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The handbag factorization

Y Y factorization in a hard subprocess, e.g.
vqg — 7vq, and a soft proton matrix ele-
ment, parameterized as a
General Parton Distribution

/ \ (A" | Wq(=2/2)TW4(2/2) | PA) 2+ =2, =0

p Y (T =~%7"s,i0™", AT =0)
two classes of hard exclusive reactions:
DEEP VIRTUAL e.g. DVCS or electroproduction of mesons

rigorous proof of factorization in generalized Bjorken regime of
large Q2 and W but fixed 25 and —t/Q? < 1

WIDE-ANGLE e.g. RCS or photoproduction of mesons

arguments for factorization at large Mandelstam variables s, —t, —u

complementary: GPDs at small —t in deep virtual and

GPDs at large —t in wide-angle processes PK 2



GPDs

D. Miiller et al (94), Ji(97), Radyushkin (97)

K(Cf),f,t) — H7E7ﬁ7E7HT7ET7[A{/T7ET

+ +
_ o+ T _ (p—p")"
U= T0e x_lﬁ' §= oo T v’
for quarks (£ < & < 1) and gluons
(antiquarks for —1 < & < —¢, qq pairs = < T < §) /

properties:

reduction formula HY(Z,& =t = 0) = q(—) HY — Aq(z), H% — §()

sum rules (proton form factors): Fi(t) = [dzH(z,&,t), Fi = Zequ
E — Fy, H—>FA, E—>Fp

polynomiality, universality, evolution, positivity constraints

Ji'ssumrule  J, =1 f_ll drz [HY(z,£,t =0) + E1(z,£,t = 0)]

FT A—Db (A2 = —t): information on parton localization in trans. position space
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Electroproduction of pions

ep — e'mN

one-photon exchange approximation

partial cross sections for v*p — wN:

d*o dor dor,

dOLT
dt

) cos ¢

AW2dQ2dtdd - dt dt

e: ratio of longitudinal and transversal photon flux

also polarization observables as for instance Ay

(asymmetry with unpolarized beam and transversally polarized target)
¢s orientation of target spin vector with respect to lepton plane
measure sin-moments of Ay, e.g. A?}I}qbs
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Pion electroproduction in handbag factorization

Rigorous proofs of collinear factorization in hard subprocesses and GPDs in

generalized Bjorken regime (large Q?, large W but fixed x5, —t/Q* < 1)
(Collins-Frankfurt-Strikman (96))

leading-twist ampl. for long. pol. photons
. V,P
Moot = eor/1—€2 [ daeHoyos (H — 562 B -
\/j )
Mo—_o+ = eg Sf d:UHo+0+E
t' =t—tg to=—4m?3¢2/(1 —£?)
ampl. for transversally pol. photons
suppressed by 1/Q » o

many leading-twist predictions for pion production
e.g. Mankiewicz et al (98), Frankfurt et al(99), Diehl al et(01), ...

all fail by order of magnitude in comparison with experiment
- strong power corrections to long. amplitudes needed
- contributions from transverse photons are not suppressed
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Hall A results on 7" production

T
/L dor
L0 4 t ! “ | Defurne et al (1608.01003)
_ - 7Y production (off protons)
0.5 1
¢ —
20—
+ + * %L predictions from
Vo T laiman|  GoloskokovK. (1106.4897)
10 | | | | w3;0.36
0 0.03 006 0.09 012 015 0.18
tmin — t[GeV?]
dor > doy, (d(f ~ dOT) like expectation for Q% — 0

to be contrasted with

QCD expectation for Q* — oo: dor < doy, ( do ~ doy)
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The non-flip amplitude M_,

HERMES(09): Ayr asymmetry at

Q? ~2.5GeV>: W = 3.99 GeV
measured with unpolarized beam and
transversely polarized target

sin ¢, modulation very large and does not vanish for t' — 0

(s orientation of target spin vector with respect to lepton plane)

curves from Goloskokov-K(0906.0460)

n-f. ampl. Mo_ 4 required
(not forced to vanish for ¢ — 0

by angular momentum conservation:

7 lv—p—v |
MV/M/VM ~ =t )
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How can we model M_ ., in the handbag?

helicity-non-flip GPDs helicity-flip (transv.) GPDs
HaEaHaE HTaETaHTaET
>
X const
X const
n(—)
lead. twist pion wave fct. o< ¢’ - y75 transversity GPDs required
(perhaps including k ) go along with twist-3 w.f.

Mo_ 44 ot Mo_ 44 o const

(forced by angular momentum conservation)
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The twist-3 pion distr. amplitude

projector qG — 7 (3-part. qGg contr. neglected) Beneke-Feldmann (01)
/,uk;/y (p:j q)a

~q P + Y5 [P — zaw(qq,.k, 5 T q,MT 8k8ﬂ ﬂ

definitions: (77 (q") | d(z)vsu(—x) | 0) = friix deeiq’xT(I)P(T)

(&) | d(w)apisu(—e) | 0) = =3 fupin (G — iz ) [ dreis’™ @, (7)

local limit x — O related to divergency of axial vector current
—> fir = M /(my + ma) ~ 2GeV at scale 2GeV (conv. [dr®p,)(T) = 1)

Eq. of motion: T®p = &, /N, — 7®] /(2N,)

solution: bp =1, &,=P45=067(1—7) Braun-Filyanov (90)
(WW approx.)

HMSE3(4 = 0) #£ 0, ®p dominant, &, contr. o t/Q?

O_)++
in coll. appr.: H(t)v_‘”sfrf singular, in k factorization (m.p.a.) regular

Mo—iy = eo/1— € [daHE > Hr  Moysy = —eo Yo [ dzHE 73 Er
Myo__4+ =0, suppressed by p/Q as compared to v; — 7 amplitudes
(Er =2Hr + E7)
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Calculation of subprocess amplitudes

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

Sudakov factor Sterman et al(93)
2 In (1Q/V2AqcD)
S(1,b1,Q%) x In —ln(bJ_AQCé(];I; + NLL

resummed gluon radiation to NLL = exp [—9]
provides sharp cut-off at b, = 1/Aqcp

Hotps = / drd*b, Wi (1,—bi)e ® Forpus (2,6, 7,Q% b,)

LO pQCD
+ quark trans. mom. U7 _ ~ exp[r7b% /4a3;] LC wave fct of pion
+ Sudakov supp. F FT of hard scattering kernel

= asymp. fact. formula e.g. o< 1/[k7 + 1(x 4+ £)Q?/(2€)] = Bessel fct
(lead. twist) for Q% — oo
(Sudakov factor suppresses higher Gegenbauer terms)
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Parametrizing the GPDs

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

1—|p|
(z,€,1) / dp/ dné(p+&n—x) K'(p,& = 0,t)wi(p,n)

1+|p|

weight fct w;(p,n) ~ [(1 — |p])? — 7°]™ (Nsea = 2, nva1 = 1, generates £ dep.)
zero-skewness GPD K'(p, £ = 0,t) = k'(p) exp [(bri + a; In (1/p))t]

k = Aq, 69 for f[, Hr and Nkip—ozm(o)(l — p)Pri for E, Er
Regge-like t dep. (for small —t reasonable appr.)

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

ﬁ based on DSSV (11)
Hp: transversity PDFs §(x) from Anselmino et al(09)

parameters fixed from fits to HERMES 7« data and
lattice result for moments (QCDSF-UKQCD(06))
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CLAS data on 7" and n production
theory: Goloskokov-K (1106.4897)

Bedlinsky et al (1405.0988)

300 T 00— T T 2 —
L X;=0.275 - x,=0.275 1 xB=O.26
— 200 Q’=2.21 GeV’ - _or Q’=2.21 GeV* | Q=23 GeV" |
> 3 100 T
< 100 T Q i 1 5
e} e R
£ 0 ;l; T b i S 50 i =gl
—~ v 2
S —¥— [ . A i -~ 3 b = N
2 0 \% T < Y I S = |-
— N _ = 0 —. B : _______ N pp— § N,
R = R = = s BB AN
© 100 [ . e T c ot i h ¥
N P ] 5 - S —
_20 n 1 |—-—_ 1 n 1 L 1 10 " 1 " 1 " 1 " 1 0 L 1 L 1 L 1 L 1
%0 0.2 0.4 0.6 0.8 1045 0.2 0.4 0.6 0.8 0.2 04 0.6 0.8
A[GeV] HGeV?] +[GeV?]

unseparated (longitinal, transverse) cross sections

o0y (4 )21 eu(K") + ea(K)
do(m0)  \fr/) 3 |eu(K%) —eq(K?)

if K“ and K% have opposite sign: n/7" ~ 1 (n = (cosOs — /2sin 61)n,)

if K and K¢ have same sign: n/m° < 1 (FKS scheme)

' ~0 [TI, Hr dominant (see also Eides et al(98) assuming dominance of H for all t")

t' # 0 Er dominant

2

(fn =1.26f%)
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¥ production off neutrons

09t v*n — 7°n

071 Q2w:Bf7(5).éiV2 ng
t data: Hall A (1702.00835)
proton: K, ,, = % [euK“ — ede]
neutron: K, _,,, = % [euKd — edK“}

0 003 006 009 012 015 0.18
tmin — t[GeV?]
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v'p — KTA

10*
= b/GeV? y X
g. N [H</ ] Kp—)A:%{2K _Kd_K
e — —
& E
0| 4oz E93-018 W = 1.85 GeV
| T t =tg=—0.74GeV?
T + b FPI-2 W = 2.39 GeV, t = —0.4 GeV~
0 8 Hall AW = 2.08 GeV
10% | dog, v 2
dt t = t() — —0.57GeV
t same GPDs as for pions, no fits
10 ' ' flavor symmetric sea assumed
2.00 2.07 2.35

Q*[GeV?|
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VP — p'p

03 i | 1 T T
FW=5 GeV ]
0.2 FQ’=2 GeV* } : ]
; ) " 00 ]
01¢ . ]
| . T P
0.0 fr=F=C % i ]
0.1} T ~
[ M

%0 01 02 03 04
t[GeV]
roo ~ —|(E1)|?

rjo ~ Re|(En)™(H)]

HERMES(09) p" production

[ —> M

~7 — Vi amplitudes about the same size
as yp — T ones

small effects, to be seen in SDME and
spin asymmetries

they compete with large (H) convolutions

~

instead with (H)

same GPDs as for pions, no fits

flavor symmetric sea assumed
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Wide-angle photoproduction of 7"

a b large s, —t, —u work in frame with £ =0
(& 0 0
Mot ut+ = 50 |:HO>\,,U,>\ (R?/ (t) + 2\ R (t))
A
d)

v —1 —_0
—  2X —— Ho—x,ux ST (t)] :
2m

¢)

€0 v —1 0
Mo+ = oY [—Qm Hox,ux BT (%)
A

t 0 0

" s’do /dt(w?) *1};
o [ubGev®) 1
" | : I _
12 . I f!-, | form factors: F; = f_Nl L Ki(r,§ =0,1)
ol | | twist-2 (R; for H, E/, H) fails drastically
0 ' twist-3 in WW approximation zero
1(]1 ‘ ‘ " *‘ = ‘ ‘ [l L] L] L]
D a2 PO need full twist-3 contribution (2- and 3-particle)
data: CLAS (1712.10314 o’ d _
( ) TCI)p—I—T?U—% :2—fi3;;7r fOT TLQQCI)gW(T—Tg,T,Tg)

s = 11.06 GeV?
K.-Passek-Kumeri¢ki (1802.06597)

form factors S; for Hr, Er, Hr
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Summary

e clear experimental evidence for strong contributions from ~;. —
transitions from HALL A, also seen in CLAS and HERMES data

e within handbag approach 7 — 7 transitions are related to a twist-3 pion
wave fct. in conjunction with transversity (helicity-flip) GPDs

e transversity effects also seen in electroproduction of kaons, in p" and w

production (75 — V7, transitions) and in wide-angle photoproduction of
pions
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Contributions from other transversity GPDs?
if only Hy and Ep contribute:

A%OESt do . dO‘T dO'TT N do dO'TT

_cdt  at @ @@~ (Hr)f
250 . . :
® Q? =1.94GeV? xp =0.25
200 | % °: dotdorr 1 yjolation of relation would
% ) A%az indicate contributions from other transv.
150 | ¢ e . GPDs, e.g. from Hyp (o t')
100 | ‘% 1 data for ¥ production
Bedlinsky et al, Kim et al (CLAS)
50 .
§ .| agreement within errors

02 04 06 08 1.0 1.2 14
—t [GeV?]
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