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Introduction

Introduction
Helicity amplitudes of the diffractive leptoproduction of the p meson

@ Helicity Amplitudes T,
YAy P

Tar, = /\/\4/\/

Examples :
Too <= YLP—=pLD
Tnw <= yrp—=prp

@ Perturbative Regge Limit :
@ Regge Limit: s = W2 >> Q2 [t], M yon
@ Hardscale: Q >> Agep
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Introduction

Intfroduction
Experimental data of helicity amplitudes at high energy

@ Helicity amplitudes T ,x, : 73, +p = pr, +p
@ H1 and ZEUS data for Helicity Amplitudes at HERA:

Tu

r Power counting:
1000 T11 1

) e H1 Too Q
0.8 ¢
0.6 ¢ . To1 V1t
04 . Too Q
L]
0.2 - o
o5 Too & Q2
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S. Chekanov et al. (2007), ED Aaron et al. (2010)

@ Kinematics
@ High energy in the center of mass 30 GeV < W < 180 GeV

@ Photon Virtuality 2.5 GeV? < Q2 < 60 GeV?

o |t < 1GeV? 72 ) i
= syep = W2 >> Q2 >> A5
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Introduction

Infroduction
A Theoretical approach within k¢ factorisation

kr factorisation

@ Amplitudes with gluons exchange in t—channel
dominate at large s (s = W?)

Born order: 2 t-channel gluons

&7 (A Hp(Ap)(k) oP=P (—k)
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Introduction

Introduction
A theoretical approach of the @7 —*# impact factor up to twist 3

Impact factors &7 —°

@ & 7 collinear factorisation
YAy
Q* >> Ajep DA

@ Ty =i — pr impact factor : Dominant term at twist 2 = 1/Q
@ Ti1 = v} — pr impact factor : Dominant term at twist 3 = 1/Q?

Recently computed at t = tin =~ 0

Anikin, lvanov, Pire, Szymanowski, Wallon, (2010)
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Introduction

Intfroduction
Construction of phenomenological models

Phenomenological models to compare to H1 and ZEUS data:

, &’k T (Ay)=p(Ap) P—P
=] e e

@ First approach:
(PhysRevD.84.054004 I. V. Anikin, A. B., D .Yu. lvanov, B. Pire, L. Szymanowski, S. Wallon)

@ Using results for the ®7" (A)=r(X0) (k) up to twist 3

@ Using model for the proton impact factor 7~
@ Second approach:

@ ®7 (A)=r(N) expressed in coordinate space exhibits the color
dipole scattering amplitude with the target.

Nucl. Phys. B 867 (2013) 19-60. A. B., Szymanowski, Wallon

@ Using a model for the dipole/target scattering amplitude.
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Collinear factorization

Collinear factorization
Light-Cone Collinear approach

@ The impact factor 7" *)=r(0) can be written as
@7 =P ) :/d4£~~-‘rr[HW>(€~-) SA)(e- )]

hard part soft part

(2-parton exchange) (3-parton exchange)

+..
+
@ Soft parts:
Sully) = / dtz e (p(p)](0) §(2)0)
Setalberly) = / iz / 2 €= =+ 52 ()15 (0) AL () (21)[0)
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Collinear factorization

Collinear factorization
Light-Cone Collinear approach: (2-parton case)

Collinear factorization

@ Momentum factorization:

({9qu(f)

L
i e

L=yp

by = yp/,—‘,—éL-‘,—(éq-pp)n — Hyg({q) = Hyq(yp)+

@ Spinor (and color) factorisation: 80k = * > (T*)ix (Tu)jt

B0 / dy {Tr [Hoq(yp)T] Sgq(y) +Tr[00 Hoa(yp) T OLS(I;Q(y)}

S (y) = / X =29 () (W) T(0)]0)

27
0155 = [ D eI Ti 5. B(0))
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Collinear factorization

Poromeinzohon of vocuum—tmrho meson matrix elements (DAs)
Impact factors in momentum space

Collinear factorization
Light-Cone Collinear approach: Hard parts

Collinear factorization of 2-parton and 3-parton contributions

@ Momentum, spinorial and color factorizations

Faoain>-

NN p(pp)
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Collinear factorization Light-C nec h
Parametrization of vacuum-to-rho-meson matrix elements (DAs)
Impact factors in momentum space

Collinear factorization

Parametrization of vacuum-to-rho-meson matrix elements (DAS)

@ Twist 2 and Twist 3 Distribution Amplitudes (DAs)

Projection on Lorentz tensors built from p,, , ei“, Epapy €™ p? n?

Twist 2 Vector v,

WETP0) | o

Twist 3 (3-parton) Vector v, | Axial vector ysv,
(h(21)TgAT (22)9(0)) | B(y1,v2) D(y1,y2)

Twist 3 (2-parton) Vector v, | Axial vector sy,

(1(2) T 4(0)) »3(y) valy)
(b(2)Ti 1 (0)) e (v) ©h ()

@ Relations between DAs

@ Equation of motion  (¢»(An) P (0)) = 0

@ n-independence (g = yp, + £+ + (£q - pp) 1) fT“‘)L =0
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Collinear factorization Light-C nec h
Parametrization of vacuum-to-rho-meson matrix elements (DAs)
Impact factors in momentum space

Collinear factorization

Parametrization of vacuum-to-rho-meson matrix elements (DAS)

@ Twist 2 and Twist 3 Distribution Amplitudes (DAS)

Projection on Lorentz tensors built from p,., e ,, epapy 1™ p” n?

Twist 2 Vector v,

((2) T4 (0)) ©1(y)

Twist 3 (3-parton) Vector v, | Axial vector ysv,
($(21)TgAL (22)9(0)) | B(y1,y2) D(y1,y2)

Twist 3 (2-parton) Vector v, Axial vector ysvy,
(1h(2) T (0)) o (y) + 03" (v) oW (W) + %" (W)
B Ti ar pO) | F "YW +e7 " | oAV W) +eh " ()

@ Relations between DAs

@ Wandzura-Wilczek (WW) contribution = Only 2-parton contributions.
@ Genuine conftribution = Only 3-parton contributions.
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Collinear factorization
triz um:
Impact factors in momentum space

Impact factors in momentum space

@ Some results
2

* f ! 2 5
PILTPL (y, k) x eas —p/ dy o1 (y, —_
(v, k) o/, Y11 “F>E2+ny2

x ! (w;pg) [, E*(E® +2y9Q%)
YT PT WW k) xeas T / du\‘pI £ / dy——= -
(v. k) Q% Jo U 0 (k? + y5Q?)?

@ £k, flux = No end-point singularity when y — {0, 1}:

ypp + 0L

gpp + 0L
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The dipole model picture
Linking Collinear approach to dipole models The 2 ntr

Dipole Models

Dipole model picture

@ Factorization of a high energy scattering amplitude info:

*

O e Ty

@ Inifial ¥; and final ¥ ; states wave functions.
@ Universal dipole/target scattering amplitude N (z, r).

@ In the impact factors "Target" = the two t—channel gluons:
gy Amas 0 ik _ otk
N(r, k) = N (1 e )(1 e )

c
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Linking Collinear approach to dipole models

The 2-parton contribution of the impact factor 7. — p

The 3-parton contribution to the impact factor

The 2-parton Impact factor

Fourier transform of the v* — p impact factor

@ Impact factors ], 77 = —L [d*¢ Tr(H,; T)(£) Syqr(£)
@ Collinear approximation = expansion around /; =0:

d?r - _
T DO = [ G A

Gives the moments of S 51

a2r —_—
/ QLng<Q/1T’L> (1—dly -ry +--)
N———

factorizes out

@ No 9" (M(y7 £, = 0) diagrams = Simpler approach in r, space

@ 2-parton impact factor

d? 71 . .
(I)’(;q TP = 77mpfp / / r;yq“ ( Y, i) <303 (y)epp + ltp1T(y)p1,1 (ﬁ: : ﬂ))

+H;g%“ (l/, K) (iSDA(y)S;Le;;pln + @AT(y)plu,ErLe;pln> }
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Linking Collinear approach to dipole models The 2-parton contribution of the impact factor -)} — pT
The 3-parton contribution to the impact factor v,

The 2-parton impact factor
Role of the equation of motion of QCD

@ Hard parts Fourier fransforms: N (r, k) oc (1 — e™®2)(1 — e 5T)

S _ ) _e-r . Ph
33" (v, ) o —ygKo(plr))el + i(y = 9)n=—=Ka(ulrl) x (N k) — 1) =2

Ir|
T1lp P20

Hy o (y, 1) o 77 (e —F B ——)uEa(ulr]) x (N (r, k) — 1)

aq

@ Equations of motion of QCD:

w0 = | [av [aruii e cnen|
+ HardTerms x (2yges(y) + (y — §)wir(y) + war(y))

Cancels in the Wandzura Wilczek approximation
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Linking Collinear approach to dipole models The 2-parton comrlbuflon of the impact factor .’T — p

The 3-parton contribution to the impact factor v,

The 2-parton impact factor
Results in the WW approximation

Impact factor in WW approximation (< 2-parton approx.):

i = fay [arne LD TR A

yWW
Yaq

ww,

@ The well-known v* wave function factorizes out ¢,

o e Nc B e(/\'y) .r
\I}Af,h(yvf) = Zg\/ 7(?15}1,/\W + y5h,—/\w)TﬂK1(ﬂ|£|)

@ We extract the pr—meson associated part:

Q/)‘A‘,,‘,}z — o fo (g;\p* -7) ((pz;w W (5}%/\/) _ 5h,—,\,])s01TW W

V2 4N,

)
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Linking Collinear approach to dipole models The 2-parton contribution of the impact factor -)} — pT
The 3-parton contribution to the impact factor v,

The WW-result

Interpretation

@ Scanning the p—meson wave function:

J d*r @x<r~8 {Fp +>

i, o
@ Link with the p—meson wave function N(r, k)
w499, = Spinor part x ’<",‘” m

’ 5 56 _ leLl<pr

M w (7} T‘) (Q(Ap) 'E)y h,Ap Zgy h,—Xp / d2f ZL (7;1(1)(Z/7£L)

@ test for the moments of the models (e.g. "Boosted Gaussian” or
DGKP models)
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Linking Collinear approach to dipole models > pT

L
= opr

The 3-parton impact factor

Expression and kinematics

@ The 3-parton amplitude in tfransverse coordinate space after
collinear approximation

; 2 2
+*p _impfp d*ryy drg)
(I)3fpar'tun - 4 /dyldyg (2ﬂ.)2 (2ﬂ.)2

~ ~F
(C;;B(yl y2)Ppepia Hog) (Y1,9g,711,7g1)

Al FrosyH s
+C3pZD(ylvy2)pu5aeplpn H(‘Jl,jg' (ylaygleLv"'gL)>

@ 3-partons exchanged =- Two Colour dipole configurations
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Linking Collinear approach to dipole models h ntr f the i q , > pT
The 3-parton contribution o the impact factor ~ ;, — pT

The 3-parton impact factor
Dynamics of the dipoles

Example: {gg} system

@ Diagrams associated:

muoum'\
=
(e}
9 9

@ Partons kinematics in fransverse space <« nonrelativistic 2D
mechanics of an equivalent system of masses M; o y;

@ Center of mass G of {gg} < spectator dipole:

b — 0
9@ Reduced particleof {gg} < interacting dipole:
0= Yglg — yqég -
B Yg + Yz -
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Linking Collinear approach to dipole models h ntr f the i q , > pT
The 3-parton contribution o the impact factor ~ ;, — pT

The 3-parton impact factor
Dynamics of the dipoles

Example: {gg} system

@ Diagrams associated:

g
@ Partons kinematics in fransverse space « nonrelativistic 2D

mechanics of an equivalent system of masses m; = y;Q

Q000

@ Center of mass G of {gg} < spectator dipole:

lg—0
@ Reduced particleof {gg} < interacting dipole:
0= ygﬁq - yqﬁg -
B Yg + Yg -

High energy exclusive leptoproduction of the p —meson



Linking Collinear approach to dipole models h the impai or '. > pT
The 3-parton contribution to the impact focfor v T — pT

The 3-parton impact factor
Results form of the 3-parton impact factor

@ 3-partons results:

- 28 )
<I>qu(7”T /dyl/dyQ/dzru(’qu P (y1,y2,7) X N (z,k)-i—/dyl dy2 %
1

with S(y1,y2) = ¢ (1) B(y1, y2: 1°) + ¢ (w?) D (1, y23 1)

@ Impact factor 2-parton+3-parton:
w7 o [y, [ N8 (005 00) + 075 )

+/% (2yﬂ<p3(y) + (-9t () + wﬁ(y)) + /dyl dys %

Cancel due to EOM of QCD

° [ dyle;qu) (v1,y2,7) 3-parton exchange overlap

High energy exclusive leptoproduction of the p —meson



Helicity amplitudes and Cross-sections

Helicity amplitudes and Cross-sections I

Helicity amplitudes
Dipole cross-section

@ Dipole-target cross-section:

2 2
Nt) = oer) = 222 [ R @ DN ()

@ Helicity amplitudes
Too = S/dy/dzwf’,f;” (y, 13 Q, pr)o(z,
Tu—s/dy/dr;/)qq) (y,r;Q, pr)o(x,
+s/dyz/dy1/drv(qq,,> 1,Y2,15Q, pr)o(w, 1),

@ Polarized Cross-sections

\*; =3
= =

1 Too(s,t =0)?

or, =
dopr,,. —b(Q2)t dorr P b(Q?) 167s2
dt (t) - N , dt ( - ) B 1 Ti(s, t=0)?
Tp1 .etc.. encodded or = b(Q2) 167s2
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Helicity amplitudes and Cross-sections

Helicity amplitudes and Cross-sections ez

Helicity amplitudes
A model for the dipole cross-section

Model for the dipole cross-section &(x, r)

@ rc-BK numerical solufion
(Albacete, Armesto, Milhano, Quiroga Arias, Salgado, 2011)

9 fitting DIS data with light quarks u, d, s
@ including heavy quarks ¢, b contribution to DIS data

@ GBW-like and MV-like initial conditions

@ Good description of inclusive and longitudinal structure functions
x?/dof ~ 1.2.
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Helicity amplitudes and Cross-sections

Helicity amplitudes and Cross-sections ez

Explicit solutions for the Distribution Amplitudes

@ Evolution of the DAs P Ball, V.M Braun, Y. Koike, K. Tanaka
. 5.3 2 500
prly i) = byl + (i) S5 —9)* = 1) T by
B(yi,y2;: %) = —5040y192(y1 — 72)(y2 — y1)
‘ wi o1 (1)
D(yi,y2ipd) = —360y152(y2 —y1)(1+ —— 2T (7(y2 — y1) - 3))

2
nr = pe: collinear factorization scale

€1 1<pr )
oy, 1r) o / d=t; @(y,€,1)
0
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Helicity amplitudes and Cross-sections RERUiD

Results
Comparison with H1 and ZEUS data

o(nb)
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. . . . I . 2 . . . . " L2 2
2 3 5. 7 10. 15. 20. 30. Qz(GeV ) 2 3 5. 7. 10. 15. 20. 30. Q (Gev )
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1000 -
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pme—— © " e @=24Ge02
e —— =
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Helicity amplitudes and Cross-sections

Results
Comparison with H1 and ZEUS data

4 Q% =225GeV?

o @=75Gev?
Q@ =33Gev2
= W
_ o
06f Q?=33Gev? —jﬁ%
05
W(GeV)

Results

ojor
7c

of
b
4 @?=18.0Gev?

3F Q?=88Gev?

2f Q?=4.2GeVv?
[ Q?=24Gev?

1

ZEUS s = W

07F QP =4.2Gev?

06] Q% =24Gev?

W(GeV)

ZEUS o 50 100 150
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Results

Helicity amplitudes and Cross-sections

Radial distribution of dipoles

Contributions to the overlap

@ Radial distribution of dipoles P11 (|r|) « || f dy; - - - /l/;;fga;;’"(yl,.,. ,T)
T (z,Q, pr) = /dﬂ’u(?‘, Q,pr)o(r,z)
08
YrP = ptp Q@ =10 Gev?
W =90 GeV
06 —_
F(X, 1) — — /< G i WwW
I , ° Puenume ~ Pll
04r /
Genuine weo @ Dipole cross-section
6 (x,r) =filters small
dipole r < Ro(x)
L L L L L L L r(GeV")
01 0.2 05 1.0 20 5.0 10.0

2
@ Dipole models: 1 =Y, fdyfd2£‘\llf§:>") = constraint on
parameters.

@ pr—meson = (¢q) exchange only, is it enough?
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Conclusion

Conclusion

@ Inclusion of saturation effects in the diffractive meson production
up to twist 3 accuracy for the v* — p impact factor

@ Results (ur only "free" parameter)

@ Predictions with normalizations in good agreement with HERA data for
Q? larger than ~ 6 — 8 GeV?

@ Predictions not sensitive to the choice of the collinear factorization
scale - in the region Q2 > 6 — 8 GeV?

@ Discrepancy for Q2 < 5 GeV2 mostly due 1o higher twist terms?

@ Perspectives

@ Implementing p—meson wave function models through the DAs =
how the parameters will change?

@ Extending the kinematics at ¢ # 0 = a test for dipole models with
impact parameter dependence.
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Results
the ur dependence

08 0.30
Yip - prp Q=10 Gev?
Tota — 025
08F (1) AS e

W=150 GeV ===
W=50 GeV

YiP o pTP Q@=1GeV?

G(xn:
W=150 GeV =
W=50GeV -

H] 01 02 05 0 20 50 100 r(Gev™) ZEUS

Totd — 025
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. . . )
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