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Diffractive Deep Inelastic Scattering

Andrey V. Pronyaev

(ABSTRACT)

New fundamental observables are becoming accessible with the Leading Proton Spec-
trometers (LPS) of ZEUS and H1. This enables us to test more thoroughly the pQCD
mechanism of diffractive Deep Inelastic Scattering (DIS). Calculations of the diffractive cross-
section in the small Bjorken z limit have been performed. We have used the microscopic
QCD formalism of diffractive DIS to find higher twist corrections to the transverse structure
functions and predict the diffractive slope and azimuthal asymmetries. We establish duality
correspondence between diffraction into low-mass continuum and vector meson production,

and calculate the diffractive contribution to the spin structure functions.
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Chapter 1

Introduction

Electron-hadron scattering has played an important role in our understanding of the
basic structure of nature. This is because stable and point-like objects like the electron are
ideal for probing the structure of hadrons. In Deep Inelastic Scattering (DIS) of electrons on
protons ep — €' X (see Fig.(1)-1a), the electron probes the proton via the exchange of a highly
virtual photon 7*. The virtuality of the photon, its four-momentum squared Q? = —¢?, is
much larger than the characteristic hadronic scale ~ 1 GeV? and thus we resolve the proton
structure at small distances ~ 1/Q?. In 1967, experiments on DIS at SLAC discovered
that for large Q? the cross-section does not fall down with Q% and is a function of unitless
Bjorken variable z. This scaling phenomenon suggests that virtual photon interacts with

the proton constituents: structureless spin 1/2 Dirac particles. Quantum Chromodynamics
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(QCD) interprets these particles as quarks.

The process of Diffractive DIS (DDIS) of electrons on protons ep — €'p’X (see Fig.(1)-
1b) has recently received renewed attention due to the commissioning of the Leading Proton
Spectrometer (LPS) at HERA. Diffractive means that the proton stays intact, so the hadronic
state X can be thought of as a result of the virtual photon ~* diffracting off a proton p. The
final state electron e’ is detected and this allows one to fix the virtuality Q? and Bjorken
x. The final state proton p’ acquires a small transverse momentum squared A? < mf) with
respect to its mass m,. The longitudinal momentum of the proton also changes by a small
fraction xp < 1 of its initial value, thus the recoiled proton is separated from the hadronic

state X, which was created by +* diffraction, by a large pseudo-rapidity gap n ~ log (1/zp).

The LPS gives the long-awaited access to both the magnitude and the orientation of the
proton transverse momentum transfer A of this semi-inclusive process. The measurement of
the A%-dependence of the cross-section component o allows one to find the diffractive slope
BP | defined as coefficients in small A? decomposition o”(A2%) = oP (A% = 0){1 — BPA?}.
The transverse orientation of the recoil proton with respect to some other direction defines
the azimuthal angle ¢, and corresponding asymmetry AP can be found from cross-section
¢-dependence 0P (¢) = o’ {1+ AP cos ¢}. These new observables provide additional handles
on the microscopic structure of the proton and allow us to test further the theoretical models

of DDIS.
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At small Bjorken z, we effectively probe the gluon density of the proton over the whole
range of gluon momentum which is governed by the variety of scales in DDIS. In addition
to the soft mass scale %, given by the characteristic range of gluon propagation in nucleon
matter, and the hard scale 2, in DDIS one gets an access to the intermediate scales coming
from the final state analysis. Such scales as the mass mfc of different quark flavors and the
mass M? of the final diffractive state X allow one to probe in more details the semi-hard

regime in different cross-section components.

Diffraction of hadrons and/or (virtual) photons is a phenomenon very appealing to phys-
ical intuition because it combines particle and wave-like aspects of high-energy scattering. A
very simple physical picture for hadronic diffraction is based on the optical model developed
a long time ago. The beam hadron at very high energy is described in quantum mechanics as
a complicated superposition of virtual states. At short distances, QCD radiation causes fluc-
tuations of its parton structure. Due to Lorentz contraction of this ultrarelativisic system,
the Fock states are in fact eigenstates of the interaction. In the diffraction, the interaction
with the target particle causes the attenuation of the beam particle Fock states. As a result
the scattered state is different from the beam state and new exclusive and continuum states

are diffracted into existence.

In this diffractive dissociation of the beam particle, the cross-section system center-of-
mass energy +/s dependence is similar to that of elastic scattering: ot = 0o(8/80) +011/50/5,

where € ~ 0.1 and oy with o7 characterize the reaction. In the Regge language the term
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00(8/s0)¢, which grows with the energy s, is coming from Pomeron exchange in the ¢-channel
(see Fig.(1)-2a,b), and Pomeron is treated as the quasiparticle IP with vacuum quantum
numbers. Other intermediate particles with meson quantum numbers contribute to the term
alm which is suppressed at high energies. In perturbative QCD, the Pomeron is just
a label for the intermediate two-gluon ladder (see Fig.(1)-2c). For a review on the Regge
phenomenology in diffraction see [1]. The transferred momentum ¢ = —A? dependence of the
diffractive cross-section is characterized by the diffractive slope BY which depend strongly on
the excitation energy of the beam particle. The target particle contribution to the diffractive

slope is proportional to its transverse area.

The microscopic QCD picture of DIS and DDIS at small Bjorken x was developed in the
early 90’s by Mueller [2], and by Nikolaev and Zakharov [3]. In this picture, the v*p — Xp/
process is described as a grazing, quasielastic scattering of the multiparton Fock states of
the virtual photon by the proton. The DDIS is treated in the color-dipole model [4] in
terms of diffraction of the quark-antiquark (¢q) light-cone Fock components of the virtual
photon on the target proton. This interpretation of DDIS is possible since for small Bjorken
x < 1, the virtual photon transforms into a ¢ pair at a large distance ahead of the proton,
6z ~ 1/myx > R,, compared to its size R,. The color-dipole consists only of ¢g pair for
the cases of low and intermediate continuum mass excitation M? < Q?, and of vector meson
production. More complicated Fock states with extra gluons and/or ¢ pairs contribute for

large continuum masses M? > Q2. The v*p center-of mass energy s = Q?/x is large for
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x < 1, and the two-gluon exchange in the ¢-channel of the v*p — (qq)p’ interaction gives
the dominant contribution. In the equivalent parton language, which is commonly used in
the standard DIS, this means that at small x the virtual photon probes the gluon structure

of the proton by interaction with its daughter (sea) quarks.

The color dipole approach allows one to answer many important questions in DDIS such
as
e what is the twist structure, or dependence of DDIS observables on the virtuality of the
photon Q% (the power of 1/Q in DIS cross-sections is called twist),
e what are the relevant scales in this truly multi-scale problem,
e what is the flavor content of the DDIS observables,
e what happens to the partons’ helicities and how are they related to the hadron and virtual
photon polarizations,
e is DDIS a soft or a hard process, and to what extent is pQCD applicable?
The light-cone formalism provides this DDIS model with a natural framework as the trajec-
tories of particles cluster close to the light-cone in high-energy processes. Combined with the
infinite momentum frame, this formalism allows one to separate effectively large and small
scale longitudinal and transverse momenta. There is also a great deal of simplification in the
calculations because it is easier to estimate the contributions of different Feynman diagrams

and safely neglect those that are small in the high energy limit.

In a series of papers [3]-[6] Nikolaev et al. used the color-dipole approach to calculate
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the forward (A = 0) leading twist transverse and longitudinal diffractive structure func-
tions. This light-cone pQCD approach was extended by the author to the evaluation of the
azimuthal angle and higher twist components of the diffractive structure functions, and to
the calculation of diffractive slopes. The first calculations of the cross-sections integrated
over the diffractive state mass M? with non-zero momentum transfer (A # 0) were per-
formed by the author and Zakharov in 1992 with the use of gluon structure functions in the
Born approximation, and with an infrared cutoff imposed on the radius of the perturbative
gluon propagation. In the past two years, modern parameterizations of the gluon structure
functions were incorporated by the author into the calculations of semi-inclusive DDIS with
nonzero momentum transfer A? # 0 and fixed continuum mass M?2. This dissertation is
based on the results of a series of papers published by the author in [7]-[13] in collaboration
with Nikolaev and others. Some of these results were presented by the author at the 6th

International Workshop on Deep Inelastic Scattering and QCD (DIS’98).

While working on his Ph.D. at Virginia Tech, the author made the following contri-
butions using the color-dipole approach in DDIS. The direct perturbative QCD evaluation
was performed of higher-twist corrections to the diffractive structure functions which are
dominant for low-mass continuum excitation, M? > 4m?c. It was shown that the higher
twist transverse structure function has the same twist and characteristic pQCD scale as the
longitudinal component. Some nontrivial effects were found in the diffractive excitation of

the continuum with A # 0, such as a rapid variation of the diffractive slope with the mass of



Andrey V. Pronyaev Chapter 1. Introduction 7

the diffractive state M?2. It was shown how different interaction regions with different sizes in
impact parameter space contribute to the diffractive slopes of the cross-section components.
Azimuthal asymmetries were calculated in the recoil proton and jet plane directions and
a new procedure was developed to use longitudinal-transverse interference effects in order
to extract a model-independent and abnormally large longitudinal /transverse cross-section
ratio in DDIS. A method was proposed to use transverse-transverse interference to measure
directly the higher-twist contribution to the transverse cross-section. Exclusive-inclusive du-
ality between the diffractive production of vector mesons and low-mass continuum excitation
was extended to the s-channel helicity non-conserving cross-sections with different azimuthal
angle and polarization dependence. Important diffractive contributions to the spin structure
functions were evaluated and shown to have a rapid rise toward small Bjorken z. Univer-
sal software was developed and utilized to calculate the DDIS observables with the use of
modern gluon structure function parameterizations. Together with collaborators, the author

completed an analysis of multi-scale regimes in DDIS and of the applicability of pQCD.

The present thesis is organized as follows. In Chapter 2 we introduce kinematical vari-
ables of DDIS for two cases: continuum excitation in which the final hadronic state X is
the result of the ¢g pair hadronization (thus semi-inclusive since only the recoil proton is
detected in the final state), and vector meson production in which X is the vector meson
V only (thus ezclusive). Then, we use light-cone perturbation theory to calculate the lep-

tonic and hadronic contributions to the total DDIS cross-section. We calculate the helicity
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amplitudes of quark-antiquark excitation of the virtual photon. The interaction of the qq
pair with the proton is mediated at small-z by colorless two-gluon exchange. We show how

gluons with different momenta contribute to the gluon structure functions.

In Chapter 3 we calculate the DDIS cross-sections for continuum excitation and show
the leading twist contributions for different polarization and azimuthal angle components.
For each case we analyze the emerging pQCD scales which give dominant contributions. For
the case of transverse polarization, we evaluate and discuss the higher-twist components.
Next, we calculate average hard scales in our problem and establish an important sum-
rule for the MZ2-integrated components of the diffractive cross-section. We proceed with
calculations of low-mass continuum excitation, and diffractive vector meson production dual
to it. We find that exclusive-inclusive duality correspondence holds for all polarization
and azimuthal angle components. We conclude Chapter 3 by a physically intuitive impact
parameter representation of the M>2-integrated cross-sections and the amplitudes of vector

meson production.

In Chapter 4 we convert the cross-sections into conventional proton structure functions
and diffractive slopes, and perform numerical calculations which we compare with approxi-
mate analytical results. Then, we analyze the ratios of the structure function components,
which to some extent are independent of the gluon structure function. This allows us to
use azimuthal asymmetries to separate the transverse and longitudinal components, and the

higher twist contributions to the total structure functions. Next, we evaluate the diffractive
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slopes of the different components and discuss the existing gluon structure function param-
eterizations and their extrapolation to the infrared region. We conclude Chapter 4 with the
analysis of the hardness of the characteristic scales and the general validity of our pQCD

approach.

In Chapter 5 we apply the light-cone formalism to the proton sector of the interaction,
calculating a relativistic wave function of the nucleon and using it to find the spin-flip and
spin-conserving vertex functions. Finally, we use the above results to evaluate the diffractive

contribution to the conventional spin structure function of the proton.

In the last Chapter 6 we summarize all these results and give a perspective of future

calculations. The figures are shown at the end of each section and labeled correspondingly.
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Chapter 2

Light-cone perturbation theory

In this chapter we introduce the light-cone perturbative QCD technique in the color
dipole approach to DDIS following Refs. [3]-[6]. The color dipole calculations in the zero-
momentum transfer limit A = 0 were performed by Nikolaev et al. in Refs. [5] and [6]. The
longitudinal-transverse and transverse-transverse interference components of the diffractive
continuum excitation cross-sections and the helicity amplitudes in the color dipole model at
nonzero momentum transfer A # 0 were obtained by the author and reported in Ref. [9].
We show here all the details of the calculations and analyze the contributions from different
parts of the Feynman diagrams. All steps have very clear physical interpretations which is
the main advantage of old-fashioned perturbation theory applied in the infinite momentum

light-cone frame.

12



Andrey V. Pronyaev Chapter 2. Light-cone perturbation theory 13

2.1 Kinematics

In diffractive DIS the experimentally observed process is the scattering of a lepton off a

proton
Ip—1UpX

with the detection of the recoil proton. It is thus semi-inclusive whereas standard DIS is
fully inclusive in the hadronic sector and the recoil proton is not detected: Ip — I’X. The
underlying subprocess in DDIS is the diffractive excitation of the virtual photon v*p — Xp/,
where one-photon exchange dominates due to the smallness of the electroweak coupling (fine
structure constant) aem, ~ 1/137. The diagram for DDIS of an electron on a proton is shown
in Fig.(2.1)-1a, p. and p, are the momenta of the initial and final (recoiled) electron, p and
P’ - momenta of the initial and final (recoiled) proton, and ¢y is the total momentum of the

diffractive state X. Momentum conservation states:

petp=0,+0 +aqu, (2.1)

and we define the momentum transferred from the electron, equal to the virtual photon

momentum, as
q=Dpe—P.. (2.2)

We will neglect the mass of the electron, compared to all other masses in our problem, so

pe=p.=0. (2.3)
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The proton mass m, constrains the momenta:

PP = p’2 =m?2. (2.4)

g = M?, (2.5)
the virtuality of the photon Q,
¢ =-Q", (2.6)

the v*p center of mass energy squared s,

(g+p)?=s, (2.7)

and the ep center of mass energy squared S,

(pe +p)* =5 (2.8)

Standard DIS unitless ratios are: the Bjorken scaling variable

Q2

- (2.9)

xT

defined here in the limit of @* > m?, which in the parton model (see [14] for a quick review)

is the fraction of target nucleon’s momentum carried by the struck quark, and the inelasticity

Q2

= 2.1
< (2.10)

Y

which is the fraction of the electron’s energy carried away by the virtual photon.



Andrey V. Pronyaev Chapter 2. Light-cone perturbation theory 15

In DDIS we have two additional variables:

Q2
== 2.11
ﬁ Q2 + M2’ ( )
and the counterpart of the leptonic variable y, usually denoted as
x
TP = =, 2.12
3 (2.12)

which is the fraction of the proton’s energy (longitudinal momentum) taken away. We

neglected the small momentum transfer
t=(p—p) =-4% (2.13)

compared to Q% in (2.11). We will perform calculations in the following limits of kinematical
variables:

z,rp,y K1 (2.14)

and

AN<m <Q<s. (2.15)

We discuss the physical meaning of these approximations in more detail below.
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2.2 Leptonic part

We will work in the photon-proton center of mass frame for x < 1, with large energy
squared s = Q%/z, larger than any other scale. Effectively, it is an infinite momentum frame
with longitudinal momentum /s — co. We choose the z-axis to be directed along the virtual
photon momentum. See Fig.(2.1)-1. Then, for the momenta of the external particles we have

(recall egs. (2.1), (2.2)), using light-cone parameterization as in (A.1),

q = (ﬁ,—%,ﬂ), (2.16)

gy = <\/§7M7§7A>, (2.17)

p = (%7\/57()), (2.18)

g (7%\/57_A>7 (2.19)

where A is the small transverse momentum, transferred from the proton, —t = A? < mf) <
s. We neglected the longitudinal transferred momentum in our infinite momentum frame.
One should note that for the lower portion of graph in Fig.(2.1)-1b, which is the proton
sector, the (—) light-cone components dominate and the (+) components are determined
from the on-shell conditions. However, we primarily deal with the photon sector of the
interaction for which the Feynman rules introduced in Ref. [15] apply, and in which case the

(+) component is dominant.

Four polarization vectors can be defined: longitudinal (L), scalar (S) and two transverse
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(T') and (T"):
-4 (s Qg
ew = 5 (Q’ NG ) (2.20)
_ (V59
eg = ( NG ) (2.21)
er = (0,0,e) =(0,0,e1,e3), (2.22)
err = (0,0,€)=1(0,0,—eq,€1) . (2.23)

These vectors are chosen to be orthogonal to each other e; - e; = (e€’) = 0 for i # j =

S,L,T,T" and are normalized as €% = —e? = —e = —¢2, = e? = €? = 1. Using this

complete basis of four-vectors, we write the momenta of the initial and final electrons as

pe = ples+per+p, er, (2.24)

p. = ples—pleL+p, er. (2.25)

One can see that, as defined above, the transverse polarization vector ey is tangential to the
(e,€’) plane and err is perpendicular to it. In our approximation of small Bjorken = we have

the following coefficients for p., p. decomposition:
Q 1 Q Q
pf=—<1—§y>, e = peTZZ\/l—y- (2.26)

The differential cross-section can be written as convolution of leptonic and hadronic

tensors doP = L"H,,,. The standard leptonic tensor

L = Tr iy ) = 4 [pl ol + 0" vl — (pe - LS (2:27)
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where p = p,77, can be rewritten using (2.24-2.26) as the v* polarization density matrix

802 y 1 Lo, v
e (R (1 4 53/2) S (ehelh + el
1

14 14 1 14 14
H(1—y) - S(eheh — hen) + (2 -y T -y S(cher + ehel)] . (2:29)

£ =

One can see that in the limit of y < 1, the soft photon is polarized in the (e,e’) plane. If
we contract £ with its hadronic counterpart H,,, we will get the total DDIS cross-section,

written as a sum of four different components:

Q%y

do(ep — €' X) e 1 ,\ p D
— 1— el 1—
dQ?dy T [( Y+ 23/ ) or + ( y) oL

FU-pofp+ (1-9)imyole| . (@29)

where the O'jD ’s are the diffractive excitation cross-section components of the process v*p —
Xp', which have labels j = T, L, TT', LT, standing for the transverse (7), longitudinal (L,
the misnomer notation used in modern literature for scalar photons), longitudinal-transverse
interference (L") and transverse-transverse interference (77") cross-sections. In what follows
we will consider the standard case of y < 1, and all factors multiplying the ¢’s in (2.29)

become equal to 1.
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2.3 Hadronic part

By virtue of the optical theorem, we need to calculate the imaginary part of the for-
ward Compton amplitude v;p — ~,p to obtain the cross-section for v;p — Xp'. The
sample diagram for this process is shown in Fig.(2.3)-1a. The leading contribution to DDIS
with intermediate and low invariant mass M? < @Q? and small z is the excitation of the
quark-antiquark ¢g Fock state in the photon by a colorless double gluon (labeled Pomeron)
exchange. The calculations of Ref. [3] show that multi-parton Fock states like ggg contribute
for large mass continuum excitation M? > Q?, 8 < 0.1. For large = > 0.1 region, the gluon
distribution in the proton no longer dominates and one needs to take into account processes
where virtual photon interacts directly with valence quarks (see Ref. [18] for corresponding
calculations). In this thesis we use the existing gluon structure function parameterizations
(see discussion in Chapter 4) as input for the bottom blobs in Fig.(2.3)-1a. For the QCD
evaluation of gluon structure functions and its relation to DDIS Regge phenomenology see

Ref. [16] and references therein.

We introduce four-momenta: k; of the quark and k; of the antiquark,
k? + m?
ko= (avE k) 2.30
(2va ) 2:30)

ko= ((1—2)@%,—&), (2.31)
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which combine to form the momentum of the virtual photon (2.16)
q=ki+k. (2.32)

In Egs. (2.30) and (2.31), z and (1 — 2) are the fractions of the photon’s longitudinal
momentum, carried by the quark and the antiquark, respectively, and £k are the transverse

momenta.

We use the prescriptions of old-fashioned (Heitler-type, time ordered, pre-Feynman) per-
turbation theory [15] and calculate the energy denominators, for which we subtract light-cone
energies (which are not conserved, see Eq. (A.1)) of the incident (7*) and the intermediate

(qq) states, ¢~ and k= + k~,

- _ - 1 2 2 2

The v*(5,q) q(Ai, ki) @(A\i, ki) vertex with definite helicities \; of the quark and ); of the
anti-quark, and polarization j of the virtual photon, according to the rules of light-cone

perturbation theory [15], is

Xishi _1_15\1.(/_61-) u)\z(kl)
& YAl

where I, = 7, is the standard electromagnetic interaction vertex and uy (k;) with vy (k;) are

-e, (2.34)

light-cone helicity spinors. See Eqgs. (A.4), (A.5). For the matrix elements (2.34) we find

N A (2:35)
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1

G = m-[(l—Zz)(eki)Jri(exki)], (2.36)
= —;wnel—ieg
G'YT - z(l—z)\/E ( )7 (2.37)
L T e
Gn = 0= s 22(1 )Q, (2.38)
Gt = 0. (2.39)

Each gluon enters with a Feynman gauge propagator factor g, , for which the following

decomposition holds

g% = g1 +nyn(o + iy (2.40)
where we used light-cone vectors nyy = (1,0,0) and ny = (0,1,0), and the index p is

considered to enter the ¢(¢) g g(§) vertex of the ¢g pair. For the g(\i, ki) g ¢(As, kf) vertices

we have, using (A.4) and (A.5), the dominant contribution in the infinite momentum frame

AisAp ﬂAf(kf) +u>\i(ki) _
f i
which contracts with the last term in (2.40), containing the nonzero component n_y =1

This leads to the conservation of (anti)quark helicity A\; = A; in our infinite-momentum

frame.
Denoting the gq loop transverse momentum as k we have

1
ky = k+zA:r+§A, (2.42)

1
kfy = -k+(1—2)A= —r+§A, (2.43)
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for momenta k; and kj of the quark and antiquark in the final ¢g state (the same for all

diagrams), where we introduced a useful transverse vector

rEk—%(l—Qz)A: (ks —ky) - (2.44)

DN | —

In our infinite-momentum frame, we neglect longitudinal momentum transfer; and thus the
longitudinal momentum fractions, z and (1—z), stay unchanged for the quark and antiquark.

The final quark and antiquark constitute the diffractive state X = ¢q with momentum
qm :kf—i-l%f. (245)

The invariant mass of the diffractive state, X = qgq, is then given by

2 2
2 k—i—mf

M2:(kf+l_€f) :m,

(2.46)

where we neglected A in (2.44) in our approximation of A? < m?c.

We sum over four different diagrams with two gluons, with momenta A;» = A/2 + &
(A = A; + Ay is a total gluon momentum and k is a gluon loop momentum), attached to
the quark lines. See Fig.(2.3)-2. With the final quark momentum k; fixed, the quark at the
v*qq vertex will have a different momentum k; for each diagram. The sign factor ¢; = £1
appears for diagrams with gluons connected to the same/different quark lines. We combine
vertices (2.34) and energy denominators (2.33) in the unintegrated reduced amplitude of the
v* — qq transition

G (k)

Af;]fAf = ZCZ‘ % s (247)
i A S
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where the summation is over the four diagrams in Fig.(2.3)-2. It is convenient to use the

virtual photon circular polarization vectors with definite helicity A = +1

1
er = ———(te+ie€), (2.48)

V2

with e} ey = 1. With the use of n. = —(%,4)/+/2 one can find a compact expression for the

unintegrated reduced helicity amplitudes of the 7§ — gx,qx, transition
AN = 222(1 - 2)Q 26006, s, — Amiex) msda ban, bis,
+V2M(exdy) [(1— 2) ax, — 2635, 65,-3, - (2.49)
We introduced the sum
6= i) =t (r+58) +0; (x-3A) —wr+R) i —w)  (250)

over functions

k;

¥ ) =k () = 1o (2:51)
where 15 has a meaning of the virtual photon light-cone wave function and
f=mi+z(1-2)Q (2.52)

is sometimes called the transverse mass of the quark. One can see from Eq. (2.49) that ¢,
corresponds to 75 — qx,qx, transitions with altering helicity A # Ay +A £, and ¢ corresponds

to helicity conservation A\ = \; + A;.

The light-cone vectors n?,, of Eq. (2.40) enter the pp’gg contribution in Fig.(2.3)-1a,
(+) &

which gives the off-forward unintegrated gluon density in the proton (see discussion in Seq.2.4
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and Sec.4.4): f (zp, K, A). Tt is customary to single out the factor 1/x* which emerges from
the denominators A? and A2 in the gluon propagators for the forward scattering case A = 0.
The A, k and xp dependence of the gluon density matrix will be discussed in the next
chapter. We combine the v*X and pp’gg contributions into an amplitude of the v*p — Xp/

transition (see Fig.(2.1)-1b), integrated over the gluon loop transverse momentum k,

.CIZ'IP,K', A)
AR, 5 = /d2 fawk, A) iy (2.53)

J

We also define the helicity changing and conserving amplitudes ®; and ®, (first introduced

for the A = 0 case in Ref. [3]):

o, _/d2 “”” A)qﬁz. (2.54)

Finally, we introduce the vector meson polarization vectors, which are used in the cal-

culations of vector meson diffractive production

5o (2 o

v, = q—M:<f M ) (2.56)

M\ M5
Ve = (0,0,V)=(0,0,Vi,Vh), (2.57)
V= (0707V/):(0707_‘/2>‘/1)- (258)

These vectors are orthogonal V; - V; = (VV’') =0 for i # j = S,L,T,T" and are normalized

by —V&=V2=—-V2=—Vp =V?=V"?=1. We also use the circular polarization vectors
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with definite helicity

1 -
Vi= -5V V). (2.59)

Employing the same technique as used for the y*qq vertex, one finds the unintegrated am-

plitude for the V(Av, ¢m) ¢(\s, ks) @(\s, k) vertex

Ag\/v;)\fjxf = _22(1 - Z)MéAVO 6>\f—5\f - )\V(HXVVAV) mf 6>\V>\f6)\5\f

+V2Ar (Vo k) [(1 = 2) 6apa, — 2 85,3,] 63,5, » (2.60)

in which we used the plain 7, matrix (see [19] for discussion of S-D mixing in vector meson

wave function) in the FL/ = v, TV vertex. Together with the energy denominator

_ 1
Dy =qy — ki —k; :—%%MQ—M?/), (2.61)

the reduced vertex I'V constitutes the vector meson light-cone wave function

TV (M?)

—_—. 2.62
M2 — M‘Q/ ( )

Py (M?) =

See Ref. [20] for its parameterization.
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2.4 Diffractive excitation of continuum

We use unitarity to calculate the hadronic helicity tensor Hyy of the vip — ~}/p process

(see Fig.(2.3)-1a) as a sum over the (anti)quark helicities A and A; in the product of ip —

(q/\f@\f)p’ and vy,p — (CZ,\f(];\f)p' amplitudes:

H = Z [A/\D/%/\f;\fr A/\D%/\f:\f' (2.63)
AfAs

Performing all intermediate particle momentum integrations (see Appendix A) and multi-

plying by all standard QCD factors, we obtain

aem
o = S zfj 2 / dz / %k / A o2 H, (2.64)
for the components i = T, L, TT", LT of the diffractive cross-sections in (2.29), where ey is the

charge of quark with flavor f, and as is the running QCD strong coupling constant (calculated

at hardness scale @2, introduced below). We introduced the averaged contributions H;, which

D

correspond to the components of the cross-section o;”, as
Hy = C{(Hi +H )
= {1-22(1—2)} &} + m;®3, (2.65)
H; = Hip
= 422 (1-2)2Q*®2, (2.66)

1
Hpp = 3 {Hi-+H_;}
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= 22(1—2) |8} —2(e®)’] (2.67)
1
Hir = 1 {Hyr+Hpy +H p +Hp }

= 42(1—-2)(1—-22)Q (e®;) Py, (2.68)

where the helicity tensor (2.63) components are calculated using (2.49-2.54):

Hiy = 2{1-2z(1—2)} (e} ®1)(exP1) + (eler)m} P}, (2.69)
Hir = 42(1—2) (el ®1)(exPy), (2.70)
Hip = Hi, = +4v22(1—2)(1 —22) Q(e'®,)d,. (2.71)

For future discussion, we also introduce the helicity altering and conserving leading twist

contributions to the transverse component

Hp, = ®3 (2.72)

0

and

Hr, = m}®;, (2.73)

respectively, and the higher twist (as shown in Sec.3.3) contribution Ty to the transverse
cross-section

Hj = —2z(1—2) 97, (2.74)

so in total:

Hp = Hr, + Hp, + Hy, . (2.75)
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In the above formulae e is a unit transverse projection of the electron momentum which
defines the azimuthal angle of the (e, €’) plane. See Egs. (2.22), (2.24) and (2.25). One can
already see in Eqs. (2.67) and (2.67) that both 77" and LT interference components depend
on the direction of e and vanish if we integrate it out, leaving us with the transverse 7" and
longitudinal L components, which were calculated in Refs. [3] and [6] for zero momentum

transfer A = 0.

To evaluate the helicity amplitudes ®; defined in Eq. (2.54), we follow Ref. [21] and

approximate the off-forward gluon density by
1
f(zp, Kk, A) =exp (—533PA2)f($IP, k). (2.76)

In Eq. (2.76) the dependence on (Ak) can be neglected for small zp as the subleading
Balitskii-Fadin-Kuraev-Lipatov (BFKL) singularity [22]. We also parameterized the small-
A? dependence by the universal diffractive slope Bsp ~ 6 GeV?2, which will be discussed in

Sec.4.3.

To perform the gluon loop momentum & integration in Eq. (2.54), we expand Eq. (2.50)

in k2 < Q°, where
Q=K+ (2.77)
is the perturbative QCD scale from energy denominator (2.33), average over the k orienta-

tion, and obtain

2¢?2 2 EAQ(TQ +¢e%) —4(rA)? B EA (rA)
(r2 4 ¢€2)3 4 (r2 4 ¢€2)3 2 (r2+e2)?

(¢) =1 (2.78)
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and

e2—r* , 1A%(r?+¢%) —4(rA)?

(¢2) = T et CETSE (2.79)

We used the notation (¢;) = [df ¢;/(27), where 0 is an angle between k and r.

Then, we encounter two types of dx? integrals in Eq. (2.54). The first one is the Leading
Log Approximation (LLA) integral

Glom @) = [* 2 fom i), (2.50)

which is the gluon structure function of the proton at the pQCD scale @2. The second

integral is a soft gluon structure function

2

Glae. 1) = 1, [, “F w12, (2.81)

where the integration converges for small £ with soft gluon momentum scale ug ~ 0.7 GeV'.

We also define for future use an infrared parameter

b(.fL'Ip,,u2 7@2) = —9.
¢ 202G (zp. Q")

(2.82)

which, at large @2, decreases only because of the scaling violations and stays substantial.

The next step is to expand Eqs. (2.78) and (2.79) in small A, up to terms oc A3, and
obtain for the helicity amplitudes (2.54) the following expressions:

k2

® = (1-=]|2k— 1—22A+61—22k(kA)
(Q)l (= 22)A+ o0 =2

—§(1 — 22)? {QA(EQA) + k_A; — 8k(li?)2H G(xfjl@ )
2 Q Q Q Q
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L[, AkA) kA?  k(kA)?| Glrw, 1)
4 lz 0 * 0 —4 o' ] 20 (2.83)
and
D, = [1 - zg—z +4(1 - 22) (k_%) —6(1 - 22) kQ(EQA)
1 A2 E2A2 kA2 12 (kA )2 G 7—2
_§<1_zz>2{2r2_3 = EPNUZV <@6 ) H <xg4@>
11Aa? - (kA Glar, i)
4 l?‘ @4] quQG' (2.84)

Next, we perform the quark loop-momentum integrations over z and k% in Eq. (2.64).
We use the invariant mass definition, Eq. (2.46), to eliminate the dk? integration. For the

differential diffractive cross-sections with fixed invariant mass M?, we have

(2m)° do? = Qem > ef /z+ dz - 2(1 — 2) a®H; (2.85)
AM2dANdgde 6 G ) s ‘

where the longitudinal momentum integration is over the symmetric range with respect to

1 -

It is convenient to set the scale for invariant mass M? with the use of Q% and /3

z=1/2,

M? = Q*—=. (2.87)

See (2.11). Then, we substitute the helicity amplitudes (2.83) and (2.83) into hadronic

tensors (2.65-2.68) and perform the final dz integration in Eq. (2.85). To do this integration,
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we change variables using the pQCD scale (2.77)

o kK+mi 2(1-2)Q?
Q = 5 5 : (2.88)

After lengthy, but simple calculations we get integrations in the form

Q> A2 =2\ ~
[ d@% (1—423) 0. @) Glaw. @) . (2.89)

N

1-8

where n =1,2...6 and m = 1,2, and the factor in the square brackets has weak logarithmic

dependence on Q.

Integrals with n = 1 converge at the upper integration limit: the pQCD scale is
(2.90)

which corresponds to symmetrical qg pairs z ~ 1/2 and large transverse momentum k? ~
M?/4. The lower integration limit of Eq. (2.89) contributes to the n > 2 integrals and yields

the pQCD scale

2
my

1-5’

which corresponds to asymmetrical ¢ pairs with z ~ m%/M? and small k* ~ m?. For heavy

Qi ~ (2.91)

flavors and/or sufficiently small (1 — 3), the pQCD scale QQT is large and we remain in a

perturbative domain.

We introduce the scaling violating functions of pQCD scales @2T and @i, which, to the

log-accuracy, are

2

Gr = [ou(@r0)Claw. @r)] (2.92)
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Below we will also use the short-hand notation
—2
br.. = b, 1, Q). (2.03)

The final step is to expand our expressions for cross-section components o; in powers of
m?c, and retain the leading twist in each case. We present the results of the above calculations

in the next chapter.



Chapter 3

Cross-sections

In this chapter, we present the results of analytical calculations of the diffractive cross-
sections in the color-dipole approach. The transverse and longitudinal components were first
calculated in Refs. [5], [6] in the zero momentum transfer A = 0 limit for the diffractive
excitation of continuum case. The evaluations of the vector meson diffractive production am-
plitudes were done in Refs. [23], [19]. The author’s contribution is an analytical evaluation
of non-zero momentum transfer, higher twist and azimuthal angle components of DDIS into
continuum. The duality correspondence between s-channel helicity non-conserving cross-
section components in low-mass continuum and vector meson diffractive excitation is estab-
lished. We focus here on the azimuthal angle, twist, and gluon structure function dependence

of the cross-section components.

36
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3.1 Angular dependence

In this section we write down the result of calculations described in previous chapter.
First, we introduce the azimuthal angles for DDIS as follows: ¢ - angle between k and A,
1 - between k and e, ¢ - between A and e, so ¥ = ¢ — ¢. In experiments, ¢ is measured
as an angle between the proton (p,p’) and the gg-jet planes and ¢ as an angle between the

electron (e, e’) and the proton (p,p’) planes. See Fig.(2.1)-1b.

To the log-accuracy, for the differential DDIS cross-section

2 dUzD — D(4)
(2m) (M2 + Q?) T dAdads = ;ao— e (3.1)

(n)

we have (we suppress index f in 8021- below, index (n) refers to the number of derivatives),

using the results of previous chapter and universal short-hand factor

T2y €2
Sy = Tfexp (—BspA?), (3.2)

the following expressions. The transverse cross-section is

80'?(4) _ Sfﬁ(l - B)? [(1 —bTAQ) ) (3—1‘45‘1‘852)

m3Q?
+A—2 L {(5— 168 — 782 — 783" + 1263")
m3 10

+cos (2¢) - (1— B) (25 — B — 188> — 1264%) }

+brA? - cos (2¢) - 28 (1 - 48)| - G (3.3)
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The longitudinal cross-section:

oPW = 3, 12543 [(1-0:07) - 2(1-20)*- G
A2
tog (1-8){(1-78+238° — 215°)

2

+cos (2¢) - (1 — J3) (2 — 608 + 2152)} -Gy

—bp A% cos (2p) - 4(1— 8) (1 - 28) - Gy - (3.4)

The transverse-transverse interference cross-section:

ol = —@W [(1 = bLA?) - cos (2) - 2452 G
A? 1
w25 {—cos (2¢) - 3(1—B) (1+28 +38° + 845°)

+2cos (2¢) cos (2¢) - 21 (1 — 5)2 (1 + 30+ 652)
—cos (2) - 10 (2 + 26 +26° - 95°)} - G
—br A% - 123 {cos (2¢)

—2cos (2¢) cos (2¢) - (1 — )} @ﬂ : (3.5)

The longitudinal-transverse interference cross-section:

A262(1—
dob® = S@% [{—2cos (¢) - (1+5+48°)
+4 cos (1) cos (p) - (1 =) (1 + 26+ 1852)}
A2 1
"2 0 (1= B) {cos (¢) - (11 + 78+ 36> — 126°)

+3cos (@) cos (2¢) - (1 — f3) (17 + 318 + 4252)
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—3cos (1) cos () - (1 — B) (8 + 156 + 2182 — 22453)
—Tcos (1) cos (3p) - (1 — B)* (6 + 178 + 328°) |
+brA? {cos (¢) - (4 — 178 + 283%)

+3 cos (¢) cos (2¢) - (1 = ) (1 - 80)

—6cos (1) cos (p) - (1 - B3) (1 — 58+ 186°)

2

+2cos (1) cos (3p) - (1 — B)* (1 +188) }| - Grr. (3.6)

These expressions are valid for 4m} < M?, Q?; the case of low continuum mass M? ~ 4m}

will be discussed separately. Below we discuss our results (3.3-3.6) in more details.
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3.2 Helicity components

In this section, we split the cross-sections (3.3-3.6) into helicity components. We will
discuss here only the azimuthal angle and twist content, leaving the rest of the discussion for
subsequent sections. In general, twist-n means that the cross-section has a 1/Q™ dependence
to log-accuracy. We will refer to (2.83) and (2.84) for properties of helicity amplitudes ®,

and ®, which enter in cross-section components (2.85) as bi-products. See (2.65-2.68).

The leading twist-2 transverse cross-section is written in the form

2
do7® = Sf% [(1—b7A%) - (3445 +85)
A2 1 a
T (5— 168 76" — 788"+ 12654)] -Gy (3.7)

and is a sum of helicity components: 805(3) = 80’%3) + 80?1(3). See (2.72) and (2.73).
Helicity-violating amplitudes ®; « k in both vertices contribute to the component of the

transverse cross-section T with zero total helicity of the final quark and antiquark pair

dop® = sfﬁ(l —O)° [(1—brA?) -2 (1+28+35°)

e
A1 (388 195” - 305° + 846" | - & (3.8)
m? 10 v '

and helicity conserving amplitudes ®, o< 1 in both vertices contribute to the component T}

with conservation of helicity at the v*qq vertex,

002 — sfiﬁ%—@ff (1= bra?) - (1 4 25%)
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2

+—5 = (1=p) (1-33+38" - 2153)] -Gr. (3.9)

1
my 9
Both Ty and T; components give comparable twist-2 contributions at pQCD scale QQT ~
m?c /(1 — ). For light flavors and intermediate (3, the typical range of gluon structure
function variation u% replaces smaller scale QQT and (3.7-3.9) must not be taken literally. For
heavy flavors and small (1 — 3) we are in legitimate pQCD domain and all results are valid

within the approximations we have made. Gluon structure functions and pQCD scales will

be discussed in more detail in Sec.4.4.

The longitudinal component is dominated by the helicity conserving amplitudes ®5 o< 1

in both vertices,

0 = s [(1-h?) 21— 29 G
A2 -
o (=) (1= T+ 29 - 1) il (3.10)

which is twist-4, and the pQCD scale is hard, @i ~ Q?/4 for large Q*. In comparison to
the twist-2 transverse component, the L contribution lacks a small factor (1 — 3)? for large
B, and has a factor GQ(.CIZ']P,@i) which dominates G2(:U1P,QQT) due to the scaling violating
rise of the gluon structure function from scale QQT to @i Both these effects make the L
contribution dominant for large 3, and this is confirmed by numerical calculations in the

next chapter.

Transverse-transverse interference has a contribution from the helicity-violating ampli-
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tudes ®; < A in both vertices,

ol = —&W [—bLA? - 1267 .G
A2 1 _
b (08 41260 ] cos(20). (3

and has a standard interference factor A% cos (2¢). It is twist-4 with competition from the
soft-hard contribution « b.G2 & G(zp,Q:)G(zp, 42)/uZ, and from the semi-hard (for
light flavors) contribution o GQ(:UIP,@QT) /m% For large (3, the pQCD scale Q, rapidly

increases and the second term in (3.11) becomes dominant.

The longitudinal-transverse interference with contributions from helicity amplitudes

®; x A and P, x 1 is expressed by

A 21—
oD = _Sfé . % [2 (1 + 6+ 452)
~brA? - (4175 + 286°)
A? 1 2 3\| .2
— - —(1-0) (11—1—75—1—35 — 1264 )] -Gy - cos (). (3.12)
my 10

The factor A cos (¢) reflects spin flip and one has twist-3 with pQCD scale QQT, the same as
for the transverse component (3.7). The importance of this term for pQCD scale separation

will be discussed in more detail in the next chapter.

There are additional azimuthal angle contributions (denoted with prime below) which
one can analyze, if the direction of k, i.e. orientation of the qgq plane, is reconstructed. It

can be done, in principle, by a detailed study of the azimuthal configuration of the state
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X = qq. The transverse cross-section receives a contribution from the product of helicity

violating amplitudes ®; x k and ®; o« A(kA),

2
805/(3) _ Sf%;@f) [bTAQ-Zﬁ(l —48)
A? -
oz 17 (25— 5 — 186% 12653)] Tocos(20).  (3.13)

which is also twist-2 with pQCD scale QQT, but has interference factor A?cos(2¢) and
contribution from the gluon structure function at both soft and hard scales oc brG2
Gzw, Q)G (xp, 1) /p%. One should notice a small factor (1 — 3) in the contribution

x G2(x1p,@2T)/m?c and thus for large [ the first term in (3.13) becomes dominant.

Similar factors are present in the twist-4 component of the longitudinal cross-section

which comes from helicity amplitude ®; o< 1 in one vertex and ®; o< (kA)? in the other,

9@ sf—mgé;j O (b2 4(1-20)-G
2

A —2
+m—?¢ (1-7) (2 — 60+ 2152) . GT] - cos (2¢), (3.14)

where the first term « ;G2 x G xIp,QQ G(zwp, 12)/u% dominates the whole range of 3
i3 L Gl kG

due to a large pQCD scale @i in one of the gluon structure functions.

The transverse-transverse interference also receives contributions from amplitudes with

@, x k in both vertices,
/ 4ﬁ2 1-— ﬁ —2
(RIS RPN
A2

7 2 (1= 8) (1426 + 357 + 8457) - 53] cos(2), (3.15)
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and has a similar form as the longitudinal component multiplied by an interference factor
cos (21)).

The longitudinal-transverse interference has an additional contribution from the product

of helicity amplitudes ®; < k and &5 x (kA),

A252(1 - B)?

do @ — S@W [4(1+ 26 +18)
a* 3 (1—B) (8+158 + 218° — 2245°)
m3 10
—bpA?-6 (1 - 56+ 1852)} ~@2T - cos (1) cos (@) . (3.16)

It is similar to (3.6), except for a different interference factor A cos (¢) cos (¢). Both compo-
nents (3.16) and (3.12) contribute to the LT interference cross-section, which when integrated

over the jet plane direction k (integrated over azimuthal angle ¢ with ¢ fixed) becomes,

A 262 (1 -
dorr” = Sig % [126° (2 - 39)
+brA? - (1+ 8 — 4158% + 545°)
A2

) .
% (1—B) (2+ 78+ 123” — 4835° + 67254)] -Gy - cos (). (3.17)
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3.3 Higher twist in transverse cross-section

For the portion of the transverse amplitude T defined in (2.74), the calculations indeed

give the twist-4 contribution to the transverse cross-section

4 2 1 — .
a%Do(g) _ _Sf% [(1—bLA2) -1252-Gi
+A_2 1 (7 + 78 4+ 73% — 2433° + 25254) e (3.18)
m2 10 g |

One can notice the similarity to the longitudinal term (3.10) with a large pQCD scale @i
Its only difference from the transverse-transverse interference contribution 805}(/3 )(A = 0)
is the lack of the azimuthal angle factor cos (2¢). This general result holds for the case of

A =0 in the ezact formulae (2.67) and (2.74) and can be traced from (2.50) and (2.51).

There exists, though, a twist-4 correction to the T part of the transverse amplitude,
which cancels identically with the Ty part in the leading log @i approximation and thus,
one should take into account the next to leading log@i terms to obtain the total twist-4

component of the transverse cross-section

2 _ R ~
90P® _ _g M 1 —bLA?%) - 1267 - G2
T f Q*
A2 1 2
= (17 + 28 + 623” — 5888° + 5674*) - GT] : (3.19)
f

This twist-4 contribution contains the next to LLA term G2 = 8@% /0 log (@i) due to
cancellation of the LLA terms @i. We also used the short-hand by, = b Léi /G2 . One can still

neglect terms @QT compared with G2 in the limit QQT < @i for intermediate 3. Unfortunately,



Andrey V. Pronyaev Chapter 3. Cross-sections 46

the full twist-4 contribution 7" is not separable experimentally from the leading twist. Below
we will omit the subscript (0) in the explicit twist-4 contribution Tp which one can measure

using mentioned above identity to the interference term 77" (see more discussion in Chapter

4).
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3.4 Hard scale

One can calculate the pQCD scale (2.88) averages using the cross-sections (2.85),

gy, _ Lz 2(1= 2) 2@ H; (@) log (@)

(log (@7)); —2 —2 (3.20)
Jdz-2(1=2)a3(Q)H;(Q)
For the transverse case, the result for the log (@2) average reads
2 2
o my 94205 + 8843
1 =1 3.21
o (@) = 1oz (25 ) + g T (321
A similar expression can be deduced for the longitudinal-transverse case
2 2 3
— my 1+78 =716+ 7543
1 =1 — 3.22
<Og(Q )>LT Og<1_ﬁ> 12B2(2_3B) ( )

Additional # polynomials on the right-hand side of (3.21-3.22) are due to the fact that in
both the 7" and LT cases integrations with different n in (2.89) contribute with different [
dependence. Numerical calculations show the proximity and hardness of both scales, and

are discussed in the next chapter.
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3.5 Sum rule

We calculate cross-sections integrated over the continuum mass M? (see in (3.1) how

differential cross-sections are defined) using the formula

dM? 9o _ dﬁ P

doP® = FYERarld 57 (3.23)
If we fix the pQCD scale @2 and perform a formal § integration from 0 to 1 we find
dor® = gsf%gf) Ne (3.24)
dop® = gsf(l;;% N (3.25)
dop? = gsf% N (3.26)
o002 = —15—25f7(1 —&A?) G, (3.27)
doP® = 15—65f (1= CsjAQ) G, (3.28)
805}2/ = —SbeQA; @i~cos (29), (3.29)
dot® = 0. (3.30)

It is an important consequence of gauge invariance and unitarity that all terms oc A2 /m?c
in the cross-sections vanish identically. Invariant mass M? integration of cross-section com-
ponents without angular dependence on the direction of k allows us to restore the full and
independent d?k and dz integrations, as in (2.64). Then d’k can be replaced by the d*r

integration if one assumes a k*-independent pQCD scale @2. Finally, one can notice that



Andrey V. Pronyaev Chapter 3. Cross-sections 49

in (2.50) only the first two terms can potentially contribute to leading-log @2 components
x A? /m%, but with independence of variable r there is, in fact, no A dependence left and
terms oc A2 /m?c vanish. This sum rule serves as a good check of the coefficients in the (3

polynomials.

The same analysis can be repeated for the LT term which vanishes upon dg/( integra-
tion. This is due to the explicit asymmetrical (1 — 2z) factor in (2.68) in case of independent
r variable. The symmetry of (2.50) with respect to & and A/2 gives rise to (1 — bA?) de-

2)

pendence and for 80}3( cross-sections we have only relatively small correction equal to the

infrared parameter by ;, in addition to the universal slope Bsp.

The above sum rule does not work if we do not integrate out d’k completely, as in the

azimuthal angle components with fixed direction of k:

805)/(2) = Sfm (—bTA2 + 5m—A;> @QT - cos (2¢) (3.31)
805/(2) = 5 5m§@2 (bLA2 . @i + % @;) - cos (2¢) (3.32)
dot? = —Sf% [(1 — b A?) Gy - % EQT] - cos (20)) (3.33)
doi? = Sf%%?@ (1 — brA?. 19—3> G - cos (1) cos (). (3.34)
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3.6 Low-mass excitation

The relative velocity of quarks in the qg pair is given by

4 2
=1- % (3.35)

The kinematical threshold corresponds to v = 0, M, = 4m3 and [y, = 1 — 4m7}/Q*. In the
region of 4m% < M? < Q* we have small v* = (B, — 3)Q?/(4m?), and it is convenient to use

the velocity v instead of 3, because of the longitudinal momentum phase space constraint
1 —2z] <w. (3.36)

In the limit of v < 1, we have a large pQCD scale Qch = Q*/4 > m?c, and the following

expressions for the leading twist, small A decomposition of helicity amplitudes

# = {12281 66,0 - St feo-5meal. G
ch 21 2
1 kA — kA)? 1
o, = @—fh {[1 —4(1 — 22) (@2) G(z, th) + ﬁG(m,ué)} eXp(—iBngA2) , (3.38)

where, according to (2.12) we substituted zp with Bjorken z for g ~ 1.

In the close to threshold limit v < 1 we set a scale for M? using v instead of 3, use
the small transverse momentum of the (anti)quark k% = m3[v® — (1 — 22)*] < m}, perform
z-integration and decompose in powers of v. Then, up to v? terms, the following results for

cross-section components are obtained,

2
6mf

dor® = 325; o

2
v [(1 —bA?) + A—Qzﬂ] G (3.39)
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/ 4m? —
0o2'® — _329 f%v%y .Gy, - cos (29) (3.40)
16 A%
ao.go(?)) _ 32‘Sf QTZfU?) [(1 _ bAQ) 4 W] . th7 (341)
m?
dop® = 325f Q6 v(1-bA2) -Gy, (3.42)
D(3) 2 ) A
(%—T = —325 @U [(1 — bA ) -+ W] . Gth> (343)
doP® = 325f@u (1-b4%) -G, (3.44)
(%'L ® = 325fQ—U36A2 . @?h - cos (2¢) (3.45)
D(3) 2 2 A% T
Oopp’ = 325f Q6 3 bA? — m -Gy, - cos (29) , (3.46)
m?
(%—T ) —325f Q6 (1 — bAQ) -@?h - cos (2¢), (3.47)
Jorp’ = —325}6@0 (1— —bA ) Gh cos (¢) , (3.48)
A 224m? —
do® = SfQ 5Q6f 5( bAQ) G, - cos (1)) cos (). (3.49)

Notice that the pQCD scales @2T and @i, defined in (2.91) and (2.90), coincide and are
equal to @?h = Q?/4 in the limit of 3 ~ 1. We used for the threshold a short-hand notation
éch = [Oés(éfh)G(l'Ip,th)]Q. All the cross-sections vanish as v — 0 at the threshold. The
A? dependence of (3.39-3.48) describes the near-threshold behavior of the DDIS slopes,
discussed in Sec.4.3. Cross-section components 805/(3) and 805/(3) receive leading twist
contributions from the soft-hard contribution o< G(zp, @?h)G (zp, u)/p which comes from

sub-leading log @2 terms in (3.38). These important contributions, which allow one to find

the characteristic scale for soft gluons, have an analog in vector meson photoproduction,
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discussed in the next section. A similar twist-4 term o G(x]p,@?h)G(x]p, pd)/p2 exists in

), but it is suppressed

the transverse-transverse interference cross-section component 805}?7
by the hard scale contribution o GQ(xp,@?h) /m% in (3.46). In the region close to the
kinematical threshold, the longitudinal cross-section remains twist-4 (now the leading twist)
and the transverse cross-section becomes of explicitly higher twist-6. In (3.7-3.17), one can

already see how the transition from 1— ~ 1 to 1— 3 ~ M?/Q? for the increasing value of 3

changes the Q% dependence of corresponding components in the region close to the threshold.

The results for low-mass continuum excitation cross-section components will be used to

establish the duality correspondence with the virtual photoproduction of vector mesons.
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3.7 Vector meson production in DDIS

Using the same technique as for continuum excitation and following [23], for amplitudes

of vector meson virtual photoproduction v*p — Vp' (dominant imaginary parts) we find

A(Vi’}/j) — Z'SQCV— "ﬂiﬁaem/dz/dq{as I(Vi’)/j) 2‘1(7_]\427 (3'50)

where we projected a definite helicity g»,gx, state onto the vector meson state Vy, with
helicity A\yy = 0,+1 and used the light-cone wave function vy (z,k) = ¥y (M?) (see (2.62)
and [20] for its parameterization). In (3.50), Cy = 1/4/2,1/(3v/2),1/3,2/3 are the charge-
isospin factors for V = p° w° ¢° J/¥ production, respectively. We summed over (anti)quark

helicities Ay and j\f in the products of viqx,qx ; and Vi, qx,qx ; amplitudes, AQ M and

AE\/V; A respectively, to get the unintegrated hadronic amplitude I, (see also Fig.(2.3)-
1b)
1% *AD
I}\V)\ = Z |:AAv;)\f5\f:| A}\;)\fjxf' (351)
AfAs

We define unintegrated hadronic amplitudes with explicit angular dependence as averages

of helicity amplitudes Iy, x

(Vi) = 5w +1)

= {1-22(1-2)}[(Ve)(k®,) + (Vk)(ePy) — (V®;)(ek)] + (Ve)mf@g, (3.52)
Vo) = {41}

— 22(1 - 2)[(Ve)(k®,) — (VK)(e®,) — (VE,)(ek)], (3.53)
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I(VL’}/L) = ILL

= —22(1—-2)Q®Py-22(1—2) M, (3.54)
Vive) = AT +11)
= (1-22)(e®))-22(1—2) M, (3.55)

Vi) = AT+ 1)

= —2:(1—2)Q®y- (1 —22) (VK) . (3.56)

with helicity components

Iy = 2{1-2z2(1—-2)} (Vik)(es+®1) + (Vier)m;d,, (3.57)
Lz = 42(1—2)(Vik)(ex®,), (3.58)
Iie = £V2(1—22)(ex®))-22(1—2) M, (3.59)
Ly, = F2:(1-2)Q®-v2(1-22) (Vik) . (3.60)

Like in the low-mass continuum excitation case, the transverse (anti)quark momentum k? <
Ry? is small, where Ry is the characteristic size of vector meson, coming from the light-cone

wave-function ¢y. The latter also limits the longitudinal momentum z-integration by
11 —2z] <o, (3.61)

where vy, = 1 — 4m% /M7, comes from the energy denominator in (2.62).

In the limit My ~ 4m7 < Q?, the amplitudes A;; = A(Vi;), calculated first in [23], are
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proportional to

Arr
Arr
A
AL
Arr

Apr
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2
%Gth cos ('),
2
]\C/QI Gy, - cos (V')
bA? . My el -2 '
g feos (1) — 2c0s (¢) cos (¢)}

— @th - cos (¢),

95

(3.62)
(3.63)
(3.64)
(3.65)
(3.66)

(3.67)

where Apr and Al are transverse amplitudes with the same (opposite) intermediate quark

helicities. In (3.62-3.67), the azimuthal angle ¢ is between A and e, ¢’ between V and e and

¢ =" — ¢ between V and A. The direction of vector meson polarization V corresponds

to that of k in the final ¢ state of continuum excitation and is experimentally observed as

the azimuthal angle of the plane of a 777~ pair produced in the vector meson decay [24].

The double-helicity-flip amplitude A(y;Vr) receives a leading twist contribution from the

soft gluon structure function term oc (A?/p)G(zp, uZ) in ®; in (3.38).
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3.8 Duality

Bloom-Gilman duality [25] establishes the correspondence between scaling and resonance
regimes in DIS. The pQCD evaluation [26] of helicity amplitudes at high Q? proves that the
resonance contribution has the same Q? dependence as inelastic electron scattering off the
proton. In DDIS, a similar duality relationship between semi-inclusive low-mass continuum
excitation and exclusive vector meson production is established for transverse [28] and longi-
tudinal [6] polarizations. Here we extend the duality correspondence to the s-channel helicity

breaking DDIS. Using the approximate duality relationship

dM = = o) )
w2 O AMPANYdgdp | dN’dgdp (3.68)

/M5 o, doP(v"X)  dof(y*V)
4

and dM? = 4mjdv® for M? ~ My, ~ 4m} < Q?, in our case of small vy, = 1 — 4m7 /Mg we

get the formulae

16m?% A? —
f 2
doy = 325 o w3 [(1 —bA%) + 10m§“§4] .G, (3.69)
, 32m _
ool = —325; 52;;‘ V3 AL T2 - cos (2¢) (3.70)
2 R—
do¥ = 325f o Lod, (1-002) -Gy, (3.71)
/ m4 —2
oy = 325f 508 Lod bA? - Gy, - cos (20) (3.72)
A16 _
ooty = —325fQ 52;5va (1 - —bA2> Gh cos (¢) , (3.73)
A 256m’ _
doly = 325fQ 508 Ly, (1 - bAQ) th - cos () cos (¢) , (3.74)
32m4 AQ —9
80¥T/ = 325f 5@ f [6A2 — %] . Gth COS (2¢), (375)
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dolr, = —329; vl (1= bA?) - G, cos (20)). (3.76)

We use the decay angular distribution written in the form (see [24])

Wig ) = —{[1—2r%, cos (29)]

4
—cos (20)[(rgo + 2r1;) — 2r7_; cos (2p)] — sin (2¢)[2Im(r]_,) sin (2¢)]

+2c0s ()[(ro + 2r5y) — 2r]_ cos (2p)] + 2sin (¢)[2Tm(r§_,) sin (2¢)]} , (3.77)
to find its matrix elements, expressed through amplitudes (3.62-3.67) and derived from the

duality relation cross-sections (3.68-3.76). As shown below, in the leading twist approxima-

tion, these expressions have the same Q?, z, and A dependence

M?
At A o< Oo) o Qg G2, (3.78)
M}
Ar L App o< Ood o Q;” G2, (3.79)
* / 2 M
Abp Al o Qo) + 0oy o1 o DA? - o e ¥ (3.80)
A% M2
AspArr X 00y X 1o 4 281 X — 0 Qo e (3.81)
1% / \% 1 2 MV
AlppApp o< Qopp o< ri_y ~ —Im(ri_;) 08 Gth> (3.82)
* MV
ALLALT X aO'LT X 7’00 + 27’11 X — Q QS Gth 5 (383)
A M
AL Arr 80LT ol ~—Im(rf ) o 0 . Q—g G?, . (3.84)

By carefully analyzing the amplitudes for both the low-mass continuum and vector meson

excitations, one can find that terms in the helicity amplitude ®; » decompositions in (3.37)
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and (3.38) match, and eventually this results in the same dependence on kinematical variables
Q?, z, and A. The important question remains: what is the duality mass range? We are
reminded here that the vector meson mass M sets the upper limit of the integration in (3.68)
and gives the scale for longitudinal momentum z-integration in (3.61) through the wave
function 1. In both cases, it enters through the velocity variable v, = §M?/M2, where
S5M? has a meaning of characteristic mass-split in the excitation of the vector meson state,
and this v?; dependence is different in both cases and is affected by the parameterization of

the vector meson wave function (see [23]).

Angular distributions for both cases are being measured using LPS, and preliminary
data [24] confirm a substantial LT asymmetry effect in the excitation of p vector mesons.
Also the ordering

780l > 11| > [raol > Iry%4] > [P 4 (3.85)

which one can assume from (3.78-3.84), can be seen in [24], though the experimental errors
in the last three matrix elements in (3.85) are of the order of the values themselves. Our
numerical calculations of matrix elements rfj and numerical tests of duality correspondence

and duality range are in progress.
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3.9 Impact parameter representation

Another equivalent, but more intuitive approach to calculate the M?2-integrated diffrac-
tive cross-sections is to work in an impact parameter representation (transverse momenta
are replaced with transverse sizes) in which the results are cast in quantum mechanical ex-
pectation form. See Ref. [4]. One can perform the Fourier transformation from transverse

momentum r to the transverse size of the ¢g pair p in (2.64) using the following identities

/d2r Yi(r+a)Y; (r+b) = /d2p e@ 2K2 (ep)-cosp(a—b), (3.86)

/d2r ey, (r+a)- ey, (r+Db) /d2p e2K73 (ep) cos® (1) - cos p (a — b), (3.87)

/d2r ey, (r+a) - (r+b) = /d2p5K1 (ep) Ko (ep) cos (¢) - sinp (a —b), (3.88)

where K ; are Bessel functions of imaginary argument and 1 is the angle between p and e.
While performing Fourier transformations (3.86-3.88) we neglected the k-dependence of the

pQCD scale, which is a main condition for the sum-rule discussed in Sec.3.5.

We get the following impact parameter representation of DDIS cross-sections

a*(p,A) .
of = [dz [dpW;(zp) [dn S22 - TLTT (3.89)
0

(3.90)

D
Orr =

When integrated over continuum mass M?, the longitudinal-transverse interference cross-

section vanishes due to the sine function in (3.88), in compliance with the sum-rule (3.30).
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We introduced in (3.89) the g wave functions W; [4] in the mixed (z, p) representation

6Cerm

Wezp) = 55 e; {[1 =22 (1 - 2)] K} (ep) + m}K3 (ep)} . (3.91)
s
!

6oren,
Wi(z,p) = —5> ;42> (1— 22 Q*KE (ep) | (3.92)
Wrr (z,p) = —?;é—e;nz > €322(1 —2) €K7 (ep) - cos (2¢), (3.93)

iy

!
and the polarization, longitudinal momentum and Q? independent color-dipole cross-section
1 A

o(p,A) = §6 /dm - as (K, p) [cos (pPA/2) — cos (pK)] %. (3.94)

The physical interpretation of (3.89) is very straight-forward. It is the average of the color-
dipole cross-section (3.94) over the wave function (3.91-3.91) of the ¢g pair in the mixed
(z, p) representation. This interpretation is possible due to the large life-time of the ¢q

fluctuations 7 ~ 1/(zm,) > R, at small Bjorken x (R, is the characteristic size of proton).

In the limit of a small momentum transfer A and small dipole size p* < 1/u2, the color

dipole cross-section can be estimated as

7T2

o(p,A) = ?92045 (/@i) G (:U, /@i) exp (—%B;),IPAQ) . [1 — bA? cos? (gp)} ) (3.95)

where ¢ is the angle between p and A. The step-function approximation 4[1—Jo(kp)]/(kp)* &~
0(Co — kp) determines the constant Cy =~ 10 in x> ~ Cy/p®. See Ref. [20]. The distance

1/uc has the meaning of the propagation radius of the color gluon field.

For large-size dipoles p* > 1/uZ we get a saturation (independence of p):

472 1 o [ dK? o 0G (z,K?)
o(p,A) = ——exp (_§B3IPA ) ?Oés ( ) W

3 (3.96)
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Using (3.95), together with relationship (ep)" K, (ep) o exp (—ep), n = 0,1, we find that
the dp? integration in (3.89) converges at p? ~ 1/&? and the remaining dz integrals have the

form

/ 2= G ey (3.97)

c2m

where n = 0,1,2 and m = 2,3. Introduced in (2.52), e = m} + z(1 — 2)Q* defines hard
scales QQT ~ Cymj for asymmetric z ~ m7/Q? pairs with large transverse size p* ~ 1/m%,
and @i ~ CpQ?/4 for symmetric z ~ 1/2 pairs with small transverse size p*> ~ 1/Q*. After
the dz integrations, which converge either for z ~ mfc /Q?% or z ~ 1/2, we recover the results
of (3.24-3.30). Asymmetric, large transverse size dipoles dominate in the transverse cross-
section and produce twist-2 term o @2T / m%QQ. Symmetric, small transverse size pairs give,

for L, T and TT' cross-sections, the twist-4 contribution oc @i /Q*.

For the twist-4 component T, we use dipole wave functions (3.91) and the symmetric
pair z ~ 1/2 region of z integration, as opposed to the asymmetric z ~ mfc /Q? leading twist
contribution the in transverse cross-section. Again, one can see that the term o @i /Q*
vanishes due to the factor [1 — 2z (1 — 2)] in (3.91); and we are left with the next to LLA

term oc G2 /Q* (see also Sec.3.4).

For the imaginary parts of the vector meson production amplitudes, using calculations

similar to those discussed above, we have the result

AWVir) = [ dz [ dp W (2,0) o (p.A) | (3.98)
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where

Wir(p) = SR {1 = 22(1 = 2)] K (ep) (=0,) + mb K (e0)}

Xy (z, p) cos (¢), (3.99)

Wi (sup) = SN QM — 2Ky o)

xPv(z,p), (3.100)

Wip (5,p) = —2o S0 22 (1= 2) e (e0) (<0))

Xy (z, p) {cos (¢") —2cos () cos (¢')} , (3.101)

and the azimuthal angles are: ¢’ - between V and e, 1 - between p and e, and ¢’ - between
p and V. The amplitudes for LT and T'L interferences are zero due to the sine in (3.88)
and the odd factor (1 — 2z), which is not surprising in view of the sum-rule in Sec.3.4.
After integration over the p direction, only the term cos (pA/2) in the dipole cross-section
(3.94) contributes and one recovers the result of (3.64) with the soft gluon structure function

G(xIP> IUG)



Chapter 4

Numerical calculations

In this chapter, the results of the numerical calculations of the diffractive structure
functions, azimuthal asymmetries and diffractive slopes, done by the author with the use of
gluon structure function parameterizations, are presented. We discuss the agreement with
the analytical results of previous chapter and show how these observables can be used to

extract information on the structure of the proton.

63
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4.1 Structure functions

It is convenient to define first the A and azimuthal angle independent structure functions

using
D(3) _ 477-2046171 D . ~
D'(3 A% 0,
Dop (A =0) = " FPpp - cos (29) (4.2)
D(3 - A%, A
dopin(A=0) = " FP- i (¢). (4.3)

We perform numerical calculations for the 77" interference term o< cos (2¢), which is im-
portant for higher-twist separation, see below. Using (3.7), (3.10), (3.15) and (3.17), for the

structure functions defined above, we find

2

Fir = 722%5(1—5)2 (3+45+86%) Gy, (4.4)
Ff), = 3%53(1—25% G, (4.5)
Fiir = %54@—5)(2—35) Gr. (4.6)
Fp; = —;%;54(1—@ Gy, j=T,1TT. (4.7)

For standard dimensionless A-dependent structure functions the following expressions

can be adopted

16 &
FPY) = UtZZFJ%eXP(—Bf,jAQ% j=TLTTT, (4.8)
ppf
A 167
D
Fir'(8) = G or 2 Ffirexp (~Brarh?). (49)
ppf
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For conventional dimensionless A-integrated structure functions we have

FP. .
FPO = S Zh o7 L PTT (4.10)
(A); pp FP
FP® _ o~ \2per Dpor 4.11
LT ; Q Bf’LT ’ ( )

where (A); ;= \/7/(4By,rr). The diffractive slopes By, are explicitly written in Sec.4.3.

The results of numerical calculations are shown in Fig.(4.1)-1+12. The transverse struc-
ture function F;?M)(A = 0), as a function of 5 in Fig.(4.1)-1, reflects all the features of (4.4).
It strongly depends on flavor due to the factor 1 /m%, so heavy flavors are suppressed. The
falloff for 8 — 1 is quite strong due to the factor (1 — )% The A-integrated structure func-
tion Fjj? ®) has basically the same shape, see Fig.(4.1)-2, the only difference is its behavior
for large (3, which is affected by a nontrivial falloff of the diffractive slope B for dominant
light flavors. Separation of the transverse component from its longitudinal counterpart is
discussed in Sec.4.2. The Q*dependence of F¥® is shown in Fig. (4.1)-3 for B = 0.95. It is

almost flat, which is due to the absence of Q*-dependence in (4.4) for large Q>.

The transverse-transverse interference differs from the higher twist component in the
transverse cross-section only by the interference factor cos (2¢), which allows one to separate
it experimentally if orientation of the jet plane k is reconstructed. The structure function
2@ D(4) . I .

rr (A = 0) = F; (A = 0) is shown in Fig.(4.1)-4. The flavor dependence is weaker
than the leading-twist transverse contribution due to the absence of explicit quark mass mfc

in (4.7). Still, light flavors dominate due to the broad range of log@2 integration which
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contributes in (2.89) with n = 1. The falloff towards large [ is almost a straight line due to
the presence of the (1 — () factor. As shown in Sec.4.3, the diffractive slope By is almost
constant (the same is true for B ~ Byrr ), and F;?T(;’) R~ Fj?(?’) is shown in Fig.(4.1)-
5. The twist-4 factor 1/Q? in TT' and T structure functions results in their decrease for
1 2 D(3) ~ D(3) . . . . 2 o .

arge %, and Frp’ ~ F” is shown in Fig.(4.1)-6 as a function of @ for 3 = 0.95. This
decrease is slower than 1/Q? due to the growing pQCD factor o%(Q})G2(xp, @, ), which

rises logarithmically with Q7 ~ Q?/(483).

The longitudinal structure functions F}’ (4)(A = 0) and F, ®) are shown in Fig. (4.1)-7
and Fig.(4.1)-8, respectively. For both graphs the shape is almost the same due to By,
being constant away from (3 ~ 1/2, where the structure function F D (4)(A = 0) is small due
to the factor (1 —23)% in (4.5). The lack of the factor (1 — 3) makes the longitudinal cross-
section relatively large for large 3, and it falls towards the threshold only due to phase-space
contraction (see (3.44) and discussion in Sec.3.6). Its flavor dependence is not strong due to
the same reasons as in the 77" case. The Q? dependence, shown in Fig.(4.1)-9, resembles
that of FJPT(;’) due to the same twist-4 factor @i / Q2.

We show the longitudinal-transverse interference structure function F LDT(4)(A) -Q/A for
A — 0 and the A-integrated structure function F,—?T(?’) in Fig.(4.1)-10, and Fig.(4.1)-11,
respectively. Both have a characteristic zero at 8 ~ 2/3 due to the factor (2 — 3/) in (4.7).

Light flavors dominate due to the same reason as in the transverse case. The falloff towards

the (3 threshold is o< (1 — () with some log-influence due to the factor aﬁ(@;)GQ(x]p,@QT)
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with @2T ~m3%/(1— (). The shape is almost the same for both graphs. The slight difference
is due to an increase of the slope By r for § ~ 1/2. The dependence of F’ LDT(?’) on Q? for

B = 0.95 is shown in Fig.(4.1)-12. It has twist-3 falloff o< 1/Q towards large Q.

), 1= T,L,T, which survive azimuthal angle averaging,

The structure functions FZ-D(3
are shown in Fig.(4.1)-13 and Fig.(4.1)-14 as functions of 3 and Q2 respectively. One
can see that for large 8 the longitudinal contribution dominates, and we will discuss this
important result of a large L/T ratio in more detail in the next section. We emphasize the
importance of the twist-4 7' component which was pointed out in Ref. [8]. Here we show two
graphs from Ref. [8] which illustrate the twist-4 contribution to the total structure function
FQD ® - Fjj? @y F ,f) ® I Fig.(4.1)-15 we show the Q2-dependence of various components for
B =0.65 and # = 0.9. The twist-4 contributions from transverse and longitudinal structure
functions almost cancel each other for 3 = 0.65 and this effect is important for comparison

with the experimental data from the H1 collaboration [27]. More details on the L/T" ratio

are given in Sec.4.2.

The zp dependence of FQD @ for B = 0.65 and 8 = 0.9, and for different Q? is shown
in Fig.(4.1)-16 in comparison with H1 experimental data [27] which are reproduced rather
well over the whole range of Q? and zp. One should keep in mind, though, that 3 = 0.9,
Q? < 20GeV? correspond to continuum mass M? < 3GeV?2, small enough to be influenced

by exclusive vector meson excitation.
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4.2 Azimuthal asymmetries and ratios

The ratio of longitudinal and transverse structure functions, defined as

FD(3,4)

D(3,4 L

RL/(T : = FD(3’4) ) (412)
T

is an important and much discussed test of the pQCD mechanism of DDIS. Following Ref. [6],
we notice comparing (4.5) and (4.4) that for large 3 the longitudinal component dominates
over the transverse due to the absence of the small factor (1— )2 in F}’ 4 From (4.5) and
(4.4) we explicitly find

RPW _ 24m3 (1-28) é_i
HEQR (1B 34+ 857 G

(4.13)

and

D(3 p@) Br
RL/(T) - RL/(T) "B (4.14)

Apart from the factor (1 — 3)? in the denominator of (4.13) there is an additional increase in
these L/T ratios due to the large (for intermediate ) ratio @i /@; of pQCD factors. Near

the threshold region we have, according to (3.39) and (3.44),

2
b _ @
Ry 4m3’

(4.15)
which is large for Q2 > m?c. In small-z inclusive DIS, the result for the L/T ratio is quite
the opposite and theory [29] predicts, in agreement with experiment [30], the small value
R = o /or ~ 0.2—0.3. We show the results of the Rf/(;’@ numerical calculations in Fig.(4.2)-

1. One can indeed see the dramatic increase in the L/T ratio. The difference between Rf/(;)
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and Rf/(;) is due to the falloff of the diffractive slope By away from the threshold. See

Sec.4.3.

The predictions for the LT and T'T" asymmetries,

D(3) P
A = 4.16
LT FJP(B) + FLD(g) ( )
and

o FD(§)

are shown in Fig.(4.2)-2 and Fig.(4.2)-3, as functions of 3 and Q?, respectively. Spikes on the
Q*-curves are due to flavor thresholds at Q7, = 4m7/(1 — (). Experimentally, the structure
function F| LDT(?’) can be extracted if one measures the difference between the number of events
with recoiled proton momentum in the upper and lower planes with respect to the direction
e of the transverse momentum of the recoiled electron. The diffractive structure function

F;?T(;’) corresponds to the difference in the number of events in top+bottom and left+right

quarters of the ¢q jet plane.

First, we will concentrate on the LT asymmetry. Measurement of this quite large (at
maximum —Ag}?’) ~ 0.16) observable with LPS is a good method to find the L/T ratio and
we show here, following Ref. [11], how the latter can be reconstructed. Experimentally, it is
hard to separate the T" and L contributions in the total cross-section. One possibility is to
use the y-dependent kinematical factors in (2.29), but in HERA the ep center of mass energy

®3)

squared s is fixed. The only way to change y is to vary Q?, xp or 3, but FiD strongly
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depends on these variables. We suggest another method based on the relationship between
the T and LT components. In the limit Q* > @3, one has the following analytical result for

the LT to T ratio in the A — 0 limit

ey _ F? A 245° (2 3p)
Ripr = FQI?M) T 00-3)(B+43+87) (4.18)

Apart from the kinematical factor A/Q, it is a model-independent ratio of [-polynomials.
In Fig.(4.2)-4 we show the analytical (anl) result of (4.18) in comparison with the direct

numerical calculation (num). To obtain the L/T ratio from the LT asymmetry, we use

pw _ Rirjr

4

RPW — o L (4.19)
T

See (4.12), (4.16) and (4.18). We test the accuracy of our model-independent extraction by

taking the ratio

D(4
pD(4) . RL/(T)(G”Z) (4.20)
L/T — D4 :
RL/(T) (num)

of numerically calculated with the use of L and 7T structure functions ratio Rf/(;) (num), and

Rf/(?(anl) from (4.19) and (4.18). In Fig.(4.2)-5 we show pf/(;) for an interesting region of
B = 0.9 — 0.97 for which the L/T ratio is large. Here one can still neglect the contribution
from vector meson diffractive production. One can see that the accuracy is adequate for a
reliable check of pQCD prediction that the higher twist L component dominates over the

leading twist 7' component.

One can use the TT' asymmetry measurement and the model-independent equality

FQPT(%) = Fjj? @ for A = 0, to extract the twist-4 component 7' of the transverse structure
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function. We use (4.5) and (4.7) to find the ratio

D D
pr@ _ i @ _ Iy W _ (1-2p)° (4.21)
L/TT" — "[D(4) ij;(4> 28(1—73)’

TT’

which depends only on 8. This L/TT" ratio is shown in Fig.(4.2)-6, calculated numerically
(num), directly from the L and T'T" structure functions, and with the use of the analytical
(anl) formula (4.21). One can see that both curves have similar shapes, but can differ
significantly for different 3. This can be explained in the same way as the difference in flavor
contributions to the L and 71" structure functions: the logarithmic integration in (2.89) for
n = 1 converges in the whole range of @2, so we can not expect more than a log-accuracy.
Numerical calculation gives cancellation of positive L and negative 7' twist-4 contributions
for B = 0.67, while the analytical result (4.21) shows that cancellation for 8 = 0.79. Though
the L/TT" ratio (4.21) is less reliable than the LT'/T ratio (4.18), it can still be used to test
experimentally the dominance of the higher-twist longitudinal structure function with the

help of

D(4) 4D(4)
RLD/@ __Byrr A (4.22)
D(4 D(4) :
1— RL/(T)T/AT:(F/)

which is the result of (4.12), (4.17) and (4.21).
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4.3 Diffractive slope

The diffractive slope is one of the principal observables which measures the impact
parameter structure of diffractive scattering. The leading proton spectrometer (LPS) of the
ZEUS and H1 detectors at HERA [31] measures the transverse momentum transfer A, so

the diffractive slope Bp = —dlog(doP /dA?)/0A% A= in DDIS is accessible.

For a complete review on diffraction of hadrons and/or real photons see Ref. [32]. The
diffractive slope in any two-body diffractive scattering ac — bd can be written as a sum of
three impact parameter regions Bp = By + Bea + Bint (see Fig.(2.1)-1c as an example for
v*p — Xp' case), where B;; comes from the size of the ij transition vertex and the relatively
small B;,,; comes from the interaction region [32, 33]. The values of B;; depend strongly on the
excitation energy in the ¢ — j transition, AM? = m? — m7. In elastic scattering, i = j, one
finds B;; ~ R?/3 ~ 4-6 GeV~2, where R? is the mean squared hadronic radius, and typically
Be ~ 10 GeV™2. The similar estimate B;; = Rij /3 holds for diffraction into low-mass
continuum states, AM? < m%, and both diffraction into low-mass continuum and elastic
scattering fall into the broad category of exclusive diffraction for which Bp ~ B,;. However,
for an excitation of high-mass continuum, AM? > m3% (the so-called triple-pomeron (3IP)
region of diffraction) the size of the diffracting particle no longer contributes to the diffractive
slope, and Bp = Bswp = By, + Bint ~ Be/2 = 6 GeV~2. The above slope Bsp is almost

universal for all diffracting beams and excited states X (see [33]). In real photoproduction
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the excitation scale is definitely set by the ground-state vector meson mass My, and again,
Bp ~ Bsp. In the double high-mass diffraction hp — XY, where Mxy > my, one is left

with a very small Bp ~ By ~1.5-2 GeV 2. See Refs. [32, 34].

Another well-understood diffractive process is the elastic production of vector mesons
~v*p — Vp'. In this case the transverse size of the v* — V transition vertex, the so-called
scanning radius pgs ~ 1/4Cy/Q? (see discussion in Sec.3.9) decreases with Q2. This is the
basis of the prediction [21] that B,y o p% and of the decrease of the diffractive slope By

down to By ~ Bsp at very large 2, which is in good agreement with experiment [35].

We present predictions for the Q% M? and flavor dependence of the diffractive slope
for semi-inclusive DDIS, which is nontrivial due to the presence of multiple scales: M?, Q?
and m?c. For very large excitation masses, M? > Q% or 3 < 1, though, we recover the
inclusive regime of small B,-x and Bp ~ Bsp. This triple-pomeron limit of § <« 1 is in
fact dominated by the excitation of ¢gg and higher Fock states of the photon, which is a
genuine inclusive process and again one can argue [16] that Bp ~ Bsp, which was recently

confirmed by experiment [31].

Using the impact-parameter language, one can write the diffractive slope of diffractive
excitation of intermediate continuum masses M? < Q? as a sum of components By =

Bswp + By-x, B~x = by + By, where By; 1/m% and by, come from the 7*X vertex.
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From (3.7), (3.10), (3.15) and (3.17) we have

1 (5—168 — 732 — 783 + 1263%)

Brr = m3 10(3 4 46 + 8/3?) ’ (4.23)
Brir — - (1;%5) (2+78 +Qﬁ)ﬁ;2(—2 4_82?’; + 67264 | (4.25)
Birr = (17;;) g—% (1+25 Zg’g; + 845 (4.26)

Contribution to diffractive slope by, coming from a soft gluon momentum scale, is relatively
small. Indeed, according to (2.93), by < 1/(2u%) ~ 1GeV =% and it slowly decreases due to
logarithmic, scaling violating increase of the gluon structure function in the denominator of
(2.93) with Qr ~ m3/(1 — (). The slope parameter by, can be safely neglected due to the
small ratio G(zp, u2)/G(zp, Q;) for large Q- ~ Q?/4. From (4.23-4.26) one can see that
for heavy flavors all the slopes are close to the universal Bsp for all values of 3 due to the

small factor 1/ m?c in B;;. For light flavors, there exist some nontrivial variations.

For the transverse polarization, one can see, according to (4.23), that the slope is large,
as Byr(f ~ 1/2) ~ 1/(10m3) for intermediate 3 ~ 1/2, and drops towards large § below

Bswp as Byr(3 ~ 1) ~ —1/(5m}), but close to the threshold, one has according to (3.39),

U2

Byr=— (4.27)

—,
6m7
and By r(8 — Bi) < (8 — Bin) — 0, and transverse slope restores to the universal value of

Bsp. All these features can be traced in Fig.(4.3)-1 and Fig.(4.3)-2. The effective dipole
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size p? ~ 1/Q7 ~ (1 — ) /m7 of the v* — X vertex decreases with § — 1, which explains
the decrease of Br towards large . The decrease of the slope away from the threshold
x (B — B, is interesting from the point of view of the exclusive-inclusive duality [6] and
nicely correlates with the prediction of a small diffractive slope of vector meson production

Bp (v* — V) for which the scanning radius pg is small [21].

For L and T'T" one can see from (4.24) and (4.26) the suppression of By rr due to a
small factor (1 — B)@QT/@% in the whole range of 5. Fig.(4.3)-3 and Fig.(4.3)-4 reveal an
uneventful B 7.7 With the exception of the region § ~ 1/2, where the L slope is ill-defined

due to the factor (1 —23)? in the L structure function (4.5).

For intermediate 3, the behavior of the LT slope is similar to that for the T slope as
By rr(B ~ 1/2) ~ 1/(6m%), but there is a rapid decrease By (3 ~ 1) < 1 — 3 towards
large 5. Onme can see in Fig.(4.3)-5 that indeed the LT slope has maximum for 5 ~ 1/2
and returns to Bsp towards the threshold. There are regions (shown as dashed line) around
B ~ 0,2/3 where LT slope is ill-defined due to the factor 3%(2 — 33) in the LT structure

function (4.5).

It is difficult to test the large 3 behavior of the T slope because the contribution of the

L structure function is dominant.
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4.4 Gluon structure function interpolation

We performed numerical calculations of the diffractive structure function components
and the diffractive slopes using (2.64-2.74). In principle, one needs to know the uninte-
grated gluon structure functions for the full range of gluon transverse momentum squared
k% in (2.54). The dominant contribution comes from the pQCD scales @2 in the soft-to-
hard transition region, spanning from the soft gluon momentum scale u% ~ 0.5GeV?, to
the semi-hard QQT ~ mfc /(1 — ) scale (which depends on flavor and ), and, eventually,
to the flavor-independent hard scale QQT ~ @Q*/48. For light flavors and intermediate 3,
the scale QQT ~ mfc /(1 — (3), entering the calculations of the leading twist transverse and
LT interference structure functions, is replaced by a range of rapid variation of the gluon
structure function p%. See (2.81). The existing perturbative gluon structure function param-
eterizations, by Gluck-Reya-Vogt (GRV) [36], Martin-Roberts-Ryskin-Stirling (MRRS) [37],
and Coordinated Theoretical-Experimental Project on QCD (CTEQ) [38], give the structure
functions only for gluons with Q° > @?g, where @éRV =0.4GeV?, @éTEQ = 0.49GeV?, and
@?\4 rrs = 1.25 GeV2. The numerical results for gluon structure functions in three different
parameterizations are shown in Fig.(4.4)-1, in comparison with the Born approximation to

the gluon structure functions defined below.

The unintegrated gluon Born structure function fg (uq,k, A) with an infrared cutoff
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parameter ug reads

fB(k,A) 4oy (k,A) V (k% A?) (4.28)
= T (A2 R) 4] (A2 - ) ] |
where V (k?, A?) is a vertex function defined as
V (K2, A%) = Gem (A7) = Gem (36%) Gem (A2/3) . (4.29)
We used a dipole formula for the electromagnetic form-factor of the proton,
9 1
Gem (A ) = ——— (4.30)
(14+ A2/A2)
with A% = 0.71GeV?2, and the running strong coupling constant
4
a (k) = i (4.31)

9log ( maz /AQCD)

where kpqp = max {k;, 0.7GeV'} and Agep = 0.2GeV.

For soft @2, we use the interpolation procedure, developed in Refs. [8] and [11], to
test the soft-to-hard transition effects in our model. We impose the gauge invariance driven
cancellation of soft gluon radiation by colorless protons f(zmp, @2 = 0) = 0, and extrapolate

the perturbative gluon density fp(l'[p,©2), P = GRV, CTEQ, MRRS by (4.28), using

— aGp(.CL'Ip Q ) —2 aY] fB(,UGU@z) aGP(xIP>©2)
Q) =0@Q - Qp) L 4 0(Qp - = 2]
fP(JZ'IP ) ( QP) 9 ogQ (QP Q )fB(/,LG7Q2P) 8log QQ 62 6;
(4.32)
with ug = 0.75 GeV. Finally, we fix the interpolation parameters in
f (JZ'IP>©2) CP_2©2—2 fB (,UO Q ) Lﬁ_pr (.CL‘IP,©2) (433)
Q"+ Q Q' +Q,
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with Cory = 1.7, Corpg = 1.86, Carrrs = 1.7, pto = 0.15GeV and Q; = 3GeV2.

The dipole cross-section (3.94), calculated with the gluon structure function in this form,
is in good agreement with the one from the gBFKL equation calculations of Ref. [17]. We

®3)

also get satisfactory agreement for the total structure functions FQD , measured for different

B, Q? and rp at HERA [27]. See Sec.4.1.

We estimate the average values of the running pQCD scale (3.20), which enter the cal-
culations of transverse and longitudinal-transverse interference components of cross-sections
(3.7) and (3.17). Numerical results for (Q7) and (Q14), shown in Fig.(4.4)-2 for light fla-
vors v and d, are comfortably large for large 3. The dotted curve is given by the formal
theoretical estimate @2T = m%/(1 — (). One can see the influence of the soft scale g, for
intermediate and small 3. The slight discrepancy between the T" and LT curves is caused by
different G-polynomials, contributing with different n > 2 integrals in (2.89). This results in
an additional -polynomial contribution in (3.21) and (3.22) and this relative variation can
be seen in Fig.(4.4)-2. The regions (shown by dashed line) with ill-defined, small LT inter-
ference contribution for 3 ~ 0, 2/3 (see the corresponding factor 3?(2 — 3(3) in denominator
in (3.22)), result in variation of LT which is purely an artifact of the averaging procedure.
We conclude that the pQCD scale for all cross-section components is at least semi-hard
and becomes harder for large § and thus our pQCD calculations are justified even for light

flavors.
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Chapter 5

Nucleon wave function

In this chapter we focus on the proton sector of the interaction. The evaluation of
the spin-flip vertex function of proton, done by the author with the use of the relativistic
constituent quark model, is presented. The author performed analytical and numerical
evaluation of important at small x diffractive contribution to the spin structure function
grr = g1 + g2 We show that a rapid small-z increase of the diffractive contribution to gpr
invalidates superconvergence assumptions behind the Burkhardt-Cottingham sum-rule and

the Wandzura-Wilczek relation.
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5.1 Nucleon spin flip and conserve

For convenience, we choose in this chapter the z-axis to be oriented in the direction of
the initial proton momentum. We will also use /s = 1 without loss of generality (s can
be easily restored by dimensional analysis where needed and is absent from vertex functions

and cross-sections). The four-momentum of proton is then

with helicity A = £1/2. The momenta of its three constituent quarks are

2 2
Di = (xia 7(171)1) ; (52)

X

with helicities \; = +1/2 and momentum conservation conditions
inzl, Zpi:O. (5.3)
We calculate the light-cone wave function of the nucleon, following Ref. [40], defined as
Ua (20,00, Ai) = [ U (1,3,2) — 05 (3,2,1) ] @ (2, p1) (5.4)

where 1 = (xi, pi, Ai) is a collective index of i-th quark, Wy (2, j’, l%) is the spin part of the

light-cone wave function, defined as

~

U (6,4, k) = _J(;_){m +pw“}751\)/(i_)

I~
—

=i
N

ux (p) - (5.5)

3\
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Using the explicit formulae for spinors w and v in the light-cone momentum frame (A.4),

(A.5), we get the following result for the spin part

Uy (Lj? l%) = xlegxk (Di—,)\iDi—,)\]- - fl—,)\iDJ;,)\]-) D];\,Ak ’ (56)

where D . = myx; +mg, D%, = £pf + ip} is the analog of the Melosh matrix. See
[39]. In the non-relativistic limit m, > a4, x; = 1/3 we have Df\’;\ = 2mob,y and we
recover nonrelativistic wave functions. In the inequality above, «, characterizes quark mean
square momenta, which enters the space part of the light-cone wave function ® (z;, p;) in

the gaussian form

2 2
C+mg; 1
Di T g } . (5.7)

® (24, pi) = Cn eXp{—Zi_

T 60%
Formula (5.4) is derived by the procedure described in Ref. [40], and is the relativistic

generalization of the nonrelativistic constituent-quark-model wave function

1
P (Pis i) = Cn - exp {— ZP?@} : ¢;10y¢>\2¢;3¢>\- (5.8)

Here we only mention that the light-cone wave-function (5.4) is invariant under all kinemat-
ical Poincare transformations and satisfies the conventional parity, flavor and color assign-

ments.

We use light-cone wave-functions, described above, to calculate the nucleon vertex func-

tions. The two-gluon vertex function in our light-cone approach with Lorentz-invariant
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nucleon wave functions reads

‘/f,c = ‘/lf,c - ‘/Qf,c = Z Cnlng / dxz dpz (3717 p@? ‘)¢+($i> Pi, )‘1) (59)

Ai,m1,n2

with the normalization condition

Z/ [di] [dpi] ¥t (i, Piy M) (26, pis i) = 1. (5.10)

In (5.9) and (5.10) we have the integration over

[dz;) =6 (1 — sz) [Idz:, [dpi] = (Z pz) 11 dp:. (5.11)

Summation is performed over all possible spin states \; of the constituent quarks and over
graphs with gluons attached to different quarks. n, 5 is the index of quark to which gluon 1,2
have transferred momentum A; s = A/2+ k. The coefficient C,,,,,, = 26,,,5, — 1 is the sign of
the graph, C,,, = £1 corresponds to vertices Vi, (gluons attached to a single quark) and
Vase (gluons attached to two different quarks) in (5.9). In the case of the electromagnetic
vertex I';7, we should replace C,n, with the charge of quark @, in the proton(neutron),

to which the photon transferred momentum A:

F?Z Z in/ dxz dpz] (xupz? )w-i—(xwpz;)\z) . (512)

Ai,n1

The generic relationship between two-gluon and electromagnetic vertices in our constituent-

quark model is Viy. =17 +T7 .

We used for the q(x;, pi, Ai) g q(x;, P}, A;) vertex

Ao uy, (T3, pi) L+ UN (zi, P})

Gg(+) - \/371 v

— 26, 5, (5.13)
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which, using (A.4) and (A.5), is the only survivor, so quark helicity is conserved for each

vertex in our infinite-momentum frame (see also 2.41).

The wave function of the final nucleon ¢} (z;, p}, \;) is given by (5.4), with the final

quark transverse momenta

p/i =Pit (67111 - 33'1) A+ (67121 - .%'Z) A;. (514)

In the case of single photon exchange, we have a similar expression

P, =pi+ (6ni —x;) A (5.15)

To simplify calculations, we choose the total momentum transfer A to be directed along
the z-axis, A = (A,0), so the spin-flip vertices become real and proportional to A. The
helicity-conserving quark interaction generates helicity flip of the nucleon due to relativistic
effects in the nucleon light-cone wave function in which the sum of the quark helicities may

not coincide with the total spin of the nucleon.

It seems impossible to perform analytical calculations using the full six-dimensional
integration in (5.9). We calculate integrals analytically, in the z; = 1/3 approximation, where
we neglect differences of constituent quark longitudinal momenta. By comparing analytical
and numerical results we can evaluate the validity of this approximation. After lengthy but

simple calculations of consecutive gaussian integrals over two independent transverse quark
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momenta we obtain for the two-gluon nucleon spin-flip vertex

5 A [ A? 1 A?
Vi = Gi{l— ——
24C, 6my | 3m2 240 3m?
1 2 A2 1 4 2 A2 A4
Lo 2 a8ty
2\ mg 12m; 480 my 12mg 144mq
2 2
) K 1 A
— — (1 —=— 5.16
i (0) 2 ( 120 12mg>H ’ (5.16)

where 6 is the angle between k and A. There is a notable absence of a factor oc A in the

nucleon spin-flip vertex, which is the result of an additional longitudinal direction symmetry
in our z; = 1/3 approximation. Numerical results, to be discussed in Sec.5.2, give relatively

small, but non-zero o< A contribution. We introduced standard one(two)-boson form-factors

A? 1
G, = _ il 5.17
1 eXp{ 2 3a2 } , (5.17)
A?\ 1
2
= — — | —. 1
Go exp{ (/@ + 12) 20%} (5.18)
For conserved spin we have

Vv, =V _V,, (5.19)

where the nonrelativistic constituent quark model contribution is
VO =G - G,. (5.20)

The relativistic correction gives

— 5 [AQ

30y A? AN
VC = m Gl {01—

3m?2 160 3m?2 ' 5760 9
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alo (50 A7) 3G (s A7 2+1 GH A\ A
170 \m2 T 12m2) 160 \m2 ' 12m2) 5760 \"m2  12m2 ) 12m2

q

b sin2 (Q)Lﬁ; (4 (Cy + 10) — A—2> H ) (5.21)

. 12m3

We used only two parameters in our calculations: universal scale oy = 0.24GeV, and
constituent quark mass m, = my/3 = 0.32GeV. In (5.21) the factors Cy = 1+ a/2 +
5a%/48 + a3/144, C; = 1+ a/4 + 7a*/360 and Cy = 1 + a/6 are all between 1 and 2 as
a = ag /mg = 0.56 is a not-so-small relativistic parameter in this problem. As required by
gauge invariance, even if one of the gluon momenta is zero, the vertex function vanishes due

to sign the factor Cy,n, in (5.9), and relationship V. f(k = £A/2) = 0 is indeed satisfied.

1n2

The leading contribution to the diffractive slope of the DDIS comes from the V;. vertex

[21] and consists of two parts:

(0) 1 -2
By = — =5.8GeV 5.22
from Vl(,?) in (5.17), and
_ 5C7 1
= — = 1.2GeV 2 5.23
N7 120, 3m2 ‘ (5.23)

from V3. vertex oc A2 See (5.21). Together they combine to By = B\ + By = 7.0GeV 2,

which is close to the experimental value Bsp = 7.2GeV 2.

Spin-flip electromagnetic vertex functions of the proton and the neutron are

2 A Pl A2 1 A*
I = ——Gi c{+02

5.24
Co 6m, 24 3m? 2304 Imi] "’ (5.24)
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2 A Cyl A2 1 A
Mmoo ;L2 5.25
f N AT 3m2 " 11529md |’ (5:25)

where the factors Cf = 1 + a/3 + 5a*/144, ol =1 - a/4, ool =1+ a/6 are also close
to 1. From vertex functions, one can find that the anomalous magnetic moments of the
proton and the neutron differ only by sign and are equal to kK, = —kK,, = 20 /Cy = 1.82
(k5™ = 1.79, kP = —1.91), and Pauli form-factors of the proton and the neutron are (we

neglected O(momentum?) terms)

1 A2
FP = I — 5.26
2 Gl[ +243m3] ’ (5.26)
1 A2
o= R — 5.27
2 Gl[ 163m§] (5.27)

The spin-conserving electromagnetic vertex functions of the proton and the neutron are

P — PO _ TP (5.28)

Cc

where nonrelativistic approximation result is

0 =Gy, (5.29)
and
= 1 A2 705 A2 1 A
I, = — G, |CY° 2 5.30
¢ 24G, 3m3G1[ P96 3me 11529mj11] ’ (5.30)
1 A2 Cne AQ

" = —— Gy O — 22— 5.31
¢ 6Co 3m2 1[ Ly 3m§]’ (5:31)

where C1° = 1+3a/4+a?/9, C7 = 1+a/8—a?/288, C}° =1—13a/42 and Cy = 1 —a/24

is the set of constants close to 1. One can deduce the charge radii of the proton and the
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neutron from

1 cre 1 cre 1
2 1 2 1
_ - _ _— 5.32
"p ag 4C, 3m3 » Tn Co 3m3 ( )

and obtain 7, = 0.84fm, r, = —0.32fm (r;" = 0.84fm, r;® = —0.34fm). The universal
hadronic scale a, was fixed in our calculations using the experimental value of the proton
charge radius. In the non-relativistic limit of a < 1, we reproduce the standard results of

the non-relativistic constituent quark model: x, = —k, =2, 1, = 1/a, = 0.82fm, r, = 0.
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5.2 Spin structure function of proton

For an interesting case of proton spin flip with two gluons attached to the same quark,
numerical calculations give

A 1
Vig=rs {1 (Bs + 5 BY)A%)} (5.33)

P

with 75 = 0.027 and Bs = —4.1GeV 2. The parameter r5 was introduced in Ref. [41] and
rsAexp (—BsA%) /my,

serves as a rough estimate of the ratio of the spin-flip and spin-conserving gluon structure
functions [12]. One can see that Bj is indeed quite large and the analytical z; = 1/3
calculations at least qualitatively reflect the numerical results for the case of proton spin

flip.

The longitudinal-transverse interference cross-section, accompanied by a spin-flip of the

proton, is related to the sum of the conventional spin structure functions

grr(z, Q%) = g1 (2, Q*) + g2(z, Q°) (5.34)

by (see review [41] for a detailed discussion of spin structure functions)

o AT e 4m
il = g g Q). (555

Using unitarity and following Ref. [12], we calculate the diffractive contribution to a,{lf«p as the

imaginary part of forward Compton amplitude (see Fig.(2.3)-1) for the process VLP_1 — ViP1
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(note that we work with helicities of particles moving in opposite directions). The proton
helicity flip results in a factor r5(+A, + iA,) exp (—BsA?)/m, in one of the amplitudes in
Fig.(2.3)-1a, which combines with the LT interference term (e*A) exp (— By rA?)/Q. After

A integration, we get for the diffractive contribution to the spin structure function

L rs Z/ldﬁFfLTle>B>Q).

5.36
.%'2 8m2 Bs + Bf LT) ( )

gLT(x Q

See also (4.6). To evaluate g2 analytically, we consider a constant diffractive slope Brr =
10GeV =2, and for the gluon structure function at the hard scale QQT ~m3/(1 — f3), use the

approximation
—2
G2z, @ ~ Cm3)
ci-p

where C' ~ 10 is a constant arising from the -integration. The squared gluon structure func-

G (z,Q7) ~ (5.37)

tion rise o< 1/(1 — [3) gives a non-zero [ integral for the longitudinal-transverse interference

structure function and to log @2 accuracy the scaling expression

1 Ts Z 6%
x2 30C(Bs + Brr)? 8m2 mf

gLT(x Q ) g(@)G2($>@)> (538)

where @2 ~ C’mfc is a moderate pQCD scale for heavy flavors. For light flavors one should

rather use the semi-hard scale @2 ~ p2 as mentioned in Sec.3.2 and Sec.4.4.

One can see a steep rise of diffractive spin structure function

1 ) 2(1464)

grr(z, Q) o (; (5.39)

towards small x, where §, is a rate of small-z rise of gluon structure function G(z, Q?)

(1/z)% at moderately hard scale Q2.
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The Wandzura-Wilczek result [42],

ot (2.0 = [ Lo, Q). (5.40)

together with QCD ladder estimate [43] g;(x, Q%) o (1/x)% gives a non-diffractive contri-
bution to the spin structure function g}V (z, Q%) o (1/z)% with § ~ 0 — 0.5. See [12]
for more details. We compare both contributions in Fig.(5.2)-1 and see that our diffractive

mechanism takes over at x < 1073 for the described above choice of parameters.

Without our diffractive contribution, the studies of g; (x, Q?) and go(z, Q?) spin structure
functions in two-parton ladder approximation (see [43] and references therein) showed that
the corresponding A; and A, spin asymmetries vanish in the small x limit. Burkhardt and

Cottingham [44] derived the sum-rule

/dx g2(z,Q%) =0 (5.41)

assuming that the double-gluon ladder (Pomeron) exchange does not contribute. Indeed if
there was only two-gluon exchange in the forward Compton scattering amplitude, as shown
in Fig.(2.3)-1b (with vector meson replaced by virtual photon), we would have a vanishing
contribution due to overall factor A2 = 0 (see corresponding amplitude Apr o< A for the
vector meson production case). The unitarity-driven diffractive amplitude in Fig.(2.3)-1a
gives nonvanishing contribution rapidly rising at small x which invalidates the assumption
of x?grr(x, Q?) superconvergence behind the Burkhardt-Cottingham and Wandzura-Wilczek

results.
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We can not exclude even one order in magnitude inaccuracy for g2.(z, Q%) since our
result strongly depends on the pattern of scaling violations in the unpolarized gluon structure
function G(z,Q?). Still, the main conclusion of this chapter is that the diffraction driven
spin effects persist in the high energy, small z limit, contrary to common wisdom, and need

to be studied further.
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Chapter 6

Summary and outlook

We performed microscopic QCD calculations in DDIS. Light-cone perturbation theory
was used to evaluate the observables in diffractive excitation of continuum for different
polarization and azimuthal angle dependence. We have proved the validity of our pQCD
approach and successfully used it to reproduce the existing experimental data on diffrac-
tive structure functions of the proton. We made predictions for azimuthal asymmetries and
diffractive slopes which can be tested experimentally at HERA. New methods were developed
to separate the leading twist transverse component from higher twist contributions and the
longitudinal structure function. Duality correspondence was established for the s-channel he-
licity non-conserving amplitudes of vector meson production and diffractive cross-sections of

low-mass continuum excitation. We derived the diffractive contribution to the spin structure
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functions of the proton.

We plan to continue our efforts to better understand the diffractive processes in QCD
and are currently working on the numerical calculations of the vector meson production
polarization and azimuthal angle components. This will allow us to establish the duality
mass range for the corresponding low-mass continuum excitation. More work will be done in
the evaluation of the diffractive contribution to the spin structure functions. We will analyze
the effects of the proton excitations in the intermediate states and work on improving of our
understanding of the proton spin-flip process. With the improvement of existing data on
total diffractive structure functions and with the new data on azimuthal asymmetries and

diffractive slopes coming forth, we will test more thoroughly the gluon density in the proton.



Appendix A

Light-cone momenta and spinors

For a general four-momentum p*, u = 0, 1,2, 3, we define, following [15], the light-cone
components p* = p® £ p3, so p* can be parameterized as

2 2
— p;+tm
p=(p",p ,pL) = (pﬂilp+ ,PL), (A1)

where we used p* = p*p~ — p2 = m?. In general, we have four-momentum multiplication
rule

pq= %(fq‘ +p¢") —piau (A.2)
(bold vector variables will represent 2-dimensional transverse components and we will skip
the subscript L hereafter). In the light-cone quantization, or its equivalent, time-ordered per-
turbation theory in the infinite momentum frame with p* — oo, outlined in [15], only com-

ponents p™ and p are conserved at each vertex, and all intermediate particles are considered
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on the mass shell, as in (A.1). The integration over intermediate particle four-momentum is

substituted by

(2;)4 /d4p 0(po)é(p* — m?) — 16173 /dp+ 9(p+)/d2p. (A.3)

Light-cone helicity spinors (see [15]) are
w@) = =l +dm + ). (A4)
) = =+ w{om e+ ()} (A.5)

for the quark and anti-quark respectively. The spinors (A.4) and (A.5) are expressed through
eigenstates x4 of spin projection operators A. = 7p7y+/2. The standard relationships for
eigenstates and projection operators are satisfied: Ayiys = x+ and A2 = Ay, ALA; = 0.
In the Weil representation of the v matrices one has explicitly x+ = (1,0,0,0) and x_ =

(0,0,0,1).
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