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e DIS : INCLUSIVE / Large vs Short distance —
Stucture Function =Pert. Coef. Funct. x Parton dist.

e DVCS: EXCLUSIVE~A* N — ~ N’
— Amplitude =Pert. Coef. Funct. x GPD
Generalized Parton Distributions

e Deep EXCLUSIVE meson production
Amplitude =Pert. Coef. Funct. x GPD x DA

e CROSSING — ~*v — M; M, near threshold
Amplitude =Pert. Coef. Funct. x GDA
Generalized Distribution Amplitude
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fe Consistent picture in QCD
Evolution Equations interpolate between
DGLAP (e.g. for structure functions) and ERBL (e.g.
for form-factors) equations

I e SCALING, e.g.
handbag dominance = (generalized) Bjorken scaling
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Successes of Factorized framewor k
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e Non forward Matrix elements of non-local
light-cone operators, e.g. for a nucleon

(N(p, \|Y(=2/2)T[—2/2; 2/2¢p(2/2)|N'(p', X))
C=v%, WY, ouw

e Fourier Transform 4+ Decomposition — 8 GPDs :
chiral even: 3 .

H(x7 57 t)? E(x7 €7 t)? H(:E, 57 t)? E(x7 57 t)
chiral odd:

Hri(z,€6,t),i=1,..,4 (transversity)



Kinematics;
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o A2 =t << (Q* t—dependence parametrized as in
Form Factors
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Properties of Generalized Parton
Distributions

DGLAP ERBL

e Limits at zero skewedness — Usual parton dist.

Hard exclusive reactions and hadron structure :some new results — p. 8/42



(e

LS T

E ¢

e First z—moment — Form Factors (£ independent),
e.qg.

Fl(t) = /dazH(azft)

e Second xr—moment — Spin Sum Rule
(through energy-momentum tensor), e.g.

1

2<J§’> :/ de x [Hy(x,6,t=0)+ E/(x,&,t=0)]

—1



e Lorentz invariance — Polynomiality (— Double
distributions), e.g.

] n

/dx " Hi(z, & t) = Z(Qf)iA%H,i(t) + 'D-term’

1 1=0

E ¢

S

LS T

e Positivity constraints in DGLAP region, e.g.

v+

|HY(z, &, t)] <\/Q7r(1€ T8

)-Gx( )




e dVCS — walit for experimental talks today ...
e crossed process — LEP2 data : EARLY SCALING
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e t dependence of GPDs maps transverse position of
quarks in proton.

Fourier transform GPD at zero skewedness

q(z,br) = 27) 2 [ d*Ae®PH (z, £ = 0, 1)
Generalize at £ # 0 — Quantum femtophotography.
e 172 dependence of v*~v — M; M, maps impact
representation of hadronization.

(1-)n", B/ (1-2))



Some new results

I e Searching for EXOTIC HADRONS

e Describing other processes through TDAs
NN — ~v*vand NN — ~*w
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Transversity dependent quark distribution A (z) —
4 transversity GPDs
e How to access them ?
Chiral odd functions come in pairs ->
try electroproduction of pp
eBUT zero amplitude for v*N — pr N’ :
use Pomeron analog

PN — prN'i.e.v*N — prprN’



Transversity GPDs

n

<« B P =2 gluons, at Born order 6 diagrams, e.g.

P 9%
LL> \ qp
q =

o o

upp

. O=—h

X1 P Xa Py

by = Y= py1-Q)
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(i) axial meson A = b;(1235) exchange dominance

gANNfzJ_ (A . ST)2 ¢J_(x2_§€)

'i
A _

with b, distribution amplitude ¢<'(u) (only ERBL)
(11) the bag model of transversity (Scopetta 2005)

2.5

HT(X!E)




Diff. cross sec. for
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Exotic Hybrid Meson 7; with J7¢ = 1=+
Define 7, Distribution Amplitude as usual :

(m1(p, Y (=2/2)vul=2/2; 2/201(2/2)[0) =

1

Z Z

U M, {pu s /dye =02 g H ()
0

e same twist as p Distribution Amplitude

e QCD sum rules — f., ~ 50 MeV

e Similar electroproduction cross sections In ep
collisions.

e Also possible in e~ collisions



Exotic meson exclusive production

N(p1) N(p2)

n(P,)

n(Pyq)

N(p1) N(p2)
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Comparison of p” and H = m1(1400)
electroproduction cross sections
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seems visible — COMPASS, e-RHIC

Hard exclusive reactions and hadron structure :some new results — p. 20/42



.+ e What can pQCD say about other exclusive reactions
¢ at large Q? such as those of

pN — ~v*vand pN — ~v*r
PANDA-PAX programs at GS-FAIR

New factorization P — ~, P — m TDA

A )

Transition Distribution Amplitudes

(m(p)| €7 ug (21 n)ufy (22 m)d5 (23 ) [p(p, 8))

AW
LS e

Z+=O, ZTZO

(Y0, €)| €95ty (21 n)ul (22 n)ds (23 m) [p(p, 5))

Z+:O, ZTZO
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PROOFS EXIST for
e Factorization of deep exclusive 7 electroproduction

AW

- e a

0N meson target. Collins Frankfurt Strikman
e Time inversion : Factorization of 7M — ~*M' on
i meson target. Berger Diehl BP
yHa) _ 1(q) T () ~ yHd)
1"% Pr
x+n / /n-x
_— H,E ~—_ _—
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+ e Choose N=mand N’ =p

— Factorization of 7w — ~v*p

e Change p — v
= Remember : Photon structure function factorizes

I in the same way as meson structure function !

— Factorization of TDA In

T — Yy
In the forward direction (where cross section is
bigger.)



Thefactorization of m m — ~* v
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.+ e Change Meson — Baryon

-

I

More problematic since 3 quark exchange !
BUT Remember : Baryon Form Facor factorizes in
the same way as Meson Form Factor !

— Factorization of the p — ~ TDA
inpp — ™y
This is NOT a proof ... Hope for a technical
derivation
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.+ o Recall definition of Distribution Amplitudes

| 407ty (21 () (zam) B (p. ) = fi
V(P Casg(v* B)y + APy’ ClapBy + T(pioy Cas(v' v° B’
1, 7,k = color indices  n = light cone + direction

E | e Define Transition Distribution Amplitudes

! 40 (p")] €9%ul, (21 n)uy(22 n)dE (23 m) |p(p, ) 0

_22[ {‘/10(}50)&3(3)7 T A(f(P”Y5O)Ozg(”y5B)7 —

3T1()(Pyi0uvc)a/3(7u3)v] T Vzo(pc)ozﬁ(ATB)v T
AYPYC)as(Bry* B), + T4 P'0,C)as(B),

+13 (P 0, C)ap(0"? AT D), + TMLL(A/Z{PVUWC)W(ATB)W
B = nucleon spinor.



+ e Fourier transform each TDA, — momentum
fractions representation

1+¢

! I
E i F(zPn)= / d3x5(z xi—Zf)e_ianiziF(l“z',f;ta QZ)

—1+¢

e Factorize process amplitude :

M(Q,€,1) = / drdy(y) T (25, ys, Q) F (21, €, 1



L

L

e¢QCD radiative corrections — logarithmic scaling
violations.

e The scale dependence of N — wor N — ~ TDAS Is
governed by evolution equations = an extension of
DGLAP/ERBL equations for DAs and GPDs

e Start with quark fields having definite chirality or
helicity qm) = % (1 + 75) q

e Separate “minus” components — dominant twist-2
with 7 = ntvy,
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e Two relevant operators in our problem :

Bl (2) = €7(iug])a(21m) (g} 5 (22) (g (23m)
B3 (%) = €7(iug])a(21m) () ) 5 (22) (nq))- (23m)

e They obey renormalisation group equation

M%B:H-Bwith

= —52[(1+1/N.) Hyp + 3Cr/2]

o 3o = Hiy + Hjs + His With HY,B(2;) =
1

o f % {@ [B(Z?27 <2, Z3) - B(Z17 <2 23)]
0

+Q [B(Zl, Zgl, ZS) — B(Zla 22, Z3)]}



1
[ daydasdas (1 — ag — ag — ag)B(213, 255, 23)
0

e Derive the corresponding equation for the matrix
element of operators B from the RGE

LS T
N ¢ e

B



/ /
+ / dz’y [mlp(fcl,wl)} + / dzg [wgp(x?”m)} FUT (2], 22, %)
_|_

zy (@) —z1) ], x5 (zs — x3)

~i+e —i+¢
1+¢€ 14-€

/ /
+ / dxs, [x,Qp(;xwa)] =+ / dxh [x,3p(x3’x3)] FUT (21, b, %)
_|_

x5 (x5 — @2) + x5 (zf — x3)

—1+¢ —14¢
| 1+¢€ 1+¢€
Tl
tor | [ i TG+ [ e | PG ah,a)
—1+¢ 1 _14¢ 2
| 1+¢€ 1+4+€
T
4 / R / 4o 22 p(ah, zs) | FTVT (21, 2, 25)
26 — x1 7 T
—14¢ —14¢
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fe with integration region restricted by:
plx,y) =0(x>y>0)—0(x<y<0),
and z; € [—1+&, 1+ ¢]

e Different evolution In the various x; sectors.
When z; > 0 — usual ERBL (x; — x;/2¢ rescaling).

E ¢

e Other regions need further study !
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e Soft pion theorems—

(k)OI P(p. 5) >= = < 0][Q¢. Ol P(p, ) >

s

| 4f - 2 ZU p; /C%T U(p, ) < O’O|P(p7 S/) >

1st term — TDA at threshold ; 2nd term — nucleon
pole.

e Since [Q5, ] = i57"



CHIRAL LIMIT (¢ — 1)

=3 I Al(z1,m0,23)  — A1, 29, T3)
N 1
= = 3 (on(zi) — On (T2, 21, 23))
1
T0w) - T(@) = & (6x(n) + bx (a2, 2,21)

where ¢ (1, x2, x3) = standard leading twist DA
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.+ e The proton DA selects the valence contribution and
& analyses it from large angle scattering (and Form
Factors)

e The proton — m TDA allows a pion (cloud) around
the valence contribution.

L

e The proton — v TDA allows a photon (cloud)
around the valence contribution.

e The proton — p TDA....
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e As for GPDs and GDAs, Fourier transform ¢t — by
e Transverse picture of pion cloud In the proton

1+£
Ebi+e) | —
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O‘S(Q2)2

e scaling law for the amplitude : M (Q?, &) ~
( up to logarithmic corrections ).

Q4

do(pp—1T1~7Y) /dQ?

-
doopIF)/aqe- almost @ Independent.

e Ratio :

: BN
o 7; dominates — 2Pl

(60 = lepton angle in v* CMS)

~ 1+ cos’f

e Choose V, Aand T’ — Estimate threshold cross
section In terms of e-m form factor

)
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e Backward VCS v* P — P~
Data exist (JLab) for Q2 up to 1 GeV~>.

Data from HERMES ?

o and backward meson electroproduction
v P — Prn;vP— Pp..

e Data exist (JLab) Analysis to be done
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e One may describe along the same lines the crossed

reactions
Yy (1)
Yy = pt (2)
and
Yy — ptp (3)

In the near forward region and for large virtual photon
Invariant mass (), which may be studied in detail at
Intense electron colliders such as BABAR and
BELLE.

e Walt for talk by Jean Philippe Lansberg ...
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.+ o FAIR will help to understand the deep structure of

L

the proton

e Transition Distribution Amplitudes will reveal the
dynamics of the next to lowest Fock state

e pp — v 1 explores the pion cloud.

e pp — " p explores the p cloud.

® pp — 7y X

nlores the photon cloud.

e Detectors should be ready to measure these

reactions !

e If Polarized beam and target — spin structure too!
e NOT SO SMALL CROSS-SECTIONS AND BIG

REWARDS.
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e Exclusive Hard Reactions are revealing much about
Hadron structure

e Theoretical progress ongoing ...

e Extremely Good Expriments are being done and
prepared

e Nature seems to help us with early scaling !
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