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Preamble

e In the middle of '90s: GPDs arising from DVCS; no problem
with QED gauge invariance at the tw-2 “handbag” Born
diagrams [D.Mueller et al 94, A.V.Radyushkin '97, X.Ji '97].

e In ’98: problem with QED gauge invariance at the higher tw
level [P.Guichon and M.Vanderhaegen '98-99].

e The analogous problem and its solution in DIS with g»
generalizing the EFP method for the tw 3 case.
[A.V.Efremov and O.V.Teryaev '81—84]

e Generalization of the EFP-ET method to the exclusive
processes and solution problem with Gl for DVCS
[IV.A., B.Pire and O.V.Teryaev '00 (hep-ph/0003203)]

{cf. M.Penttinen et al. hep-ph/0006321,
A.Belitsky, D.Mueller hep-ph/0007031, ...}
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e Application of EFP-ET-APT method for the description of
hard exclusive processes: v*v — 2m,2p, v*N — M N etc.
[ I.V.A., D.lvanov, B.Pire, L.Szymanowski, O.V.Teryaev and
S.Wallon '04-10]

e The amplitude of DVCS off spin-1 particle within the leading
twist 2 approximation
[E.R.Berger, F.Cano, M.Diehl, B.Pire '01—’04]
[D.I\/Iueller, A.Kirchner '04]
[2009: first experimental results on coherent DVCS on deuteron
(HERMES, JLab)]
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Principal result

We now study the DVCS on the deuteron target taking into
account the twist three contributions. Our principal result is the
gauge invariant DVCS amplitude where both the kinematical and
genuine twist three contributions are incorporated:

TiHr) = 1—/dx - — X
" 2P - Q x—E&+ie
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+ “crossed”
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7D = ((6’1 - P)Gg (x) + M?(er - ”)Gev(X)> X
<§Pl,e +3¢P,e5 +e§IQu+e§VTQM>
: (( P)G3'(x )+M2(61-H)G4A(X)> x

X
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) = ((e; P)GY (x) + M(e5 - n) GgV(x)> x
<§Pye11 +3¢Pyel, + e, Q, + efyéu> +
£ (( P)GA(x) + M2(e5 - n)GgA(x)> x

X
<3§PuelTy —&Pyef, — ¢ ,Q + elTVON> :
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4) _
T -

1
EpvPn <5nPe2* rer HE(x,€) + 2 SpaTe (e P) H3'(x, &)+

]' *
anPATelT(ez - P) H3\(x,€) + 5nPATe;T(el - n) Hf(x>§)>
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Main points of proof

e QCD Factorization and inclusion of the higher twists.

e The n-independence of amplitudes (at WW-level and with the
genuine twist 3); matching with Braun and Co’s approach.
[LV.A., O.V. Teryaev '01]

[I.V.A., D.lvanov, B.Pire, L.Szymanowski, S.Wallon '09—'10]
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Hard reactions and Factorization, in a nutshell

Factorization Theorem

The factorization theorem states that the dynamics of short and
large distances can be separated out provided Q% — occ.

Mathematically, it corresponds to

Amplitude = {Hard part (pQCD)} ® {Soft part (npQCD)}
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Factorization theorem for exclusive processes

Definition of twists within IMF

[I.Balitsky, V.Braun '88; P.Ball, V.Braun et al '98]

Once the system has been boosted along z"-direction (or along
z3-axis in R3-space),

(p2|O(, b, A)lpr) E:GPD (x, &)L/

where ' = {PT, AT, n=} with the following behaviour within
IMF (P ~ Q — o0)

TPl w2, AT~ = w3, 0~ [L/P] = tw 4.
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Factorization theorem for exclusive processes

Definition of twists within LCF

e geometrical twist: 7 = d — j defined for local quark-gluon
operators.

e twist-t for non-local quark-gluon operators associated with the
behaviour on the light-cone or within the infinite momentum

frame (Y1 = P11 with Py = (70 F v3)(0 £73)/4):
t:2:>1/_)+1/)+’ t:3:>1/7+¢—5 t:4:>r€;—¢—'
Matching:

t=2<—=71=2
t=3<=71<3
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Factorization theorem for exclusive processes

[I.Balitsky, V.Braun '88]

o Geometrical twist 2:

00l o) T

—>

1
kf " Xuksa//w(o)’)’u - Dy, ¥(0) =

2
0/ [ X)X [ux, —ux]w(—ux)]

where [x, —x] denotes the Wilson line:

[x, —x] = Pexp{ig /X dzMA“(z)}.

—X
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Factorization theorem for exclusive processes

e Geometrical twist 3:
00l () T

1 _ —
Z;T i xS A 0(0) Dy - Dy, 9(0) =
k
1

—I€pabo / du uxaa,g{qﬁ(ux)%% [ux, —ux]w(—ux)} +
0
(@E Guocxa )?1/)) + (77; éuocxoz 5\«75¢)
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Factorization theorem for exclusive processes

Wandzura-Wilczek approximation

The Wandzura-Wilczek approximation means that

all (YGuaxa %) and (PGpaxa X75¢0) = 0.

» In DIS: 7 = 3 is associated with the three-particle operators
only;

» While in DVCS: 7 = 3 is related to both the two-particle and
three-particle operators.
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Factorization theorem for exclusive processes

Gauge invariance and twist three

[I.V.A., B.Pire, 0.V.Teryaev '00]
The photon gauge invariance (Gl) condition is

qu Tlﬁ,vcs(total) =0.

However, in @> — oo and after the Sudakov (twist)
decomposition, the Gl is violated keeping the tw 2 only:

(ot o) {2} 4o
where
T'uDVVCS(tW_2) — gZVTDVCS ]

Thus, to restore the gauge invariance one needs the twist three.
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Factorization theorem for exclusive processes

Amplitude of DVCS on deuteron

The considered process is

7*(q) + hadron(p) — ~(g') + hadron(p’)

with —g° = Q% — large and t is small.
The corresponding diagrams are (notations: K = xP — A/2,
K'=xP+AJ2, L=x3P—A/2and L' = xxP + A/2)
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Factorization theorem for exclusive processes

Kinematics [with n* = (n**,07,07),n = (0", n",07)]

The hadron relative and transfer momenta can be written as

M2
P:n*—i—Tn ~ n",

A= —26P+26M?n+ AT ~ 2P+ AT,
pr=(1+&P—EM?n— AT )2,
pr=(1—&P+EM?n+ AT )2

with

E=(pr—p2)"/(p2+p1)",
P-A=0, AN’=t=AF—-4PM°~0
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Factorization theorem for exclusive processes

Deuteron polarization vectors

Based on {e,-’\1 . e,-Az = —6M* ¢ - p; = 0}, the linear polarization
vectors can be chosen as (i = 1,2)

L0 _ R WG
€y m Pi 1+¢ #, €y :F|A |5up2p1n

1 26(L £ E)M? £ A2 )2
) = as |((1+§)p2—(1—§)p1 JEERTR,)

While the circular polarizations are

e = (e,-(l) + ie,-(z))/\@.

1
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Factorization theorem for exclusive processes

It is instructive to introduce the vectors:

wr__ 1 T__ T
T Valag] (877 o)

o1 _ A
ei“ T Tom

which are perpendicular to the light-cone basis vectors:

(M) T = e()‘i) T

&y =€, n=0.
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Factorization theorem for exclusive processes

Having performed factorization, the DVCS amplitude takes the

form:
/dxtr[ w (xP)T ]CD (x) +
r=V,Av

/dxl dxo tr[ Eppv(x1P, X2P)r:| d>/r)(x1, x2)

where

OT(x) = / A\ TN (0, 5(0) F (M) ),

O (x1,%2) = /d)qd)\zei(xﬁf)hﬁ(xzXl))‘2

«—

(p2|¥(0) DT (A2n) T p(Arn)|p1).
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Factorization theorem for exclusive processes

[I.V.A., B.Pire, O.V.Teryaev '00-'04]
[I.V.A., D.lvanov, B.Pire, L.Szymanowski, S.Wallon '10]

Further, one uses the QCD equations of motion (we consider
massless quarks):

JEEEEEN «—

(D(2)1(2)(0)) =0 (1(2)$(0)D(0)) =0
which, after parametrizations, will lead to the integral relations:
/dy{3—partic|e GPDs}(x,y; &) =

Z{2—particle GPDs}i(x;€)ai(x,§) .

1
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Factorization theorem for exclusive processes

GPDs counting rules

The number of the helicity transitions and P-parity give us that

N x (2s1+1) x (25 +1)

the number of GPDs = >

where N implies the number of operators with a certain twist
corresponding to a given quark helicity transition; s; and s, are the
spin of hadrons in the matrix element. Moreover, the factor 1/2
reflects the P-invariance.
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Factorization theorem for exclusive processes

Parametrization of the V-matrix elements

At the twist-2 level, we write

- w-2 F1 % i),
(P2, Aa| [(0)7,8(2)] ™ |p1, A1) = ezavéﬁ);’telﬁ HY (x, €, t),
where

&a Vil

aﬂ,,u,(n*7 n, AT)elﬁ Hiv(Xaé.v t) =

Py {(65 cex) Hy (x,€) + (&3 - P)(ex - n) HY (x, €)+
(e - n)(er- P) H3 (x,€) + %(ei‘ - P)(er - P) Hy (x, &)+

M?(e5 - n)(e - n) H5V(X,§)} = Py Hy _s(e3,e1ix, &, t).
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Factorization theorem for exclusive processes

At the twist-3 level, one has

(P2, A2 [QZ(O)’Y;W(Z)] I A B egavégzem GY (x, 1),

where

Vc(yﬁ) M(n*, n,At)eig G,-V(x,ﬁ, t) = AZL- Gl‘i.75(e§, e x, &)+

&1 (e1- P) Gy (x, &) + el (€5 - P) G (x,€) +

M2 e5 ] (e1 n) Gg'(x,&) + M? ] (5 - n) Gy’ (x, ).
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Factorization theorem for exclusive processes

In the same way, we parametrize the remaining kinematical and
dynamical twist-3 matrix elements:

- tw-3
(P2, el [B(0)0 ()] Ipr M),

(p2. 2ol [BOAT (z1)i22)] ™ 1. ).
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Factorization theorem for exclusive processes

Parametrization of the A-V m.e. with the Schouten id.

At the twist-2 level, one has

(2, Aol [P(0) v (2)] ™2 p1, An) 2 —i €3, ALL L e 5 HA(x, €, 1),
where
2aAa5 u(" n,At)ers Hi(x, &, 1) =
cupes rer MGG )+ 1 < pares e P HEG ) +

1 *
W%PATelT(ez - P) H\(x,€) + guPATegT(el <) Hi(x,€),
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Factorization theorem for exclusive processes

At the twist-3 level, we write

(2, Aol [P(0)yu50(2)] ™ b1, Ar) 2 —ieg, AU e 5 GA(x. €, 1),
where

€0 Agé:ll_t(n*7 n, AT)elﬁ GiA(X7§7 t) =

Ep,nPelT(e; ’ P) Gf‘(x,f) + Sp,nPe;T(el ’ P) G2A(X7£) +

M? E,unPelT(eé|< ’ n) Géq(x7§) + M? g,unPe;T(el ’ n) Gf(x,{) +
1

WEHATPe;(el - P) G (x, &) + Eunrpe; (€1 n) G (x,€) +

EMATPel(e; ’ n) G%A(X7§) + EMATne;‘(el : P) G?(X,f) +

M? Eunyne (€3 - ) GéA(x,é).
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Factorization theorem for exclusive processes

In the same way, we can parametrize the remaining kinematical
and dynamical twist-3 matrix elements:

- T tw-3
(2, 2ol [#0) 1510 0(2)] " lp1s M)

_ tw-3
(P2, A2 {1/1(0)%’}’5/4;(21)1/1(22)} |p1, A1)-
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Factorization theorem for exclusive processes

With these parametrizations, the QCD e.o.m. yield the relation

(5 - P)(e1- P)

(x+ 96 5(e5: erix) +
(e5 - P)(ex - m)G&(x) + (1 P)(e3 - m) ((G(x) = Gg(x) ) —

M2(5 - m)(er - mGEG] + S A a(e5 i) +
(57 - AT)(er - P) (e - P)(e] - AT)
2M?2 2M?2

ST AT (e M) =

(3 - P)(er - P)
M?2
(ex- P)(es - ) (& (x) — & (x)) = M2(e5 - n)(ex - ) ().

H3\(x) +

H3\(x) +

by (€5, exix) + di’ (x) + (&5 - P)(er - n)dg (x) +

which appears at (—i)opa .
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Factorization theorem for exclusive processes

Some observables

There are two processes which contribute to the amplitude of
¢ D — {'D~: Bethe-Heitler amplitude

AN
P p
A(’) _ el%eq */(i)L 0.0 IF
BH ~ "A2 €y Vu( 1,%,q) “(t),
where the deuteron form factors are
Fu(t) = —Gu(t)(er - e1)2P, +2Gx(t)[(e; - Pler, + (e1- P)es ] —
es-P)(e - P
4G3(t)(2/\)/l(21)P“'
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Factorization theorem for exclusive processes

and DVCS amplitude

p p
i € €
Aes = =2 Z[ (1, L), ]A(J i)

where the helicity amplitude reads

Ag, iy = eg) ije:,*(i) .
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Factorization theorem for exclusive processes

e The ¢-dependence of the lepton-deuteron cross-section with
unpolarized hadrons and leptons:

do 1 xgy? 5
= | Apvcs + AgH|
dQ2dxgdtd 32(27)4 /
Q?%dxp ) ( 77) Q4 /1+ 4X§M2/QZ
where

| Agn|® = a0 + % cos(¢) + 0(1/Q?),

and
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Factorization theorem for exclusive processes

| Apves|® = éz{ |A(++)‘ +€|A(0+} -

cos(¢) \/m%e |:A(0,+)A>(k+7+ + twist four}

C(t
ApvesAgn + AsnApycs = (t g XB){ iczi(¢) )%GA )T

cos(2¢)4/ 1 i_ z%efl(o,Jr) + twist four}

We remind that A, 1y = tw. 2, Apy)=tw. 3
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Factorization theorem for exclusive processes

The weighted cross section is

def do
(do)g, = /d¢g”(¢)c@2w<,gclzﬂgb

where g,(¢) = cos(ne).
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Factorization theorem for exclusive processes

e Charge asymmetry:

et

do — dO'eﬁ ~ %Q{ABHAgvcs}.
e Single Spin asymmetry:
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Factorization theorem for exclusive processes

Conclusions

» Using the ET-APT approach, we study the DVCS process on
the deuteron (spin-1 particle) target with the twist three
accuracy.

» We propose several observables for the experimental studies of
the twist three contributions in the DVCS process for the
deuteron target.
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