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Abstract:

In this work the scattering of neutrinos off heavy nuclei by exchange of W bosons in the
color dipole model is studied, for small boson virtualities and energies of the order of some
GeV’s. The first objective of this work is to analyze the black disc limit and to compare
the results of the dipole model using perturbative light front wave functions with the ones
of the meson model, which are vanishing because of lepton current conservation. Since
both results differ, a more complete analysis is carried out, based on Glauber’s approach.

At high energies, it is known that the color dipole model is well suited to study diffractive
processes on nuclei, but at smaller energies the dipole lifetime is not large enough for the
dipole to travel through the nucleus with a frozen transverse size. The short-lived dipoles
are identified, and explicit calculations are carried out to determine if they have a large
contribution to the final cross section. Although the model presents serious problems
because of these short-lived asymmetric pairs, it provides a lower bound for the total
cross section of pion production and it gives some additional hints that could be also of
interest in more sophisticated models.

Keywords: diffraction, color dipole model, pion production, Glauber’s formalism, eikon-
alization, black disc limit, lifetime, light cone wave functions.
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1 Introduction

It is well known that at high energies and high boson virtualities, several perturbative
approaches can be used to study deep inelastic scattering of leptons off nucleons or nuclei.
There is plenty of literature concerning this kinematical region, and many of the involved
processes are very well understood. However, the literature describing the kinematical
region of low Q2 and high v is much more scarce, and new processes could arise in this
region.

With this motivation, in this work the diffractive production of pions by charged current
interactions is studied. This process is commonly analyzed in the low Q2 (less than
1[GeV]) and moderately high v (of the order of some GeV's) regime by using meson
models [I] [2]. These models, at least in the simplest case, the black disc limit, predict that
the process is forbidden in the chiral limit due to lepton current conservation. However,
there are alternatives to the meson model.

At high v and Q?, the color dipole model has been very successful in describing several
diffractive processes [3]. The model can also be used for small values of Q?, as small as the
constituent quark masses m, [4]. For this reason, an approach based on this formalism and
Glauber’s theory for scattering on nuclei is a valid alternative to the meson description, as
long as the lifetime of the dipole is long enough for its transverse size to remain frozen as
it travels through the nuclear matter. Then, pion diffractive production in the scattering
of neutrinos off nuclei by charged currents at high v and low Q2 (process depicted in
figure 2.I]) can be analyzed in the context of the color dipole model. The case of heavy
nuclei is studied, as this case should be the closest to the black disc limit.

In section 2] the basic mathematical framework and notation is introduced, and a brief
outline of the problem is presented. In sectionBla description of the diffraction formalism
and the basics of both the meson and the color dipole models is given. The analysis
and results for the meson model are well known [2], so only some brief comments on this
approach are given, and the attention is focused on the dipole model, which is described
in detail in section 3.3l In the end of section [3] the kinematical region of validity of the
analysis and the potential problems that could arise in the treatment are discussed.

The results for the dipole model are given in section @ First, the perturbative wave
functions of both the W boson and the scalar pion are presented. Next, the vanishing
contributions of the vector current and the transverse parts of the axial current are an-
alyzed, and the non-vanishing longitudinal axial current contribution are studied in two
cases: the black disc limit and the scattering on heavy nuclei. For the latter case, a phe-
nomenological dipole cross section and Glauber’s approximation for multiple scattering
are used, and the scattering of the W boson off the nucleus is first presented, to proceed
later to a detailed discussion of the total process (including the leptonic current). The
results show that a detailed analysis of the dipole lifetime has to be taken into account, as
asymmetric pairs (with light cone fraction z near 0 or 1) tend to have a very short lifetime,
so they cannot be treated by the frozen dipole approximation and Glauber’s approach.
This analysis is carried out, and the contributions of the “problematic” dipoles, i.e., the
dipoles with very short lifetimes, are singled out, to test the accuracy of the model. The
results show that the error of the calculations increase with decreasing energy v, so that
they are only reliable at energies larger than 20[GeV]. These results are discussed in the
conclusions, where some additional remarks on why the meson model could be making
wrong predictions in the black disc limit are also given.

Most of the theoretical framework is presented in the form of appendixes at the end of
this document, including a derivation of the color dipole model by using a mixed approach
based on light cone quantization rules and loop integrals over the minus component of
the momenta, and a rather complete description of Glauber’s theory.




2 Basics

The main task of this work is to to calculate and analyze the scattering amplitude of the
process depicted in figure 2., where neutrinos scatter off nuclei of mass my, and produce
a final scalar pion and a lepton. We neglect all the lepton masses and we constrain the
analysis to the case where the nucleus scatters elastically, i.e., it maintains its original
mass. The scattering amplitude is given by (we follow a similar notation as the one found
in [1])

M= qup, (2.1)
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Figure 2.1: Production of charged pions

The leptonic current is given by

= 1K)y (L = ys)v(k), (2.2)
so that squared and averaged over initial spins, it gives the leptonic tensor

L, =2kuky — kugy — quky + (k- @) gpv — 1€00p0 k"¢ . (2.3)

This leptonic tensor can be used to express the unpolarized squared scattering amplitude
as

2
M| = (_ig;) LM hy,h (2.4)

Let’s recall the general expression for the differential cross section for a two particle
scattering process

do = %|M|2dﬂn, (2.5)




where ¢ is the flux of incident particles and dIL,, is the phase space differential. In our
case, we have

(b: 2\/ )\(S,O,m%\[),

PR 1 dq 1 dp 1
(2r)? 2B (2)? 2q) (2)° 2p}

dll; = 2m)o(k +q¢ +p —k—p), (2.6)

where \(z,y, 2) = 22 + y? + 22 — 2zy — 2wz — 2yz is the triangle function. By counting
the energy-momentum conservation equations, on-shell conditions and other constrains
on the kinematical variables, it is easy to see that the process has only 5 independent
variables, in addition to the incident energy of the neutrino, . We take this variables to
be (v,t,@Q?) and the azimuthal angles of scattering of the final lepton and the pion. The
analysis is greatly simplified by noticing that the process has no dependence whatsoever
on these last two angles (our model for the scattering amplitude will not depend on them,
see sec. B)), so we can easily integrate over the angles, and after some algebraic work we
obtain,

do 1 (4m§V|q/|2 —t(t+ Q% —m2) — 2vmn(t+m2 + Q2)) \/mw\/m
dQ*dvdt — (2m)* 96mZ B2 q/ PA(S, 2. %) :
(2.7)

where |q'| as a function of ¢, v and Q? is given by
ld'| = L\/47”2 (2 —m2) +t2 + 4tvmy . (2.8)

2mN N ™

The challenging part of the analysis is of course to find a model able to describe correctly
the scattering of virtual W bosons off nuclei (a model for the hadronic current). We can
then concentrate on this part, and study the virtual W boson - nuclei scattering process
depicted in figure 222 with amplitude

My, = (v,q)h,, (2.9)

where ¢ is the polarization vector of the virtual boson. Note that we can expand h* in
terms of a complete set of four vectors. This will be very useful to obtain h* from the
scalar, longitudinal and transverse part of M, that we will call cg, cp, c11 respectively.
We can take this set to be the momenta of the W boson, and its three polarization vectors,

m
ht = csq— +ecret + el et . 2.10
0 L 1 1

We will work in the reference frame where the boson momentum lies on the z axis, so
that its momentum and polarization vectors are given by

q: (V7 0’ VQ +Q2)7

L:ﬁ( V2+Q2705V)7

€

1
£11 = —ﬁ(o,l,ii,o). (2.11)

Note that for the scattering of real W bosons the scalar part c¢g of h* is completely
unimportant, as there are no scalar bosons. On the other hand, for our virtual process
211 the scalar part can give some contributions, but in the chiral limit they vanish because
of current conservation, ¢"l,, = 0. The cross section for the process is given by

do 1

_ 2
dt — 167A(s', ¢%,m%) Mal” (2.12)




where my the mass of the target. The triangle function reduces to s’ when we neglect
the boson “mass” ¢? and the target mass. Anyway, it should be noted that the factor
which multiplies the amplitude squared in [2.12]is somewhat arbitrary, because we cannot
measure the flux of virtual W bosons. There are different conventions to define this flux,
and here we take it to be the flux that a W boson with mass ¢? would have.
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Figure 2.2: Hadronic part

There are two options to analyze the hadronic current, which we will discuss in the
following section. The common understanding is that both should give the same results,
but as it will be shown, this is not the case, and we will give some hints to explain the
origin of this difference.




3 Models for pion diffractive production

3.1 Introduction: diffraction in high energy scattering

The first use of the concept of diffraction in relativistic scattering theory was formulated
by Good and Walker in 1960 [5]. The idea is actually very simple, and it was taken from
classical electrodynamics and non relativistic quantum mechanics. A diffractive process
is a high energy process, where the final particle acquires a component that corresponds
to one of the terms of the virtual dissociation of the incident particle. A typical example
of this processes comes from optics. If a plane wave, let’s say polarized along the = axis,
passes through a polarizing plane which has a polarization axes forming a 45° angle with
the x axis, we obtain in the final “state”, a wave that has components with polarization
along both the z and the y axis. Notice that not only the final state has elements of the
initial one, but also it acquired a component that is orthogonal to the initial state, so this
is also a possibility in diffractive processes.

In field theoretical terms, diffractive processes of hadrons are by definition, high energy
processes in which no quantum numbers are exchanged. Isospin, charge, strangeness,
color and other quantum numbers must be conserved, but spin can change because angu-
lar momentum can be transferred in the collision. Then, for example, one gluon exchange
processes cannot be diffractive because they exchange color, but two gluon exchange pro-
cesses can. Diffraction is characterized also by a large rapidity gap between the initial and
final state. This characteristic is useful to provide an operative definition for diffraction,
that allows us to discern between diffractive and non diffractive processes. For a detailed
discussion see [3].

If we have a scattering process where a state |y) (a particle) interacts with a target |N)
(a nucleus, for example), we have two alternatives: either the state |y) scatters elastically
into itself, |y) — |y) or it scatters diffractively into another state |y) — |p). Here we
have warn the reader to avoid confusions: this names could be misleading because both
processes are diffractive, as they don’t exchange quantum numbers. v and p are defined
uniquely by specifying the kind of particle (or particles in the case of a multiparticle state,
as a color dipole) we are talking about, and a set of quantum numbers (as momenta and
helicities).

) ) ) 1)

N N N N
Figure 3.1: Elastic scattering Figure 3.2: Diffractive scattering

In both processes we are assuming that the target does not take part in the scattering
process, i.e., it just plays the role of some kind of obstacle that facilitates the diffractive
process of the projectile. The target particle will not be observed by the detectors, so the
attention should be focused in the diffractive process of the projectile. For this reason,
we can forget about the target for a moment, and just introduce a diffraction operator D




which gives the amplitude for diffractive scattering
Dix = (k| D i), (3.1)

where [i) is the initial state of the projectile, and |k) the final particle. The main difference
between the regular time evolution operator and the diffraction operator (also called
diffraction matrix), is that the dependence of the process on the target particle is fully
contained in the latter. If the target particle is excited or acquires momentum during the
scattering process, that information has to be included also in the diffraction matrix.

If the particle scatters elastically we say it is a diffraction eigenstate, |a), so that

Do) = idoy|a) . (3.2)

To simplify the treatment, the assumption that the diffraction eigenvalues are purely
imaginary can be made. This assumption can be understood by using the optical theorem.
The total cross section increases at higher energies, because at higher the energy more final
states can be produced. As the imaginary part of the elastic amplitude is proportional
to the center of mass energy times the total cross section, it also increases with energy.
No such constrain exists on the real part of the scattering amplitude, so the ratio of
the real part to the imaginary part of the forward scattering amplitude should decrease
with energy. A detailed analysis and experimental results, show that this reasoning is
indeed correct, and at energies of the order of some GeV’s the ratio between the real and
imaginary part of the forward scattering amplitude is smaller than 0.1 ([3]).

Then, using the optical theorem we can express the amplitudes d,, in terms of the total

scattering cross section o,
! d (3.3)
OaN = ————>—0aN , .
A(s,mZ,m%)

where A(z,y, z) is the triangle function, s is the total c.m. energy and m,, my are the
masses of the projectile and target, respectively. To study the scattering of a general
projectile |i) we can expand it in terms of diffraction eigenstates,

i) = Zcm o) . (3.4)

The coefficients ¢;, are the wave functions that give us the decomposition of the projectile
¢ in terms of diffraction eigenstates . In this way, it is easy to see that any diffraction
matrix element can be obtained in terms of the wave functions and the elastic scattering
amplitude of the scattering eigenstates,

DZk - k | D | chacza aN - (35)

In particular, the elastic scattering element D;; is
D;; = Z |Cia|*dan , (3.6)
«

and using the optical theorem, the total i N scattering cross section is

1 \/ ;
Z (s, m&, miy) |Cia|20an - (3.7)

O;N — —F/——r————
' A(s, m2, mN (s,m?,m%)

If s and my are much greater than the masses of the projectiles m, and m;, the result
is simplified to the one found in the literature [3],

O;N :Z|Cio¢|2ao¢N' (38)




From this last expression or from expression [3.5] we see that the problem is divided into
two parts, provided that we already identified the diffraction eigenstates «:

1. To find the wave functions of the initial and final states |k) and |i) and expand them
in terms of diffraction eigenstates.

2. To find the total scattering cross section o,y of diffraction eigenstates |a).

If we are able to solve these two problems, we will have a model which correctly describes
the diffraction process. But even if this formalism has been very successful ([6]) each
problem has its difficulties, even if we correctly identified the diffraction eigenstates.
First, it is not always easy to find the wave functions of the projectile and final particle.
In the high energy limit, we can resort to a perturbative treatment that give us a good
model for the wave functions, but non perturbative effects appear at low virtualities of
the projectile (when the projectile is a virtual particle). Additionally, if the projectile is a
compound particle, as in the hadron case, it is not possible to calculate exactly the wave
function and we have to use models that introduce uncertainty into the treatment.

Second, although there has been much success in modeling the scattering amplitude of the
diffraction eigenstates by using a universal phenomenological cross section (by universal
it is understood that the cross section is the same regardless of the analyzed process),
there are still some uncertainties in these models, especially for small virtualities of the
projectile, where perturbative calculations as the two gluon exchange approximation, are
not valid.

Now, as regards to the diffraction eigenstates, it was first identified by Zamolodchikov
and Kopeliovich in [9] that the color dipole (a quark antiquark pair) of definite transverse
size scatters elastically in nuclear matter. Here, the term diffraction eigenstate is used
somewhat loosely, because the transverse size of the dipole remains frozen and no new
particles are created (the final particle is also a color dipole) but other quantum numbers
as the transverse center of mass momentum may change, as depicted in figure We

will address this model in detail in section

/

Figure 3.3: The transverse size of the dipole remains frozen, but the transverse
c.m. momentum may change

To end this section, it is important to note one last subtlety: the diffraction eigenstates
are states on the light-front. That means that they are states defined and evolved at fixed
light cone time, and that the wave functions are light-cone wave functions. Actually, the
projectile itself is also a state defined on the light cone, in contrast to the usual states
used in most text books where they are defined at a fixed regular time [7]. But why are
we using these light-cone states? Qualitatively, the question can be answered by thinking
what does the target (and the laboratory rest frame) sees. At low energies, the projectile




travels slowly, so that the information that it send us reach us very fast and we can see
its instantaneous motion.

At high energies, the target sees the information that a projectile traveling at the speed
of light sends. This information is sent in light-fronts, just in the same way as the
information that we receive from a classical wave is received in wave fronts. For this
reason, it is reasonable to expect that light-cone states should be the adequate basis
to describe the process. A formal approach based in light-cone quantization rules gives
the same conclusions. A discussion of the color dipole model in relation with light-cone
quantization rules is given in

3.2 Meson model

The first alternative to describe the hadronic current is to use a meson model [1], as in
figure B.4] where the W boson fluctuates into mesons, and by diffraction, a final charged
pion is produced. If the W boson is expressed as a sum over all the possible meson states

4
W)= Wele), (3.9)
3
then, the scattering amplitude is given by the diffraction matrix D,

My = (x| D|W). (3.10)

n n

Figure 3.4: Scattering of a virtual W boson in the meson model

The coefficients W¢ can be calculated by studying how the W boson couples to the cor-
responding meson field. For the moment, in our analysis of M) we will stick to the
simplest case, the black disc limit. In this limit, valid for heavy nuclei, the scattering
amplitude or diffraction matrix D for a hadron that scatters off nuclei is just a constant
in impact parameter space. This means that if we expand the mesons in as a sum
in Fock space over its inner constituents, each Fock state scatters equally, and therefore
the whole meson wavefunction is just multiplied by a constant after the scattering. No
inelastic transitions are allowed, and the scattering amplitude reduces to

My x (Wr) =9,,. (3.11)
If we use an effective Lagrangian theory to describe the scalar pion - W boson interaction,

it is easy to see that in the Lagrangian, the pion field = can be coupled to the W boson
field W# only through terms of the form 0,7W*#. Then, in perturbation theory, the




polarization vector of the W boson couples to the pion only through a term proportional
to ¢* [2]. For this reason, in equations 29land [ZT0] cg is the only non-vanishing coefficient
of the expansion, so we have

h* o g". (3.12)

Then, using 2] we obtain
Mg, =0, (3.13)

because of lepton current conservation (up to small terms of order miepion /).

3.3 Dipole model

The second alternative is to use the color dipole model []], which is valid for high energies
and low values of Bjorken’s variable x. In this model, depicted in figure B8 the W
boson fluctuates into an on-shell quark-antiquark pair, which scatters off the nucleus and
then forms the final pion. The main observation is that this color dipole is an interaction
eigenstate at high energies so the transverse separation of the dipole during the scattering
process is frozen [9]. Nonetheless, its light-cone momentum must change, in order to
satisfy light-cone momentum conservation at the vertex where the final pion is formed.
It is worth noting that this formalism is derived from light-cone perturbation theory [10],
so each intermediate state is on shell, and only transverse and light-cone momentum are
conserved at each vertex (see also the notes in section B]). The minus component of each
momentum is not conserved, and is obtained by the aforementioned on-shell condition.
For a detailed derivation of the model in light-cone perturbation theory, see appendix [6.1}

n n

Figure 3.5: Scattering of a virtual W boson in the dipole model

To calculate the scattering amplitude of the process, we can now expand both the W
boson and the pion in terms of dipoles of different transverse and light-cone momenta,

|W> = Z /dZkoT\I]%(kTuqu27q+7)\luA2) ’q(j(kT727q+7)‘17)\2)> 9 (314‘)
A1,A2

where the momenta of the W boson, quark and antiquark in the light-cone notation are
given by

0<z<1. (3.15)




\I/% is the W boson wave function, also called distribution amplitude (because it is not
normalized), and A1, Ay are the polarization of the quark and antiquark, respectively.
Note also that we are working in the reference frame where the W boson has no transverse
momentum. The axial part of the wave function of the W boson is given in terms of the
spinors and gamma matrices by (see app. [G.1])

W (lep, 2, Q% 4 A Ay Ae) = v/Nogy AT PU50P2) iy, (3.16)
\/IZ\/E TP — 1))

and the vector part is given by

U (kr, 2, Q% ¢, M, A2 A) = /Negw u/\l(pl)%vh(m) =X (Q)v,, (3.17)
¢E\@; - 73))

where ¢ the polarization vector of the W boson. The total wave function of the W boson
\Ifgg is the difference between the vector and axial part, but we will see in section 3] that
the vector part gives no contribution to our process.

In the same way, we can write the pion as,

=> /dz PRpUT (Ko, A, 2/, m2, ¢ N ) [aa(Kp, AL 2 g TN N)) L (3.18)
PYADNS

where the momenta of the charged pion, quark and antiquark are given by

mﬂ'
q/ - (q/Jr’ (J,_+a )7
(K + A) +m2
p/l = (Z/q/Jr, T Z/q/+ ak/T ZA),
(kp +A)?+
po=((1= )" = — )q+ —kp +(1-2)A),
0<2 <1. (3.19)

We will couple the pion to the quark-antiquark pair using an effective Lagrangian theory
through the simplest possible vertex: a constant multiplied by a 75 matrix. In this way,
the pion WF is

iy, (P1)Y5v, (Ph) .
v@F¢__ (¢~ = =)

The transferred transverse momentum does not play any role in the wave functions,
because they are independent of this parameter. This makes sense, because the decom-
position of a particle in terms of dipoles has to be independent of the direction in which
the particle moves. Taking the inner product in we obtain

M= Y / Pkyd®Kipdzdz’

A1, A2, A,

Ui (kip, A, 2 m2, g T AL A) = (3.20)

(\Ij;rq( IT7A72/7m721—7qI+7A/17A/2)) \I]%(kTuqu27q+7)\luA27A)
<q6(k’lI‘7A72/7q/+7)\llﬂA/2) | ‘b | q(j(kT727q+7)‘17)\2)> . (321)

Now, we have to discuss about what information does the color dipole model give us
to simplify the treatment. The dipole model tell us that at high energies the dipole is

10



an interaction eigenstate, so that its transverse size remains frozen during the scattering
process, as depicted in fig. Then, the diffraction matrix cannot change the dipole’s
transverse size (we understand by “transverse size”, the size of the dipole in the plane
orthogonal to the direction of its movement), but has to provide the transition to dipoles
with different light-cone momenta (because ¢y # ¢/,) and helicities. The most general
expression for these conditions to be fulfilled is

D q(j(rTa 2 q+7 )\1; A2)> =
> /dqle”A(TT, G+, a2, 2" A A0, X D) [aa(ree, 27 0P N AY)) L (3.22)
AN
where A is the dipole scattering amplitude and
laq(rr, 2,47, M, A2)) = /d2kT exp (ikx - rr) |qq(kr, 2,47, A1, A2)) - (3.23)

Now, using eqs. B.2T] B:22] 323 and noting that dipoles with different values of rr, z, g
or helicities are orthogonal, we end up with

1
My, = o Z /erszdz’
i
A1, A2, A,
\I/:.(I'T, Zlu m721—7 qua )‘/17 )\12)\111/{/(1"1‘, Z, Q27 q+, )‘17 )‘27 )\)A(TT7 q+, qifa Z, 2/7 )‘17 )\27 )‘/17 )‘/2) B
(3.24)

where we dropped the subindex ¢g in the wavefunctions, as from now on, functions
denoted by the letter ¥ will always refer to color dipole wavefunctions. We will also
write rt or kt in the argument of the wavefunctions, depending if we are using the WF
in momentum or configuration space (they are related by a simple Fourier transform).
The prefactor - is due to the convention used for the wave functions (see [L1] and EL2.)).

The result obtained in [3.24] is the most general that one can obtain for the color dipole
model. In Glauber’s approach for multiple scattering on nuclei the helicities of the ¢g pair
and the fractions of the light-cone momentum z are conserved, and the elastic scattering

amplitude is (see [3], [I2] and especially [6.2])
Alrr) = 20\ @2, mfv)/d%exp(m b) (1 ~exp (—%af;q(rT)T(b)))
=47\ /A8, ¢?, m?v)/bdeO(Ab) <1 — exp (—%agq(rT)T(b)>) . (3.25)

where oy, is the dipole scattering cross section on nucleons, 7'(b) the nucleus profile
function, A the triangle function and A? is the transverse transferred momentum squared.
In the high s’ limit, and neglecting terms of the order Q?/m3; and m2/m%;, we obtain
A? = —t, either in the CM reference system or the Lab system (our case), because the
transverse momentum is invariant under boosts along the longitudinal axis. With these
assumptions we obtain

Mh - % Z /d2I'TdZ\I/:.(I'T, Z, m72-ra qg-v )\17 AQ)\IJW(rTa Z, sz q+, Alv )\27 )\)A(TT) B
A1,A2
(3.26)
where N, is the number of quark colors. At this point, it is easy to see that the hadronic
current in the dipole model is given by

1 )
ht = In )\Z}\ /d2erZ\Ifﬂ.(I‘T, z, mi, qu, A1, A2)(a” 4+ o) A(ry) . (3.27)
1,2
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If the nucleus of radius 7y is very dense so that of;(rr)T'(b) >> 1 for b < ry and zero
otherwise, A(rr) = constant, we obtain the black disc limit,

MBD Z /dr?pdzkllfr(rT,z,mfr,qﬁr,)\1,Ag)\IIW(rT,z,Q2,q+,)\1,)\2,)\). (3.28)
A1,A2

In section 4] we will try to calculate the scattering amplitude in the BD limit and we
will see that it diverges for a very simple reason: we are omitting color transparency
and this effect is of uttermost importance to eliminate the divergences that arise in the
wavefunctions at small r .

3.4 Kinematical region

We now elaborate on the regime in which we are working on discussing the relevant
kinematical variables. The color dipole model is valid only if the following conditions are
met.

e Bjorken variable x: we need x << 1 so that the virtual boson doesn’t strike directly
the quarks of the nucleon or nucleus, but it first fluctuates into a ¢g pair, and then
scatters off the target by gluon exchange. At high energies, in practice this means
x < 0.02. This requirement is related to the requirement on the lifetime of the
dipole that we will explain below, and at high energies they are equivalent.

o Quark-antiquark pair lifetime, 7: the time of scattering must be much less than the

quark-antiquark lifetime 7 =~ %. In the two-gluon approximation, this condition
reduces to )
q+lp

I4 << o (3.29)

where [ is the momentum carried by one of the gluons. This means that ¢; (and
therefore the virtual boson energy v) should be in general much larger than Q2. We
give a very detailed discussion about this requirement in the results section.

e Boson virtuality, Q?: for low Q? there are some problems discussed in detail in
[13] and especially in [I4] (take a look at the conclusions of this last paper). The
“scattering of the dipole” problem (figure[3.6)) is that at low Q?, the size of the dipole
becomes large and non-perturbative effects are introduced in the scattering of the
dipole off the target. This means that the simple perturbative treatments like the
two-gluon exchange model, loose their ability to describe correctly the scattering of
the pair, and we have to modify the dipole scattering cross section for the model
to keep its validity. To be more explicit, the problem is that for low @2, it is not
quite clear which is the form of the dipole cross section. At low virtualities there
are higher order perturbative effects, such as the possible rescattering of the quark-
antiquark pair off the target, and the fact that the outgoing pion does not couple
necessarily to the same dipole loop as the incoming virtual boson. At low @Q? it is
known that the vector meson dominance model applies. Therefore, in this region
the aforementioned effects should provide a transition from the dipole model to the
meson model.

e Center of mass energy s: we are working in the regime of s > 1[GeV] and v >
1[GeV]. This is needed because we are neglecting all the lepton masses, but most
importantly, because the dipole model is valid only at high energies. The “model”
problem depicted in figure 3.7, appears when the idea that the dominant contribu-
tion to the process comes from a three stage picture (formation of an on shell dipole
- scattering of the dipole - formation of the final meson) breaks down. This happens
because at lower energies we cannot neglect the instantaneous propagators in the
light cone formalism, and the dipoles cannot be put on-shell (see appendix [6.1]).
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Figure 3.6: Scattering problem
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Figure 3.7: Model problem
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4 Results

4.1 Brief summary of the model

Let us summarize our results until now. Recalling equation 2.10 we have.

"
At = csa +erelf + el +eiet

where the coefficients ¢, and ¢4 are given by (see sec. B3)

1
L = E § /d2erZ\I/:'(rTaZam?raq;v)\lv)\Q)\IjW(rTaza Q27Q+a Alv)\Qa A= O)A(rT)a
A1,A2

1
C+1 = E Z /dzI‘TdZ\IJ;:(I'T, zZ, mfr, qﬁr, /\1, )\2)\I/W(rT; Z, sz q+, Ala AQ? A= :l:l).A(I'T) ’
A1,A2
(4.1)

and the scattering amplitude is given by eq. .25

Alrr) = dmy /X5, 2, m3,) / bdbJo(A'D) <1 — exp <—%a§q(rT)T(b)>> .

It should be clear by now that the coefficient ¢g is unimportant for the process. In the
following sections we study and calculate the coefficients ¢;, and c41. We will see that
many contributions to these coefficients vanish, and at the end the numerical efforts will
be reduced to calculate only c;,, for different values of Q2,¢ and v.

We will start by giving the expressions for the wave functions and by studying the van-
ishing contributions to the process. Then, we will analyze the simplest case, the black
disc limit, which will be useful to foresee some of the conclusions of the complete analysis.
The following step will be to calculate the cross section of diffractive production of pions
by virtual W bosons using a phenomenological model, and finally we will include the
leptonic current to analyze the total process.

4.2 Wave functions

The wave functionsB.16] B.17 and can be obtained both in transverse momentum and
transverse separation space by using the conventions for the spinors and gamma matrices
given in the appendix. For the calculations we use Maple and a simple mathematical code.
The only subtlety is that the direct calculation of expressions and B.I7 gives rise to
terms that in configuration space correspond to Dirac deltas centered at zero transverse
separation. These terms can be safely removed by hand, because color transparency will
eliminate them anyway. We give here the results in matrix notation, where the matrix
element (4, j) corresponds to different helicities (A1, A2). Matrix index 1 means negative
helicity, and 2, positive helicity; m and d are the quark and antiquark masses and 71 the
magnitude of their transverse separation.

Here, we use the convention for the WF of Kowalsky and Teaney [11], where the WF do

not have the prefactor \/%—F that is found in part of the literature. In our treatment these

factors are included as a factor ﬁ in 3.20
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4.2.1 W Boson Wave Function

Here, we present the W boson transverse (A = +1)and longitudinal (A = 0) perturbative
WEF, both in momentum and configuration space.

In momentum space

Vector Part

cw (m—d2)(kz2+iky) —cW(2Q2z(l—z)+(2m—2d)((l—z)m—zd)
I ()|, = G o) Gk o)
—ew (2Q%2(1—2)+(m—d)((1—z)m—zd) cw (m—d)(—kz+iky)
Q(kr?+afy) Q(kr?+afy)
0 cw \/i(z_;)(k; +iky)
Vi e, - i
cwx/iz(kIJriky) cwV2(m(1—2)+dz)
Q(kT?+aiy) Q(kT”+aiy)

cw\/i(m(lfz)erz) cw\/iz(kaJriky)

a2 21 a2
W%V(kT)}A:,1 _ Q(kT?+afy,) Q(kr?+aiy)
cw V2(2—1)(—ky+iky) 0
Q(kr?+a3;,)
Awzial Part
—cw (m~+d) (ko +iky) cw (2Q%2(1—2)+(m+d)((1—2z)m+zd)
Wy (k)| = QUer®+a3,) QUkr™Fag,)
qq =
A=0 —cw (2Q%2(1—2)+(m4d) ((1—2)m+2d) cw (m+d) (ks +iky)
Q(kT?+aj,) Q(kT*+aj,)
0 —cW\/i(z—21)(l2€z+iky)
WA (k)| _, = wler )
cwﬁz(kz+iky) cwV2(—m(1—2)+dz)
Q(kr?+ajy,) Q(kT?+a3,)

—cwﬂ(—m(l—z)-l—dz) —cwﬁz(—kz-i—iky)

\IJZZA (kT)’)\ffl = Qkr?+aiy) Qler?ady)
- cw V2(2—1)(—kz+iky) 0
Q(kr?+a3,)

where

a%,v =Q%— Q%22+ m?—m?z +zd®
kT = (kza ky) )

Ccw :gW\/Nc .
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In configuration space

Vector Part

\I;l‘]’q'{v (rT)‘,\:o =

icw (m—d)e'®aw K1 (awrr) —icw (2Q%z(1—2)+(m—d)((1—2)m—=zd)) Ko(awrr)
27Q 27Q
—icw (2Q%2(1—2)+(m—d)((1=2z)m—2d)) Ko(awrr) —icw (m—=d)e”**aw K\ (aw rr)
27Q 2rQ
icwV2(z—1)e'?aw K1 (awrr)
q}ggv(rT)‘,\:l = . ! o
iCW\/§Z€1¢aWK1(aWTT) icwﬁ(m(l—z)-i-dz)Ko(aer)
2m 2m
icwﬂ(m(l—z)-i—dz)Ko(aer) —icw\/izefid)aWKﬂaer)
W (e, 2 o
qq A=—1 ;
—iewV2(z—1)e” "Paw K1 (awrr) 0
2w
Axial Part
w
Tog* (rr)] g =
icw (m~+d)e'®aw K1 (awrr) icw (2Q%2(1—2)+(m+d) ((1—2)m42d)) Ko(aw rr)
27Q 27Q
—icw (2Q%2(1—2)+(m+d) (1—2)m42d)) Ko(aw T) icw (m+d)e” *Paw K1 (awrr)
27TQ 27TQ
0 —icw\/i(z—l)ewale(aWTT)
Vo' (rr)|yy = . o
iCW\/§Z€1¢aWK1(aWTT) —icwﬁ(m(l—z)—dz)Ko(aer)
2m 2T

icw V2(m(1—2)—dz)Ko(awrT) icwx/izefwale(aer)

w.
\IjqéA (rT)‘A:71 = 275 o
7icw\/§(z71)efmawK1(aer) 0
2w
where

aryy = Q%2 — Q*22 +m? —m?z + zd*
kT = (kmu ky) )

cw =gwyvNe .
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4.2.2 Pion Wave Function

We write explicitly only the wave functions in configuration space, since by now the reader
should be able to easily switch from configuration space to momentum space taking the

Fourier transform, using as an example the expressions for the W boson WF. From B3.20
we get

icre'®ar K (axrT) cx(m—zm+dz)Ko(axrT)
T
\Ijqq(rT) — 27 . 27
—cx(m—zm+dz)Ko(axrr) icﬂefl‘ba,rKl(aﬂrT)
2T 2m
where
aZ = —mPz4+m? 4 zd* + m22* —m?z,
M
Cp = — .
fr

M is the constituent quark mass. We take fM ~ 2 ([15)).

4.3 Vanishing contributions: vector and transverse axial currents

It is reasonable to think that the vector part of the weak current cannot produce scalar
pions, because a vector virtual particle cannot produce diffractively a scalar particle (the
pion) at least in the BD limit, since it does not have in its light cone expansion any scalar
terms. Then, its contribution to the hadronic current (i.e., to the coefficients ¢z, and c11)
should vanish. Let’s separate the vector and axial parts of each coefficient as follows, with
an obvious notation,

c, =ci +cf,

cy1 =c4 +ciy.

In order to prove that c¢; = 0 and ¢y = 0, we have to calculate the hadronic current
given in For this purpose, it is easier to first multiply the pion and W boson wave
functions for the different values of A, then to sum over helicities, and finally to integrate
starting with the azimuthal integral over ¢. Following these instructions, we see that for
A = 0 with the pion WF given by and the vector part of the W boson WF given
in 201 we obtain immediately ¢} = 0 after multiplying the WF and summing over
helicities. For A = £1 we obtain after summing over helicities a non-vanishing result, but
this result is proportional to ’?, so after integrating over the azimuthal angle it vanishes.
Then we obtain ¢ = 0 and ¢”; = 0. We conclude that the vector current gives no
contribution to the process for this pion WF, not only in the BD limit, but also in the
case where we use a phenomenological scattering amplitude.

On the other hand, the axial part of the W boson wave function does contribute to the
process. However, following a very similar analysis we see that c¢%; also vanishes, so that
c+1 = 0. Then, the only relevant coefficient is ¢, = ¢{, so in the following sections we will
concentrate in studying the longitudinal axial part of the current and its non vanishing
contributions to the process.

4.4 Simplest model: black disc limit

In the black disc limit, the scattering amplitude A has to be replaced by a constant. In
this case, we have

€L X Z /d2erZ\I/;(I'T,Z,m72T,q;,)\1,AQ)\IJWA(I'T,Z,Q2,q+7)\1,)\2,A:O). (42)
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After multiplying the WF given in [£2.1] and summing over helicities we obtain

CrnCW

crp = 0 d*rrdz(aKy (azrr) Ky (awrr) + BKo(axrr)Kolawrr)), (4.3)
where
@ = —araw (m + d)
8 = —dm®—m’+2m’z — 2md’z — mQ*z + 4mQ*z* — m?2* (4.4)

+md?2% — 2mQ?23 + dm?2? — d32? — 2dQ%2* + 2dQ* 3 . (4.5)

The first important observation is that the integral diverges, because both the pion and
W boson WF have terms proportional to K (rr) in configuration space.

The second observation is that the results are proportional to the quark masses. This
does not mean that in the chiral limit these results vanish, because the quark masses that
need to be used here are not the physical quark masses, but phenomenological quantities
that play the role of infrared cutoffs, of the order of Agcp ([6]).

Third, A* has non vanishing terms proportional to the longitudinal polarization vector
er. This is interesting because from the meson model in the BD limit, we were expecting
only terms proportional to ¢, which give a vanishing contribution to the process due
to lepton current conservation. Then, our first conclusion is that the meson model and
the color dipole model are not equivalent in the BD limit, at least if perturbative wave
functions for the W boson and pion are used.

These results have to be interpreted with care, because the model gives a divergent scat-
tering amplitude due to the absence of color transparency (CT removes the small rp
divergences in the wave functions), so in order to obtain a reasonable approximation, we
have to proceed to our second model, which takes into account color transparency.

4.5 Second model: phenomenological dipole cross section

To make the model more realistic, we have to introduce a phenomenological dipole cross

section. We will use the energy-dependent parametrization of [16] and [I7] , given by
P / rp?
0gq(rT) = 00(s,) | 1 — exp —m ) (4.6)

o

where

oo(s) = o™ (s, (1 +

e > o™ (s),) = So + X1 In*(s], /s0) . (4.7)

8 <r? >
and s/, is the CM energy squared of the W boson-nucleon system. The parameters used
in and [£7 are given in table
On the other hand, the nucleus profile function T'(b) can be obtained using [I]
o0
7(0) = [ ot (45)
—0o0
where the nuclear density p is given by the Woods-Saxon parametrization,

Po
L+exp((r—R)/a))’

p(r) = ( (4.9)

and

34 1

© 4ATR3 1+ m2a2/R?’
The parameters A, R and a are tabulated in [1]. We will use A = 207, R = 6.62[fm], and
a = 0.546[fm].

Po (4.10)
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S 20.9[mb]
5 0.31[mb]
S0 28.9[GeV?]
s1 1000[GeV?]
s 0.14
ro(sh) | 0.88 (—7;) [fm]
<r? > 0.44[fm?]

Table 1: Dipole CS parameters

4.5.1 Some comments on the numerical calculations

In the following sections we will need to calculate c;, for different values of v, Q2 and t.
The major problem with these calculations is that the scattering amplitude of the dipole
is a sum with as many terms as the number of nucleons in the nucleus (see eq. [6.45),
that in our case is quite big, and that after summing, a two dimensional integral has to
be carried out for each value of Q2, v and t.

To speed up the calculations, we used the fact that only the first terms in the aforemen-
tioned sum contribute to the results, and the higher order terms are negligible. For this
reason, we only take the first 25-30 terms in the sum [6.45] that ensure that the error in the
calculation of the amplitude is smaller than 1-107° at large 7. With this simplification,
in section we integrate over rp and z to obtain ¢y for a mesh of 40260230 points
in the Q% — v — t plane. After integrating, we make an interpolation to obtain a mesh of
10021002300 points, to be able to integrate over Q?, v and ¢ using the mid-point rule with
accuracy. The results for section are obtained by following a similar methodology.

All the calculations were done using Maple, and they are analytical until we are forced
to use numerical methods to integrate over r and z to obtain c¢j. A precision of 4 digits
is used in the integration routines. A CD copy of the main Maple worksheets is included
in the back cover of this work.

4.5.2 Diffractive production of pions by longitudinal W bosons

It is important to analyze this cross section, because it will show that the coefficient ¢y,
is different from zero and gives a non vanishing cross section for diffractive production of
pions by longitudinal W bosons, contradicting the results given by the meson dominance
model in the BD limit. Using 2.9 and [3.27], we obtain for a longitudinally polarized
W boson

MhZCL. (411)

Then, using 2.12] and 1] we have

do 1

_ 2
dt 167T/\(s’,q2,m?v)|cL| ' (412)

There is one kinematical detail that has to be taken into account. In the W boson-nucleus
CM system where the momenta of the initial particles lie on the z axis, the transferred
momentum squared is

t=—Q*+m2 — 2qoqp + 2q.q. cos(0) (4.13)
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where g and ¢, are the energies of the virtual W boson and final pion respectively, and
q. and ¢. their momentum. They are given in therms of the total CM energy squared, s’
by

s’ —Q*—m%

¢, =\/q> —m?%. (4.14)

It is not hard to see that t is always negative. But it is important to notice that |¢| takes
its minimum and maximum values depending on the value of cos(f). These values are
given by

max [t| = —Q° +m3 — 2¢oqp + 244, , (4.15)
min [t| = —Q? + m2 — 2qoq) — 2¢.4., - (4.16)

Using[@14]in .16 and remembering that s’ = —Q?+m3+2vmy it is possible to find these
minimum and maximum values as functions of @, v and the masses of the nucleus and the
pion. This is important because the kinematical restriction on the minimum value of |¢|
will prevent the process from happening in some cases, regardless of the phenomenological
model used to describe the process. The maximum value of |¢| does not matter, because
the process is suppressed by the decay of the cross section before reaching this maximum.

We will study two cases, to make clear the aforementioned point. First, we use the values
for the kinematical variables given in table[2] and we plot the differential cross section as
function of |¢| in fig. {1

Q 3|GeV]

v 10[GeV]

my | 193[GeV]

Table 2: Values for the parameters

We see that the differential cross section is non-vanishing for values of [¢t| < 0.01[GeV?],
and it rapidly decreases for large |t|. However, using [L.14] and we see that for these
values of @ and v, min(|t|) ~ 0.2[GeV?], so no values of |t| < 0.2[GeV?] are allowed. But
for values of |t| > 0.2[GeV?], the differential cross section is very small, and therefore the
process does not take place for these values of @ and v.

Then, it is worth analyzing the behavior of min|¢| as a function of @ and v, to see for
which values of @ and v we could allow the smallest value of min [¢t| possible, so that
the process could take place (keep in mind that for large |¢|, the process is suppressed
by the decay of the differential cross section). We plot min |¢| as a function of Q? for
fixed v = 10[GeV] and as a function of v for fixed Q? = 5[GeV?| in figure 2 and
respectively.

We see that for fixed v, the value of min |t| increases rapidly with Q2. For Q2 ~ 0,v =
10[GeV], min |t| is almost zero (a precise calculation gives min |t| = 1-107%[GeV?]), but
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0 0.005 0.01 0.015 0.02
[t| [GeV?

Figure 4.1: Differential cross section, v = 10[GeV]

already for Q% ~ 2[GeV?], min |t| is close to 0.01[GeV?], which is a value for which the
differential cross section already decreased significantly (see [L1]).

On the other hand, for fixed Q2 we see that min [t| decreases rapidly for higher energies
v. We see that we need energies v > 25[GeV] to allow values of ¢t < 0.01[GeV?] when
Q? = 5[GeV?].

This analysis leads us to the conclusion that in order to allow the production of scalar
pions for values of Q2 > 5[GeV?], the only alternative is to have values of v > 25[GeV].
On the other hand, it is possible to produce scalar pions for lower values of v, only if
we study the very small Q? regime. Additionally, we have the constrain on Bjorken’s
variable (for the color dipole model to be valid)

r = @ <e, (4.17)

2my, v

where £ < 0.02. This constrain also tell us that v has to be significantly larger than Q2.
Then, depending on how stringent are we with the value of ¢, either the constrain on
min [t| or on e will restrict our analysis to the kinematical region of high v and low Q2.

0.012 T T T 0.07
0.01r
~ 0.008 & ’
- -~
U l)
S go
?0.006 ;
El g°
B 0.004 B
0.002
0 : : o] - y y y y - -
0 0.5 1 15 2 10 15 20 25 30 35 40 45 50
Q?[GeV? v[GeV]
Figure 4.2: min|t| for v = 10[GeV] Figure 4.3: min |¢| for Q? = 5[GeV?]

Now, let’s analyze the second case, with the values for the kinematical variables given in
Bl where we consider a higher value for v. For these values, min |¢| ~ 0.008[GeV?], so the
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differential cross section is plotted starting from [¢t| = 0.008][GeV?] in figure 4 We see
that the differential cross section in this case is non vanishing for the allowed values of
[t|. Integrating, we obtain the total cross sections

/ 3% 149, (4.18)
min |¢| dt
Q 3|GeV]
v 50[GeV]
mpy | 193[GeV]

Table 3: Values for the parameters

0 i i I,
0.008 0.01 0.012 0014 0016 0018 0.02
[t] [GeV?

Figure 4.4: Differential cross section, v = 50[{GeV]

It is worth mentioning that less than 20% of this cross section comes from the contri-
bution of dipoles with different quark helicities. Finally, we analyze the behavior of the
differential cross section as a function of Q% and v, for fixed ¢t = 9.5 - 1073[GeV?]. This
will give us important information about the kinematical region where pion production
takes place.

In figure we plot the differential cross section as a function of Q? for v = 50[GeV].
We see that it decreases rapidly with Q2, due to the shape of the wave functions. On the
other hand, in figure we plot the the differential cross section as a function of v, for
fixed Q% = 1[GeV?]. We see that the differential cross section decreases rapidly in the
small v region (v < 20[GeV]), and that it maintains a moderate decrease with energy
for higher values of v. This dependence on the energy is due to the fact that for higher
values of v, the dipole cross section saturates at higher values of the dipole’s transverse
separation rr.
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Figure 4.5: Differential cross section as Figure 4.6: Differential cross section as
function of Q2 function of v

4.5.3 Pion production by scattering of neutrinos off nuclei: first attempt

Now we turn to the final problem of calculating the cross section for the process2.1l The
Feynman amplitude is given by eq. 211 2.10] and by
M= DY ey, (1.19)
w

Taking the amplitude squared and using and 2.IT] we obtain

2 2 2 2

gw 4E° —4Ev — Q

MF = (m2 ) ( v2+Q? 7|CL|2’ (4.20)
w

so using eq. 277 we get

dO' o aw 2 Q_2
dQ2dvdt mi, 2
(4m%|q' > — t(t + Q* — m2) — 2umn (t + m2 + Q?)) (4E* — 4Ev — Q?)
96m3% E2|q/|2A(s", ¢2, m3y) (2m)3 /1% + Q2

We are now ready to analyze the results of the model. We integrate over |t|, and we
plot the differential cross section % in figure 771 The first observation is that the

le|*.  (4.21)

contribution to the total cross section comes mainly from small values of Q% and v. The
decrease of the differential cross section with respect to Q? is due to the shape of the
wave functions (i.e., to the color dipole model itself) and to a less extent, due to the
kinematical factors. On the contrary, the decrease with v is mainly produced by the
kinematical factors, and to a less extent, to the color dipole model itself.

To obtain the total cross section, we have to take into account the common assumption

that the model is valid only in the region x = 2221, < 0.02. Then, we integrate only over

the region  in the Q2 — v plane that fulfills this condition, and we obtain

do
/Q dQ*dv i~ 127[f0)] . (4.22)

A cross section of 127 femto barns is more than ten times the cross section of production of
pions given in ([1]) for lighter nuclei, so there is something wrong. There is one important
problem in our analysis: the major contributions to the cross section comes from the small
v — Q2 region. We will discuss this difficulty in the following section.
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Figure 4.7: Differential cross section for scalar pion productions, E=20[{GeV]

4.6 Dipole lifetime and Fourier analysis of the dipole model

To make clear that being in the low v — Q? region is in fact a difficulty, we have to study
the dipole lifetime. The exact expression for the lifetime of the dipoles is (see app. G.1I)

1 2q
T=—r = . (4.23)
AE o2 4 kim0t
Q + z(1—=2)

For our big nucleus (A4 = 207), we need 7 > 50[GeV ~!]. The problem is that for small
Q?, the dipole lifetime near z = 0 and z = 1 is very small, so these dipoles do not live
enough to travel through the nucleus, and the model looses its validity. Additionally,
the dipole lifetime is smaller for higher values of kp?. A workaround for this problem
would be to consider only the dipoles which for fixed @2 and v, have values of kt? and
z that allow large dipole lifetimes. This is not really a solution to the problem, because
other physical processes which contribute in a different way to the cross section are taking
place for those short lived dipoles. However, if we exclude the problematic dipoles from
the analysis, we can find a lower bound for the total cross section in the color dipole
model. In order to accomplish this task, we have to study the Fourier decomposition of
the Feynman amplitude. Recalling eq. 1] we have

=Y / d2d?Klpd®rr exp(— ikl -rT)f{q/;(rT)qu(rT,A - O)A(rT)}(k'T), (4.24)
A1,A2

where F{f(rr)}(kk) denotes the fourier transform of the function f(rr), as a function
of k.. Integrating over rr and k/. the expression reduces to

cr, = Z /dz]—"{\llj‘,(rT)\I/W(rT,)\ = O).A(rT)}(O)7 (4.25)
A1,A2
and using the convolution property of the Fourier transform we obtain
cr = Z /ddekT]:{\I/fr(rT)A(rT)}(—kT)\I/W(kT, A=0), (4.26)
A1,A2

where we already know the function Uy (kr, A = 0) from section 2Tl This expression
allows us to study the contribution of each momentum kr to the process. In principle, an
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exact analysis could be carried out by integrating only over the values of z and kr which
give 7 > 50[GeV 1] for each value of v and Q2. However, this method would be very
hard to implement numerically, since instead of the three dimensional integral needed
to calculate ¢y in transverse separation space, a five dimensional integral is needed in
transverse momentum space. Instead of that, we can analyze the Fourier decomposition
of ¢z, and see which are the typical values of kt = kr(v, Q?,t, z) that contribute to the
process, and calculate ¢y, in configuration space, over the values of z which satisfy the
condition

2q

- 2 K2 +m?2(1—z)+d?z
Q + = z(1—2)

T > 50[GeV 1. (4.27)

Even the task of finding kr can be computationally intensive, but fortunately we can
solve part of the integrals analytically. Let’s start by studying the contribution of the
dipoles with equal helicities, A\ = 2. Recalling the pion WF of section [£.2.1] we have

f{\y;;(rT, A = Az)A(rT)}(—kT) x }'{ exp(—i¢)K1(aer)A(rT)}(—kT)

= /erT exp(—i(kT - rr + ¢)) K1 (azrr)A(rt) | . (4.28)

Using kt - rr = kpry cos(0x — ¢), where 6y, is the angle that kr forms with the = axis,
we obtain after integrating over the angle of rr (A(rr) does not depend on the angles,
only on r7),

]—"{\Iljr(rT, A = /\Q)A(rT)}(—kT) o exp(—ify) / drpreJy (krrr) Ky (anrr) Alre)

so that using the W boson wave function we have

kT exp(—i@k)

CL()\l = )\2) X /dzddeﬁkkT(exp(—iﬁk)/drTrTJl(kTrT)Kl(aer)A(rT)) k2 3
T+ ay

2

= 27T/ddeJTkgiTz/d’f‘TT‘TJl(kJTTT)Kl(aﬂ'TT)A(rT)'
T+ ay

(4.29)
In a similar manner, it is easy to show that

cr(A1=—X\y) 27r/dzdkT(2Q22(1 —z2)+ (m+d)((1—2z)m+ zd)(m(1 — z) + dz)

kr

2+, /dTTTTJO(kTTT)KO(awTT>~A(rT) : (4.30)

We see from [4.29] and [4.30] that the typical values of kr are controlled by the functions

k2
51 = ﬁ /dTTT‘TJl (kTTT)Kl(aﬂ—T'T)A(I‘T), (431)
Tt ay
kr
&= FER— drrrrJo(krrr)Ko(azrr)A(rr) . (4.32)
T+ ay

The behavior of £ and & as functions of kr is plotted in figures and [£9 for z = 0.8.
We see that the dipoles with equal helicities have typical values of kp of the order of
0.4[GeV], while the dipoles with opposite helicities have smaller values of kr, of the order
of 0.2[GeV]. Then we have to concentrate on &1, not only because it peaks at higher
values of kr (smaller dipole lifetimes), but also because the dipoles with equal helicities
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contribute with more than 80% of the final cross section. From now on, we will use for
k7, the position of the maximum of the curve & (k7).

In principle, k7 depends on v, Q2 and t. We plot in figures E.10, E11] and
the function &; (kr) for different values of v, @2, t and 2. Note that to improve figure
T2l we plot |£1] instead of £, and we normalize it to its maximum, because the function
changes sign and because for different values of ¢, it differs by several orders of magnitude.
From these figures, we see that k7 does not depend on the variation of v. There is a
slight variation of kr of less than 0.1[GeV?] for different values of Q? and ¢, and a more
important variation for different values of z, of the order of 0.2[GeV?]. Then, to retain
simplicity, we will use kr(v, Q2,t,2) = kr(2).

15000

R 15000 S —
—v =1[GeV] —Q>=0[GeV?]
---v = 5[GeV] ---Q%? = 0.25[GeV?
- - v =10[GeV - Q*=0.5[GeV?
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kT [GEV] k‘T [GEV]
Figure 4.10: Q? = 0.1[GeV?], t =TFigure 4.11: v = 10[GeV], t = 0.01[GeV?],

0.01[GeV?], 2 =0.8 z2=0.8

In figure @14 we plot k7 as a function of z. We also plot

170, = 1.73/=m2z + m2 + 2d? + m222 —m2z,

since it provides a good fit for k. This makes sense, because it is reasonable to expect

that a, and aw (see sec. 2T are the variables that control the bandwidth of the wave
functions.

Finally, we are in the position to analyze the dipole lifetime B30, using k7 ~ 1.7a,. We
plot this lifetime in figures E.15 and ELI6 for different values of v and Q2. We see that
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as expected, the dipole lifetime increases for higher values of v, and decreases for higher

values of Q2. In any case, it tends to zero in the limits z = 0 and z = 1. For some values
of v and Q?, there is a region z = [a, b] where 7 > 50[GeV?]. For the remaining values of

v and Q?, 7 < 50[GeV] for every value of z, so these regions are forbidden and have to
be removed from the calculation of the total cross section. In the next section we present

the results for the cross section using our new constrain for 7.
4.6.1 Pion production by scattering of neutrinos off nuclei: second attempt

We are now in a position where we can calculate again the cross section, with our new

2q" -1
T Z ()T > 50[GeV ™). (4.33)

constrain for 7,
T =
2 (1.7a-)?
Q + z(1—2)

For each value of Q2 and v we obtain the lower and upper limits of z, a and b, and
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calculate the differential cross section 2.7] using

1 o0 b
c€:§Z/O drTrT/ dz

A1, A2

\Ijjr(rTv vagrv qg»a Alv AQ)\IJW(rTa 2 sz g+ Al; AQv A= O)A(rT) . (434)

We will also make the numerical computations for the amplitude without the cut on z,
to get an idea about how important are the dipoles that we cut out,

1 o0 1
C]LVC:§Z/O d’f'TT'T/O dz

A1,A2

\Ijjr(rTv Z, mgrv QQ»a Alv AQ)\IJW(rTa Z Q27 g+ Al; AQv A= O)A(rT) . (435)
In figures .11 and .18 we plot the differential cross sections with and without the cut,
dé":jy and jgg;v;;. Part of the Q% — v plane is forbidden, because for some values of

v and @2, no value of z gives 7 > 50[GeV~!]. We see from the figures that clearly
the problematic dipoles give a large contribution to the cross section. However, even
excluding them, we can integrate the differential cross section and we get

/ dQ%dv do 17 5[] (4.36)
Q dQ?dv ' ’ '
so that the real total cross section has to be at least of the order of 11[fb]. If we calculate

the cross section without the cut on z, we obtain a result that is more than three times
larger (58[fb]).

Another interesting fact of the analysis, is that in figures .17 and we see that at
high energies, the difference between both cross sections decreases, in part because of the
kinematical factors, but also because at higher v, cg Cx cg, as the interval limits a and
b tend to zero and one, respectively. To note this clearly, we plot cg and cg ¢ multiplied
by Q (to avoid the singularity at Q? = 0 that the kinematical factors cancel) for two
values of Q?, as a function of v and for fixed ¢t = 0.005[GeV?], in figures and
We see that in any case, for values of v < 15[GeV] the two ways of calculating ¢, differ
significantly. For higher values of v, the difference is smaller, and for v ~ 30[GeV] the
difference is smaller than 25%. This means that at higher energies the problems around

z =0 and z =1 are less important.
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In figures A.21] and we plot the differential cross section as a function of v and Q2.
We see that the differential cross section vanishes at small energies because in that region,
many dipoles are short-lived so they were excluded from the analysis. The differential
cross section as a function of v grows to its maximum at v & 17[GeV], where it starts
decreasing because of the behavior of the scattering amplitude and kinematical factors.
On the other hand, the differential cross section as a function of 2 decreases with in-
creasing O, because at higher Q2 there are less dipoles with large lifetimes and because
the wave functions have a decreasing dependence on this variable.

Using c¢ in figure 23] and 24 we plot the total cross section as a function of the energy
of the incident neutrino and its derivative. We see that the cross section increases with
energy, and that there is an inflection point around E = 60[GeV]. This increase is due
to the fact that for higher energies, the total cross section has to be integrated in v in a
larger interval of energies, and because of the behavior of the kinematical factors.

Finally, to estimate the uncertainty of the model coming from the dipole cross section we
use a second model similar to the one presented in .G .7 and in table .0 but with

o™ (s)) = <23.6 1073 (i)m) [mb] , (4.37)

S1
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ro(s],) = 0.88 <S—") [fm] (4.38)
1

This model is given in reference [16], and it has the advantage that in the limit s}, = 0,
the dipole cross section vanishes. This is a good feature, because the shadowing terms
coming form Glauber’s approach depend on powers of the dipole cross section (see the
appendix) and it is known that as the energy v decreases, the shadowing terms should
also vanish. Then, it is good to have a dipole cross section that vanishes at small energies,
to supress the shadowing terms.

The results are plotted in figure 25 and 1280 We see that there is an important difference
in magnitude with respect to the results given in 23] but the shape of the solution is the
same, and the inflection point is in the same energy region. Also, the conclusions of this
work regarding the problems with the short lived dipoles are the same for both models.
It is anyway interesting to show that there is some model uncertainty in the final absolute
value of the results. It is also important to mention that another source of uncertainty
are the perturbative wave functions. In future analysis, it would be also interesting to
try different W boson and pion wave functions, and estimate the variation in the final
results.
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4.7 Comparison with experiments

There is no data for pion production by scattering of neutrinos off heavy nuclei as lead.
However, there is data for scattering on lighter nuclei, as Neon. In figure we plot
the total cross section of pion production by scattering of neutrinos off Neon, mediated
by exchange of W bosons. The data is taken from bubble chamber experiments carried
out during the eighties [I8]. We use the dipole cross section of 71 The solid line shows
the prediction of the model when we cut the dipoles, and it clearly underestimates the
total measured cross section. To obtain this solid curve, we used the restriction that the
dipole lifetime should be larger than 20[GeV].

The dotted line shows the results when we don’t cut the short lived dipoles and surpris-
ingly, this prediction coincides with the experimental results. However, this theoretical
prediction is wrong, since the requisites of the model itself are violated. Probably it is
only a coincidence that the model with the problematic dipoles fits the data. We know
that the short-lived dipoles give a contribution to the total cross section, but calculating
this contribution in the frozen dipole approximation should be wrong. If it is not wrong, a
different explanation should be given that allow us to also consider the short lived dipoles
as frozen.

It is interesting to note that to add the contribution of the short lived dipoles can give
confusing results. If we had not done the calculations separately, with and without the
cuts, we would have thought that the model is working. For this reason, the problematic
dipoles should be always taken into consideration and much care is needed, not only in the
frozen dipole model, but also in more sophisticated models that also put constrains on the
values of the light cone fraction z, as the Green function approach (see the conclusions).
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5 Conclusions

The initial motivation of this work was to analyze the black disc limit, by using the color
dipole model on heavy nuclei, which are the ideal targets to be treated as black discs. The
tempting fact about the black disc limit, is that it provides a very simple model that gives
us many (wrong) results without much work. Using the black disc limit, we can easily
draw conclusions about processes, only by checking if the initial states are orthogonal to
the final ones.

The problem with the BD model is that it easily leads to wrong results, for two reasons.
The first one, is that it is too qualitative: it doesn’t tell us how heavy has to be the
nucleus to behave as a black disc. Here we showed that even in the case of lead, the
perfect candidate for a nucleus that could behave as a black disc, the BD model gives
wrong results. The second, is that it is non-physical, because it doesn’t account for color
transparency, so that it gives divergent results because of the small r1 divergences in the
wave functions. Surely a cutoff at small transverse separations could be introduced to
avoid the small rp divergences, but then the perfect black disc is lost, alongside with the
ability to make predictions by analyzing the orthogonality properties of the initial and
final states. In any case, the model seems to be too tricky to be of any use.

Contradicting the results of the BD model, the color dipole model used with a phe-
nomenological dipole cross section, although problematic at low energies, provides a non
vanishing cross section for scalar pion production by scattering of neutrinos off heavy nu-
clei, without requiring much more input than the phenomenological dipole cross section.
What is more important is that even in the BD limit, it gives contributions proportional
not only to ¢*, but also to the longitudinal polarization vector of the W boson, contra-
dicting the meson model. This requires a detailed explanation. The color dipole model
gives contributions to the hadronic current that are orthogonal to ¢ (in addition to the
ones proportional to ¢g#), for a very simple reason: ¢* does not enter in the W boson wave
function, because energy-momentum is not conserved in the light front formalism at the
W boson - dipole vertex. In turn, the loss of energy momentum conservation has its origin
in neglecting the instantaneous propagators of the light front formalism, assumption that
is valid only at high energies (see appendix [6.1]).

Even if we include again the instantaneous propagators in our perturbative treatment
we get contributions orthogonal to ¢, because then we are allowed to go back to a
covariant treatment with integrals over fermion and gluon loops, that in the end give
terms proportional to ¢*, but also catch in the loop integrals terms proportional to the
final pion momentum &* and the initial and final nucleus momentum, which have some
components that are orthogonal to g*.

The meson model gives a different prediction because it assumes that mesons are point-
like, and therefore it looses degrees of freedom. Maybe by including multimeson states,
these degrees of freedom could be recovered, because only then the quark-gluon descrip-
tion (which includes the dipole state) and the meson description would both form a
complete set of states.

Now, the simplicity of the color dipole model breaks down at energies smaller than
20[GeV], because for small energies, some (but not all) of the dipoles that we include
in the wave functions have very small lifetimes. What is worst, is that these lifetimes
are z dependent (z is the light cone momentum fraction, sometimes called «) so that
in order to find a mechanism to solve the problem, this mechanism should be able to
discern between the “good” and the “bad” values of z. There are treatments that try
to solve this problem by interpolating between the dipole-nucleus and the dipole-nucleon
cross sections [20], based on the fact that for small dipole lifetimes, the scattering on the
nucleus is incoherent (nuclear shadowing disappears) and therefore the dipole-nucleon
cross section can be used. However, these mechanisms are at the level of the cross sec-
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tion (which was already integrated over z), and not at the level of the integrand of the
scattering amplitude (which is z dependent), so that they are “z-blind”.

For this reason, it is a bad idea to use 1/x at low energies as the quantity that controls the
dipole lifetime, and using it despite the warnings that we gave, gives results that are one
order of magnitude larger than the ones we can trust. At low energies, the dipole lifetime
is z dependent, and it also depends on kp, the dipole transverse momentum. This is not
good, because the dipole model is only simple in transverse separation space and not in
transverse momentum space, and dipoles with a fixed transverse separation don’t have
a definite lifetime. So any exact solution has to be formulated in transverse momentum
space using a full Fourier analysis, which is computationally very intensive.

To avoid the full Fourier treatment, we used a reasonable mean value for the lifetime of
dipoles with fixed transverse separation, that makes the calculations much easier, and
we find the variables that control the Fourier spectra of the dipole model. Using this
assumption, we estimate that a lower bound for the pion production cross section is
11[fb).

Another possible solution to avoid the problem with the small lifetime of the dipoles is
to use the Green’s function formalism [21], which takes into account the “fluctuations” of
the dipole by modeling its transverse degrees of freedom using a non relativistic harmonic
oscillator equation to calculate a Green function, or propagator. The harmonic oscillator
potential has both a real part, that takes into account the oscillations of the dipole, and
an imaginary part, that accounts for the absorption of some of the dipoles in the nuclear
matter. Roughly speaking, the model consists in calculating the scattering amplitude by
integrating this Green function over all the paths that the dipole could follow as it travels
through the nucleus, to take into account that the transverse size could change with time
(or to be more precise, with the longitudinal coordinate). Note that this formalism takes
the dipole model very literally, i.e., it considers the dipole to be a “coupled” system that
oscillates and that can be absorbed in the nuclear matter. This literal interpretation of
the dipole model, although successful in describing data in the intermediate x region, is
for the moment still unclear, as there is no definitive approach to give a non perturbative
foundation for the dipole model.

Additionally, this formalism has also some troubles. One of the problems is that one
should only integrate this Green function over the paths inside the light-cone, that means
that one should take into account only the variations in the transverse size of the dipole
that occur at a smaller speed than the speed of light. This attempt has not been done.
Moreover, the equation for this Green function is non relativistic, and therefore it does
not distinguish between paths inside and outside the light cone. What is most disturbing,
is that the “mass” of the oscillator is proportional to v(1 — z)z (note that this is not the
invariant mass of the dipole, but the mass of the non relativistic oscillator). Then, if the
oscillator is non relativistic, its “energy” (or frequency) must be much smaller than its
“mass”. However, the frequency €2 divided by the mass v(1 — 2)z is much greater than
one for values of z near 0 or 1, so the non relativistic approach also has some problems
for these values of z. Maybe the problematic z interval is smaller than the one that we
found using the frozen transverse size approximation and Glauber’s model, but explicit
numerical calculations as the ones done in this work, have to be carried out to see if the
problematic values of z or if the paths outside the light cone give a significant contribution
to the cross section. If this is the case, our problem is still open, and new alternative
solutions have to be investigated.
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6 Appendix

6.1 Appendix I: light-cone quantization and the color dipole model
6.1.1 Light cone variables

We use the Lepage-Brodsky convention for light cone four vectors. Any four vector
ot = (29 21, 22, 23) written in the light cone form is

x%cz ($+,CC_7£C1,$2), (61)
where 1 = 20 4+ 23, = = 2% — 23. Normally, the subscript LC that we write in order
to differentiate LC four vectors from regular four vectors is dropped, so the reader has

to be careful and note where regular or LC vectors are being used. We will drop the LC'
subscript now.

The scalar product of two four vectors can be written as

1 _ _
:r-p:i(ﬁp +27p") —xT1 - pr, (6.2)
where x = (z!,2?) and pt = (p', p?) are called the transverse parts of the four vectors.
In particular

2 =2tz —xp?. (6.3)

6.1.2 Light cone perturbation theory

The intention of this appendix is not to give a detailed explanation of light cone perturba-
tion theory (LCPT), but just to list the important light cone perturbation rules (LCPR)
needed to understand the color dipole model. For this reason, we give a reduced list of
the LCPR and a brief introduction to the methodology. A full list and a more detailed
explanation of the rules can be found in [10].

LCPT has two main differences with the regular perturbation theory given by the Feyn-
man rules that can be found in most text-books. First, the states are states at a fixed
light-cone time 21 and not at a fixed regular time z°. Second, the theory is a time ordered
theory, that means that the Feynman diagrams have a time ordering, which by convention
flows from left to right. As a consequence, for each regular Feynman diagram there are
many diagrams in LCPT, which correspond to different time orderings of the diagram’s
vertexes from left to right. Additionally, the number of light cone diagrams are further
increased by the fact that there are additional diagrams that correspond to instantaneous
propagators (we will discuss these diagrams later).

There are two ways to derive the LCPR. The first one is to quantize the theory at a fixed
light cone time. This mechanism is not a new one with respect to the usual quantization
found in text books (at fixed regular time), because the canonical commutation relations
for an operator are always [22]

[6(x), d(y)] = iA(z —y), (6.4)

where A is the Feynman function and z,y are arbitrary four vectors. In regular pertur-
bation theory, we use relation at 2% = y° and in light cone perturbation theory we
use the same relation but at + = y*. Then, the difference in both theories does not
come from a different quantization prescription, but from the definition of the states: in
one theory states are evolved with a hamiltonian in the regular time 2°, and in the other
they are evolved in a light cone time 7. Once one formulates the theory in these terms
(see for example [29]) it is possible to obtain the LCPR.
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The second way to obtain these rules is by using regular perturbation rules, and inte-
grating in each loop over the minus component of the momenta. This is not a formal
procedure, as it has not been proved to be completely analogue to the light cone quantiza-
tion mechanism, but there are some examples [25] [27] that are successful in reproducing
the results of light cone perturbation theory. We will use this mechanism in the following
section and relate it to the instantaneous terms to understand the color dipole model.

The light-cone perturbation rules are:

1. Assign a momentum k" to each particle line, so that each particle is on-shell. The
plus and transverse components of the momenta are conserved at each vertex, and
the minus component is fixed by the on-shell condition, i.e., k= = (k% + m?)/k™.

2. Include a factor 6(k™) for each line, i.e., all particles are forward moving (because
to use LCPR is the same as working in the infinite momentum frame).

3. For each vector boson line include a factor 3 ,_; 5 4 (k, New (K, A)/kT.

4. The vector boson-fermion vertices are

u(k) , ull) u(k) , o) (k) ) v(k)

9—7=""—7=  9=""7= . 9= ;9 v“w,
NN N vie ViE e TR
where g is the corresponding coupling constant. For internal lines, sum over the
spins. This sum gives the usual propagator that is used in regular perturbation rules,
so in this convention, one should not introduce propagators for internal fermion
lines, as some other conventions do (as for example, reference [26]), except for the

instantaneous propagators that we will discuss below. The factors 1/vk+ and/or
1/V/1* are omitted for external lines.

5. For each intermediate state write a factor
1
Einc k= — Zinterm k= +ie ’

where the sums are over al the minus components of the momenta of the incident
and intermediate particles.

6. The fermion propagators have instantaneous parts, v+ /(2k™), but the instantaneous

part can be absorbed in the regular propagator k’ffxz (that arises each time a

> spins W(k)u(k) appears because of rule 4) by replacing the numerator of each

propagator that extend over only a single time interval with F+ m, where

k=&Y km— )k k).

inc interm

The same replacement can be used of course for f —m and > v(k)v(k).

spins
7. Integrate over dk* and dkr/(167%) for each undetermined momentum and sum
over all internal spins and polarizations.

6.1.3 The method of integrating over the minus components of momenta

As already mentioned, there are examples where the integration over the minus compo-
nents of momenta give the same results as light cone perturbation techniques [25] [27].
It will be very illustrative to follow this technique, and combine it with rule number 6 to
obtain the color dipole model. Let’s start by analyzing the scattering of a weak charged
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axial current off the target as an example. At small Bjorken variable x and at high en-
ergies, the main contribution to the process comes from diagrams as the one shown in
figure [G.I] where the virtual boson fluctuates in a quark-antiquark pair, which scatters
off the target. We only consider up and down quarks with masses m and d respectively.
There are 5 more diagrams that are obtained by changing the place where we connect the
gluon lines, and by inverting the direction of the fermion lines, but they all give similar
contributions so we will concentrate in analyzing the one of figure In the virtual
boson-dipole vertex we have a 7,75 vertex, and in the dipole-pion vertex we put a 75
vertex.

Figure 6.1: One of the six diagrams contributing to the process

The Feynman amplitude for the process is
M=A"M,, (6.5)
where A" is a part of the process that is not interesting to us right now, and

Ak d'p o  £+KE+m ptm p—d+d F+d
My = / @) @n) ((5 TR)E—m2 w2 =g~ R ”5> ’
(6.6)
where & is a constant and 7% is a complicated tensor that represents the interaction of
the two gluons with the target. Using

1 1
d*p = 5cip+cigfcz2pT , dp= 5d/~c+d/~fdkT, (6.7)

we can integrate over the minus component of momenta. Note that we have several poles
in p~ and k= coming from the denominators of the propagators in the trace. When we
integrate using the residue theorem, we have to choose a contour that include some of
these poles.

Let’s analyze the poles in

1 1 B
pr—m? (p—q?—d*
1 1 1 63)
- 2 w2 ie _ —qr)? i :
e R R R R e =l

Note that if we use (p—q)* = (z—1)q" and p™ = z¢™, we see that only with z € [0, 1] the
poles of p~ have different signs, i.e., one lies above the real axis and the other below, as in
figure [6.2] so if we close the contour of integration from above or from below, we always
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get a non vanishing result. If z lies outside [0, 1], both poles are above or below the axis,
so closing the contour from below or above the axis respectively, we get a vanishing result
for the integral. The same thing happens with the integral over d*k. Then, integrating
over p~ and k~ and picking the poles in p~ = (pp? + m?)/pt and k~ = (kp? + d2)/p*
we obtain

dP*kpdkt d*prdpt .,
M=k Y [T e, Chpunae 4K (69)
A1,A2,A3,A4

Uy (§ + K)Yatrs (P)Ux; ()Y Y500, (P — @)0x, (P — @)Y, (—k)  (6.10)

1 1
: : 6.11)

+(g —p)t+ (ar—pT1)? (
rt(a=p) a (p + (Z p)T + (q— p) +)

1 1

(6.12)

+ + - (extkr)? m?
RHETRT e+ b - S - i

Im

Figure 6.2: Contour of integration

Note that because of our choice of poles, the spinor’s variables p and k are on shell. We
define a function x and the wave functions of the W boson and pion as (we write only the
dependence of the transverse momenta in the WF, and we assume implicitly that they
also depend on the other components of momenta and helicities)

Wrpr) = pt T (€4 R)rat )0 0 = 9w0n (ZF) g )

2m)3 (2m)3 L
(2m)% (2m) /p;rp;p;p;r

1))\1( k 7511‘)\2 (5 + k))

\/>\/1: - pf - p{)
\IJ(II/ZA (pT) _ U, P)EHWM%UM (p Q) ’ (615)

Vot — o7 - r2)

so that [612] can be written as (dropping the ¢g subindexes in the WF)

My= > d*kydz' d*prdzV} (k) x(kr, pr)Yw, (PT) - (6.16)
A1,A2,A3, 4
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Now, there is one difference between the WF that we define here and the ones defined in
B2T: in only one of the two spinors is on-shell, and the other one is calculated from
energy-momentum conservation. If we recall rule number 6 from the LCPR, putting one of
the propagators off shell (the one that extends over only a single time interval) is precisely
the prescription needed to include the instantaneous propagators in the calculations. But
the instantaneous propagators at high energies are suppressed in the scattering amplitude
by a power of the c.m. energy, so we can neglect them and put both quarks on shell.
Much care is needed in this step, as for moderate values of the c.m. energy, (less than one
GeV), this assumption cannot be made.

We have been successful in arriving to the expression[3.21]provided that we make the iden-
tification x(kr,pr) = (qq(kr, A, 2", ¢ T, X, \y) | D | q@(pr, 2, ¢, A\, A2)). We obtained
this result using a purely mathematical treatment using the Feynman rules, without the
use of the diffraction formalism. Going to configuration space by using

x(kt,pt) = /d2er2r£r exp (ikT - rip)exp(—ipT . I‘T)X(I‘T,rir), (6.17)
we obtain
M= 3 / Prpds delpdz U (vl ) x (v, 1) Tyy, (v1r) (6.18)
A1,A2,A3,A1

This result can be interpreted as follows. Before scattering off the target, the W boson
fluctuates into a quark-antiquark dipole. The amplitude of that process is given by
the W boson dipole wave function. This color dipole then scatters off the target with
an amplitude x(rr,rf), and changes its transverse size rr and light cone momentum
fraction z to r and z’. To obtain the color dipole model only one further assumption is
needed, that the transverse size of the dipole does not change, i.e., it remains frozen as
it scatters off the target. This can be understood by analyzing the lifetime of the color
dipole. The dipole energy is

1 kT2 +m? kT2 +d?
E-==|¢g" 6.19
"2 <q e (1-2)g* (6:19)
Then, the uncertainty between the W boson energy and the dipole energy is,
1 kp? +m?(1 —2) + d?z
AE = — | @? 6.20
2q+ <Q * 2(1—-2) ’ (6:20)
so that the dipole lifetime is
1 2q™
e ) (6.21)
AE 2 kr2+m2(1—2)+d3z
Q + z(1—=2)

If we review the wave functions given in EEZI] we see that at high Q2 they filter the values

of kr greater than Q%2(1 — z). Then, we can use 7 ~ é—z o m#w, where my is the target

mass. Then, for small values of z, this lifetime is big in comparison to the time in which
the scattering occurs ~ ry, where ry is the target radius, so that we can think that the
dipole travels through the target with a fixed transverse size. This is equivalent to think
that the dynamics at which the dipole can change its transverse size is much slower than
the dynamics at which the scattering occurs.
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6.2 Appendix II: optics, non relativistic Q.M. and Glauber’s model

In section B.2.1] we studied the perturbative wave functions of the W boson and pion.
The second important quantity in the dipole model is the dipole scattering amplitude, A.
Let’s recall equation

M, = ZMAZ’A&A% [ d*rrdzdz’
'\IJ;(I'T,Z/,m%,q;, /17)\/2)\IIW(I.T525Q27q+aAl;AQ)A(TT7q+7QQ»aZaZ/7)\1;AQ} /17)\/2)

In this appendix we will study this scattering amplitude in the context of dipole-nuclei
scattering, 7.e, multiple scattering of dipoles by several nucleons. To obtain our results,
we will start from a non-relativistic quantum mechanical treatment, and we will study
the non-relativistic scattering amplitude f using Glauber’s theory.

The first assumption that we are going to make, is that the scattering amplitude will de-
pend only on the transverse separation of the dipoles and the c.m. transverse momentum
transferred to the dipole, A. We will also allow a dependence on the boson energy v,
virtuality ¢? and the c.m energy s’ (see figure ), but to simplify the notation we will
write

FOrr, ae,dy, 2,2 M0, X0, M, ) = f(rr, A). (6.22)

Taking the Fourier transform we have

flrp, A) = /d2b exp (—iA - b)f(rr,b), (6.23)

where b is called the impact parameter. The approach that we are going to use to solve
the problem comes from optics and non-relativistic quantum mechanics. In optics, the
scattering amplitude of a plane wave with wave vector k that scatters off an object is
given by
ik .
Fopt(8) = 5~ / d*bexp (—iA - b)Lyp(b), (6.24)
where A is the momentum transferred to the wave in the plane transverse to k, and Iy

is the profile function of the object. The scattering cross section is simply
do
— =|f(A)]?. 6.25
e =1fa)] (6.25)

The profile function is a very useful quantity. It gives us an intuitive view of the target,
as it represents how big is it in the transverse plane. For example, the profile function

<
Tyt (b) = constant b< R 7 (6.26)

0 b>R

corresponds to a black disk of radius R. These concepts taken from optics were first used
in non-relativistic Q.M., and then adapted to relativistic quantum field theories.

In non-relativistic quantum mechanics, at high energies the eikonal approximation [23] is
valid. In this approximation, the scattering amplitude can be written as
ik a
flA) = o /d2b exp (—iA - b)/ <Hdri> |\I/({rz})|2(1 —exp(ixa(b, {bl}))) , (6.27)
i=1
where U({r;}) is the nuclear wave function, {b;} = (b1, b2..ba) is the set of vectors that
define the position of each nucleon in the transverse plane and x4 (b, {b;}) is the phase
shift that the matter wave suffers when it scatters off the target and is given by

xalbufbih) = o [ Vab. (b} s (6:25)
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Va(b,{bi}, z) is the classical potential that represents the nucleus. If the nucleons are
uncorrelated, the nuclear potential is just the sum of the one-nucleon potentials,

A
Va(b, {bi},2) = S Vi(b — bi,2), (6.29)

i=1

so that the phase shift is also just the sum of the phase shifts contributed by the individual
nucleons

{bl} ZXZ b b17Z (630)

Now, in analogy to optics, we define the optical phase and the profile function

Topt = 1 — exp(ixop(b / <H drz> [P ( {rl})|2(1 —exp(ixa(b, {bl}))) , (6.31)

so that equation represents again the scattering amplitude, now of a particle scat-
tering off a nucleus. We also define the profile function of each nucleon

I'i =1 — exp(ixi(b — by, 2z)), (6.32)

which can be obtained using the general expression for the case of A = 1 but
normally a Gaussian parametrization is used instead. Inserting [6.32] in [6.3T] and using
6.300 we obtain

Doy = /(Hdrl>|\ll{rz 2(1 f[l r))
/(Hw)m@lﬁ

A
[[a- (6.33)
If the wave functions are uncorrelated so that ¥({r;}) = H?:l U, (r;) we obtain

—

=

A

Tope =1-[] (1 - /dri|\I/i(rl-)|2I‘i) . (6.34)

i=1

To simplify this expression, we can think that the nucleus is an object with density n4(r),
composed by identical nucleons centered at the nucleus origin with profile function I
Each nucleon contributes with a density ny = nAT(r) to the nuclear density. na(r) is

normalized according to
/ dz/de’nA(r’) =A, (6.35)

so that ny is normalized to unity and can be used as the nucleon wave function. In this
way, [6.34] reduces to

A
Topt =1 (1= —/d2 b'T(b — b')/nA(b’,z)dz) . (6.36)

As already mentioned, usually a Gaussian parametrization is used for the nucleon profile
function. In our case, where we study the scattering of a dipole off nuclei, we use

Tag(rT)(1 = ipggn) e <_w) |

I'(b—b)= (6.37)

A B 2B
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where agq(rT) is the dipole-nucleon cross section, pygn is the ratio of the real to imaginary
parts of the forward elastic ¢gN scattering amplitude which is very small at high energies,
so we will neglect it, and B is the slope of the Gaussian that represents the nucleon.
Defining the nuclear optical thickness

T(b') = /_OO dzna(b’, z) (6.38)
and ) b2
T(b) = 5 d*b'T(b') exp (—%) , (6.39)
we obtain ) ,
Tope =1 — (1 - ﬂogq(rT)T(b)) . (6.40)

Now, it is reasonable to assume that the slope B is much smaller than the nuclear radius
squared, because I represents the profile function of a nucleon. Then, we can approximate
T(b) ~ T'(b) and we finally get

F(A) = % /d2bexp(—iA "b) (1 - (1 - iagq(rT)T(b))A) . (6.41)

To use this result in relativistic theories, we have to find a relation between the classical
scattering amplitude f and the relativistic Feynman amplitude A. This can be achieved
by comparing the formulas for the scattering cross sections for f and A for the scattering
of two particles [3],

do

do do A(s,m3,m3) A2
aQ

fa)P =5 =
dQ 64725/ \(s,m2,m3)

, (6.42)

where A is the triangle function, m; and mo are the masses of the incoming particles,
mg and my of the final particles and s is the center of mass energy. The momentum k
appearing in must be interpreted as the momentum of one of the particles in the
c.m. system, so it is given by

)‘(Sv m%v m%)

2V/s

Comparing both amplitudes in [6.42] we see that

k= (6.43)

A(s,m?,m3)3

A(S’ m%? m%)

A2 = 4 /d2b exp (—iA - b) (1 - (1 - ioﬁq(rT)T(b))A> ’

(6.44)

In section[3.3] this formula is used for a dipole that scatters off nuclei. The dipole itself has
no definite “mass”, as it is an eigenstate of transverse separation and not of momentum,
but we can take its “mass” to be the virtuality of the W boson, ¢2. In the same way, we
will use m?2 for the squared mass of the final dipole. Then, the scattering amplitude of
the dipole is given by

|AI? =4 % /de exp (—iA - b) (1 - (1 - ioﬁq(rT)T(b))A> ’
(6.45)

But for heavy nuclei, my = 200[GeV], the mass of the pion and ¢* are much smaller than

s’ and my so they can be neglected, and we can approximate \(s’, m2, m%;) ~ A(s',0,m%)
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and A(s,¢%,m%) = A(s',0,m%), so \(s',m2,m%) = A(s',q%,m%). Then, the amplitude

reduces to .
/2 2 2 . 1 P A
A=2x(5,q ,mN)/d bexp(—iA - b) (1 (1 - ﬂaqq(rT)T(b)) . (6.46)

up to a complex phase. For big values of A, the terms inside the brackets can be approx-
imated by an exponential. Note that if we expand the term inside the parenthesis using
the binomial theorem, we get a sum over powers of ¢7'(b). The first power in this sum
represents the scattering of the dipole on A nucleons. The second and higher order terms
represent the shadowing corrections.

6.3 Appendix III: conventions for the gamma matrices and spinors

We follow the conventions of [24] for the gamma matrices and spinors.

Gamma Matrices

1 0 0 0
01 0 0
Yo = : (6.47)
00 -1 0
00 0 -1
w=| 0 7, (6.48)
—0; 0
V5 = 1Y0Y17273; (6.49)

0i, t = 1,2,3 are the Pauli matrices,

01 = , g9 = ) g3 = . (650)

Light cone Gamma Matrices
7" =0+, (6.51)
YT =0 — s (6.52)

Light cone spinors of momentum p

u(A = %) = \/;—Jr(]fr + Bm + arpr)xt, (6.53)
u(\ = —%) - \/;—+(p+ + Bm + arpr)X,, (6.54)
v(A = %) = \/L—Jp* — Am + arpr)Xxy, (6.55)
v(A = —%) = \/’;—+(p+ — Bm + arpr)Xs, (6.56)
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Xt =

Xl =

where

Sl

Sl

(6.57)

(6.58)
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