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Outline:
e Introduction: handbag approach, subprocess amplitudes
Extraction of GPDs from meson electroproduction
e GPDs in transverse position space
e Predictions for DVCS, E and parton angular momentum
e Universality: Lepton pair production in exclusive processes
Predictions for other mesons (w, K, n)
Meson neutrino production

e Summary
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Leading-twist calculations of meson
electroproduction fail

o (y p->pp) [nb]

W =175GeV HERA, ZEUS
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Pion production: contributions from 7 are large

157 / | doy Hall A collaboration 0 production
o, ¢ t d | Defurne et al (1608.01003)
S
0.5 | -
ﬁ — (predictions from
R ! * do, Goloskokov-K. (1106.4897))
ol * i
\ Q? = 1.75 GeV?
1.0 5 = 0.56 dO’T > CZO'L (dO’ ~ dO'T)

0 003 006 009 012 015 018 . _
tmin — t{GeV?] like expectation for Q% — 0

to be contrasted with

QCD expectation for Q* — co: dor < doy, ( do ~ doy)

leading twist does not dominate (much larger Q* required for it)

Further evidence for contribution from transverse photons:
A2 PS5 (2 ) HERMES(09);  dopr/dt(n®) CLAS(12)
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The subprocess amplitude for DVMP

mod. pert. approach - quark trans. momenta in subprocess
(emission and absorption of partons from proton collinear to proton momenta)
transverse separation of color sources = gluon radiation
x Sudakov factor Sterman et al(93)
! /V n(r A
m%(_\/ S(r,b, Q?) o In MIZAERACD) N
resummed gluon radiation to NLL = exp [—5]

______________________ provides sharp cut-off at b = 1/Aqcp

L CcD ; ~5 7 =

O pQ Hron = /deQb\IfM(T, —b) e Foror (7, €, 7,Q%, b)
+ quark trans. mom.
+ Sudakov supp. W ~ exp[r7b? /4a3,] LC wave fct of meson

= asymp. fact. formula £ FT of hard scattering kernel

- 2
(lead. twist) for Q= — oo e.g. oc 1/[k7 +7(x+£)Q?/(2¢)] = Bessel fct
Sudakov factor generates series of power corr. ~ (Agcp/Q%)"

(from soft regions 7,7 — 0) and suppresses higher order Gegenbauer terms strongly

for HERA kinematics: similar to leading-log appr., color dipole model
Frankfurt et al (96), Nemcik et al (97),...
unintegrated gluon GPD Martin et al (99)
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Transverse photons in the handbag approach

need subprocess amplitude for v7 — 7, non-vanishing for t — 0
there is onIy one 7‘[0_,_|_+ (angular momemtum conservation:

o /
HV/M/V,LL N\/—t|y poviAp| fOFt—)O)

—> parton helicity flip transv. GPDs HT,ET,HT,ET are required
go along with twist-3 pion wf. (¢ and ¢ forming the pion, have same helicity)

twist-3 DAs &p =1, &, = 67(1 — 7) in WW approx.
Ho_ 1 # 0 fort — 0 (from ®p, contr. from @, oc t/Q* neglected)
Ho— 14 X pirn/Q fr =m2/(my, +mg) ~2 GeV at scale 2 GeV
- «/—t’
Mo—tt = eor/1 — £2 / deH"S TP Hr  Mogss = — deHe S P Er
(suppr. by pu-/@Q as compared to L — L) Mo—__+ =0

prominent role of transversity GPDs also claimed by Ahmad et al (09)

analysis and results different
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Parametrizing the GPDs

double distribution representation Mueller et al (94), Radyushkin (99)

1—|p| ,
(z,&,t) / dp/ dnd(p+én—z) K'(p, & = 0,t)w;(p,n) + D; O(6° —z7)

1+|p|

weight fct w;i(p,n) ~ [(1—|p])® = n*]™ (ng = Nsea = 2,Mval = 1, generates & dep.)
zero-skewness GPD K'(p,£ = 0,t) = k*(p) exp [(Bri — o; In (p))t]

k = q, Ag, 7 for H, H, Hr or Niip~ @0 (1 — p)Br for E, E. Er
Regge-like t dep. (for small —t reasonable appr.), D-term neglected

advantage: polynomiality and reduction formulas automatically satisfied
positivity bounds respected (checked numerically)

PK 6



What has been done?

analysis of FF with help of sum rules (DFJK(04), update: Diehl-K 1302.4604)
using CTEQ6 (ABM11, DSSV11) PDFs, fixes H, E, H for valence quarks

analysis of do, /dt for p and ¢ production Goloskokov-K, hep-ph/0611290
data from H1, ZEUS, E665, HERMES

for Q2 >3GeV? and W >4GeV (£<0.1, =t <0.5GeV?)

fixes H for sea quarks and gluons for given HV&!

(E negligible, others don’t contr.) (only free parameters ay’)

analysis of mT production, Goloskokov-K, 0906.0460

do/dt and Ay data from HERMES (W ~ 4 GeV, Q% ~ 2 — 5 GeV?)
evidence for strong contr. from ;. (Hr)

fixes pion pole and H}B) (no clear signal for E)

7Y cross section and n/7Y cross section ratio from CLAS (large skewness!),

SDME and Ayt for p¥ prod. HERMES, Goloskokov-K, 1106.4897, 1310.1472
fixes Hr and Epr = 2H + Er for valence quarks

H,E, Hp, Ep for gluons and sea quarks unknown as yet, F,., see below
Er, Er unknown PK7



FT to transverse position space

k(x,b) = A e PALKY (g, £ =0,t = —A?)
’ - (27_(_)2 'S T Y - 1

K* =kq(x)exp |[—tfo(x)]

1 kq(z) 2
k% (x,b) = —b"/(4f,
(@.0) = 1= 7 g X [0/ (@)
more general profile fct. DFJK(04), Diehl-K 1302.4604, (de Teramond et al 1801.09154,
fo=(Bs+a,Inl/x)(1— :Ij)3 + Agx(1 — :I;‘)2 Moutarde et al 1807.07620)

density interpretation of FT:  Burkhardt(00), Diehl-Higler(05)
( density of unpolarized quark in an unpolarized proton

= %[ (x b) + Aq(x b)] quarks with helicity (anti)parallel to proton helicity
x(xz,b) = — b—%e x,b unpolarized quark in proton
m 0b
polarized along X direction
q(xz,b) — b—y%égp x,b)| transversely pol. quark (x direction
m Ob
in unpolarized proton

v

)
N8
B
o
|
N~
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Estimate of proton radius

consider Fourier transform of H

work in hadron’s center of momentum frame b
X

distance between active parton and

,,,,,,,,,,,,,,

cluster of spectators: b

1l —=x 1l —=x

forx — 1

Regge-type term, A term, full profile fct
Regge-like profile fct can (only) be used

at small = (small —t)
(Regge-like: A =0and (1 —x)% —1)
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only reasonable for large x-region not explored by

<0.1 electroproduction

PK 10



Densities in transverse position space at large x

only for valence quarks as yet; for gluons and strange quarks?
3.0

x=0.3

x = 0.6
2.5 .

20 ¢

-1 -05 0 05 1fm

15|

x=0.3 1 0 B

0.5}

-1 -05 0 05 1fm

u quarks with same helicity transversely pol. u quark (in
as the proton dominates X direction) in unpolarized
in agreement with pQCD proton

Brodsky et al(95) wide-angle photopro. of 0
FA and WACS KLL

d quark density in unpolar-
ized and polarized proton
(in X direction)

proton f.f.
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DVCS

leading-twist, LO accuracy, collinear for consistency

with H most of the DVCS observables can be computed
good agreement with all data from HERMES, HERA
except for Jlab6 kinematics (large skewness)

power corrections needed Braun et al 1401.7621
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DVCS at HERA

10° 10°F
o Q*  [Gev? —
% e 32 %
3 O 8.0 (shifted) 2
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W ~ 90 GeV data from ZEUS, H1 K-Moutarde-Sabatie (1210.6975)
leading-twist accuracy parameter-free computation UNIVERSALITY
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Target asymmetry in DVCS

0.1

AT v A data: HERMES(08)
= 0_
(Q?) ~ 2.5 GeV?
. 011~ (xg) ~ 0.09
-0.2+ -0.2- :
—— Standard .
e theory:
03 - --- Esea opposite 031~
________ gmy opD 1; K-Moutarde-
045 o|.1 0!2 0!3 o.|4 05 4 0{1 0!2 0!3 o.|4 o5 Sabatie(12)
—t  [GeV? —t  [GeV?]
from BH-DVCS interference
Sin(¢_¢s)
AUT,DVCS ~ Im [5*7'[] separate contr. from
= £5 seen Im#H and Im &€

positivity bound for FTs forbids large sea = gluon small too (Diehl-Kugler(07))

) 2
b (868(x’b)) < s%(z,b) — As?*(z,b)

m?2 ob?
‘ negative £°°® favored in both casesI
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Application: Angular momenta of partons

1
Jt ==
2

1

[qgo T 6621’0} J9 =~ {920 + ego}

2

459, g20 from ABM11 (NLO) PDFs
esy (=0.163, -0.122) from form factor analysis
e5o >~ 0...—0.024 from analysis of Ay in DVCS and positivity. bound

€50 (= — D e5y — 6esy)

at scale 2 GeV:
Jut
gd+d
J8—|—§

Jg

(Goloskokov-K (09), K. 1410.4450)
this work
Bacchetta
02491_8832 ] Wakamatsu
+0.033 . Thomas
0.024_0033 3 Tancja
0.00570°015 ; Deka
— Alexandrou
0.22170-007
+0.084

0.1 0.

S~ Jt=1/2 (spin of the proton)
need better determination of £® and/or EY

e.g. smaller errors of Ay in DVCS or in J/W production Koempel et al(11)pk 15

(€=t=0)

(a = u,d,s,u,d,3)

Diehl-K. (13):

—.._

——

-0.1 0.0 0.1
Jd+d



Evolution of the angular momenta

0.30 = —————
~~~~~~~~ Ju—i—ﬁ 9=
I ]
0.20 /—J,g e
0.15 |
0.10 |
0.05 t Jd—l—J a + a—
0 I fepmmpTqmm=-=m=m===m=====-====--
s+s
-0.05 J
| 10 100
12 [GeV?]
_ 32 56
Ay 2 — QA 2 dqqs d _ == d _ ¢
e (Q7) e (Qo) e aq -5 + -5
Se(@Q%) = ) (eSo+eh) = —e(Q°) = Te(QF) e
In (Q*/A%cp) W
ng =4 s =1n T small charm contribution not shown
In (Q5 /A ep)
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Lepton-pair production in exclusive processes

related to electroproduction

- same GPDs
- §—u (I — P) crossed subprocess (P = ~,m, K)
- HEY (4, 8) = —HY P (5,4)

equivalent to Q? — —(Q'?

e timelike DVCS Pire et al, 1203.4392, 1407.0413, 1407.1990
o T p—Itl™n Goloskokov-K, 1506.04619

° p(ﬂ')p — l+l_p(ﬂ')p double handbag Pivovarov-Teryaev(14)
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The exclusive Drell-Yan process

Berger-Diehl-Pire (01):  leading-twist, LO
analysis of long. cross section

(i.e. exploiting asymp. factor. formula)
(detailed reanalysis Sawada et al, 1605.00364)

we know that leading-twist analysis of 7+
production fails with JLAB, HERMES data
by order of magnitude

Therefore . .. (Goloskokov-K. 1506.04619)
a reanalyis of the exclusive Drell-Yan process seems appropriate
making use of what we have learned from analysis of pion production

e take into account transverse photons and transversity GPDs

e retaining quark transverse momenta in the subprocess (the MPA)
PK 18



Cross sections

Results on the Drell-Yan

160

doy, ] a5 |
dtdQ’?

[pb/GeV*]

140

120 30 |

100 ) o5 [
80 H\

\ 20 |
60 | \\
! 15 |
40 f \\

ol ™

dO‘T
dtdQ’?

[pb/GeV]

Q"% = 4GeV? and s = 20 GeV~
pion pole, \(H(?’)HQ,

time-like pion FF: Q| F(Q"?)| = 0.88 & 0.04 GeV? (CLEO, BaBar, J/¥ — 7771 7)

solid lines with error bands: full result
, short dashed: leading-twist contribution

phase (exp [id(QlQ)]) from disp. rel. Belicka et al(11) for Q* < 8.9 GeV?
§ = 1.0147 + 0.195(Q"? /GeV? — 2) — 0.029(Q"*/GeV? — 2)*

for Q'* > 8.9 GeV?: d =,

the LO pQCD result



Remarks on processes with time-like virtual photons

e time-like excl. processes difficult to understand theoretically

e.g. no satisfactory explanation of time-like elm form factors
within pert. QCD

e Drell-Yan process Tp—=1Tl"X
large K -factor needed (larger than NLO corr. Sutton et al (92))
now understood as 'threshold logs' (Q"?/(xz1228) — 1)
(gluon radiation resummed to NLL Sterman(87), Catani-Trentadue(89))
leading finally to reasonable fits of data and extraction of PDFs for the
pion with plausible behavior for x — 1 Aicher-Schifer-Vogelsang (11)

e hard exclusive scattering processes with time-like virtual photons
no data as yet but predictions

experimental verification of predictions important
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1.5
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pap—
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0.0

150 [

100 [

50 [

(o) [nb]
W=4.8 GeV

~

w SDMEs

unnatural parity contribution

d
Uy = 1—rQd42r04 —opl —opl | = 2—;(]
o)

W = 4.8(8) GeV, without pion pole,
dotted 3.5 GeV, t' = —0.08 GeV*?
strong unnat. parity contr. - pion pole

allows for extraction of |g .|

various cross sections
different from p" and
from Q% — oo expectation
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104

103 i

102 |

10

v'p — KTA

= [nb/GeV?]
5 -
= =
da_:rf - =
dt <% gﬁ
doy, i 7
dt
®
5.00 2.07 235

Q*[GeV?]

Kpon = & [zKU Kl K

E93-018 W = 1.85 GeV

t =ty = —0.74 GeV?
FPI-2 W = 2.39 GeV, t = —0.4 GeV?
Hall A W = 2.08 GeV

t =1ty = —0.57GeV?

same GPDs as for pions, no fits

flavor symmetric sea assumed

kaon /pion pole ~ [(t—m2)/(t—m3)]?

also prediction for 7 production off neutrons, 1 production, p' prod. with
transversity GPDs (SDME)
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Meson neutrino production

V-A theory all 4 helicity non-flip GPDs contribute
PL, T . pL, T

W w

Uu
Uu
d
d
q 9 g q

H, contribution dominant Pire et al(17) MINERVA 1409 3835

VA — umA
E, =1.5 —20GeV, Q??

m and p;, amplitudes are proportional
twist-3 contribution (H7, E7) small
Kopeliovich et al(14)

NLO corrections for m and K production Siddikov-Schmidt(16)
nuclear effects only substantial for xp < 0.1 Schmidt-Siddikov(15)
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Summary

The handbag approach, generalized to transverse photons and with meson

size corrections, describes all DVMP data for
Q% >2GeV? and W >4 GeV for p° (>2GeV for ¢, )

From the combined analysis of nucleon form factors, DVMP (and DVCS
for £°°) a set of GPDs has been extracted (H, E, H, Hr, E for valence
quarks, gluon and sea quarks only for H )

This set of GPDs allows for calculations of other hard exclusive processes
(DVCS, w, Kaon and n lepton-pair production ...) test of universality

and to obtain first results on parton angular momenta

Evaluation of transverse localization of partons in the proton only possible
for valence quarks as yet. For others large —t behaviour unknown

The GPDs need improvements: (of course)

possible (and necessary) with new data from COMPASS, JLAB12 and EIC
framework PARTONS Berthou et al(1512.06174)
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Cross section

k

k momentum of [~
/\ T=Q"/(s —m?)

poost 7 the time-like analogue
K’ of B
do 3 12 doy, N 1+ cos?@ dor
= — <sin
dtd()’?d cos 0d o 81 dtd()’? 2 dtd()’?

1 . dULT - 2 dUTT
+ 7 sin (26) cos ¢ TROL + sin“ 6 cos (2¢) dtdQ"? }

dor, Qelm T2 > dor Qelm T° 2
2 = 2 6Z|M01/’,0—|—‘ 2 = 2 )6 Z My 0+]
dtdQ)’ 48m2 Q'S £ dtdQ’ 8m2 Q"

partial cross sections analogous to pion production
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Lepton-pair production in exclusive
hadron-hadron collisions

Pivovarov-Teryaev (14): double handbag

W_<p)Y_7W_(P) 7 (p) 7 (p)
l/
7 [
Wl, |
, S , , ,
access to pion GPD elm. contribution
~ FW(P)FP

elm elm
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n production
theory: Goloskokov-K (1106.4897)

200 " T " T " 2 T T T T
i x,=0.275 1 x,=0.26

Q*=2.21 GeV* |

Bedlinsky et al (1405.0988)

300 "

T T T
x,=0.275
Q°=2.21 GeV*

150 [ Q*=2.3 GeV?

100 [

50

0'_ \%\T_%{ /} O o L"i“% """ b Jiﬁ ‘ i

Pl | 50 [ o I I S E—

do/dt (n°) [nb/GeV)’]
)
o
——
i
|
HH
HH
do/dt () [nb/GeV)?]
do/dt (n)/do/dt ()

" 1 N 1 1 1 I 1 1 1 1 1 " 1 I 1 1 1 " 1 " 1 1 1
-204) 0.2 0.4 0.6 08 1045 02 04 06 08 02 0.4 0.6 0.8
GeV?] 4[GeV] +[GeVA]

unseparated (longitinal, transverse) cross sections
U d\ |2
en (K") + eq(K?)

do(n) ( fa )21

do(m®)  \fr/) 3 |ex(K*) —eq(K?)
if K and K¢ have opposite sign: n/m% ~ 1 (n = (cos B — v/2sin01)n,)
if K and K¢ have same sign: n/m° < 1 (FKS scheme)
t' ~0 I:j, Hr dominant (see also Eides et al(98) assuming dominance of H for all t")

t' # 0 Ep dominant

(fn =1.26f)
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