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Key processes involving GPDs

> deeply virtual Compton scattering (DVCS)

v v ¥ :I o ¥

also: vp — v*p with v* — £1¢~ (timelike CS)
v*p — v*p (double DVCS)

> meson production: large Q2 or heavy quarks

ke v
ﬁlﬂ:p, o EMq’, )
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Helicity selection rules

> selection of helcities in hard-scattering part
» ingredients: conservation of angular mom. and of chirality

e scattering collinear — ang. mom. J* = sum of helicities

e chirality conserved by quark-gluon and quark-photon coupling
chirality +1 —1
q helicity  +1/2  —1/2
q helicity —1/2  +1/2

light meson production (not J/¥ or Y)

v

(analogous argument for graphs with gluon GPD)
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Helicity selection rules

> selection of helcities in hard-scattering part
» ingredients: conservation of angular mom. and of chirality

e scattering collinear — ang. mom. J* = sum of helicities

e chirality conserved by quark-gluon and quark-photon coupling
chirality +1 —1
q helicity  +1/2  —1/2
q helicity —1/2  +1/2

light meson production (not J/¥ or Y)

v

(analogous argument for graphs with gluon GPD)

> dominant transition: A(y; — meson;) ~ 1/Q
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Helicity selection rules

> selection of helcities in hard-scattering part
» ingredients: conservation of angular mom. and of chirality

e scattering collinear — ang. mom. J* = sum of helicities

e chirality conserved by quark-gluon and quark-photon coupling
chirality +1 —1
q helicity  +1/2  —1/2
q helicity —1/2  +1/2

light meson production (not J/¥ or Y)

v

(analogous argument for graphs with gluon GPD)

> A(vy — Vi) ~ 1/Q3, but sizeable at Q? ~ few GeV? (p and ¢ data)
can describe phenomenologically by keeping k7 finite in hard scattering
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Helicity selection rules for the Compton amplitude
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Helicity selection rules for the Compton amplitude
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» leading transition: T'— T
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Helicity selection rules for the Compton amplitude

» leading transition: T'— T

» if both photons virtual: also L — L
(in DIS: correction to Callan-Gross relation)
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Helicity selection rules for the Compton amplitude

» leading transition: T'— T

» if both photons virtual: also L — L
(in DIS: correction to Callan-Gross relation)
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Helicity selection rules for the Compton amplitude
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» leading transition: 7" — T

» if both photons virtual: also L — L
(in DIS: correction to Callan-Gross relation)

» L — T at twist-three level (x 1/Q)
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Helicity selection rules for the Compton amplitude

» leading transition: 7" — T

» if both photons virtual: also L — L
(in DIS: correction to Callan-Gross relation)

» L — T at twist-three level (x 1/Q)
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Helicity selection rules for the Compton amplitude

v

leading transition: T — T

v

if both photons virtual: also L — L
(in DIS: correction to Callan-Gross relation)

v

L — T at twist-three level (x 1/Q)

v

double helicity flip in T'— T at twist-two with gluons
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DVCS amplitudes and GPDs

> twist-two amplitudes involve 4 four GPDs per parton
e H, E: unpolarized quark/gluon
e H,FE: long. pol. quark/gluon
> twist-three amplitudes:
e Wandzura-Wilczek part involves same four twist-two GPDs
calculated up to NLO

e genuine twist-three part: matrix elements of §G*"¢
largely unknown

» photon double helicity-flip amplitudes:

e at twist two with gluon helicity-flip GPDs, A o as
distributions very unknown

e at twist four o 1/Q? start at tree level
Wandzura-Wilczek part with usual quark GPDs calculated

M. Diehl QCD and hadron structure 13
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DVCS form factors

» for photon helicity conserving amplitudes write

e 2A(Y'p = p) = alp )y ulp) H+a(p') 5im0 (0 — plaulp) €
/ = (P =p)t &
+a(p )y sulp) H+ alp') L2qsu(p) €

e Compton form factors 7—@8,@,5 depend on &,t, Q2
e representation holds for any Q?, not only at twist two

> at leading twist and LO in as

— 2 ! 1 1
H_;eQ/ldx {g_m_ig_f—&-x—is}]{q(m’g’t)

same kernels for E, different set for H, E Vj iY
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Aside: imaginary and absorptive part

> scattering matrix S: | X)in = S| X )out
~> transition amplitude out{f]%)in = out (f|S]%)ous
> Sis unitary: StS=1

M. Diehl QCD and hadron structure
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Aside: imaginary and absorptive part

> scattering matrix S: | X)in = S| X )out
~> transition amplitude out{f]%)in = out (f|S]%)ous
S is unitary: ST§ =1 — blackboard
» S=144T ... leave out factors 27 etc.
S unitary = H(T =T =TT
> absorptive part: ¢ (f|T —T'li) = 3 (fITT[X){X|T13)
on-shell intermediate states possible between i and f
in simple cases and with appropriate phase conventions:
absorptive part = 2 X imaginary part of amplitude

v

» for f =i get optical theorem

20mi|Tli) = 3 [(X]T18)|? o otor

M. Diehl QCD and hadron structure 16
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Real and imaginar art for brevity suppress €2 and arguments t, Q2
q

q

1

e = [ oo —|

4 ﬁ—x—ia_g—i—m—izs

ImH(€) = w[H(E,€) — H(—¢,€)]

1
ReH(f):PV[lde(x,g) Lix - 541”:}

» Im only involves H at z = +£ at LO
at NLO and higher: only DGLAP region |z| > ¢
> Re involves both DGLAP and ERBL regions

» deconvolution problem:
reconstruction of H(z,&; u?) from H(&, Q%) only via Q* dep'ce
i.e. via evolution effects, requires large lever arm in Q7 at given &

M. Diehl QCD and hadron structure

17



Helicity DVCS
[e]e] 0000e

Why DVCS?

» theoretical accuracy at NNLO

» very close to inclusive DIS
power corrections empirically not too large, in part computed
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Why not only DVCS?

» theoretical accuracy at NNLO

» very close to inclusive DIS
power corrections empirically not too large, in part computed

» only quark flavor combination %u + %d + %s
with neutron target in addition 5d+ su+ &s

> gluons only through Q2 dependence
via LO evolution, NLO hard scattering
most promonent at small z, £

M. Diehl QCD and hadron structure 19
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Why not only DVCS?

» theoretical accuracy at NNLO

» very close to inclusive DIS
power corrections empirically not too large, in part computed

» only quark flavor combination %u + %d + %s
with neutron target in addition 5d+ su+ &s

> gluons only through Q2 dependence
via LO evolution, NLO hard scattering
most promonent at small z, £

e useful to get information from meson production
»eg Aoox2(uta)+3(d+d +32g
Ag x 2(s+3)+1g
» but theory description more difficult
meson wave function, larger corrections in I/Q2 and o

» J/W production: directly sensitive to gluons

M. Diehl QCD and hadron structure 20
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Deeply virtual Compton scattering

» competes with Bethe-Heitler process at amplitude level
Y
% H;f ¥ ¥
p— —vr ’

» analogy with optics:

e DVCS ~ diffraction experiment
e BH ~ reference beam with known phase

M. Diehl QCD and hadron structure 21
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Deeply virtual Compton scattering

» competes with Bethe-Heitler process at amplitude level
< e
p— —r r p P’
» cross section for {p — {vp
dovcs ) dogu 1 1

dep dQ2di * drpdQdt ~ o2 Q2

p

| =
S
M

» 1/Q* and 1/t from photon propagators
1/y? from vertex e — ey*

» small y: ovcs dominates ~- high-energy collisions
moderate to large y:  get VCS via interference with BH
~ separate Re A(y*p — vp) and Im A(y*p — vp)

M. Diehl QCD and hadron structure 22
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» filter out interference term
using cross section dependence on

> beam charge e/

> azimuth ¢

> beam polarization P,

> target polarizaton S, ST, ¢s

> general structure:

do(bp — lyp) ~ do®" + ey do’ + do©

—7 v o
p— 4

A -/ ) A— i
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» in more detail:

do(bp — lyp) ~ dot? + ey doby + doSy
+ecPrdopy + Prdoty
+ eeSL dU([]L + Sz dagL
+ erST dO’(I/T + St dalc,:»,«
+PSL do? + eoPySL dot; + PeSt do¥ ),
+P, St doth + eePeSt dotr + PiSr dofr

with do even and do odd under ¢ — —¢, ps — —¢s

» single spin terms LU, UL, UT
e do’ «cImA, do® ocIm(A*A")
A, A" = v*p — vp helicity amplitudes ~» Compton form factors
e no Bethe-Heitler contribution
» unpolarized and double spin terms UU, LL, L'T
e do! xRe A, do® « Re(A*A)
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general consequence of parity and time reversal invariance

transformation properties

parity P time reversal T PT
spin 1/2 vector + - -
momentum vector — -
azimuths ¢, ¢s — —
Py, St — + —

+ +

» parity inv. ~> single spin term odd in ¢, ¢s
~> "“time reversal odd”

> time reversal and parity inv. ~ (f|Ti) = {ir|T|fr) = {pr|T|fer)
ipr, frr = spins reversed, momenta unchanged

single spin asy. o |<f\7—|l>}2 — ’(fPr|T\ZPT>|2
= [T = G710

> requires nonzero absorptive part
IT1i) = GITLN" = (AT = Ti) = i S (FITIX)XTe)
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(FITIi) = GITIF)* = (FIT = Ty = i 5 (FITIX)(X[T1d)
% fﬂ{ 4(<Y ?MY
p— —>p p—— —p p— —

> Bethe-Heitler has no absorptive part (“is purely real”)
absorpt. part from O(aem) corrections, i.e. two-photon exchange

> single-spin asymmetries only from DVCS or from interference

M. Diehl QCD and hadron structure 26
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The ¢ dependence

s’ w
% rr‘j;ry 4T<'Y My
p— —7r p— —

p—— —0r

> reflects helicity structure of v* in DVCS process
¢ <> rotation about ¥* momentum
with ang. mom. operator L* = —i(% have L7e™ ™% = ) e

> in ¢! and 0 have correspondence
cos(ng),sin(ng) «» ~* helicity in A

M. Diehl QCD and hadron structure 27
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The ¢ dependence

s’ w
% rr‘j;ry 4T<'Y My
p— —7r p— —

p—— —0r

> reflects helicity structure of v* in DVCS process
¢ <> rotation about ¥* momentum
with ang. mom. operator L* = —i(% have L7e™ ™% = ) e

> in ¢! and 0 have correspondence
cos(ng),sin(ng) «» ~* helicity in A

» ¢ has no simple meaning in BH process
variables Q?,t, x, ¢ chosen to make DVCS simple

¢ dependence from Bethe-Heitler propagators known

s'u’ = —const. [1 —cos ¢ O(~ tg_t) + cos(2¢) O(tDQQt)}
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Access to GPDs

M. Diehl

» DVCS and meson production at LO in as:

]-'oc/d xﬁ’ 2 {6 — —¢}

GPDs appear as

vi ot

» DVCS: many independent observables at leading twist (+7)
in interference term can separate all 4 GPDs:

target pol. GPD combination

U FH AP+ PR)H+ 5

€&

L FiH+£(F + Fo)H — 1i§F1§8~+...

Teos(é—0g) FoH —FLEE+. ..
TSiU(¢*¢s) FoH—-FE+...

with unpolarized or polarized lepton beam

F1, F» = Dirac and Pauli form factors at m

QCD and hadron structure

om. transfer ¢
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Access to GPDs

» DVCS and meson production at LO in as: GPDs appear as

F(o.6,1) )

> meson production: two leading-twist observables (v} )

meson  target pol. GPD combination

vector U [#H|? - ﬁ|<€'|2 - HA+EP
Tsin(qb—(j)S) Im(g*H)
pseudo- U (1= [H* — 352 EIEP — 262 Re(E°H)

scalar  Tiin(o—gq) Im(EE*H)

with unpolarized lepton beam

note: Im(E*H) can be small even if £ and H are large
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