi(x, €) = / dﬁ/l ™ dd(5 + ta—x) di(B.a).

1+|8|

» Based on double distributions (DDs) [A. Radyushkin: hep-ph/9704207].

» DDs d;(8,«) even in . = polynomiality property of GPDs

1 n

/ dxx"Hi(x,&, ) = > (26Y AL ;(t) + mod(n,2) (26)"C L4 (1),
-1 j=0, even
» Consequence of Lorentz invariance [X. Ji: hep-ph/9807358].
» Fix t = tmin.

> Neglect D-terms [M. Polyakov, C. Weiss: hep-ph/990241].
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Modelling the GPDs
Double distributions

Forward limits of GPDs: factorisation of the double distributions:

di(B8,a) = fi(B) x hi(B,a)

such that the profile function h;(8, «) satisfies

118
/ dahi(,a) =1

—1+(B]
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Modelling the GPDs
Double distributions

Forward limits of GPDs: factorisation of the double distributions:
d,'(,B,Oé) = ﬁ(/B) X hi(ﬂaa)
such that the profile function h;(8, «) satisfies

118
/ dahi(,a) =1

—1+|8]
To reproduce the correct forward limits,

fe(B) = 181g(I51)
fo™(B) = 0(B)avar(|81) .
fg°(8) = sen(B)qsea(l5])
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Modelling the GPDs
Double distributions

Forward limits of GPDs: factorisation of the double distributions:
d,'(,B,Oé) = ﬁ(/B) X hi(ﬂaa)
such that the profile function h;(8, «) satisfies

118
/ dahi(,a) =1

—1+(B]
To reproduce the correct forward limits,
fe(8) = Ble(IBl)
fo™(8) = 0(8)qwar (181 -
£ (8) = sgn(B)gsea(lBl)
For the profile function [A. Radyushkin: hep-ph/9805342, hep-ph/9810466]
h(B.a) = Cn+2) ((A=|8)° —a?)”
A R I R )i

n; <> width of the profile function (generates skewness):

n; — oo = no £ dependence in GPDs
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Modelling the GPDs

GK-inspired model

Our approach inspired from Goloskokov-Kroll (GK) model [s. Goloskokov,
P. Kroll: hep-ph/0611290]
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Our approach inspired from Goloskokov-Kroll (GK) model [s. Goloskokov,
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GK use a custom parameterisation of CTEQ6M PDFs in order to
reproduce DVMP data at small-x.
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GK use a custom parameterisation of CTEQ6M PDFs in order to
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In our case, we use modern PDF sets in f;(3), focusing mainly on
CT18NLO.

Note: Approach not unique
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Modelling the GPDs
GK-inspired model

Our approach inspired from Goloskokov-Kroll (GK) model [s. Goloskokov,
P. Kroll: hep-ph/0611290]

GK use a custom parameterisation of CTEQ6M PDFs in order to
reproduce DVMP data at small-x.

In our case, we use modern PDF sets in f;(3), focusing mainly on
CT18NLO.

Note: Approach not unique

Choose o = 2GeV, ng™ = ng = 2 and nzal =1.
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Modelling the GPDs
GK-inspired model

Our approach inspired from Goloskokov-Kroll (GK) model [s. Goloskokov,
P. Kroll: hep-ph/0611290]

GK use a custom parameterisation of CTEQ6M PDFs in order to
reproduce DVMP data at small-x.

In our case, we use modern PDF sets in f;(3), focusing mainly on
CT18NLO.

Note: Approach not unique
Choose g = 2 GeV, nf,ea = ng =2 and nzal =1.

Full LL GPD evolution performed, using APFEL++4 [V. Bertone, H. Dutrieux,
C. Mezrag, J. M. Morgado: 2206.01412]
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LO cross section

- T T
L CT18NLO: 9-pt var. LL GPD evol.
D 105 L CT18NLO: g =G M, pp =M M =3.1GeV ]
() CT18NLO: pp =g M, lg = M Crr € [0.5:2]
o H1(2006) —a—i LO CF
£
104 L E
10
5
[
=
el
L3t 0 4
o z
iy 25253
= ( %%
T 102 | 4
o
=
[
T 10! L I
10! 102
Wy, [GeV]

For small values of ufg, cross section does not increase with energy.
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LO cross section

—_ . .
'7'> [ JR14NLOOSFF: 9-pt var. LL GPD evol.

D 105 | JRIANLOOBFF: pg = g M, e = M M = 3.1GeV

@ 10° £ JR14NLOOSFF: yp = ¢ M, g = M Trr € [0.5:2] E
et E H1(2006) ——  LOCF

£ [

S10% L 4

100

= E

Il r
p £

= [

St £ J
o

iy b 25355

= [ z 5%

=

T 102 4
o
> £

= [
T 10! L I

10t 102
Wy, [GeV]

For small values of ug, cross section does not increase with energy.

— CT18NLO PDF set used to construct the GPDs has a local maximum at
small x...
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NLO amplitude

NLO amplitude has contributions from both quark and gluon GPDs:

Imaginary part comes fully from the DGLAP region (€ < |x| < 1)

Exclusive J /1 and T photoproduction at 1-loop with QCD Evolution and high-energy resummation 14/32



NLO cross section

— 106
N LO CF, CT18NLO: 9-pt var.
> LO CF, CT18NLO: pr =g M, pjg = M
8 S NLO CF, CT18NLO: 9-pt var. E==1
10° ENLO CF, CT18NLO: i = e M, pr = M E==<1 E
-8 H1 (2006) —— &
= NN
c104 QR
£10 AR
£ AR
T R R
RTINS
=RUa AR
8 R
3 AR
o O A S S A N A A S O A SR
2 77 O e ety
N L e N .
Z -
= -
)
LL GPD evol.
1L
a 10 M =3.1GeV
> T € [0.5:2]
[}
T 100 - 1
10! 102

Wyp [GeV]

NLO prediction has huge uncertainties at high energies.

Already observed in the original paper [D. Ivanov, A. Schafer, L. Szymanowski,
G. Krasnikov: hep-ph/0401131].
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Origin of problem for NLO cross section

1
Y E C d
TLoD gJ‘ Lo Hg(fag) ('MR A (4/1 )/ XHg
3

& T

1
S(ur)Ca C Mm?
AL () [ttt - e
3

Hg(x, &) ~ const, as x — £ for small £
= appearance of In¢ (high-energy logs).
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Origin of problem for NLO cross section

1
gJ_VFLO as(pur)Ca CA /%
Taio 2 ¢ Hg (€, €) + - (4/1 ) x Hg (x
§

1
S(ur)Ca C Mm?
AL () [ttt - e
3

Hg(x, &) ~ const, as x — £ for small £
= appearance of In¢ (high-energy logs).

Same thing happens in the quark case, since

HSP (x,€) = Hy(x,€) — Ho(—x,6) ~ L as x,6 > 0

Large In& contributions are purely imaginary and come from the DGLAP region
(€ < |x] <1).
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Origin of problem for NLO cross section

1
gJ_VFLO as(pur)Ca CA /%
Taio 2 ¢ Hg (€, €) + - (4/1 ) x Hg (x
§

1
S(ur)Ca C Mm?
AL () [ttt - e
3

Hg(x, &) ~ const, as x — £ for small £
= appearance of In¢ (high-energy logs).

Same thing happens in the quark case, since

HSP (x,€) = Hy(x,€) — Ho(—x,6) ~ L as x,6 > 0

Large In& contributions are purely imaginary and come from the DGLAP region
(€ < |x] <1).

Opposite sign to LO for ug > M/2.
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Why large scale uncertainties present?

In the DGLAP evolution of low & GPDs, the probability of emitting a new
gluon is strongly enhanced by the large value of In&.
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Why large scale uncertainties present?

In the DGLAP evolution of low & GPDs, the probability of emitting a new
gluon is strongly enhanced by the large value of In&.

In contrast, the NLO coefficient function allows for the emission (and
reabsorption) of only one gluon.

—> we cannot expect compensation between the contributions coming
from the GPD and the coefficient function as we vary the scale ufr .
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Why large scale uncertainties present?

In the DGLAP evolution of low & GPDs, the probability of emitting a new
gluon is strongly enhanced by the large value of In&.

In contrast, the NLO coefficient function allows for the emission (and
reabsorption) of only one gluon.

—> we cannot expect compensation between the contributions coming
from the GPD and the coefficient function as we vary the scale ufr .

= Hints towards a solution through resummation of these
logarithms...
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Instabilities in the inclusive case

Solution through resummation

T T
b CT18NLO, NLO, M=3 GeV, z<0.9  ‘Oyf5n.®L var =54 [ CT18NLO, NLO+HEF, M=3 GeV
[ <03s,1>=1.79 GeV3 + 20% y(25) feeddown LOWNLO, e g Spt. var, 5 | L ln(l+n)-res., default scale,
L0 - <0[3s,111)>=1.79 GeV3 + 20% y(25) feeddown

LO+NLO

LO+NLO+HEF, InEW match., e g 5pt. var. o)

0k L0110, yr-0.855,
F o

S f { =

0 o8 DRRRIE %

ES SODOSKSIEIIRIIS O

S — SIRRRXRRRS 2

7 JOSm RIRIIIIRIXK 3

S0t %%’Q’Q’ X Lot .

£t odete X i LO, Mg, 5pt. var. ===

v [ & RN s InEW matching ‘uncertainty

LO+NLO+HEF, Subtr. match., g 5pt. var. z==2

: Q ) 0.
L N % X KK LO+NLO+HEF, InEW matching
LO+NLO+HEF, Subtr. matching — =
0 \\ h &XS\ X b y 0 + + + P + nExP'l daltal ——+
10 i 10 T

520 520

15

B0 T i 3

!E‘i’ . L PR ———— X 0 . A | . L
0! 10° 10! 10

102 102
Vsyp [GeV] Vsyp [GeV]

In J-P. Lansberg, M. Nefedov, M. Ozcelik [2112.06789, 2306.02425], instabilities in the
total inclusive photoproduction cross sections of pseudoscalar quarkonia
and vector S-wave quarkonia are cured by resumming the high-energy
logarithms.
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Instabilities in the inclusive case

Solution through resummation

T T

F CT18NLO, NLO, M=3 GeV, z<0.9 ‘O 45PL var =5 4 b CT18NLO, NLO+HEF, M=3 GeV

[ <03s,1>=1.79 GeV3 + 20% y(25) feeddown LOWNLO, e g Spt. var, 5 | L ln(l+n)-res., default scale,
L0+«

n(1+n)
<0035, (111>=1.79 GeV? + 20% y(25) feeddown

LONLO ——

LOSNLO, pip=0.869°M, pg=h
Exp. data

)
=
§ & SOOORNSNEKEIDEE,
2 L L SR IRRIRIRRRRIKRS
4
*
z
=]

02

B

T

et

SRR
N “&%’0:0:0 :
KRR

o (y+p~J/y+X) [nb]

LO, g 5pt. var. 0
InEW matching uncertainty
LO+NLO+HEF, InEW match., prg S5pt. var. ==
LO+NLO+HEF, Subtr. match., g 5pt. var. z==2

7 2 g Lo« - -
L N % X KK LO+NLO+HEF, InEW matching
LO+NLO+HEF, Subtr. matching — =
X Exp. data —@—
100 + b h < ' bttt} ' ey e

520 N 520

15 m

B0 T i 3

!E‘i’ . L E——— X 0 . A | . L
0! 10° 10! 10

102 102
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In J-P. Lansberg, M. Nefedov, M. Ozcelik [2112.06789, 2306.02425], instabilities in the
total inclusive photoproduction cross sections of pseudoscalar quarkonia
and vector S-wave quarkonia are cured by resumming the high-energy
logarithms.

Uncertainties even lead to negative cross-sections!
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Multiple gluon emissions:

BFKL ladder and resummation
v » Logarithms are generated by
W\/\‘( (>=: M emission of gluons, with strong

E é ordering in + lightcone

momentum.

» They become large at high
energies, and need to be
resummed.
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Multiple gluon emissions:

BFKL ladder and resummation
v » Logarithms are generated by
W\/\‘( (>=: M emission of gluons, with strong

ordering in + lightcone

E é momentum.

» They become large at high
energies, and need to be
resummed.

» We implement a resummation
of these BFKL-type logs,
consistent with fixed-order
evolution of GPD:
= Doubly-logarithmic
approximation (DLA)
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Implementation of high-energy resummation

HEF resummation of ~ &7 In”’l(g) at integrand level ( &s = O‘STCA) to the

imaginary part of the Cg(g):

—ir F i ¢
CHEF§: ’WLO/dziz h(a2
g x 2 (§> qTCg Xathu/Fa,U’R (qT)a
x) 0
M2
hay) = ———-
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Implementation of high-energy resummation

Resummation factor, Cg; (%,qu,m:,,uR) in the Doubly-Logarithmic

Approximation (DLA) (in order to be consistent with fixed-order evolution
of GPD) is given by the Blimlein-Collins-Ellis formula [hep-ph/9506403]

c(on) (i’q%%’u%) a, |k <2\/@S|n (x)m (%E)) if 02 < 112,
lo (2\/645|n (%) In (:‘é)) if q2T > N%:-

2
~™la
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Implementation of high-energy resummation

Resummation factor, Cg; (%,qu,m:,,uR) in the Doubly-Logarithmic
Approximation (DLA) (in order to be consistent with fixed-order evolution
of GPD) is given by the Blimlein-Collins-Ellis formula [hep-ph/9506403]

i | <2\/@5|n (2)m (fﬁ;)) if g2 < 412,

clg” <§ a7 uf u%») =—
) b 2
Io (2\/as|n (g) In (:‘é)) if g2 > 1i2.

;7
= resums terms scaling like (&5 In (x/€) In(u%/q%))" to all orders in
perturbation theory.

2
~™la
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Implementation of high-energy resummation

Resummation factor, Cy; (%,qu,m:,,uR) in the Doubly-Logarithmic

Approximation (DLA) (in order to be consistent with fixed-order evolution
of GPD) is given by the Blimlein-Collins-Ellis formula [hep-ph/9506403]

c(on) (jﬁmhﬁ;) a, |k <2\/a5|n (x)m (%ﬁ)) if 02 < 112,
lo (2\/645|n (%) In (:'é)) if q2T > N%:-

= resums terms scaling like (&5 In (x/€) In(u%/q%))" to all orders in
perturbation theory.

2
~™la

For the quark channel, the resummation factor is given in the DLA
by:

£ ¢ £ £
ng ( q%’a#%a“%?) = FZ ng qZTa/'L%-_Hu%? —0(1- ; 5(q2r) :

Rl Rl
X X
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Implementation of high-energy resummation
Useful representation in Mellin space:
Yeg ( )’Ygg .

COV(N, o%, pu}, p3) = R(ng)qT
2

ST

dinT(y)

Ygg is the solution to the equation
dvy

%X(Vgg) =1, x(7)=2¢1) —9(7) —e(1=7), »(v)=

ds ag 3
’Vgg:N"’O N R(Vgg):1+o(as)

22/32
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Implementation of high-energy resummation
Useful representation in Mellin space:
Yeg ( )’Ygg .

ST

COV(N, o%, pu}, p3) = R(ng)qT
2

dinT(y)

Ygg is the solution to the equation
&
X)) =1 x(1) =20(1) — (M) =1 =7), w(7) =

A

ds ag 3
’Vgg_ﬁ"'o N R(Vgg):1+o(as)
= %

Drop terms in red: vgg — YN
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Implementation of high-energy resummation
Useful representation in Mellin space:
Yeg < )’Ygg .

ST

COV(N, o%, pu}, p3) = R(ng)qT
2

Ygg is the solution to the equation
&
X)) =1 x(1) =20(1) — (M) =1 =7), w(7) =

A

ds ag 3
’Vgg_ﬁ"'o N R(Vgg):1+o(as)
T

Drop terms in red: vgg — YN =

Mellin transform maps logarithms In (%) to the poles at N = 0:
k—1)!
et () o 52

£
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Implementation of resummation: CF — CHEF

HEF 13 _ *iﬂ@sFLO Lu > . Ly k
ct <;> - Tﬂ”z {/1 (2\/LXL#) —2;L|2k(—1) (E) b1 (2\/LXL#)},

where L, = In[M?/(443)] and Ly = s ln |%].
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Implementation of resummation: CF — CHEF

CHEF <§> _ —imésFLo Ly

& X
where L, = In[M?/(443)] and Ly = s ln |%].
This yields, when expanded in as,

()2

£

X

X

asy.
—Cg

» First two terms in as match the fixed-order CF computation at small x.
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A M? a2 1 |n® 1
71)+ % I <)+ S {Jrln
HERS A - N HE

{

M2
2
Ape

H \/:{/1 (2\/LxLu) - 2§Li2k(_1) (t—;)k b1 (2\/LXL#)} ,

)|+
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Implementation of resummation: CF — CHEF

: . - .

CHEF <§> - Lf“’ Luly (2VLeL) =2 Line(-1) (k) b (2VTE) |
X 2|;| Lx k=1 Ly

where L, = In[M?/(443)] and Ly = s ln |%].

This yields, when expanded in as,

wer (€ _ —iTFlo | s (Mm*\ a3 1w 1 o, [ M )
Ce <x>_ > (6( 1)+|§||n<4ﬂi)+|§}ln|§| 6Jr2|n s +...

asy.
—Cg

[y

X

» First two terms in as match the fixed-order CF computation at small x.

» Cannot fix the scale at NNLO to get rid of all the 1/¢-enhanced
contributions

Quark coefficient function:

ner (€Y _ 2CF ~uer (€
()= ()
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Matching
We use subtractive matching:
match. £ _ NLO CF 5 asy. g HEF f
Cg,qt <x> - Cg,q <x> - Cg,cyl <x> + Cg,q (x) )
3 Ca 3
asy. [ S — A crasy [ S
g <X> 2CF G X

> G (%) first two terms in the o expansion of CHEF (é)

» Matching performed before x-integration.
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Results

Stabilisation after resummation:

z
LL GPD evol

M=3.1 GeV
Urq € [05:2.0] E
NLO CF & DLA HEF

CTIBNLO: 01 var, ==
o gHaNO M =
L 408 L CTi8 M ==
> ANPDF SISO A 18 o
3 T18ZNLO
JR14NLOOBFF
2 MSHT20-LO-as130
s, MSHT20NLO-2s116 - - - -
<10 1(2006) —2—
E
)
3
2 10° ¢
ke
3
1
o 10?
=
©
o
1 . .
10
10’ 102
W, [GeV]

Results stable.

—imin [Nb GeV?]

do(yp — Y p)/dt];

102

ZEUS (2009) it

LL GPD evol.
M =9.46 GeV
(ep € [0520]
NLO CF & DLA HEF

W, [GeV]
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Results

Stabilisation after resummation:

2
10
CT18NLO: 9-pt — CT18NLO: Spl var |
g GT18NLO: tin RM fF B == — CT18NLO: i ; e
‘> 105 L CT18NLO: =M ===z o CT18NLO: ug M ==
() NNPDFSst nlunl\x as 0‘ 18 o > NNPDF31sx-1 n\unl\x as 01 18
[0} T18ZNLO [o) CT1 LO
JR14NLOO8SFF (0] 10‘ L 14NLO08FF
2 MSHT20-L0-25130 o SHT20-LO-25130
= 4 MSHT20- NLO as118 - - - - = MSHT20-NLO-as118 - - -
10" 1 (2006) —a—i = ZEUS (2009) s
E £
3 = 100 E
=108k =3 LL GPD evol.
s :. M =9.46 GeV
> LL GPD evol 1 A Lepel0520]
T, M=3.1 GeV o 107 E e NLO CF ® DLAHEF |
a 10 Grp < [05:2.0] E 2
= NLO CF ® DLA HEF v
8 °
1 | | 2 | |
10 10
10! 10% 102 10°
W, [GeV] W, [GeV]

Results stable.

To improve accuracy in J /1), probably need to consider higher twist or
relativistic corrections.
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Results

Stabilisation after resummation: J

T T T T
107 | GPD: GK, CTIBNLO, LL GPD evol. 4 102 L GPD: GK, CT18NLO, LL GPD evol. ]
= 3.1 Ge' M = 3.1 GeV
R(Tr.Cr) = o(kr = GeM, pg = TrM)/o(pe = M, pg = M) R(Cr.CR) = O(HF = TeM, pg = TrM)/0(Hg = M, pg = M)
T

o o ”/// : // llllll / 10! |

e ey .
7 N e
107 2 £ ; %
LO CF: R(1/2,1) & / LO CF: R(1,1/2) K
LO CF:R(2,1) 101 L (12) /

SRS

A0 KRR SORIRSEHRS

SRR
R R R R RRIRES

R(Zr.CR)
R(CF.CR)

% LO CF: R(1,,
102 b (1/2,1) // NLO CF: R(1,1/2)
3D NLO CF: R(1,2) W77
NLO CF ® DLA HEF: R(1/2,1) g NLO CF @ DLA HEF: R(1,1/2) “q
NLO CF @ DLA HEF: R(2,1) < NLO CF @ DLA HEF: R(1,2)
103 ! L] 102 L
10! 10!
Wyp [GeV] Wyp [GeV]

Left: pur uncertainty smaller for resummed result.
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Results

Stabilisation after resummation: J/4

T T T T
102 L GPD: GK, CT18NLO, LL GPD evol. 4 102 | GPD: GK, CT18NLO, LL GPD evol. ]
M =3.1GeV M = 3.1GeV
R(Tr.Cr) = Ol = GeM, pg = TrM)/O(pg = M, pg = M) R(Cr.Cr) = olur = TpM, pr = TpM)/o(le = M, pg = M)
100 b 7,

5 %, % 5
100 LSRRI

R(Zr.CR)
R(CF.CR)

LO CF: R(1/2,1) LO CF: R(IEUZ)
LO CF: R(1,2)

L0 CF:R(2,1) N / e
102 L NLO CF: R(1/2,1) = -~ - // b NS e R
NLO CF: R(2,1) - NLO CR RO
NLO CF ® DLA HEF: R(1/2.1) - Z Zi EF. R(
: iz : -

N!_O CF ® DLA HEF: R(2,1) -

102

10! 102
Wy [GeV] Wy, [GeV]

Left: pur uncertainty smaller for resummed result.

Right: g uncertainty smaller, but grows at high energy (still less than
fixed order computation).

=—> Duetoo ~ WVO‘;(“R) at large W,,, (hard pomeron
contribution).
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Results

Stabilisation after resummation: T

5 . T T 35 T T T y T T T T
LO CF: R(1/2,1) LO CF: R(1,1/2)
LO CF: R(2,1) e LO CF: R(1,2) ]
sk NLO CF: R(1/2,1) = += ] NLO CF: R(1,1/2) *= =
NLO CF: R(2,1) ++reveee 25 L NLO CF: R(1.2) . J
NLO CF @ DLA HEF: R(1/2,1) = = : NLO CF @ DLA HEF: R(1,1/2) .
5L NLO CF ® DLA HEF: R(2,1) «++orr ] oL NLO CF ® DLA HEF: R(1,2) I
N3 & 15 b . »///////M///////
o2+ &
~ A
4 4
1 o
ol O T GPD: GK, CTI8NLO, LL GPD evol. 1
M = 9.46 GeV 0.5 [ M=946Gev
R(Zr,Zr) = OllF = M, P = CRM)/O(UE = M, g = M) R(@r.Cr) = olur = GeM, pg = GrRM)/O(pE = M, pg = M)
1 | . . A | . | . . 1 . . . . . . . . .
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
Wyp [GeV] Wyp [GeV]

Uncertainties smaller for resummed case.

Also smaller compared to J/1) case.
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Shuvaev transform

At small &, it was shown that the leading log evolution of GPD reduce to
DGLAP [A. Shuvaev: hep-ph/990218, A. Shuvaev, K. Golec-Biernat, A. Martin, M. Ryskin:

hep-ph/9902410]

GPDs can be related to PDFs through [A. Martin, C. Nockles, M. Ryskin,
A. Shuvaev, T. Teubner: 0812.3558]

Hq(Xagv/JF) =

1
J/P dx’

-1

1
d/F dx’

-1

Hg(X7§7,UF) =

Exclusive J /1 and T photoproduction at 1-loop with QCD Evolution and high-energy resummation

- )
K o y(s)

2 /01 ds(x+s(1—2s)>] a (g(x',m)’

™

y(s) =

— Im

fs— y(s)x’] % (W) ’

y(s) VI—y(s)x | X\ IX]
4s(1 —s)

x+E(1—2s)
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Results

Shuvaev transform: Effect on J/4 predictions

3
Shuvaev LO CF
Shuvaev NLO CF +
Shuvaev NLO CF @ DLA HEF +
25 | NLO CF =
. NLO CF & DLA HEF e
2 CT18NLO, LL GPD evol.

M = 3.1 GeV
MF=M, ujg =M

Ratio o/0. o
-
w

-

!

102 103
Wyp [GeV]

10!

Constant shift between cross-sections:
— Consequence of difference between GPDs using Shuvaev and the full

GPD determination using DDs.
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Results

Dependence on n; parameter: J/

140 T T T T
n=inf JR14 ni=inf NNPDFSX s "‘:‘f‘;jmﬁ n':‘—h‘mt%l?r?ox -
LN 5 JR1 ;=5 NNPDFsx —— - = ny=int
> =2 NNPDFsX = = .~ S 10° b n=2 JR14 5CTEQ ——.
> 120 | =2 NNPDF > NLO CF + DLA HEF n=1JR14 =2 CTEQ
9} e R 15} LL GPD evol. n=inf NNPDFsx n=1CTEQ - - - -
=5 NNPDFsx —— H1 (2006) —e—i
2 2 r =3 fe‘f " ni=2 NNPDFsx (2006)
= r = F=M ug=
£ 10 < 10* |
£ NLO CF + DLA HEF E

= g LL GPD evol I
= L 1 Ge! 1 3
2 “M,ug =M =
= e =M, ug = 10°
> >
S 60 1 S
T T,
[=% a 10°
= 40 b =
© °
°© °
20 . . . . . 10! . .
7 75 8 85 9 9.5 10 10" 102
W,, (Gev] W, [Gev]

Profile function:

[(2n; +2)

_ (A —18) = a?)"
220112 (n; 4 1)

I

hl'(B?O‘)
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Results

Dependence on n; parameter: J/4

140 T T T T
. n=inf JR14 nj=inf NNPDFSX v _ it JRi4 =1 NNPDFeX -~
o n=5 JR14 =5 NNPDFsx s =2 JR14 n=5 CTEQ ——
3 120 | n2JRI4 ni=2 NNPDFsx 2 107 E NLOCF +DLAHEF n=1JR14 n=2 CTEQ - - - §
K ni-1 JR14 ni=1 NNPDFsx - - - - 38 LL GPD evol, ny=inf NNPDFsx ... ni=1CTEQ - - - -
=5 NNPDFsx H1 (2006) —a—1

2 2 M opd? n=2 NNPDFsx - .- = (2009

= 100 Tt T

£ NLO CF + DLA HEF E

3 LL GPD evol 2

§ 80 [ ;"1"7 al — §

a " a 10°

Z Z

5 eof 1 3

T T,

[=% a 10°

& 4t g =

© ©

© hel

20 ! ! ! ! ! 101 ! !
7 75 8 85 9 9.5 10 10" 102
W, [GeV] W, [GeV]

Profile function:

o T@m+2)  (A-8)?-a?)"
- 22n,+1r2(ni + 1) (1 _ |l3‘)2n,-+1

hl'(B?O‘)

Caveat: Changing n; represents a (small) subset of potential GPDs...
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Results

Decomposing contributions from gluon and quark GPDs: J/ and T

3.5 T T 2 T
NLO CF ® DLA HEF, gluon - NLO CF, gluon ++ NLO CF ® DLA HEF, gluon +++++ NLO CF. gluon
NLO CF @ DLA HEF, quark NLO CF, quark w .
3| NOCES DLAHER, uark - E| NLO CF ® DLA HEF, quark NLO CF. quar

NLO CF @ DLA HEF, interf. =

NLO CF, interf. = .
NLO CF. fu NLO CF ® DLA HEF, full = NLO CF, full = ]

T jp———

NLO CF ® DLA HEF, full =

0 = === im i -

Ratio o(contribution)/o o
Ratio o(contribution)/o o

05F __z=F GPD: GK, CT18NLO, LL GPD evol. o5 he=®®
Lz*® M =3.1GeV :
1 Mp =M, g =M 1
1.5 bl . . -1
10t 102 10°
Wyp [GeV] Wyp [GeV]

Fixed Order computation: unreliable at high energies.
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Results

Decomposing contributions from gluon and quark GPDs: J/

3.5 T T 2 T
NLO CF ® DLA HEF, gluon «++:+ NLOCFgluon +eeeeee 1T e 6 DLAHEF, gluon e
NLO CF & DLA HEF, quark += += NLO CF ® DLA HEF, gluon NLO CF, gluon
' NLOCF o DLA HEF, interf.
NLO CF ® DLA HEF, full 1.5 [, NLO CF ® DLA HEF, full =——— NLO CF, full = ]

Ratio o(contribution)/o o
Ratio o(contribution)/o o

hGnPP:3Gf'GCJ,mNLO' LL GPD evol. 05 pe=®" GPD: GK, CT18NLO, LL GPD evol. B
=3 k| M 9.46 GeV
- MF =M g =M =M, g =M
15 bt . . a s .
10t 102 10° 102 10°
Wyp [GeV] Wyp [GeV]

Fixed Order computation: unreliable at high energies.

For the resummed predictions, the gluon GPD contribution dominates at
high energies.
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Conclusion

» Exclusive J/1) photoproduction at increasing W, suffers from
perturbative instabilities at NLO.
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insufficient beyond NLO.
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insufficient beyond NLO.

» We performed a high-energy resummation of the large logarithms of
In ¢ matched to the NLO CF results (no new ingredients).

» Like in the inclusive case, the matched NLO+HEF results are stable
and agree with data with the (large) theoretical uncertainties.

Exclusive J /1 and T photoproduction at 1-loop with QCD Evolution and high-energy resummation 32/32



Conclusion

» Exclusive J/1) photoproduction at increasing W, suffers from
perturbative instabilities at NLO.

» Similar situation to inclusive J/1) photoproduction and
hadroproduction.

» Scale fixing provides a patch (" partial resummation”) at NLO, but
insufficient beyond NLO.

» We performed a high-energy resummation of the large logarithms of
In ¢ matched to the NLO CF results (no new ingredients).

» Like in the inclusive case, the matched NLO+HEF results are stable
and agree with data with the (large) theoretical uncertainties.

» Future: Investigate more flexible GPD modelling/how to fit GPD
from such exclusive J/v¢ and T photoproduction data.

Exclusive J /1 and T photoproduction at 1-loop with QCD Evolution and high-energy resummation 32/32



BACKUP SLIDES

Exclusive J /1 and T photoproduction at 1-loop with QCD Evolution and high-energy resummation 1/9



Scale fixing?

IWF M2
T S iSO L1 (€,€) + s In <u2>

1
. G x,
raegin (4 ) ! d ~ Hy(—x.9))

Choose i = m.. = Large In{ terms cancel [S. Jones, A. Martin, M. Ryskin,
T. Teubner: 1507.06942].

However, impossible to move all enhanced by powers of In¢ contributions from
the coefficient function into the GPD (through pg evolution)

Big part of NLO correction from the hard coefficient eliminated, but not from
higher order contributions.
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Result after scale-fixing procedure

Plot from S. Jones, A. Martin, M. Ryskin, T. Teubner [1610.02272]

075 =
Agw) T, B

os Ag A HA e IR L
-
% 025 -
s .
Y ,' I ——
% I TS NS N S
< oF

025 [

05

100 200 300 400 500 600 700 800 900 1000
W [GeV]
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(o subtraction procedure

S. Jones, A. Martin, M. Ryskin, T. Teubner [1610.02272]

To avoid double counting, exclude the |/2| < @2 domain whose contribution is
already included in the LO term using the input gluon GPD.

= Subtract the NLO DGLAP contribution |/?| < Q3 from the NLO MS CF to
avoid double counting with input GPD at scale @

2
Typically power suppressed, but sizeable here: O(%)
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Result after (p subtraction

Plots from S. Jones, A. Martin, M. Ryskin, T. Teubner [1610.02272]

075 [ T T
A
INCINUNSC
05 | 4
-
% 025 .
O,
o
=
<
E
L L L L L L L L L 05 Lot L L L L L L L L
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
W [GeV] W [GeV]

Left: Scale-fixing procedure only
Right: Scale-fixing and @y subtraction

Process-dependent procedure!!
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High-energy limit of NLO calculation

At high energies, it is possible to relate the real part of the amplitude to the
imaginary part through the high-energy Regge dispersion relation:

ReA 7 (JInImA
ImA 2 (am(l/g))

Note: A =¢,e,TH.

Used in C. Flett, S. Jones, A. Martin, M. Ryskin, T. Teubner [1908.08398] and C. Flett,
A. Martin, M. Ryskin, T. Teubner [2006.13857] to determine gluon PDFs at low x using
exclusive J/1 photoproduction.

We tested the validity of the above by performing an explicit comparison between
the two ways of obtaining the real part.
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Shuvaev Transform

Conformal moments of the GPDs:

1
HY(€) = / de Ru(x)H(x. )

Conformal moments are polynomials in even powers of £
[(N+1)/2]
HY@E = Y ' = +'¢+..
k=0

Leading term c(’,v is the Mellin moment of the PDF.
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Results

Shuvaev Transform: GPDs

1.1 T T T T T
Hshuvaey(X=xi)/Hg(x=xi)
1.05 g
o
2
©
-4
1
0.95 . . . . .
106 10 104 103 1072 101 100
Xi

Systematic shift between GPD generated from Shuvaev transform and

GPD from double distribution.
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Results

Explaining the increasing pr uncertainty at high energies: Heuristic argument

Resummation = Gsln || — ]%\&S
At small ¢, gluon GPD obeys power law: Hg(x,&) ~ x5,

Then, the resummed amplitude:

1 dx X s é'—&s _ é'_ﬁ ~
A [ -5 () _ & - ¢ max(@s.)
e X 3 s —p ¢

When &5 is large enough, changing the renormalisation scale ug directly
affects the slope of cross-section in €.
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