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ABSTRACT OF THE DISSERTATION

QCD STRUCTURE OF NUCLEAR INTERACTIONS
by
Carlos G. Granados
Florida International University, 2011
Miami, Florida

Professor Misak Sargsian, Major Professor

The research presented in this dissertation investigaedted processes involv-
ing baryons and nuclei in hard scattering reactions. Theseepses are characterized
by the production of particles with large energies and twarse momenta. Through
these processes, this work explored both, the constitggrark) structure of baryons
(specifically nucleons and-Isobars), and the mechanisms through which the interac-
tions between these constituents ultimately control thecsed reactions.

The first of such reactions is the hard nucleon-nucleon elasditesing, which was
studied here considering the quark exchange between theomsco be the dominant
mechanism of interaction in the constituent picture. Intipalar, it was found that
an angular asymmetry exhibited by proton-neutron elastttering data is explained
within this framework if a quark-diquark picture dominates nucleon’s structure in-
stead of a more traditionat’(6) three quarks picture. The latter yields an asymmetry
around 90 center of mass scattering with a sign opposite to what is expeteily
observed.

The second process is the hard breakup by a photon of a nuclexd®en system in
light nuclei. Proton-protornyg) and proton-neutrorny) breakup irtHe, andaA-isobars
production in deuteron breakup were analyzed in the haxhteesing model (HRM),
which in conjunction with the quark interchange mechanisavides a Quantum Chro-
modynamics (QCD) description of the reaction. Through tiRVH cross sections for

both channels inHe photodisintegration were computed without the need of a fitting



parameter. The results presented herepfdoreakup show excellent agreement with
recent experimental data.

In AA-isobars production in deuteron breakup, HRM angular distribstior the
two AA channels were compared to thechannel and to each other. An important
prediction from this study is that the+A- channel consistently dominatesa°, which
is in contrast with models that unlike the HRM consideyasystem in the initial state
of the interaction. For such models both channels should tie/same strength. These

results are important in developing a QCD description ofatoenic nucleus.

Vi
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CHAPTERI

INTRODUCTION

This introduction presents an overview of the progress ntadaclear physics towards
achieving an unified description of the strong nuclear fpaakescription that can match
the phenomenological successes of the standard model tfiosdeak interactions. In
line with the specific goals of the studies presented in tlesaitation, the following
sections place emphasis on the search for an elementaryigpdesrription of nucleon
nucleon, and more generally hadron hadron interactionstid®d.1 addresses the dis-
covery of the nucleus and of its constituents (nucleonsptbéon and the neutron as
well as the concerns that led to the discovery of the nucteaet Section.2 describes
the road towards formulating a field theory of the strong rarcferce motivated by
the quantum electrodynamics (QED) description of elecagmnetic interactions. It
also outlines the experimental and phenomenological wakldad to the discovery
of quarks and gluons and to the formulation of quantum chdymamics (QCD) as
the fundamental field theory of the strong interaction. Sedti®hocuses on general
features of hard exclusive processes, and on how the résuti€QCD phenomenology
explored in section.2 can be used here to investigate the QCD mechanisms through
which the patrticles involved in these processes interattis $ection introduces the
framework and some aspects of the methodology in which theegs®s of interest in

this dissertation are studied in the chapters that follow.
[.1 The Strong Interaction

The discovery of subatomic particles in the late XIX and eXdy/century in conjunc-
tion with the formulation of special relativity and Quantunechanics steered major
efforts and developments in physics towards identifying filmdamental structure of
matter. These developments resulted in the formulation oSthedard Model (SM)
of particle physics, which has met outstanding phenomeidbguccess in describ-

ing electromagnetic and weak interactions. All the fundat@leelementary particles



(fermions) are subject to either of these two interactiomste generally, they are sub-
ject to the electroweak interaction which unifies the tworiatdons under a consis-
tent mathematical framework. The validation of the SM hasnbachieved through
the experimental programs that test phenomenologicalgiieas emanating from this
framework. Such tests are facilitated by major advances ¢elaator technologies
that allow studies at ever increasing energy regimes andhrmugroved detection and
particle identification capabilities. These conditionsénenade possible the production
and direct detection of leptons and of the otherwise hypgmleweak bosons which
mediate the weak interaction and that are predicted by tinelatd model.

On the other hand, the standard model picture of the strongatiten faces a more
challenging phenomenological treatment. In the SM, thengfinteraction is described
by quantum chromodynamics (QCD), a quantum field theory in whicarks and glu-
ons are respectively the elementary fermions and bosortghBse quarks and gluons
are confined in hadrons (a family of particles of which pretand neutrons are part of)
and have not been directly observed as free particles. Hawavis discussed in the fol-
lowing sections, the existence of the strong force was (etsta to explain the stability
of the nucleus as a system of protons and neutrons (nuclgbns)in a first approach,
a theory of the strong interaction would have nucleons as itddmental elementary
particles to later on include mesons as the elementary Boskme origins of this de-
scription are summarized below and in secti@yin which it's also emphasized that its
validity is limited to separation distances at which theratting nucleons can still be
considered elementary particles. At separation distasro@dler than 1fm (10°m), the
nucleons’ internal structures (quark-gluon distribusipplay a more active role in the
interaction, and approaches assuming elementary (steliess) nucleons are no longer
suited for describing phenomena at this scale.

After introducing QCD, the theory of interactions of quagksd gluons, in section
1.2, sectionl.3 comments on general features that allow the use of QCD agipesa
for developing a quantitative description of the strongleacforce at separation dis-

tances in this regime<(Lfm). In the chapters that follow, the reactions of interest in this



dissertation are investigated within the framework of Qipraaches.

The Atomic Nucleus

The atomic nucleus concentrates most of the atomic mass diusrabout 10times
smaller than the atomic radius. It also carries the net pestharge that balances the
electronic cloud surrounding it in a neutral atom. This @ted picture of the atom
was partially completed by Rutherford in 1911 {vhen results from a scattering ex-
periment of alpha particles incident upon a thin film of goldwkd that some small,
but larger than expected, portion of the beam was deflectiedget angles while most
of the beam passed through the film with almost no deflec2hnRutherford showed
that under a coulomb interaction, the observed deflecti@ipfa particles at large an-
gles could only be explained by a large charge and mass cwatien in a very small
volume at the center of each gold atom. The picture of the atem $iwitched from
the one in which the positive charge was uniformly distrildutleroughout the atom
(J. Thompson’s model) and according to which the large angflection of the alpha
beam would had been much more suppressed, to the one in whiotadseand the net
positive charge were concentrated in a small volume (ns¢lsurrounded by orbiting
electrons that expand to the atom’s sizg [

This ‘planetary’ model of the atom was still plagued with flaw$e most impor-
tant being the fact that the atom’s stability under this med=ild contradict classical
electrodynamics. The orbiting electrons are acceleramdtherefore should radiate
electromagnetic waves losing kinetic energy to their ebentignetic field and therefore
decaying by spiraling down towards the nucleus under thdddau force. This issue
was then solved by the emerging quantum mechanics pictuheatom, in which the
orbital structure of the electronic distribution was regd by discrete quantum states
of the electronic field surrounding the nucleus. An atom coully cadiate or absorb
energy when transitioning between these states, whiletiedt energy state has still a

definite finite energy.



The Strong Nuclear Force

Concerns about the composition of the nucleus were stiletaddressed as well. One
of the early models of the nucleus in which it consisted oft@me and electrons has
stability issues. The huge repulsing force that positivergls would experience at the
nuclear distances could not be balanced by the overall eldisfribution of the atom.
The nucleus would quickly disintegrate under the Coulonpuison. Therefore, a
force of a different nature was thought to be responsiblé&éeping the nucleus’ com-
ponents in place. This nuclear force should be much strahgerthe electromagnetic
force at nuclear distances, but it should have a range lihwtéhe nuclear distances as

well since the evidence of this force is not found anywhere elgside the nucleus.

Nuclear Composition

A lot of progress was made in understanding the nucleartsiteiof atoms by assum-
ing the existence of this force, but without a detailed tlgeairits origin the successes
were only confined to some general features. This picturenaash improved by the
discovery of the neutron by James Chadwick in 132 The nucleus was now thought
of as a system of nucleons (protons (positive charge cajraard neutrons (of neutral
charge)) confined by an effective nuclear potential. Botlthoes and protons are the
sources of the force field generated by this potential whidime nuclear scale is at-
tractive. Because neutrons are not meaningful sources@gatromagnetic field, their
presence in nuclei helped explain the stability trend oftioens with increasing atomic
number. As the atomic number (the number of protons in the nali@creases, the
ratio of the number of neutrons to protons has to increasesisnworder to balance the
increasing electromagnetic repulsion felt by the protoith @n increasing number of
attractive nuclear force sources. The short range of theeauforce will also constrain
the size of the stable nuclei.

The existence of neutrons in nuclei also solved the contradicégarding the ob-

served spin of nuclei inherent to the early (proton-elegtnouclear models. Under



these models theN nucleus was made of 14 protons and 7 electrons, both particles
with total spin 1/2. Their corresponding spins will add upteystem with a total half
integer spin. However, it was observed that obeys Bose statistics which implies that
its total spin was of integer value. Because, like protors eélectrons, neutrons are
fermions (particles with half integer spin ), thé&l nucleus made up of 7 protons and 7
neutrons would naturally account for expected total intege of the*N nucleus.

Just as for the atom, a quantum mechanics picture of the raielaerged in which
discrete nuclear states correspond to the different camfiguns of protons and neutrons
filling different nuclear energy levels. Transitions betwanuclear states could involve
energy absorption or energy emission in the form of radiatidmucleus with fixed
atomic and mass numbers would have a unique photon emis®otrgm coming from
the decays of its allowed exited states just as an atom oeaghkement would. A decay
to a different nuclear state in which the atomic and/or thesmaumbers are altered is
signaled by the emission of massive charged or neutrakpestsuch as neutrons, alpha
particles and beta particles. At this stage, it was undedstbat the two (and more)
body nucleon-nucleon interactions had to be the sourceeafiticlear potentials which

makes a nucleus a bound system.

Force Carriers

A picture of nucleon-nucleon (NN) interaction was howevet 0 be reached to the
level at which for instance the electromagnetic interacivas then understood. Through
quantum electrodynamics (QED), the relativistic quantustdftheory of electromag-
netism, charged particles interact by transferring enengyraomentum to one another
through the exchange of field quanta (photons). In 1935, HaWa proposed that just
as in electromagnetism the Coulomb force was the result oéxiebange of virtual
photons, the strong nuclear force as well results from tlobaxge of corresponding
virtual bosons (mesondl. The short range nature of this strong force comes from
these mesons having nonzero masses. While in the non-rdiatimsit the photon

exchange interaction among charged particles can be igélyctlescribed by the clas-
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sic form of the Coulomb potentiak(/r), the strong interaction mediated by massive
mesons is in the nonrelativistic limit dominated by the Mwkgootential {—+-/), with

1 being the mass of the exchanged meson. Therefore, the mimss etchange meson
would define the range of the force. A candidate for the parti@diating the nucleon
nucleon interaction was found in 1947. Known as theeson or pion, it has zero
spin (scalar) and could have a charge of #8,(-e(=~) or no charge«{") with a mass

u ~140MeV. Later on, other heavier mesons of spin 1 (vector ngsoandw were
discovered $][6]. Contribution from the exchange of these vector mesons toNhg (
interaction are thought to be relevant in understandindgottteavior of the (NN) force
at distances far smaller than those were this force is adagpiascribed by either the
pion exchange model or the Yukawa potentidHowever, as the distance between the
interacting nucleons keeps getting smaller, the partictd@nge mechanisms required

to explain the empirical behavior of the strong force growmimber and complexity.
.2 From Hadrons to QCD

The meson field theory for the strong interaction was motivaedhe phenomeno-
logical success of QED. This theory tries to include all gassinteractions between
nucleons in such a way that preserves the increasing nurhgkbal symmetries. Evi-
dence of these symmetriegose from the discovery not only of new mesons, but also of
new fermions that seem to interact via the strong interacfline latter was concluded
from the observed high rates ( half lives-ofo->*s) at which these fermions were decay-
ing into nucleons that could only be explained by strong atBon couplings. These
fermions along with the lighter and more stable nucleonsecamiorm a new category
of particles named baryons. Mesons and baryons form thegpgvbparticles that can
interact through the strong interaction also known as hadrVhile baryons played a
role analogous to that of fermions in QED, mesons as mentieadedr assumed a role

analogous to that of photons, as the carriers of the nuabeee f

1See e.g. Reff] for an extended overview of the meson theory of nuclearautions.
2Each symmetry of the strong interaction was inferred fromeginental evidence of certain conservation
laws, some of which included the conservation of isospinsirahgeness.

6



Isospin

The nuclear force for instance contributes with the sanangth in both proton proton
(pp) and neutron neutrom4) interaction. This experimental fact suggests that under
the strong interaction protons and neutrons are differatés of the same particle. In
analogy with the spin formalism, this set of two states i®lad by a quantum number
called isospin ). Each state is in this set is labeled by another quantum numper
analogous to the spin projection); Each state then can be transformed into the other
by a rotation in this internal 'isospace’. By conventiont éoproton (neutronj = 1/2
andr = +1/2(-1/2). Then app system is turned into a. system through a rotation in
the isospace. As mentioned earlier the strength of the f@mmains the same after this
rotation is performed. Therefore, the strong interact®symmetric under rotations
in the isospace. For now, the known mesang,andw have integer isospins, and the
isospin symmetry of the strong interaction holds on reastiovolving them as well.
Isospin conservation puts specific restrictions on thectire of then~ interactions

through meson exchange.

Meson field theoretic approach

The isospin invariance of the strong interaction is utdize obtain an appropriate rep-
resentation of the elements of a meson exchange theory ofrtmgsnteraction. This
invariance is also taken into account when writing the equatthat govern the general
dynamics under this interaction. In this framework, pret@md neutrons are repre-
sented by Pauli spinors frosw (2), fundamental representation, while mesons (the field

quanta) belong to the triplet representatiorsof2) (see e.g. Refs.7] and [8]):

W ( ve ) | (1.1)
b



and

d, = Z% , (IZ)

which transform under an infinitesimai’(2), rotation (parametrized by an isovectyr

following,

Uy = (1 —ie-7/2)Ty (1.3)

D, =P, —ex D, (1.4)

r is a vector formed by Pauli matrices (the generators of toametions insv(2)).

For a nucleomv, in a pion fields,,

(O — mu) U (@) = gois(7 - ®a(2))Un (2), (1.5)

which corresponds to the Dirac equation modified by a canbtmarasformation (“min-
imal substitution”) of the momentum operatgr— & — goivs(7- @, (z)), in analogy to what

is done for a charged patrticle in a electromagnetic field tmawt for interactionss;
ensures parity conservation, apds a coupling constant to be determined experimen-
tally. Similarly, as in electromagnetism in the presenca @harged current-~ the
electromagnetic field(z) obeysv24(z) = 7o (z), the pion field in the strong interaction

obeys,

™

(V2 =m2)®,(z) = —go Uy (2)iysTV n (2), (1.6)

in which ¥y (2)ivs79 v (z) IS Identified as the isotopic nucleon current. Ed$®)@nd (.6)
are covariant undeyv(2),. The homogeneous versions of these equations correspond to
the Dirac and Klein-Gordon equations for a free nucleon aad feeld respectively. In

a more formal treatment Egd.5) and (.6) can be obtained after minimizing the action



under the Lagrangian density

LS = [(aﬂq)ﬂ-)(a#q)ﬂ-) — m2¢i] + [Z\IJNV\I/N — m\I/N\IJN} — Z'go\i/N’ysT . q)ﬂ-\I/N,

N | =

(1.7)

i.e., from

58 = 5/d4ILS(\PN,8‘L\PN, \PN,(I)W,qu)ﬂ-) = 0,
which yields the Euler-Lagrange Equations

0L, 0L,

100, Uy  OWy

resulting in Eq..5, and
oL, oL,

On 90,®, 0P,

:0’

resulting in Eq..6.
The Lagrangian density in the form of E7) is invariant under the transformations

in Eq.(.4). This symmetry in conjunction with Euler-Lagrange equadit@ads to

oL, T 0L, B
O (aaﬂN (_25) L TR S q)”) =0
in which the quantity in parentheses is identified as the exwesl current/» corre-

sponding to thesu(2), symmetry. Explicitly, from Eql(7),
J,=1/20 5,7V + (O, x 9,9,,). (1.8)
From.° we then obtain the three components of isotopic charge of #tersy
I= /deJO = /de (12070 y + (2, x 0®.)], (1.9)

which is a constant of motion. Because the Lagrangian dendiy.ifi7) should satisfy

the conservation of the electric charge, it should be alsmsgtric undew (1) transfor-



mations on electrically charged fields,

\IJN—>\If—i|e|<1“;T3)\IJ (1.10)

D, = U, +ex P, (1.11)

It can be shown that from this symmetry it follows that the eleatrcharge of the

systemy is a constant of motion as well. Likewise, the baryonic nunier
B=2(Q-1I)

Is a constant of motion in interactions undetin Eq.(.7).

Scattering matrix The fact that the conservation sf 7, andq charges in strong in-
teractions is well established experimentally drew effanto developing a field theory
of pions and nucleons based on a Lagrangian such asBauid on the observed sym-
metries. The free parameters of such a theory according.{& Bgvould in principle
be the nucleon and the pion masses, and the pion nucleon apuplitstany which
are experimental observables. A quantitative analysisas tleveloped to evaluate the
phenomenological accuracy of. This is usually done by studying scattering processes
for which the cross section can be calculated from entrigssafattering matris;,.

The scattering matrix is the probability amplitude of a syst@enerally a mul-
tiparticle system)in an initial state in which there’s ndeiraction to evolve through

interaction into a final state also away from the region darattion, i.e.,
S’if = LzmTHOO <¢f’ T|¢z7 _T> ) (|.12)

in which ¢, andg, are solutions of equations such as the homogeneous ver$iggs.o
(1.5) and (.6). In the Heisenberg picture (ses e.g. Rej) [Eq.(.12) can be written

making explicit the role of a time evolution operator:

Sif = Limr_ o <¢f|T [efiH@T)} |¢Z> s (|13)

10



in which the Hamiltoniary is given as a function of the field operaters) andx(z) =

doo(x) andr]...] stands for the time ordering of the product of operators i ¢.9.,

T(p(2)d(y)] = 0(xo — yo)o(2)d(y) + 0(yo — w0)P(y) ()

These products come from the expansioa-6f:. Because the initial and final states
in an scattering reaction are generally different, the raat entries of thes matrix

become the entries of a transition matriwhich relate tas through
S =1+if.

An invariant matrix element is then defined by removing the condition of 4-momentum

conservation, i.e.,

UpeHiTHp:}) =20'0(> “pi = > pp)iM({pi} = {ps})-

If the interaction is weak, the invariant matrix elements @& computed from the
lowest order terms of an expansion of Ed.8). The terms of such expansion can be
graphically represented by Feynman Diagrams such as thehmven in Figl.1. The
vertex factors are determined from the interaction termb®fagrangian or Hamilto-
nian, while the propagators or internal lines are obtaimeohfthe equations of motion

derived from the free Lagrangian. e.g., from
(> =m*)G (z,2") = 6(x — a’)”

we obtain the pion propagator,

Gy = [ (%‘)G (a), (1.14)
in which
G(q) = qQZfi]mQ (1.15)



enters as a factor in calculating in momentum space, as illustrated in Fif. Ex-
ternal lines emerge from taking the— « limit in defining the scattering matrix as in
Eq.(.13). The corresponding factors for external lines are coomedmg representa-

tions in momentum space of solutions for the free equatiénsodion.

N ig?  (pte)y ;' (D)

|
|
|
L (q*-m _2)7
|
|
|
|

>

igFN' (P"q)? 5Tj YJN' (p,)

Figure I.1: Nucleon Nucleon scattering through the one pirchange
mechanism.

Feynman Diagrams The matrix elementst for N~ scattering through the pion
exchange mechanism are then computed based on an expansiaicintiae lowest
order term ing (of second order) is illustrated in Fi§X). This term corresponds to
the one pion exchange (OPE) mechanism which is assumed in QEElsito suffi-
ciently well describe the interaction at large distance&ffm). From Fig.(.1), m for

NN scattering within OPE can be expressed as,

. . ST i 7’5” . STU / UNTU /
— Move = igoUn(p + )37 Un () 5100 Un (' — 4157 Uy (P, (1.16)

in which 2 is the pion’s propagator according to E¢14).
It is possible to obtain the interaction potential from Feyam diagrams in the non-
relativistic limit. For instance, a radial potential canderived from an angular inte-

gration of the Fourier transform of the s-wave component i3fshattering amplitude.

12
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It yields (see e.g.q]),

V(r) = 252 | <70 _ AT s (1.17)

r m2

in which 2 = % (z=)*. The first term in Eql(17) corresponds to the Yukawa poten-
tial which properly describes the long-range attractionsh@rt-range repulsion is ac-
counted for by the Dirac delta term in Elgl(7). However, because of its nonrelativistic
character, EqL(17) is only accurate for distances at which the Yukawa potential-is ac
curate. In such a region, the parameteand consequently, can be set. It is found
that experimentally2? ~ 14, i.e., thern coupling constant is much larger than 1. The
use of a traditional expansion of in orders ofg, is not well justified in this case; the
diagrams of higher order i, higher are not necessarily suppressed. Such diagrams
involve multiple pion exchanges and become more signifiaasinaller distances with

a contribution to thevny potential behaving as e~~~ in which » corresponds to the
number of pions exchanged.

Calculations for diagrams with two or more pion exchangescansiderably more
tedious and complicated and did not correlate well with expental data. Alterna-
tively, it was argued that multiple uncorrelated pion exales contribute little to the the
NN force, and that instead additional heavier mesons in placerecelations between
the exchanging pions would explain thev interaction at smaller distances. Particu-
larly, the short range repulsion and a spin orbit force are@rally by considering one
vector-meson exchange diagrams. phendw vector mesons were discovered in the
early 60s as resonances af @nd 3 states respectively. Both mesons have spin 1 and
isospins 1 and O respectively. Accordingly, their coupding nucleon currents are of
the form

\iJN (—QUV“‘bSJ) - fﬁa#l’ (a,uqsfzv) - auébiv))) \I/Nv

which are added to the Lagrangian and/or Hamiltonian asaotien terms along with
the corresponding kinetic energy terms.

The strong attraction at the mid range of the force however requires the inclusion

13



of yet another kind of meson. It was nameaneson and should have 0 spin and 0
isospin, and a mass in the range of 400-800 MeV. The existeingech a meson has
not yet been established at least as a field particle in mesfohtfieories. However,
many other mesons were discovered increasing the densdggrees of freedom of
the theory and consequently the number of interaction ténrtiee Lagrangian. Baryon
resonances of nucleons and mesons suck-@sbars needed to be included as well
which contributed largely to the previously neglected unglated multipion exchange
diagrams. The number of free parameters such as couplirsjastda grew dramatically
and soon the Isospin invariance together with the more funeddal symmetries (parity
and Lorentz invariance) did not seem to sufficiently constthen Lagrangian of the
theory to a limited form desired for a field theory of fundanadmlegrees of freedom

such as in QED (that has only one coupling constant).

Renormalization and the Landau pole The large number of free parameters meant
that the developing theory lacked predictive power. Speciallthe short range in
which contributions other than the one meson exchange becel@vant. This issues
and the fact that hadrons were shown to have internal steicéstricted the validity
of the meson field theoretic approach to distances at whiciatiens from conceptual
structureless hadrons are negligible.

Furthermore, limitations to the perturbative approach alsse from divergences in
meson meson interaction diagrams such as the one shown inlfi2g). (Such diver-
gences are dealt through renormalization schemes byirspkatdivergent term from a
convergent part of the diagram and then introducing coustens into the interaction
Lagrangian. These counter terms generate extra diagramsaihcel the divergent term
in the original diagram.

The renormalized Lagrangian is then used to redefine paresrseteh as mass, cou-
pling constant and wave function normalizations. Diagramesthen calculated using
the redefined parameters in following Feynman rules. A scgpendence for instance

is introduced in the renormalized or effective coupling stantg. The value of this

14



constant is now going to depend on the four momentum traedfar each vertex of a
diagram. It also depends on its valumeasured at some other scale. In the case of QED
g = e = Vira, With a ~ ;L. measured at almost zero momentum transfer=(-¢> = ).

The renormalized QED coupling constant is shown to deviate littlen fthis value for

a large range of energies. At the energy of the Z boson ma&e@)« ~ 1/127. These
small values justify the use of perturbative expansionsowgss ofa in the study of
numerous phenomena at many energy scales in QED. Neverthaléss asymptotic

limit (—¢> — ), the value of the running coupling constant is given by:

2y a(p?)
a(@Q*) = T (%) (1.18)

which is not very useful at energy scales in whichecomes greater than one, and of

not use at all once¢* reaches the pole value (see e.g. R&@]). For QED however,
«(Q?) increases very slowly from/137, and the pole onv(Q?) is estimated to occur
at energies 10'*Gev, far beyond the Plank scale (0*GeV) and outside the energy
domain where physical phenomena can be currently studistiad in QED, in a meson
field theoretic approach to the strong interaction, treatlivergent diagrams such as
Fig. (.2a) requires adding counter terms to the Lagrangian that genédiagrams such
as Fig. (.2b), and consequently a redefinition of the coupling constad E.(.19))
that in the asymptotic limit just as E418), grows with@* and has a pole at some scale.
However, the measured coupling constant at low energies{MeV) is already much
larger than 1 {2/4= ~ 14), which leads to a near pole also@t- 100's MeV, making an

issue of the convergence of an expansion oftheatrix in series of Feynman diagrams.

g — 9w (1.19)

3g(p) Q
1— T logz

Effective field Theories Due to the singularities discussed abuve, a meson field
theoretic approach to then force is not well suited for phenomena at energy scales of

few GeV. At these energies the internal structures of nuideand mesons play more
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Figure 1.2: (a) Divergent fermion loop. (b) Counter term

explicit roles in their interaction that cannot be accodrite by using hadronic degrees
of freedom. More fundamental variables are sought for arthefdthe strong interaction
that can be extended to all scales where the strong forceméndat. These variables
were later associated with the internal constituents ofdral(quarks and gluons).

A new Lagrangian, the QCD Lagrangian, is constructed fromsenvolving quark
and gluonic fields, and from such a Lagrangian a consisteantgative description
of strong interaction phenomena is expected to emerge fanaligy scales of inter-
est. It turns out that in working which such a Lagrangian,g¢hemot an analytic way
of effectively computing observables at low energies. kdtean effective field the-
ory is developed constructing a new Lagrangian with the sgloigal properties of the
QCD Lagrangian, such as its invariance under chiral transitions in the massless
quark limit. In this limit, these transformations flip theliocgy of the quark fields. The
spontaneous breaking of such symmetry gives rise to a seas$less pseudoscalar
bosons which are identified with the lightest pseudosca&sans. It is also shown that
the masses of these mesons come from the explicit breakingeafhinal symmetry
when quark mass terms are added to the fermionic part of tH2 KxQrangian. Hence,
hadronic degrees of freedom emerge through spontaneoexplclt symmetry break-
ing of the free quark Lagrangian.

An effective Lagrangian is accordingly written to group thedfective hadronic
degrees of freedom and observables are computed througasihiéing Feynman dia-
grams, which now are ordered in powers gf)(where p is some external momentum,
anda, ~1GeV is known as the chiral scale. A perturbative approaches tlalid as

long as this parameter remains small, i.e., for energiekebtder of hundreds MeV.
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Thus, again, the use of the hadronic degrees of freedom imdgtecal computation

of observables based on a field theory is limited to a certaémngy regime.

While the quark mass term in the effective Lagrangian bréddatsymmetry, mass
differences between quark species bredks) isospin invariance. A largesy(3) flavor
symmetry, is also broken by these mass differences. Thisgtrng is suggested by the
discovery of hadrons with ‘strange’ decaying propertiest & described in the next
section. ‘Strange’ pseudoscalar mesons named kaons complpioas to form the
group of eight light pseudoscalar mesons associated witkeitie Goldstone bosons

emerging from the spontaneous breaking of chirab), x su(3), symmetry.

Strangeness

In 1947 a new particle was discovered with the property obgi into two hadrons

p andz— at a rate much slower (half life 10-'°s) than typical decays through the strong
interaction (0,,S). It was named® and since the net number of baryons or baryon
number @) was thought to be a conserved quantity regardless of theenatan inter-
action, thea® particle was concluded to be a baryon with a ‘strange’ decagrogerty
accordingly named “strangeness”. This property was alsemed around the same
time in the discovery of a meson namedwvhich would decay into two pions, and in
the discovery of a set of three baryons calied =~ andx° that ‘slowly’ decay into a
nucleon and a pion.

The half lives ofa, » andk are typical in weak interaction processes such as beta
and pion decays. Evidence of them taking part in strong intieragrocesses was
found through the discovery of a resonancg4gs)) in the reactionk—p — A°z*+z—. The
Resonancex(13s85) decays into a finahr system with a half live of- 10-22s which is
characteristic of the strong interaction. This reactioth amany others involving strange
particles that followed were found to occur at these highstaléne common property
of these reactions was that if one strange particle was prasehe initial state, one
strange particle will be present in the final state of thetteaas well. This is not the

case for the weak decays explored earlier.
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However, in some cases in which two or more strange particles present in the
initial state of a strong reaction, the final state did not&ssarily have the same number

of strange particles. This is the case for instance in theticza
K°A° — 7 p. (1.20)

To infer a conservation law related to strangeness, a new agldjtiantum numbes
was introduced. As the baryonic number is positive for basyand negative for an-
tibaryons, the strangeness quantum number can also tak&eeas negative values.
While for nucleonss = o, for K mesons (kaonsy = +1, and forA and = baryons
s = —1 with corresponding antihadrons having opposite strarggenith this conven-
tion the empirical evidence shows that reactions underttbag interactions conserve
strangeness.

Naturally, to preserve isospin as a good quantum numberesdbr boths andr
should be assigned to the discovered strange baryons seg@guyr the empirical ev-
idence. Tabld.1 shows these assignments along with corresponding massas(l
spin quantum numbers It also includes the heavier baryon named “cascadein
reference to the two step weak strange deeay (= — N=r) observed in its discovery
that generated a cascade of particles. This behavior igstode if forz, s = —2 which

Is also consistent with conservation in strong reactions involviag

SU(3) Flavor and the Quark Model

Table I.1 suggests the classification of the shown hadrons in families spisq()
multiplets of a given strangeness.( These multiplets coincide with dimensional rep-
resentations of theu(2) group of unitary transformations. The dimension of the rep-
resentation would correspond to the number of particleseamibltiplet. For instance,
the family of pions is a three dimensional representatiosto?), while the dimension
of the= multiplet is2.

The conservation of strangeness hinted to a larger symmatgpdor the strong

interaction. The proposed group was #ig3)-flavor symmetry group, of whicku (2)
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Hadron| Mm(GeV?) | J | B|| s || 1] T
p 0938 |21 O 2]+
n 0940 | 1|1 O] -2
A 1116 |21 -1ffo| o

st 1.189 |2 { 1| -1t +1
%0 1192 |11 -1f1| o

- 1197 | 111 |- -1
=0 1.315 [ L[ 1 -2]| L] -2
= 1.322 | 11| -2 | +2
mt 0.140 (o |O| O |1 | +1
0 0135 |0 |0 O (1| o

™ 0.140 (0| O O |1 —1
K+ 0494 [0 |0 2|21+
K° 0498 |o |0 | 21| 2] -2
K° 0494 | o | 0| -1 L]+
K- 0494 | o |0 | -1 L] -2

Table 1.1: Hadron Families

was a subgroup. While the fundamental representatiosugf) is two dimensional,
which is realized in the nucleon and cascade duplets in Tabléhe dimension of
the fundamental representation far(3) is 3. And while the two states in theuv(2),-
fundamental representation are labelédr «p for 7 = +1/2) andd (or down for T = —1/2),
the states in the fundamental representatiostof), are labeled., ¢« ands.

The baryons in Tablé1 can be arranged in a eight-dimensional representation of
SU(3) as represented in the my-plane (withy = s + B andi, = 7) Fig.l.3. Because of
the mass differences between baryons, this symmetry islgchuaken. This octet is
part of the representations from arising from combiningés (3) fundamental repre-
sentations3z323=32(643*)=10:08.,s28...01 (see e.g.11]). Sub-indexes, A andm
stand for symmetric, antisymmetric and mixed under the chi@nge of flavors.

The s = 3/2 baryons were later presumed to form the 10-dimensional reptason
of su(3) allowed in32323. This picture was completed by the discovery of a baryon
with s = -3 () in 1964.

The pion triplet in Tabld.1 is built from a combination of the isospin doubl&t
and its conjugate representation which explains the poeseihantimesons to complete

the triplet222*=3s1. In su(3) with the same idea, the mesons should be arranged in
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Figure 1.3: Baryon octet
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Figure 1.4: Baryon decuplet
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multiplets from323*=8¢1. This structure corresponds to a 8-dimensional multiplet and
a singlet. The mesonsand, were discovered in 1961, and join the mesons in Table
I.1 to complete the8 and 1 representations as shown in Fif. Here,su(3) is broken

by the mass difference between the mesons.

J=0

o/ T N ot n
L |
L 4
« e R
N R 1 +1/2 , T

Figure 1.5: Meson nonet

Despite the elegance of associating the hadron families wiphesentations of a
symmetry group, there was not a concrete explanation of vy some of thesu (3)
representations were realized in nature. In particulay, tvbre was not a hadron family
associated with the fundamental representatiosuos) (i.e. 3) as it was the case for
SU(2);.

Gell-Mann [L2] and Zweig [L3] suggested in 1964 that this family of particles ex-
ists. They were named quarks, and it was further proposedétibns were actually
systems of confined quarks from which they attain their istdrproperties. The par-
ticles in this fundamentadu (3) triplet are named after their flavors< ands, and as
it’s illustrated in Figl.6, their baryon numbers arme = 1/3, andB = —1/3 for their cor-
responding antiparticles in the conjugate representafldren in accordance with the
group theory formalism of representations, baryons arestates of a system made up
of three quark823%3, and mesons are states of a system of a quark and and antiquark
(from the conjugate of the fundamental representat8»8. This way the hadrons’

baryonic numbers result from the sum of their respectivesttuent quarks’ baryonic
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numbers.
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Figure 1.6: Quarks v (3), fundamental representation

The hadrons’ spin states should now come from the combinatitimea$pin states
of their two or three constituent quarks. In the languageepfesentations, they are
multiplets of dimensions allowed =2 for mesons, an@=2%2 for baryons, where
2 is the fundamental representationsaf(2)-spin. The allowed multiplets ark:3 for
mesons an@,, . ¢2,,, ®4 for baryons {7, and a7, means symmetric and antisymmetric
with respect to the exchange of the spins of the first two g)arkThis means that
mesons can be grouped in multiplets of spiao and.s = 1, while baryons are grouped
in two multiplets of spins = 1/2 and one withr = 3/2.

Thesesu (2)-spin representations are then combined withsiheg), representations
to fully characterize a hadronigr() state in terms of its constituent quarks’ states
(lg¢..)). For instance in the Bras-Kets notation a mesgror a baryons) with defined

spin and flavor numbers is expandedqin or |¢qq) respectively according to:

|h(Jv ijv Ta Y)> = Z C:]];(ITngcZI“fl’;Yl,Yg X |Q1C72>,
J21,J22,171,T2,Y7,Y2
(1.21)
and
|b(J’ J, LT, Y)) = Z C:I];{i]zg,l]zgcil“f:;;n,Yl,YQ,YS X |QIQ2q3>7
Jz1,J22,J23,T1,T2,T53,Y1,Y2,Y3
(1.22)
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where

qi = q(JziaEaK)7

and the coefficients are Clebsch-Gordan coefficients of the expansion. The labeling
of ¢-7v is simplified understanding that there is an additional ddpacy from the la-
beling of the hadron’s multiplet, i.e., a pair of numbergjmnalogous to in sU(2)

that define a representation so(3),. The values of the' coefficients for bothsu (2)-

spin andsu (3)-flavor also depend on the symmetry properties of the spin andrflavo
representations o), i.e., the sub indexes, 4, andays. Then, the combined represen-
tation SU(2),SU(3) of which ) is part of inherits a symmetry subindex as well from
the product of the symmetries of the spin and flavor representa For instance, the

Symmetric:  (5,5) (M,M) (A,A)
Antisymmetric: (s,4) (M,M) (A,S)
Mixed: (S,M) (M,S) (M,M) (M,A) (A, M)

Table I.2: Symmetry of$U(2), SU(3) representations.

baryon decuplet is symmetric only in the spin-flavor combima{y10). In fact, the
only symmetric combined representations(@f:2=2),(323=3)) are in ,8) and 4,10,
which correspond to the observed baryor- 1/2 octet ands = 3/2 decuplet. How-
ever, if as assumed quarks are fermions, according to Bauiriciple they should only
form antisymmetric states, therefore in principle a comabon such as4,10 should

not exists for baryons. The contradiction is more explicibaryons such as the++
resonance. In its ground state= 3/2,J. = +3/2), all its constituent quarks are in the
same state((J = 1/2,J. = +1/2))), which is forbidden for identical fermions regardless
of the exactness oft/(3),. The anomaly was later resolved by introducing the concept
of color charge which eventually led to the formulation ofqtum chromodynamics

(QCD), the fundamental theory of the strong interaction.

The Parton Model

Aside from the conflict between the idea of fermionic quarkd &he exclusion prin-

ciple, at the time there was not yet direct empirical evideottheir existence as real
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particles. The phenomenological successes ofth® , model in describing the hadron
spectrum did not require quarks to be real particles. Howdvim fact they exist and
are the building blocks of hadrons, the strong interactioougd be more fundamen-
tally described through a theory of interactions betweearkgi In this light, nucleons,
and hadrons in general are composite systems of more eldnpantigles. The dis-
crete nature of their structure was later revealed throxgleraments in deep inelastic
scattering.

From inelastic proton-proton scattering experiments & wlaserved that most of the
hadrons emerging from the collision were vastly producdtinear with the collision
axis. The strong suppression at large angles hints thatdifisian evolves in a very
weakly interacting or dilute medium.

Deep inelastic electron proton scattering experimentsrewshowed that high en-
ergy electrons have a large probability of scattering offtpns with a significant en-
ergy and momentum transfer. This meant that electrons weing lleflected through

the interaction with very localized concentrations of ¢gjgawithin the proton. In the

electron

proton //;é Hadrons
—_—
=7
P \\
Figure 1.7: Deep inelastic scattering

parton model proposed by Feynman in 1969 (see Rdlsand [15]), the electrons in-
teract incoherently with nearly structureless partidke-entities named partons inside
the hadrons. The incoherence of this interaction is betteletstood in a reference

frame where the hadron’s longitudinal momentem: ~ accordingly named infinite

momentum frame. Having that in the rest frame, partons insideh#dron interact
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by exchanging finite energy and momentum, their interadimoes are finite as well.
Then, when boosted to this “infinite momentum” frame the indteoa time between

partons is extremely dilated such that they appear bagitak to the electromagnetic

probe.
electron k K
’>q
P P parton
proton
Figure 1.8: Parton picture of electron hadron interaction i DI
Scaling in DIS

In the parton model developed by Bjorken and Pasch@s the cross section farsp —

¢ + X is constructed from the cross section of an elementary elegadion elastic
scattering (see Figd.8)). Assuming that such parton of some specie (flavor, spin,...)
is a fermion (), the invariant amplitude for this elementary scattering isiobthusing

Feynman rules and for the spin averaged squared amplitutawves

it 82 <§2+a2) | (1.23)

€q; —eq; | t2 4

in whicheq, is the electric charge of the struck parigrand the invariants i, anda are

the Mandelstam variables for this subprocess:

5= (p+k) t=(k-k)>=¢

i=(p—Fk)> (1.24)
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such that in the massless limit they satisfyi + « = 0. Then, for the differential cross

section we have,

dOcq;eq; L=

= = M
dt 1671'5' |

2m0*Q (s +(3+ 5)2) _ (1.25)

52 2

The invariantss, i/, anda defined in Eq. ??) can be related to the Mandelstam
variabless = (P + k)2, t = (k— k)2 andu = (P — k') defined for the + p — ¢+ X reaction by
assuming that the parton’s momentum is collinear with tloégor's momentum. Then,

defining¢ such thap = ¢P in the infinite momentum frame, we have that,
§=¢s =t (1.26)

in which¢ can be related to experimental variables. In the massless lonityé parton
we have that,

0~ (p+q)°=2p-q+¢>=2(P-q+¢°.

Then with@? = —¢?,

g ng (1.27)

that in the lab reference frame corresponds te 2;;—q Equation [.25) then corre-
sponds to the differential cross section for an electrottegag off a quasi free parton

of speciei concentrating: times the momentum of its parent proton (measured in the
infinite momentum frame).

Eq.(.25) can now be written in terms of measurahble?, and: as,

do—eqiﬁeqi _ 27Ta2Qz2 _ Q_2 ’
e 200 <1+(1 x) ) (1.28)

Thus, Eq.[.28) is the contribution te + » — ¢ + X from the scattering of the electron

from any single parton of specieand momentum fraction. The total contribution of
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partons of specieand momentum fractionis going to be weighed by the probability
f:(x) of finding one of such parton in the proton.

To obtain the differential cross section for the p — ¢ + x reaction, Eql(28) is
weighed byy,(x), summed over all parton species and integrated over all momentu

fractions: to yield,

do do’eqi%eqi
o - / &Y (0) 7o

- /da:Zf Q22m <1+(1—Q—2>2>, (1.29)

On the other hand, from general principles the differemtiaks section of the inclusive

reactione + p — ¢ + X can be expressed as follows,

do = d:v47ra2 (y2F1(:v,Q2) + (1 —y— MEIQyz) F2(x’Q2)) , (|30)

dQ? Q* Q? x

in which F, and F, are inelastic structure functions, and- £2. In the larges limit

(s >> M,, y ~ £), comparing Eql(29) and Eq.[.30) one obtains

22F (1,Q%) = Fy(z, Q%) ZQQxf (1.31)

The first equality is well supported by experiments. It is\wnaas the Callan-Gross
relation, and is a consequence of the partons havingspirhen, as it follows from
Eq.(.31), the inelastic structure functions, that can be extractgge@mentally, are
expected to become independentofwithin the parton model. This independence is
referred as Bjorken scaling. Such prediction was confirmed®80 by the SLAC-MIT
experiment in which the scaling behavior expected from IR29)( was confirmed for
1GeVt < @2 < 8GeVs,

The experimental confirmation of the Bjorken scaling;in- ex scattering seemed
to validate the picture of the nucleon to be a collection of@dt free constituents (par-
tons) as seen by a hard electromagnetic probe. Partons areddémified with the

quarks introduced in the previous section, and the parspegie; is associated with
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Figure 1.9: Bjorken Scaling emerges from the the electro@sherent scat-
tering of the proton’s partons in DIS

the quark’s flavor. However, the observed scaling conttadicquantum field theory
that would describe the interaction between these quairkse $hey do interact to be
bound in nucleons, even at the smallest distances they pexid to exchange field
guanta and deviations from a scaling pattern were to be éqgbatstead.

The above mentioned conflict was resolved in the 1970's by iseodery of field
theories in which the interaction is characterized by agpitipfreedom (the strength
of the interaction decreases @sincreases). Such behavior was discovered as a result
of the regularization of diverging diagrams that, simi@aED and;* field theories, in-
troduces a2 dependence in the redefinition of the coupling constant. Hewewlike
QED and¢*, the value of the running coupling constant in these new theoaesle-
crease to zero ag — ~. This feature favors the main assumption of the parton model,
namely that at very short distances the interaction betwleempartons in the nucleon
is negligible. Nevertheless, deviations from scaling its@re still expected from a fi-
nite probability of field quanta emission by the probed quditkey become significant
for larger@? or for smallerz than those reached by the SLAC-MIT experiment. Such
violations of Bjorken scaling can be systematically stddl@ough perturbation theory

thanks to the smallness of the coupling constant.

Quarks now become the fundamental fermions in a quantum fietahthbat de-
scribes the strong force, while hadrons become multiqugstems bounded by their
interaction under such force. As described in the followsegtion such interaction not
only binds quarks inside hadrons, but it also solves therappaontradiction between

the fermionic nature of quarks and the exclusion principle.
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Color Charge and QCD

In order to keep quarks as fermions and for them to obey Patditssscs, Greenberg
proposed in 19641[7] that a group of seemingly identical quarks should differ asi@a

a hidden quantum number for them to form a ground state hadima hidden quantum
number was named ‘color’ or color charge, and its hidden g@mypneans that it cannot
be observed, or that it cannot be probed in any observed parfiblis proposition is

in agreement with the fact that thss(3), fundamental representation is not realized
in nature, if it's assumed that quarks have a nonzero colargeh Since quarks are
‘colored’ objects, they have to be confined within colorlsgstems such as hadrons.

In the language of representations, quarks are color ngtesinthat combine to
form the color singlet hadrons. A meson for instance is fatig a quark of color
and an antiquark of colorc such that the total color of the system is O . For a baryon
where the color charges of its quarks arec,, andc; we have that, + ¢, + ¢; = 0.
Then, a quark within the baryon could carry any color chargevided that the color
charges of the other two balance it through the above relaiibe smaller number of
independent options faris 3, thus a quark may be on one of three color states or on a
linear combination of three states traditionally labeted andB afterred, green andbiue
in analogy with theory of colors where the combination of,rgaeen and blue yields
white.

The special unitary groupu (3) is then the simpler choice to represent a quark color
state. These states then belong to the fundamental repagearof su(3)-color or 3.
Now, a system of a colored quark and an anticolored antiqcankbe represented by
323*=1¢8 as discussed earlier regardiag(3)-flavor. Likewise, three colored quark
states are represented By323=12858+10. Unlike su (3)-flavor, only the singletsl()

are observed in nature.

The ¢ + e+ — Hadrons reaction

As opposed tau (3)-flavor, su(3)-color is an exact symmetry. While a quark in a flavor

state has specific mass and charge, it's color state is indepé of any other intrin-
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Figure 1.10: Elementary particle picture ©f+ — Hadrons

sic property. The absence of color nonsinglets constrarestdevidence for this color
degree of freedom hence direct evidence of this symmetdirdat evidence however

is found in experiments in electron positron collisions venihe energy from the anni-
hilation creates multiple hadrons emerging from such siolis. The mechanism that
creates these hadrons should start with the creation of ’k )aand an antiquarkgf
from a photon to which the ¢+ pair fused to. The andg pair is created with enough
center of mass (c.m.) energy, that it can create mgpairs from the vacuum ultimately
hadronizing before reaching the detectors. As it is assumgx parton model of DIS,
for e—et — hadrons the dynamics of the reaction is mainly dictated by the elementary
subprocess-et — ¢.¢;, Whose total cross section in the massless limit differs from that
of e-et — i+ ONly by a electric charge factar and by a color charge factor. Summing
over all the possible color statesin the colorlessg system, this color charge factor

is 3, thus,

ole et = q;q) =3Q%c(e et — pput), (1.32)

and summing over all possible quark flaveia order to obtain the total cross section

for e-et — hadrons,

o(e”et — hadrons) = Za(e’e+ — ;)

i
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= BZQfa(eﬂfﬁ — o pt). (1.33)

Then, the existence of@(3) color degree of freedom implies that

R— o(e~et — hadrons) _3 ZQf (|_34)

ole et = p i)

The ratior then depends on the number of quark flavors that can be produdkd
elementary pair creation. The number depends on the centeass energy of the e+
system. If the center of mass (c.m.) energy equals the maiss bfhtest,; bound state
for a given quark flavor, that flavor enters in the sum in EB4). Then, for different

flavor families we have,

3+ )+ ()] =2 for  uds
R= 2+3(2)° L for  udsc (1.35)
104 3(1)? = for w.d,s,cb
A comparison of Eql(35) with experimental data is illustrated in Fig1(1). The agree-
ment improves as the center of mass energyncreases far from the flavor threshold
resonances regions. A description for such regions woutglve more complex mech-

anisms than the one discussed here. The results displajégl {inl1) strongly suggest

the existence of a 3-degenerated color degree of freedonmwbitsequently reinforces
the parton-quark picture of hadronic structure.

However, the main motivation for the study of hadronic streetunderstanding the
fundamental origin of the strong nuclear force, requiregscdption of how quarks,
the elementary constituents of hadrons, interact. As destiso far, evidence of the
existence of these elementary particles is based on the naftinoninteracting mul-
tiquark configurations, but as mentioned earlier such cardigpns are possible as an
asymptotic limit in a field theory describing interactioretween quarks. Just as QED
describes interactions involving electrical chargedipkas and photons, this field the-
ory describes interactions of color-charged quarks andénesponding field quanta.

Like photons in QED, these field quanta are bosons and thgyleon corresponding
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Figure 1.11: World data oate~ — hadrons Cross sections (top) ard(botton)
as a function of the center of mass energys() of the system18§].

color-charged currents, thus the name Quantum Chromodgad@CD) for this field

theory.

Gauge Field Theory of Quarks and Gluons

The QCD field quanta are known as gluons, from the expectationhtedbrce emerg-
ing from quarks emitting/absorbing gluons binds (gluesjito form hadrons. Just as
pions, the field quanta of the previously studied?)....,.. meson field theory, carried
isospin charge and formed a 3-dimensional representatien @)....,.., gluons carry
color-charge and correspond to a 8-dimensional represamtat sv(3)...... Unlike pi-
ons which are pseudo-scalar (spin 0) fields, and like photglusns are vector (spin
1) fields. Taking these considerations into account when ripresentations of the
elements of the quark gluon field theory, we have that for algiield of a given flavor,

taking into account color degrees of freedom,

q1
q(x) =¢y(x) [ ¢, |- (1.36)

q3
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while a gluon field is represented by,

G"(x) = {G7(2)} (1.37)

in which (i=1,...8). Under a globalu (3)...., transformation,

a(x) = ¢'(x) = qw)e ™5, (1.38)

in which {s,} is a set of 8 real constant parametegrs} are the Gell-Mann matrices, the
generators of theu(3) group of transformations that as Pauli matricesinz) satisfy

the commutation relations

Ai /\j — z‘jkﬁ

[_ ?] = ipo (1.39)
and the normalization condition,

tr (\A;) = 20% (1.40)

The Lagrangian density for a noninteracting quark field,

L =q(x) (Y —m)q(x) (1.41)

is invariant under the transformations in H®8). Quark-gluon dynamics arises how-
ever if we require the Lagrangian of the theory to be invanarder localsu (3) trans-
formations,u(z), i.e., if a space-time dependency is introduced in the setrainpeters

9 in EQ.(1.38). Then,

g(z) = ¢ (x) = q(2)U " (2) = ge™ 5. (1.42)

The Lagrangian density in Eq.(.41) is not invariant under these transformations. This
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is because of the differential operatwiacting on the parametess:) which generates
extra terms in the transformed Lagrangian. However, if a bagrangian is built from

Eq.(.41) by replacingv with

SN
p =0, —ig=G, (v), (|43)
thus obtaining,

Ly = q(x) (iIp — m) q(=). (1.44)

Having that under the localy(3) transformation of Eql(42),

i

XC;(LE) — U(x)/\iG;(x)U’l(x) J

[0,U @)U~ (=), (1.45)

the new Lagrangian density, in Eq.(.44) is then invariant under localv(3) trans-
formations, since Ed.45) guarantees thatq(x), known as the covariant derivative of
q(z), transforms by the same rule @s). Equation [.45) is known as asu(3) gauge
transformation o+ (z), andG*(z) are known as gauge fields which then are chosen to
represent gluons. Thus, introduces a quark-gluon interaction termxgq) in a local
SU(3) invariant Lagrangian. A special case;) gauge transformations correspond to
the local gauge symmetry of the QED Lagrangian that givedoisiee photon fermion
interaction.

As it stands, Eql(44) accounts for the dynamics of the quark field. However just as
in QED ¢ fields by themselves should contribute to the total Lagranditiey do so

through the gauge invariant term,

L, = —iFquj‘” (1.46)

in which,

X NN N NT
EF”“/ = au?G# — 81,56;’# — g |:5, ?:| GHG{' (|.47)

1See e.g. Refs9] and [19] for a complete introduction of gauge field theories andrtijaantization
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Because of the Abelian nature of1), in QED the third term in Eql(47) is zero. In
QED, F,, is recognized as the electromagnetic tensor, and classicalBqgtnetions of
motion obtained from Eq.46) yield the homogeneous or free Maxwell equations for
electric and magnetic fields.

For QCD on the other hand, from EQ39), the commutator term in Ed.47) is not
zero andr,, is not a linear function of:,. Consequently, EJ.@6) introduces,GGo, G

andg¢*GGGa terms in the total Lagrangian which now takes the following form,

£ = 3(2) (70, — m) afa) + 92(0)y* 3 Chw)a(e) — TFL, P (1.48)

These three-gluon and four-gluon fields terms give thentogdementary interactions
between gluons at the lowest an the next to lowest order exasin the coupling con-
stant ¢, = £) in the perturbative approach to QCD’s elementary procedsigs(].12)
illustrates the building blocks for such interactions adatgy to Eqs.(.47) and (.48).
In contrast, from a QED Lagrangian, only an analogous to tisévertex in Fig.(.12)

IS present.

q

y %en “%eo ~Faop
g

@ (b) ©

Figure 1.12: Elementary interactions in.,. (b) and (c) are introduced by
£, (Eq.(.46) from the nonabelian nature st/(3).....

Asymptotic Freedom and pQCD

In perturbation theory, the expansion of QCD observableseynfan diagrams in-
volves loop contributions such as those to the gluon prapagisplayed in Figl(13).
Factors corresponding to the tree-gluon vertex in Eitf generate the gluon loop di-
agram correction to the gluons Green'’s function. As it is¢ase for QED, for QCD,
these contributions diverge individually, with such diyences emerging from the in-

tegration over all momentum space of the loop momentum Mariabt fixed by 4-
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momentum conservation. Thus, as discussed earlier, thnamgprmalization schemes
these divergences can be absorbed in the redefinition ofateaneters of the theory

such that the methodology of perturbative expansions imidey diagrams can be

i ¢ 9

Figure 1.13: Contributions to the gluon propagator. The |d@grams are
divergent, and their regularization leads to thedependence in the redefi-
nition of the coupling constant (Ed¢,49)).

safely applied.

A scale dependence is then introduced in the redefinition of@®'’s coupling

constant. In the largg? limit it's found that at the one loop correction,

. () .49
a,(Q%) 14 %@(33 —2n;)log (Cj—j) ’ ( )

in which o(;2) is the value of the coupling constant measured at some gGaerdn,, IS

the number of quark flavors in the theory. With the substitytio

2 2 —127
A= p[(ss—znnasw)}’ (150)

Eq.(.49) can be rewritten,

0. (Q?) = 127 . (1.51)

(33 —2ny)log (i)—;)

Unlike o for QED in Eq.(.18), provided that;, < 16, o, for QCD in Eq.(.51) decreases
towards zero ag> — ~. Thus, the interaction mediated by gluon exchanges grows
weaker as the distance between the interacting particteses smaller. This property

is known as Asymptotic Freedom and its discovery by DavidsSr&rank WilczekZ0]

and David Politzer21] in the 1970’s validated within the framework of a field theory
the main assumption on which the earlier parton model ssbtabs described phe-

nomena such as scalingdn— ¢x. Namely, that to a electromagnetic probe with high

36


Introduction/IntroductionFigs/qcdren.eps

resolution (largey®) quarks deep inside the nucleon behave basically as free particles
Quantum chromodynamics then provides an important featunederstanding prop-

erties of hadronic structure. It also provides a methodpfog examining corrections

to results predicted within the parton model approximati@guation (49) is valid

for momentum energy scales at whieh< 1. For such momentum-energy regime,

the use of perturbation theory at the elementary particlel lis well justified. There-

fore, corrections to results from the parton model arisenficalculable diagrams of

gluon emissions by the struck parton. For instance, thargamtder correction to the

structure functiory, is of orderaa, and it comes from the superposition of the gluon

emission diagrams in Fid.(4). The quark emerging from the second or third diagrams

zp zp

@ (b) ©

Figure 1.14: (a) quark-photon interaction controlling tiredependence i
DIS. (b) and (c) gluon emission diagrams introducings @ependence im,
and braking the scaling in Ed.31).

carries a fraction of the momentum of the initial parton. Unlike the situation in the
first diagram, this quark can also carry transverse momengiative to the virtual pho-
ton’s in the infinite momentum frame. This transverse momantibalanced by the
transverse momentum of the emitted gluon to recover thetzneversity of the initial
quark. Therefore, The elementary cross sections of these gq subprocesses are de-
pendent on this momentum fraction, and on the transverse momentum that th& quar
acquires after emitting the gluon. After integrating ovitpassible values allowed for
this transverse momentum, we have that;

(P1L)max dpi asP ( )
z

~ * 2 A
( q QQ) Y0 R i 2 a9

I

anth;—;qu(z)log <%) (1.52)

whereq, = 4r%a/s, andp,,(z) = 122 is called splitting function and represents the prob-

31
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ability of a quark emitting a gluon that carriesia - fraction of the parent quark’s
momentum.
For the second line in Ed.62) it is used that

5 1=z

(pi)maw = = Q

and ay cut off is introduced to regularize the divergence when: 0. Thus, as opposed
to the parton model approximation, QCD predicted gluon eomssintroduced a>
dependence in the elementary parton electron interactfma result, the structure

functions are corrected as follows,

RG34 + da(.0%). (1.53)
with
Ag(z,Q%) = ;—;log <i—§> / %q(y)qu <§> : (1.54)

The parton model limit is met when the above fluctuation idigéddle. Then 4(z) = f,(z)

and Eq.(.31) is recovered from the general form,

Fy(z,Q?) _ Zei‘J(vaQ)' (|_55)

T

Experimental data om, is shown in Fig.[.15). Deviations from scaling behavior &f
are observed across values:dfeing more dramatic at smallat which asy? increases
the structure function increases as well. The structuretion r, scales approximately
in the regiono.2 < = < 0.3, while for largerz it slowly decreases with increasing.
Equation (.54) can be rewritten to formally exhibit thgs evolution of the distribution
functionsq(z, Q?) (see e.qg. Ref.Z2)),

d oy _ o [Tdy 2 x
dlog@ 1™ 9) = 51 / ~ 16 @)Pu <§) (1.56)

Thus, from the preexisting knowledge of an experimentaltyaeted distribution func-

tion for some fixedy* = @z, through Eq.k.56), ¢(z,Q?) can be computed for any large
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Figure 1.15:Q2 behavior ofr,. Figure taken from Ref.23]

value of@2. The evolution from this fixed? is dominated by the? dependence of,,
l.e., ¢(x,Q?) evolves logarithmically withp2, and thus, for larg®? the deviation from
scaling is rather a subtle effect as can be seen inlHg)(

Equation [.56) is further corrected by considering that the struck quark imeaye
come from a quark-antiquark splitting of a prexisting gluarthe proton. The con-
tribution from pair creation tq(z, Q?) depends on a preexisting distribution of gluons

(9(z,@*). Then, Eq.(.56) becomes

[5 )

in which the splitting functionp,, — =+4—=" represents the probability for the struck

4
dlogQ)? ¢

o,
2T

(r,@?) (400 @7 (2) + 0.0 (1.57)

guark to carry a fraction of the momentum of the initial gluon. The functiep(z) can
be obtained from the cross section of the subprogess 4z in the same way that,,(»)
is obtained from the cross section of the subprogess ¢q.
Solving Eq.(.57) requires knowing(z,@*). Because gluon sources in the nucleon

are both quark and preexistent gluons an evolution equatiaiogous to Eq..67) can
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be derived through the same methodologysferg?) yielding

%{IQQQ(LQQ) =3 ;—W /zl% <Q(y,Q2)qu <§> +9(y, Q) Py (5)) : (1.58)

in which the splitting function%,,(») and P,,(z) can be obtained from elementary dia-
grams of a gluon emitted with-amomentum fraction of parent quark or a parent gluon

respectively. In all we have far< 1 the following splitting functions

Py(z) = : +7(;_Z)
Pl = 6(FE 4 a-2). (1.59)

The equationsl (67 andl.58) are known as the DGLAP (Dokshitze?4],Gribov and
Lipatov [25], and Altarelli-Parisi 26]) QCD evolution equations, and they describe the
internal longitudinal momentum structure of the nucleonta&volves in the large)?
region.

Going back to Eql(29), to account for the evolution of parton distributions with

the cross section fop — ex is corrected to

do . 2 do—eq%eq(‘r’ Q2)
o=/ 3 e @) P, (1.60)

The evolution equations show that the factorization impirethe parton model is val-
idated by the slow evolution afiz, @?) at large@2. In contrast, as seen in EQ48) the
elementary subprocess’s cross section has a large demendeq>. Thus, for these
kinematics the short distance physics of the reaction iglgnosntained in this elemen-
tary subprocess’ dynamics while the long distance effeetssalated in factors such as
the parton distributiongz) in Eq.(.60).

These factors then describe the dynamics of partons (quarttsyluons) as they
interact to form hadrons. The full description of these fextoowever is beyond the
reach of pQCD, because the behavior of the coupling constawait i®nger described

by Eq.(.51). How this effective coupling behaves at long distances is rest wnder-
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stood; Eqg.[(51) is no longer valid for? < A ~ 200M¢V, at which values., > 1, making
perturbative expansions in Feynman diagrams no longerecgat.

The strength of the interaction between quarks is believgdaw as the distance be-
tween them increases which leads ultimately to the confinéofequarks into hadrons.
Although the dynamics of this confinement cannot be descihlyguQCD, general fea-
tures of hadrons’ structure are expected to be describeddhrthe use of the QCD
Lagrangian in nonperturbative approaches of which LatfzD is the most widely
accepted.

In addition to explaining the deviation from the scaling patiaf structure functions
in DIS, from the behavior of, dictated by Eql(51), QCD also introduces corrections to
the results in Eqgl(35) for ¢, e+ annihilation into hadrons. Accounting for gluon emission
by one of the quarks of the created quark antiquark pairdites an additional energy

dependency im,

R=3Y¢ (H%QQ)). (1.61)

Again QCD predicts a scaling violation of ordeg@? for the otherwise)? independent
behavior ofr. Current experimental data however do not reach a regionentés
difference is observable as seen in Hid.1), thus making the effects of gluon emission
negligible.

If now within this approximation the reactioat — rx (with » a hadron of a given

specie) is considered, its cross section is also prediotedale according to

ld—a(efﬁ - hX)= >, € [Dy(2) + D}(2)]

Lo o (1.62)

in which p’(z) is known as a fragmentation function, and similarly to the parton dis-
tribution functions inep — eXx, it represents the probability that the hadrooarries a
fraction: = 22 of the energy of the parent quarg {n the quark antiquark pair from
which it is produced. Likewise, the scaling predicted by(E62) is broken by aog?

evolution of the fragmentation functions arising from giuemission. Another source
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of scale breaking arises from the crossing of the charm lotdsat which the heavy
ce System is created almost at rest and subsequently decagiakjyinto many low:

hadrons.

Drell-Yan processes .

Hadron-hadron interactions can be naturally approachedigfirthe same method-
ology applied to the electroproduction processes. Onalatdrexample is the reaction
pp — 1-1*X in which a lepton-antilepton pair is created at large trarsyenomentum
in a proton-proton collision. It is known as the Drell-Yaropess and proceeds at the

parton level as shown in fid.16). The Drell-Yan cross section within the quark-parton

IO .

Figure 1.16: Drell-Yan processp — i-it in the QPM

model (QPM) is,

T 1IX) = > [ e [ dva@yatw 55 aa 1710 (1.63)
in which
do (g7 — l+lf) - 6247Ta26(Q2 — (aps + )2) (l 64)
dQ2 a4 g 9@2 P1 Yp2 ; .

with = andy being the fraction of the respective parent nucleons mometéed by
the quark and antiquark participating in the annihilatiobgocess, ang? being the
invariant mass of the i+ system.

For larges and@? we have that? = zys. Making this condition explicit in EqL({63)
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yields

4o’
dQQ(pp—M ITX) = 901 Z /dm/dyq <1—a?yQ2>, (|65)

which suggest the introduction of a scaling variable =y = < resulting in the scaling

law,

Q! ddQQ(pp—>l IX) = F(w) (1.66)

This scaling is well satisfied by experimental data from which) can be extracted.
Also, just as it happens in DIS aad-+ — rX the scaling predicted in Ed.66) is broken
by i0g@* coming from corrections to fig.(L6) including quark gluon interactions.
Cross sections and other observables of numerous progegsksng hadrons can
be studied by making use of parton distribution functiong fitagmentation functions.
The universality of these functions further allows the gtolQCD subprocesses con-

trolling o~ order corrections in reactions such as those shown in.fi@)(

Figure 1.17: Typical inclusive DIS processes involving gisan the corre-
sponding parton subprocesses.

These studies are made possible by the large kinematic iesiaivolved in the
reactions { , pr) that allow the use of pQCD in describing the dynamics of the embe
ded subprocess. The kinematic ranges in which this desarisiapplied is known as
the hard kinematic regime, and the controlling subproceaseknown as hard subpro-
cesses. Consequently, the short distance factors sucle asogs sections of the hard
subprocesses and the long distance factors such as pastobudion functions () and

fragmentation functions(:) are known as hard factors and soft factors respectively.
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Asymptotic freedom has allowed the experimental study oDQ€Cthe elementary
particle level. Because of confinement, in experimentsraghetions studied do not pro-
duce free quarks or gluons which are the fields associated vattafrees of freedom
in the QCD interaction Lagrangian. But because at large greexd momentum scales
the QCD’s coupling constant weakens and changes slowly)éheeatary particle pro-
cesses at the core of these reactions dominate the kineteggndence of the reaction
and thus the short distance dynamics, making the study ottmtion an almost direct
study of the hard subprocess. Corrections to this pictealso a test of QCD, since in
the hard kinematics, such corrections come from the cdiilBQCD evolution of the
soft factors.

The kind of reactions considered so far are of the farm: (cd...) X, i.e., in exper-
iments only particlesed...) in the final state are detected, whitesums up all those
that are not. The final states of these reactions then arepeoified. The cross sec-
tions given are obtained including all possible final statiess these kind of reaction
are known as inclusive or semi-inclusive reactions. Therestte study of inclusive
reactions has reinforced QCD as the theory of the strongactien that arises from the
interactions between quarks and gluons. However, precizguse all the hadronic
states are not completely resolved a description of thegtforce can’t be extracted
through QCD from inclusive processes alone.

In what follows we focus on a more constrained kind of proesgsiown as exclu-
sive reactions. Such processes are of the fopm: (CDE...), thus all the particles in the
final state are detected. The role of QCD degrees of freedormadrohic structure and
in hadronic interactions is more carefully investigateceltsecause of the constrains of
constructing the final hadron states from the scatteredeslary particles. This diffi-
culty is of course avoided through the parton model in theiptesly studied inclusive

reactions.
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1.3 Hard Exclusive Processes

In this section we introduce a methodology and a formalisrighelosely followed in
the study of the processes of interest in this dissertation.

With the purpose of developing a QCD description of interactioetween hadrons
(as bound states of quark systems) and at the same time gaumthgrfinsight into
their quark structure, the studies of exclusive reactidniarge momentum transfer
have attracted particular interest. These hard proceas#itdte the study of the short
distance regime of the strong nuclear force in reactionk agtard proton protomy)
and proton neutromn) elastic scattering. The characteristic kinematic region fod ha
exclusive processes is defined by large kinematic variab&es;, ¢, —u >> m3, andz,
and fixed.

To illustrate the extent through which the analysis of hawclesive scattering pro-
cesses potentially probes the quark-gluon dynamics th@gnias hadronic processes
we first consider the reaction~y — N. Fig.(.18) illustrates how the reaction may

proceeds at the constituent quark level.

A
Y

Figure 1.18:¢p elastic scattering factorization according to EGXY).

The large momentum transfer by the virtual photon to the nucisddistributed
among the constituents through the hard subpraceddnlike the situation in inclusive
DIS, here, coherence is required to form the outgoing nuclgs all the constituents
are involved in the hard subprocess. Rid.8) also suggests the factorization of the hard
scattering amplituder(;) from the soft factors corresponding to the constituent distri-

butions of the incomingy) and outgoing £*) nucleons. These factors are convoluted
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in the matrix elementd7] of the diagram in Figl(18),

1 1

Gu = o (N = PIINO= )

= [laa] [l 0Tt Q). (1.67)

This matrix element in the infinite momentum frame corresjsdn the nucleons’s mag-
netic form factor which at larget = @*> ands >> —+ can be extracted from experiments
using the relation

Z—Z(ep — ep) = 27’ Gl;g(t) . (1.68)

In Eq.(.67),

[d$] = 5(1 — nZN‘TJ) ﬁdl‘u
in which z; (y,) is the fraction of the initial (final) nucleon’s light cone mentum car-
ried by its constituent. They(z) (¢*(y)) is the amplitude for finding in the incoming
(outgoing) nucleon the configuration of near on-shell pastentering (leaving) the hard
Ty blob.

Quark wave functions of hadrons

The nucleon shown in Fid.18) is represented by a system of three partons, three
quarks that in this case is the minimum number of quarks tleeh@eded to reconstruct
the helicity and isospin of the nucleon. The nucleon in Figg] illustrates what is
known as the minimal component of the Fock expansion of théepnavave function.

In Fock space the nucleon is expanded in states with a definidd@uof constituents,
ie,

Y = qqq + qqq9 + qqqqq + ...
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Labeling each component by (number of constituents) the nucleon wave function in

terms of its quark and gluon constituents is given 2§} [

A/ L1...TN

) =3 [ delldbr] i i ) i ), (1.69)

in which
N N
[d2kT] = (52 <Z kJT) HkoiT,
where|z;, k;r, h;) represents an individual constituent state. In the light caugg R7),

the amplitudes(z) in EQ.(.67) is related to)(z;, kir, k) Dy
<,0(~’C1, ) IN) = /‘[koTW)(Ii, ki, hi, fl)v (I7O)

in which it is understood that the additional helicity and/flaexpansion coefficients

such as those in Ed.22) are contained ip(x).

Scaling Laws

The hard subprocess in Figi8)involves the far off shelli¢ ~ @*> >> m?) propaga-
tion of the incoming nucleon’s constituents into the oubgptonstituents that form the
final nucleon. A typical diagram contributing to th@q — eqqq SUbprocess is shown

in Fig.(.19). It is known as a minimally connected diagram and guararitessthe

q
X p % X, 0*q Yy, (p+q)

1
D
x ;v p+l-y,)a
X,p 2 y,(p+q)
(Y;%X5)p+y,q
X3P y,(p+a)

Figure 1.19: Typical minimally connected diagram contributiog, in en
elastic scattering.

momentuny, transfered by the electron probe steers all the quarks calljnieathe di-
rection of the outgoing nucleon. A — ~ this kind of diagrams dominate in, since

they represent the lowest order interaction.jramong the constituent quarks. The
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asymptotic dependence of can then be obtained from pQCD. Having that the quarks
in 7, interact through vector exchange, each pair of external tesributes a factor

~ Q. This is seen for instance in the vertex element,
a(h' = h, k+ Q)v"u(h, k)| o2 e x Q (1.72)

in which « are quark helicity spinors. It # » this factor behaves as. Each fermion
propagator contributes a factor of2 and each vector boson propagator contributes a

factor~ Z;, thus resulting in

Ty ~ a(%)QTH(x, y)

which from Eq.(.67)and Eq.(.68) leads to

Z—j(ep — ep) ~ (a(;S) , (1.72)

or for fixed c.m. angle ofp — ep Scattering (/s fixed, t,s — oo, ands >> —t),

Z—j(ep —ep) — (aj6§)2f(t/s). (1.73)

The contributions ta;, from diagrams with additional constituent lines taking part in
the hard subprocess fall off as powers:pfaster as compared to the contribution from
Fig.(.18) that contains the minimal number of constituents. Henaentmimal Fock
component of the nucleon contributes to the dominant tertheo$cattering amplitude.
Through the same rules that lead to E@J), for theer — er Scattering reaction we
have thatiz ~ %, while it is known that fofey — eu, % ~ L. Thus in general we have

Tdt dt

that forex — eH,

dO_eHﬁeH t

5232+NH$ NfH(g)7 (|74)

in which n is the number of minimal constituents in particle

A hadron hadron scattering amplitude in the hard kinematioregan be factorized
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(6.9.9.9.0.00)

e =
R + o
B 5 E.—

~

T,

Figure 1.20: NN elastic scattering controlled by the expansion of con-
nected constituent diagrams.

similarly to Eq.(.67) in the following form:

Mabacdz/. H [dr o (2e)oh (T) Tu (i, 8, t)palze)pp(Te). (|-75)

i=a,b,c,d

Then in the above equation, is dominated by connected diagrams involving con-
stituents from the minimal Fock components of the interachiagrons such as those
shown in Fig.[.75) for nucleon nucleonxn) elastic scattering. Although there are at
least thousands of such diagrams contributing,tothey contain the same number of
fermion and vector boson external and internal lines. Tlsebedore, at fixed angle in
the asymptotic limit there is @ factor per each pair of quark external lines;-gper
each quark internal line, and!afactor per each vector gluon internal line. Then for

NN elastic scatteringy, ~ L 7(x,9....), and for thevn elastic scattering amplitude one

obtains,
Mynosnn ~ S%M(t/s), (1.76)
and
L 1 T,
~ S h(t/s). (1.77)

In general, the asymptotic energy dependence of the intaaiaplitudes and of the

cross sections for exclusive processes is given respbctiyehe forms (see Refs2§),
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and [B0)),
M ~ 57%(nA+nB+nc+nD+<.f4)M(t/S)’ (|78)

and as in Eql(77),

(i_at' -~ S,(nA+nB+nc+nD+m—2)f(t/S)’ (|79)

in which », is the minimal number of constituents of particte(# = ABcD...) taking
part in the hard subprocess, whjlg/s) is an angular function that becomes invariant
under a change of energy scale. The dimensions of the scalginty(:/s) are given by
the number of constituents taking part of the elementarg salbprocesses (for instance,
f(t/s) i1s dimensionless fof: — ¢x) consequently determining the power fall-off of the
energy ) dependence of the differential cross section.

Evidence of a power law fall-off in energy distributions atefil angle has been
observed in experiments for several hard processes ingph@arons, with many of
them closely fitting the scaling behavior predicted by H¢ 9) (see e.g. Refs3[L, 32,
34, 33, 35, 36]). Empirical agreement with EQ.l.79) however does not necessarily
implies the perturbative approach used here to arrive stsitaling law. Nonetheless,
the correlation between the number of constituents andribegg dependence of the
exclusive reactions evidenced by this result hints to th@idance of minimal Fock

component of the partonic wave functions of the hadrons paatiag in the reactions.

Quark Interchange

In the constituent picture, the processes through whichdmesdn an exclusive reaction
interact include the mechanisms shown in HigX). Unlike the situation involving

reactions at low energy and low momentum transfer, in whichrélaetions proceed
through the exchange of mesons, as illustrated in IF23) hard exclusive processes
involving hadrons proceed through the exchange of quarkguams. QCD excludes

the mechanism of one gluon exchange in hadron-hadron exelasattering because
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hadrons are color singlets (of zero color charge), but tltbaxge of one gluon would
result in a net transferring of color charge from one hadroth® other producing
two non-singlet particles in the final state. The latter sdena not observed in na-
ture, therefore gluon exchange mechanisms in hadron-hadatdtering involve the ex-
change of two gluons, as shown in Flg2(la), or more such that it can ensure a net
transfer of zero color charge between the interacting heedrdhe other mechanisms of
interaction shown in Figl21) (b) and (c), correspond to quark-antiquark annihilation
and quark interchange. The quark-antiquark annihilati@cimanisms are considered
in scattering reactions in which one of the hadrons partitigacontains antiquarks
of corresponding quarks from the second hadron. The reactengtoceeds through
the annihilation of a quark from one hadron with an antiquaokn the other hadron.
Quark interchange mechanisms are considered for instanelastic scattering reac-

tions in which both hadrons contain quarks of common flaviohak been argued that

G~ O
§§ &

(@) (b)

&
O s

(©

Figure 1.21: QCD description of exclusive hadron-hadraattecing through
(a) gluon exchange, (b) quark-antiquark annihilation ac)dguark inter-
change.

the quark interchange mechanism dominates the exclusateesag of hadrons that
posses quarks of common flavor among their constitud®& [L07].

The dominance of the quark interchange mechanism has bpenmentally con-
cluded when comparing for instance data on large angle scaftir proton proton

(pp) and proton antiprotorpf) elastic reactions. It was found that at large angle gthe
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cross sections largely dominatgg37]. At 90° c.m angle of scattering and 10GeV of
beam momentum, the cross sectionoélastic scattering is more than 24 times larger
than that ofpp [37]. If gluon exchange mechanisms ( Fid.2(la)) were the dominant
mechanisms of interaction, the cross sections for bothiteawould be expected to be
similar because these mechanisms do not depend on the gpiggkark composition of
the interacting baryons. Because there are no quarks of oorflavor between protons
and antiprotons, quark interchange mechanisms do notilsot&in; elastic scattering
while they do inpp elastic scattering. Having that the cross sectiopp@flastic scatter-
ing is much larger than that @f, it is concluded that quark interchange dominates

elastic scattering37].

G B —O———

(@ (b)

Figure 1.22: Scattering channels in the quark exchange amesim of
baryon-baryon£B) exclusive scattering.

Quark exchange in baryon baryon exclusive scattewiy®y, — B. B, proceeds through
either of the two channels illustrated in Fig2@)(a) and (b). The scenario (a) corre-
sponds to the exchanging quarks scattering inuthkannel while the residual system
scatters in the channel, while in (b) the residual system scatters in.tbleannel while
the ‘exchanging’ quarks scatter in thehannel. As it follows from the previous sec-
tion, at fixed angle, the energy dependence of these two cotitnils is the same. The
angular dependence on the other hand goesmag/s) for Fig.(.22)(a), andc, F(u/s)
for Fig.(1.22)(b). While ¥ comes from the interaction among constituents, the coeffi-
cientsc,, andc, come from the quark wave functions of the baryons participating in
the interaction. AppendiB illustrates how these coefficients are obtained from a given
flavor-helicity expansion of the quark wave functions ofititeracting baryons. In such
approach, the residual system consists of the two remaguiagks in the minimal Fock

component of the wave function of the interacting baryon.
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I.4 Hard Processes Involving Nuclei

The descriptions of nuclear processes based on QCD is met wiémtpirical difficulty
of quarks and gluons not being experimentally observabiicpes. Up to certain scale
they are instead ‘hidden’ within the hadrons that mediatktake part of the interaction
binding nucleons in the nucleus. The experimental consramd the computational
challenges brought on by confinement made the pursuing ofyegiementary particle
description of the nucleus very impractical when comparethécalternative effective
field theoretical frameworks.

Nonetheless, reactions involving nuclei in the hard kingmeegime (at energy
scales in which pQCD may be applicable) can probe the quadkaglynamics of small
size nucleon-nucleonv(v) configurations ( small enough such that their overlapping
dynamics takes the nucleons’ internal structure into asfjolbuch configurations are
expected to be naturally present in dense nuclear matter.

Small v~ configurations can also be probed in light nuclei for instanceutiin ex-
clusive reactions in which nuclei absorb enough energy ¢albinto nucleons emerg-
ing with large relative transverse momenta. This kind ottieas is the focus of the
research work detailed in chaptelisandlV in which the explicit role of subnucleonic
degrees of freedom is investigated in selected hard presassolving light nuclei.
The following section lists the main features of charastariapproaches developed to

incorporate QCD in the description of these processes.

Hard breakup of NN system in nuclei

In the research work described in this dissertation, wededwn the reaction+ A —
(NN)+(A—2) inwhich(~vN) is produced at large center of mass angle. Two-body breakup
reactions involving nuclei at high momentum and energydi@rplay an important role

in studies of nuclear QCD. The uniqueness of these processethe effectiveness by

which large values of invariant energy are produced at ratiuelerate values of beam
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energy. For a photodisintegration process ofvansystem we have that,
SyNN z4m?v+4E7mN, (|80)

in which the produced invariant energy grows with the enefjthe probe twice as
fast as compared, for example, to hard processes involviagtatons, in which case
syn = 2m% + 2E -my. AS it follows from Eq.(.80), already at photon energies 0GeV

the produced invariant mass on one nucleon, ,/>2~  exceeds the threshold at which

2

deep-inelastic processes become important,2 GeV.

Combining the above property with a requirement that the erdom transfer in the
reaction exceeds the masses of the particles involved isdégtering {+, —u > m?2) in
order for the reaction to reach the hard scattering kinemmagime. In this regime it is
expected that only the minimal Fock components dominate imvehe function of the
particles involved in the scattering. Assuming that all¢bestituents of minimal Fock
component participate in a hard scattering, it is expectatlttie energy dependence
of the reaction follows the constituent counting rule of Hga8) and (.79) [29, 30 .
These predictions have been confirmed for a wide variety af peocesses involving
leptons and hadrons (see e.g. R&%.B2, 34, 33, 35, 36)).

One of the most interesting aspects of the constituenttoaynule is that its ap-
plication allows us to check the onset of quark degrees @fdiven in hard reactions
involving nuclei B1, 52]. This is essential for probing the quark-gluon structure of nu
clei. For example, if quarks are involved in hard photodigiraéion of the deuteron
then according to Eqs.78) and (.79) one expects that ~ s—* [51].

During the last decade there were several experiments inhvéicc.m. photodis-
integration of the deuteron had been studied at high phatengees $3, 54, 55, 56,
57, 58, 59, 60]. These experiments clearly demonstrated the onset'oscaling for
the differential cross section at90.m., starting at, > 1 GeV. Also, the polarization
measurementSJ/, 60] were generally in agreement with the prediction of the helicity
conservation — a precursor of the dominance of the mecharfitare gluon exchange

involving quarks.
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Even though two-body scattering experiments demonstraaelgken onset of quark
degrees of freedom in the reaction, they do not affirm thetafsbe perturbative QCD
(pQCD) regime. Indeed it has been argued that the validity obtinent-counting
rule does not necessarily lead to the validity of pQCD(see dRefs.pl, 62]). In
several measurements in which the constituent quark rut&sn@QCD still underes-
timates the observed cross sections sometimes by sevdeab@f magnitude (see e.g.
Refs.p3, 64]). The latter may indicate a substantial contribution becaisgonper-
turbative effects although one still may expect sizabletrdoutions from pQCD due
to generally unaccounted hidden color components in theonadand nuclear wave
functionsp9).

A similar situation also exists for the case of hard photogkgjration involving nu-
clei. Even though experiments clearly indicate the onset'o&caling for the cross sec-
tion of for example,d — pn reactions at 9@.m., one still expects sizable nonperturbative
effects. Theoretical methods of calculation of these &fface very restricted. They use
different approaches to incorporate nonperturbativerdmritons in the process of hard
photodisintegration of the deuteron. The reduced nucleglitude (RNA) formalism
includes some of the nonperturbative effects through tloéeon form factor$6, 67,
while in the quark-gluon string model (QG8§ nonperturbative effects are accounted
for through the reggeization of scattering amplitudes. oAlscently, large c.m. an-
gle photodisintegration of the deuteron for photon energjg$o 2 GeV was calcu-
lated within point-form relativistic quantum mechanicpagximationg9 in which the
strength of the reaction was determined by short range pgrep®f then ~ interaction
potential.

In the QCD hard rescattering model (HRM([ 72] it is assumed that the energetic
photon knocks-out a quark from one nucleon in the deuterashw$subsequently ex-
periences hard rescattering with a quark of the second nuclEuwe latter leads to the
production of two nucleons with large relative momentume Bammation of all the
relevant rescattering diagrams results in a scatterinditude in that the hard rescat-

tering is determined by the large-momentum trangfescattering amplitude, which
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includes noncalculable nonperturbative contributiongpetimental data are used to
estimate the harg. scattering amplitude. The HRM allows us to calculate the abso-
lute cross section afo° c.m. hard photodisintegration of the deuteron without using
additional adjustable parameters.

Also, within the QGST4] approximation and the HRMJ3, 75] rather reasonable

agreement has been obtained for polarization observé&bles|

Hard photodisintegration of :He

Although all the above-mentioned models describe the mdjaracteristics of hard
photodisintegration of the deuteron they are based on viigreht approaches in the
calculation of the nonperturbative parts of the photodégration reaction. To inves-
tigate further the validity of these approaches it was sstggkin Ref.J6] to extend
the studies of high energy two-body photodisintegratioth&ocase of large angle c.m.
breakup of two protons from thidHe target. In this case not only do the predictions
of the above-described models (RNA, QGS, HRM) for absolutesceection diverge
significantly, but also the two-proton breakup reactiomfréie provides additional ob-
servables such as spectator-neutron momentum distnitsutinat can be used to check
further the validity of the models.

Detailed analysis of reactions involving hard breakup ahbg andp» pairs from
thesHe target is presented in chaptiér New insight into the nature of large c.m. angle
scattering is gained through the comparative study ahdp» breakup processes. One
important observation is that the relative strengtha pn breakup is larger than the
one observed in low energy reactions. This characterstielated to the onset of quark
degrees of freedom in hard breakup reactions in which efegtimore charges are
exchanged between two protons than between proton and neutro

Another signature of the HRM is that the shapes of the eneeggdencies of-
scaled differential cross sectionsppfandpn breakup reactions mirror the shapes of the
energy dependencies of-scaled differential cross sections of hard elagtiand pn

scatterings.
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Within the HRM one observes also thatandyp» hard breakup processes are sensi-
tive to different components of thele ground state wave function, resulting in different
spectator-nucleon momentum dependenciegfandpn hard breakup cross sections.

Because of the different ground state wave function compigrniavolved inpp and
pn breakup reactions, the HRM also predicts significantlyedéht magnitudes for trans-

ferred longitudinal polarizations for these two processes
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CHAPTERII

PROTON NEUTRON ELASTIC SCATTERING

This chapter looks into an asymmetry in the angular distidiouof hard elastic proton-
neutron scattering with respect to°&nter of mass scattering angle. It will be demon-
strated that the magnitude of the angular asymmetry is celat¢he helicity-isospin
symmetry of the quark wave function of the nucleon. An estimtthe asymme-
try within the quark-interchange model of hard scatterieghdnstrates that the quark
wave function of a nucleon assuming the exact SU(6) symme#sgligts an angular
asymmetry opposite to that of experimental observatiomsth® other hand the quark
wave function derived from the diquark picture of the nual@ooduces an asymmetry
consistent with the data. Comparison with the data alloviaeting the relative sign
and the magnitude of the vector and scalar diquark compobétiie quark wave func-
tion of the nucleon. These two quantities are essential isttaining QCD models of
a nucleon. Overall, it is concluded that the angular asymnuéta hard elastic scatter-
ing of baryons provides a new venue in probing quark-gluamctitire of baryons and
should be considered as an important observable in comisigathe theoretical models.

For several decades elastic nucleon-nucleon scatteringlaimomentum transfer
(-t,—u > M2 Ge\?) has been one of the important testing grounds for QCD dyreamic
of the strong interaction between hadrons. Two major oladdes considered were the
energy dependence of the elastic cross section and the paiamizproperties of the
reaction.

Predictions for energy dependence are determined by trexlyimdy dynamics of the
hard scattering of quark components of the nucleons. One gragliction is derived
from the quark-counting rule2p, 30] according to which the differential cross section
of two-body elastic scatteringy — cd) at high momentum transfer behaves like~
s—netmtnetna) Wheren, represents the number of constituents in parti¢iea,b,c,d).

For elasticv v scattering, the quark-counting rule predigts scaling which agrees

reasonably well with experimental measurements (see eefp.[BY, 33, 35, 36]). In
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addition to energy dependence, the compari8dhdf the cross sections of hard exclu-
sive scattering of hadrons containing quarks with the saaverfiwith the scattering of
hadrons that share no common flavor of quarks demonstratethéhguark-interchange
represents the dominant mechanism of hard elastic scajtern up to ISR energies (see
discussion in39]).

For polarization observables, the major prediction of th@Ddynamics of hard
elastic scattering is the conservation of helicities oeiatting hadrons. The latter
prediction stems from the fact that the gluon exchange irsteas quark limit conserves
the helicity of interacting quarks.

The quark counting rule and helicity conservation howewemndt describe com-
pletely the features of hard scattering data. The energgragnce ofp elastic cross
section scaled by, exhibits an oscillatory behavior which indicates the existence of
other possibly nonperturbative mechanisms for the soagfi@9, 40]. These expecta-
tions are reinforced also by the observed large asymmeirat some hard scattering
kinematicsft1] which indicates an anomalously large contribution from deurelicity
flip processes. These observed discrepancies however depresent the dominant
features of the data and overall one can conclude that thedbulie hard elasticv v
scattering amplitude is defined by the exchange mechanisralefce quarks which
interact through the hard gluon exchange (see e.g. R&f8f]). Quark-interchange
mechanism also reasonably well describessthem. hard break-up of two nucleons
from the deuteron(0, 43].

However, the energy dependence of a hard scattering crossrgeexcept for the
verification of the dominance of the minimal-Fock comporarthe quark wave func-
tion of nucleon, provides rather limited information abthe symmetry properties of
the valence quark component of the nucleon wave function.

In this chapter it is demonstrated that an observable suttteasymmetry of a hard
elastic proton-neutron scattering with respecittoc.m. scattering may provide a new

insight into the helicity-flavor symmetry of the quark wawenétion of the nucleon.
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Namely we consider

o) —a(r—0)
Aggo (0) = o Tl 0 (1.2)

wheres(9) - is the differential cross section of the elasticscattering. We will dis-
cuss this asymmetry in the hard kinematic regime in which tlergy dependence of
the cross section is s—'°. Our working assumption is the dominance of the quark-

interchange mechanism (QIM) in thev elastic scattering at these kinematics.

‘I’bj \’——_j
Figure I1.1: Typical diagram for quark-interchange medeanof NN — NN
scattering.

Within the QIM, the characteristic diagram fer elastic scattering can be repre-
sented as it's shown in Fig.l. Here, one assumes a factorization of the soft part of
the reaction in the form of the initial and final state wavedtimns of nucleons, and of
the hard part which is characterized by the QIM scatteringpghaceeds with five hard
gluon exchanges. This hard factor generates the energyndepee in accordance to
the quark counting rule. In order to calculate the absoluiescsection of the reaction,
one needs to sum hundreds of diagrams similar to one ofi Big.However, for the
purpose of estimation of the asymmetry in BHgl() the important observation is that
the hard scattering kernel is flavor-blind and conservesihelAs a result, one expects
that the angular asymmetry will be generated mainly thrabghunderlying spin-flavor
symmetry of the quark wave functions of the interacting noicte

The amplitude of the hard elastic- » — ¢ + d scattering of Figl.1, within quark-

interchange approximation, can be presented as follows:

(cd | T|ab) = > (| ah, Bk | oy, B 7s)

o,B,y

X<al27ﬁéa/yéaa/151’71 | H | ala51a717a25272> : <a17ﬁ17’71 | 1/1a><042752772 | wb>7
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(11.2)

in which (v, ), (5, 8) and §.,~!) describe the spin-flavor quark states before and after

the hard scatteringy, and

Ci,[‘},'y = <O‘a5a’y | z/Jj>7 (”3)

describes the probability amplitude of finding thes,~ helicity-flavor combination of
three valence quarks in the nuclega2].

To be able to calculate the ,  factors, one represents the nucleon wave function
through the helicity-flavor basis of the valence quarks. \8&e a rather general form
separating the wave function into two parts characterizgab (e.g. second and third)

quarks being in spin zero - isosinglet and spin one - is@tigiates as follows:

,l/)i‘;’v,hN _ (23) (1) ) ( (23) (1) ) +

N
E {U(Xo,o X%,;LN To,0 T%,z‘gfv

1 1
1 1 O - 1 .
P Z Z <1ah23;§ahN_h23 | ivhN><1vl§3;§aZ?\f _233 | 571?\r>

o —
3=—1 hjz=-1

i3
KOS X ) 70 o0} (11.4)

,h N —haos §‘ri?\172‘23

in which ;3 andn, are the isospin component and the helicity of the nucleon. Heee,
k;’s are the light cone momenta of quarks. These momenta issepied by £, x.,), In
which z; is a light cone momentum fraction of the nucleon carried byitgeark. We
definey;, andr, ;s as helicity and isospin wave functions, wherns the spin, is the
helicity, 1 is the isospin ané its third component. The Clebsch-Gordan coefficients are
defined asj,, mi; j,, m, | j,m). Here,, , represents the momentum dependent part of the
wave function for (=0,7 =0) and ¢ = 1,7 = 1) two-quark spectator states respectively.
Since the asymmetry in Edl.(L) does not depend on the absolute normalization of
the cross section, a more relevant quantity for us is theivelatrength of these two
momentum dependent wave functions. For our discussion wadinte a parameter,

= o 15

which characterizes an average relative magnitude of the itenction components
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corresponding toi(= 0,7 = 0) and ¢ = 1,7 = 1) quantum numbers of two-quark “specta-
tor” states. Note that the two extreme valueg défine two well know approximations:
p = 1 corresponds to the exact SU(6) symmetric picture of the nnckesve function
and, = o will correspond to the contribution of only the scalar diquadnfiguration
in the nucleon wave function (see e.g. R#d,[45, 46, 47] in which this component
is referred as a scalar or good diquark configuratign) (@s opposed to a vector or
bad diquark configuration denoted by)). In further discussions is kept as a free
parameter.

To calculate the scattering amplitude of HigZ), we assume the conservation of the
helicities of the quarks participating in the hard scattgriThis allows us to approxi-

mate the hard scattering part of the amplitudgein the following form:

f(6)
H~ 5611&'1 5612&'2 5ﬁ1,ﬁ1/5"/1,"/i 5(*2,(32/5%7% VR (I I 6)

84
Inserting this expression into EY.@) for the QIM amplitude, one obtain&y):
(ed | T | ab) = Tr(MM"?) (1.7)

with:

(2% i J i J i J
My = CoprCarpy T CasChars + C5raCa

By«

(1.8)

o

where we sum over the all possible valuessaind~. Furthermore, we separate the
energy dependence from the scattering amplitude as fallows

hiesh | T(0) | Do, ) (1.9)

)
84

<cd|T|ab):<

and define five independent angular parts of the helicity angagas:

1= (++|TO) | ++); ¢2=(——[T(0) | ++);
ps=(+—=|TO) | +-); da=—(—+1[T(0)|+-);
¢ = (—+ | T(0) | +-+). (11.10)
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Here, the “-” sign in the definition of, follows from the Jacob-Wick helicity conventiot)]
according to which a (-1) phase is introduced if two quarks $katter tor —6,,, angle
have opposite helicity (see also Ré£)).

Using Eqgs.[1.7,11.8) for the non-vanishing helicity amplitudes of Bd.10) one ob-
tains:

for pp — pp-

¢ = B+y)FO)+@B+y)F(r—0)
s = (2-y)FO)+(1+2y)F(r—0)
¢s = —(1+2y)F(0)— (2—y)F(x—0) (1.11)
and fOl‘pn — pn.
¢ = 2-y)F0O)+(1+2y)F(r—0)
s = (2+y)FO)+ (1+4y)F(r—0)
bs = 2yF(0)+2yF(m—0) (11.12)

with ¢, = ¢; = 0 due to helicity conservation. Here:

_ ith » — 2
y=x(z+1) With z = 30+ %) (11.13)

andr(s) is the angular function. Note that the- 1 case reproduces the SU(6) result of
Refs.@42] and [38]. The results of Eqsli11) and (1.12) could be obtained also through
the formalism of the H-spin introduced in R&q. In this case, the helicity amplitudes
are expressed through the average number of quarks to be foargiven helicity-spin
state. These numbers will be directly defined through theaviamction of Eq.(1.4).
Introducing the symmetric and antisymmetric parts of theusnrgfunctionr as

follows:
F(0) + F(r—0)

F@)— F(r—6)
! _FO) - F@-0) (11.14)

s(0) =
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Figure 11.2: Asymmetry opn elastic cross section. Solid dotted line - SU(6),
with » = 1, dashed line diguark-model with= 0, solid line - fit with, = —0.3.

and using Eql(.12) for the asymmetry as it is defined in El4.1) one obtains:

_ 6a(0)s(0)(1 — 2y — 3y?)
Aso (0) = a(0)2(1 — 3y)? + 3s(0)2(3 + 6y + 7y?) (11.15)

One can make a rather general observation fromELp], that for the SU(6) model,
(r =1,y = %) and for any positive function,(9) ate < z, the angular asymmetry has a
negative sign opposite to the experimental asymmetryI(FAQ. Note that one expects
a positiveq(s) ateo < = from general grounds based on the expectation that in the hard
scattering regime the number a€hannel quark scatterings dominates the number of
u-channel quark scatterings in the forward direction.

As it follows from Eq.(l.15), a positive asymmetry can be achieved only for
2y — 3y*> > 0, which according to Eql13) imposes the following restrictions gn
p < 0.49 Or p > 2.036. The first condition indicates the preference for the scalanatit
like configurations in the nucleon wave function, while tlee@nd one will indicate
the strong dominance of the vector-diquark component whattradicts empirical
observationgf4, 45, 46].

In Fig.ll.2 the asymmetry ofn scattering calculated with SU(6) € 1) and pure
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scalar-diquark { = 0) models are compared with the data. In these estimates we use
F(9) = C - sin2(0)(1 — cos(9))~2 as the dependence of the angular funcd@h[which is
consistent with the picture of hard collinear QIM scattgraf valence quarks with five
gluon exchanges, and reproduces reasonably well the maiaatiristics of the angular
dependencies of boih andpn elastic scatterings. Note that using a form of the angular
function based on nucleon form-factor argumed3@sfi2], F ~ (1 — cos(9))~2 will result

in the same angular asymmetry.

The comparisons show that the nucleon wave functiba)(with a scalar diquark
component = 0) produces the right sign for the angular asymmetry. On the other
hand, even large errors of the data do not preclude to conthadehe exact SU(6)
symmetry f = 1) of the quark wave function of nucleon is in qualitative disagre@me
with the experimental asymmetry.

Using the above defined angular functiom), 4. is fitted in Eq.(l.15) to the data
at —,—u > 2 Ge\? varying p as a free parameter. We used the Maximal Likelihood
method of fitting excluding those data points from the datandeise errors are too

large for meaningful identification of the asymmetry. Thetifé is found for
p~—0.3+0.2. (11.16)

The nonzero magnitude pfndicates the small but finite relative strength of a bad/vector
diquark configuration in the nuclear wave function as coragdo the scalar diquark
component. It is intriguing that the obtained magnitude ©f consistent with theo%
probability of “bad” diquark configuration discussed in R46].
Another interesting property of EdJ.(L6) is the negative sign of the parameter
Within a qualitative quantum-mechanical picture, the tiggasign of, may indicate
for example the existence of a repulsion in the quark-(wectguark) channel as op-
posed to the attraction in the quark - (scalar-diquark) nkant is rather surprising that
both the magnitude and sign agree with the result of the phenological interaction
derived in the one-gluon exchange quark model discussedfifdH].

In conclusion, we demonstrated that the angular asymmetngiaf elastign scat-
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tering can be used to probe the symmetry structure of the esalgunark wave function

of the nucleon. We demonstrated that the exact SU(6) symrde&yg not reproduce
the experimental angular asymmetry of hard elgstiscattering. The use of nucleon
wave functions consistent with the diquark structure tssnlan asymmetry in better
agreement with the empirically observed. The fit to the datecatdsi0% probability

for the existence of bad/vector diquarks in the wave fumctibnucleons. It also shows
that the vector and scalgrcomponents of the wave function may be in opposite phase.
This will indicate a different dynamics far- [¢¢] andq — (¢¢) interactions.

The relative magnitude and the sign of the vecigrand scalafyq) components can
be used to constrain different QCD predictions which reqthiesexistence of diquark
components in the nucleon wave function. These quantitipameiple can be checked
in Lattice calculations. The angular asymmetry studiesbmaaxtended also to include
the scattering of other baryons suchaassobars (which may have a larger fraction of
vector diquark component), as well as strange baryons whiithllow us to study the

relative strength ofyq) andqq] configurations involving strange quarks.
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CHAPTERIII

HARD BREAKUP OF A NUCLEON NUCLEON SYSTEM IN THE *He
NUCLEUS

This chapter investigates the large angle photodisintiegraf two nucleons from the
sHe nucleus within the framework of the hard rescattering @hn@eRM). In the HRM

a quark of one nucleon knocked out by an incoming photon tessavith a quark of
the other nucleon leading to the production of two nucleottis large relative momen-
tum. Assuming the dominance of the quark-interchange nmesimain a hard nucleon-
nucleon scattering, the HRM allows the expression of theliamde of a two-nucleon
break-up reaction through the convolution of photon-quar&ttering, vy~ hard scat-
tering amplitude and nuclear spectral function which cacdleulated using a nonrel-
ativistic *He wave function. The photon-quark scattering amplitude caexipécitly
calculated in the high energy regime, whereasyor scattering one uses the fit of the
available experimental data. The HRM predicts severaliBpdeatures for the hard
breakup reaction. First, the cross section will approxetyadcale as-'*. Secondly, the
s weighted cross section will have the shape of energy depeedsmilar to that of
weightedny N elastic scattering cross section. Also one predicts an eehagtt of the
pp breakup relative to thg. breakup cross section as compared to the results from low
energy kinematics. Another result is the prediction ofetéint spectator momentum
dependencies @p andp» breakup cross sections. This is because of the fact that same-
helicity pp-component is strongly suppressed in the ground state waetidarofsHe.
Because of this suppression the HRM predicts significantfgrént asymmetries for
the cross section of polarization transfex breakup reactions for circularly polarized
photons. For thgy breakup this asymmetry is predicted to be zero while foptheis

close toz.

This chapter is organized as follows: Sectibhnl, within the HRM, presents a
detailed derivation of the differential cross section & teaction of hard breakup of

two-nucleons from aHe target. In Sectiofil.2 the formulas derived in the previous
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section are used to calculate the differential cross secii@ proton-neutron breakup
reaction, while in Sectiotll.3 calculations are done for a two-proton breakup reaction.
Sectionlll.4 considers the relative contribution of two- and three-bodycpsses for
hard breakup reactions involving> 3 nuclei. In Sectiorll.5 numerical estimates are
presented for differential cross sectiongotindyp breakup reactions. In Sectioi.6
the polarization transfer mechanism of the HRM is discuss@d estimates of the
asymmetry of the cross section with respect to the helidityhe outgoing proton are
presented. Results are summarized in Sedtloh

The details of the derivation of the hard rescattering ampditace given in Ap-
pendixC. The quark-interchange contribution to the harg elastic scattering am-
plitude is discussed in AppendR®. AppendixB describes a method for calculating
guark-charge factors within quark-interchange mechamtémny hard elastic scatter-
ing. A complete list of HRM helicity amplitudes for high eggrtwo-nucleon breakup

is presented in Appendi& for both, deuteron antHe photodisintegration.

1.1 Hard Photodisintegration of Two Nucleons from *He

Reference frame and kinematics

We are considering a hard photodisintegration of two nudefoom the:He target
through the reaction:

y+*He - (NN) + N,, (1.1)

in which two nucleonsn N) are produced at large angles in theN N” center of mass
reference frame with momenta comparable to the momentum of ttal iphoton,
q (>1 GeVlk). The third nucleony., is produced with very small momentum« m..
(Definitions of four-momenta involved in the reaction areegi in Figlil.1.)

We consider 5-NN” in a “¢, = 0” reference frame, where the light-cone momenta

1The light-cone four-momenta are defined(as,p_,p. ), wherep. = E + p.. Here thez axis is defined
in the direction opposite to the incoming photon momentum.
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Figure 111.1: Typical hard rescattering diagram for thier photodisintegra-
tion from thes*He target.

of the photon and the' v pair are defined as follows:

q" = (q+,q9-,9.) = (0, \/syn, 0),

M2
Prin = (Pvnva,un—s pavs) = (Vshy, —===, 0), (|||2)
NN + NN S

wherep’, , = Pige ~ Phr Miy = Phnpa o ands), , = syv — M%,. Here the invariants;yy

and+,, are defined as follows:

svn = (@ +pan)’ = (ps1 + Do)’

Iny = (q —pf1)2 = (pf2 _pNN)2- (|”3)

As it follows from Eq.(11.2) in the limit of 22> — o the ‘g, = ¢” reference frame
coincides with the center of mass frame of the v system. As such it is maximally

close to the reference frame used for the; p + » reaction in Refs{0] and [43].
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Hard rescattering model

The hard rescattering model is based on the assumption thia¢ inard two-nucleon
photodisintegration reaction, two nucleons with largatieé momenta are produced
because the hard rescattering of a fast quark from one nualgbra quark from the
other nucleon. In this scenario the fast quark is knockedrom a low-momentum
nucleon in the nucleus by an incoming photon. This approaeln iglternative to the
models in which it is assumed that the incoming photon breéla&sreexisting two-
nucleon state which has very large relative momentum in tiodens.

The validity of the HRM is derived from the observation that ¢iieund state wave
functions of light nuclei peak strongly at small momenta@fibd nucleons; ~ 0. Thus,
diagrams in which an energetic photon interacts with bowadeons of small momenta
will strongly dominate the diagrams in which the photon iatés with bound nucleons
that have relative momenga> m.y.

The resulting scenario that the HRM sketches out is as follees €.9. Fidll.1):
first, the incoming photon will knock out a quark from one of theleons in the nucleus
and then the struck quark that now carries almost the wholaentum of the photon
will share its momentum with a quark from the other nucleouigh the exchanged
gluon. The resulting two energetic quarks will recombine whiga residual quark-gluon
systems to produce two nucleons with large relative momeniugh This recombina-
tion will contain gluon exchanges and also incalculablepssturbative interactions.

Note that for the quark-gluon picture discussed above to lezaet the interme-
diate masses;,, produced after the photon absorption should exceed the males sc
characteristic for deep inelastic scattering,~ 2.2 GeV. Using the relationn;, ~
V/m% + 2E,my, from the requirement that;,; > w one obtains the condition, > 2 GeV.
Additionally, to ensure the validity of quark degrees offdem in the final state rescat-
tering, one requires, > 1 GeV/ for the relative momentum,, of two outgoing nucle-
ons. All of these imposes a restriction on the incoming phetogrgy,z, > 2 GeV, and

for transferred momentar, —« > 2 Ge\2. Note that provided a smooth transition from
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hadronic to quark-gluon degrees of freedom in nuclei oneeetgpthe validity of the
HRM to extend to even lower values 8f (>1 GeV). This expectation was confirmed
in recent measurements of angular dependencies efithen cross section for a wide

range of incoming photon energiés].

To calculate the differential cross section of the hard pttistotegration reaction of
Eq.(11.1) within the HRM one needs to evaluate the sum of hard rescajtdragrams
similar to the one presented in Hid.l. We start with analyzing the scattering ampli-
tude corresponding to the diagrams of Higl. Using Feynman rules and applying the

light-cone wave function reduction described in Apper@jxve obtain

TAapmay ’
1/1 Doy, T 7k J_)—
</\lfa/\2fa/\s | Al /\'yv)\A> = Z /{ = 1(_2;, 22 Unzf(pw — k2)
(n1g.m25),(M15,m2i),(A1i,X24) 2
. zWIL —]?/1 +¢d+m ] . A zirl'i’n”(]?liﬁfl, ki)
—igT " 4 —iQ,ee" v u,.  (p1; — k X
[ 967](p1i_k1+q)2_m3+7;6[ Qiee 7] s (D1 1) 11—z )

A2i:M2i
170]\1'2 " (p2i7 T2, kQL) } >
2

TX1pmy /
’l/)N (plfvxlakll) — . F
— ki) |—1igT~" (pas — k
{ = Upy s (D1 — k) [—ig T 7" [y, (P2i — k2) a1

dry d?kyy dzy dPkyy VA0 (o, po,ps) doe d2py

G%V(T)CU_12(27T)3(E_22(27T)3 1-a) E2<2W)3 — (p1y < p2y) s (|”4)

where the(p,, «+— p,,;) part accounts for the diagram in Hig.1(b). Here the four-
momentap.;, ps:, p., k1, k2, 7, p1, @Ndp,, are defined in Fidll.1. Note that, andk, define
the four-momenta of residual quark-gluon system of the rmundevithout specifying
their actual composition. We also defing «/, =, andz; as the light-cone momentum

fractions of initial and final nucleons carried by their resfive residual quark-gluon

systemsiz,, = ;12 anda,, = 2@, For the’He wave functionp = ;2= is the
light-cone momentum fraction of thewv pair carried by one of the nucleons in the pair,
andp, is their relative transverse momentum. The scatteringgg®m Eql(l.4) can
be described through the combination of the following bkoda) w242 (a, p. , p.),

is the light-coneHe-wave function that describes a transition of tHe nucleus with
helicity ), into three nucleons with,; , x,;, and, helicities, respectively. (b) The
term in {...}, describes the “knocking out” of an,-helicity quark from ax,.-helicity

nucleon by an incoming photon with helicity. Subsequently, the knocked-out quark
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exchanges a gluon—(¢77+*]), with a quark from the second nucleon producing a final
na-helicity quark that combines into the nucleary™with helicity x,,. (c) The termin
{...}, describes the emerging-helicity quark from the\,, -helicity nucleon then then
exchanges a gluon|(¢77+#]), with the knocked-out quark and produces a final

m

helicity quark that combines into the nucleory™with helicity A,;. d) The propagator

of the exchanged gluon & (r) = -+- with polarization matrixg« (fixed by the light-
cone gauge), and= (p, — ks +1) — (p1 — k1 + q), With I = (po; — pi). In EQ.(11.4) the y)"
represents everywhere afhelicity single quark wave function of ahelicity nucleon
as defined in EqG.14) andw. is the quark spinor defined in the helicity basis.

The denominator of the struck quark’s propagator can beesgted as follows:

(pli—kl—i—q)Q—mz—i-is:(l—xl)s'NN(ozc—oz—i-ie), (|||5)
where
2 1_ 2 k _ 2
ae=14 —— |m3 - mg( xl)"’mqil"‘( 1= T1p1) (111.6)
SN (1 —ay)

Herem? andm?, ~ m? are defined in EqQYQ.8) and (C.11), andm, represents the current
quark mass of the knocked out quark. In what follows, we uséeitig¢hat theHe wave
function strongly peaks at= 1, which corresponds to the kinematic situation in which
two constituent nucleons have equal share ofthgair’s light-cone momentum. Thus
one expects that the integral in Btj.4) is dominated by the value of the integrand at
a =a. = L. This allows us to perform-integration in Eql{l.4) through the pole of the

denominatorl(l.5) ata = «., i.e. keeping only theiré(« — o.) part of the relation

1
=—imd(a — )+ P ! ,

o, — o+ i€ a, — o

and later replacing. by :. Using this relation to estimate the propagator of the struck

quark at its on-mass shell value<£ «.) allows to write,

(i —Hy +q)°" " m, = D ue(py = ki + @)ac(pr — ki +q)
¢
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. Then for the scattering amplitude of B#j.4) one obtains

<)\1f7)\2faAs | Az | )\W’AA> -
/ { YR (pag, wh an)

Up,, (P2y — k2)[—igT 7"

(m1g.m25),(M1im2i),(X1isX24),¢ 11—
icuc(pr =kt Qucpr—ki+q), . A N (pri, oy, k)
(1 . (El)S’ [ ZQ ee; ]uﬂu (pl 1) (1 . £U1) )
TA1fm1y / A2iM2i
P (Plf,CU qu_) _ . (pm,mz,ku)
{ = 1 — Ill : u']lf(plf - kl)[_ZchF/yM]unQi (p2i - k2) = (1 — Ig) ,
v )d$1 k1 dxy d’koy ‘I/:;\ﬁ’ehhkzi’ks(amplaps) d’p. ) (l” 7)
, o 2 — — . .
") 3@ 75 22n) 01— ). 1omz P P

Next, we evaluate the matrix element of the photon-quarkatesn using on-mass
shell spinors for the struck quark. Taking into account de that(p,, — k)., > |k.|,m,,

for this matrix element we obtain

tc(pri — k1 4 q)[—iQuiee), v Juy,, (p1s — k1) = 1€Qi2v/2E, By (A,)6 ¢ M (111.8)

wherer, = (1 - a)(1 - 2) Y2 and B, = (1 (1 - a)(1 — z,)) Yo,

Further explicit calculations of EQl(.7) require the knowledge of quark wave func-
tions of the nucleon. Also, one needs to sum over the multitfideecamplitudes rep-
resenting different topologies of quark knock-out resratg and recombinations into
two final nucleon states.

This difficulty can be circumvented by again using thatthe wave function strongly
peaks at = 1 . We evaluate Eql.7) setting everywhere. = 1. Such approximation
significantly simplifies further derivations. As it followsom Eq.(ll.6) thea. = ! con-

dition restricts the values af, of the recoil quark-gluon system tQ ~ “i-, thereby

7 ]
SNN

ensuring that the quark-interchange happens for the valgoarks with:, =1 — z, ~ 1.
The latter allows us to simplify EJI{.8) settingr, = E, = @ Using these approxi-
mations and substituting E¢I(8) into Eq.(II.7) one obtains

Q.
/

V2s'

</\1f’/\2f)‘s | M; | )"Y’/\A> = i[/\’y]e Z /

(M1gm25),(02i),(X1isA24)
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w]‘)\zfmzf P ,I/,/{ - . , A1 Ay Piis T ,/{
H AT )y — )T = o+ ) 2 el
2
,l/)w‘lf’nlf P ,I/,k - ) A24,M24 Poi, T 7/{
{ O B g k)T s s — ) (1(_2902)2 ’
1
dIl d2k1l dZCQ d2k2l AAA1s Aos 1 d2p2l
G () B0 Shu ds Wadidnq o Lo TP (1119
() 2(2m)° w5 2021)% qu 'He (= 35:p20) (27)2 1y = pap). (1L9)

Note that due to the factors in Eq.|ll.8) the helicity of the knocked out quark in
Eq.(11.9) is equal to the helicity of incoming photon, that;is= \,.

To proceed, we observe that the kerneljo representing the quark-interchange
mechanism (QIM) of the rescattering in H¢.Q) can be identified with the quark-
interchange contribution in then scattering amplitude (see Appendd. Such iden-
tification can be done by observing that in the chosen reterérame,q. = 0, and
the quark wave function of the nucleon depends on the quédtis-cone momen-
tum fraction and transverse momentum only, which are theesaniboth Eqsi{l.9)
and ©.4). For our derivation we also use the above-discussed dcdisanvthat the
a = a, = L condition ensures that the quark-interchange happensdoralience quarks
with z, = 1 — z, ~ 1. This justifies our next assumption, that valence quarks/chg
helicity of their parent nucleon (i.e.; = ;). The last assumption allows us to perform
the summation of Edli|.9) over the helicities of the exchanged quarks «.,,7.,) and
to use Eq.D.4) to express the QIM part in EdL(.9) through the corresponding QIM
amplitude of¥ N scattering. Summing for all possible topologies of quark-cftange

diagrams we arrive at

<)‘1f7)‘2f’/\s | M | /\’yv)‘A> = ie[/\v] X

Q M g
{Z S [ S harius [ TR 1) | i da) Wil i s )

iENT Mg

Q.* M d*p
+ Z Z/ﬁ@\zﬁ)\u |T1(\?N,i(5712) | )\12';A’y>\112|f|e(p1aAli;anA’wp.ﬁ)\s)@ (|||10)

i€Ng Ay
where nucleon momentaandp, have half of their c.m. momentum fractions ands
their relative transverse momentum with respect to thectioe of the photon momen-

tum [see Eql{1.16)]. Here, for exampleQ® - (., Ay | T@M (s,12) | Ai; A.) represents the
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quark-interchange amplitude ofv interaction weighted with the charge of those inter-
changing quarkg® that are struck from a nucleonby the incoming photon. The sum

() can be performed within the quark-interchange modek of interaction which

i€N

allows us to represent thev scattering amplitude as follow88§]:

(@t | T ab) = S (@b Y (L + 7] F (s, 1) ab) (111.11)

i€a , jEb

N | =

wherer, and+, are the identity and Pauli matrices defined in the SU(2) flaxsmispin)
space of the interchanged quarks. The kemgk, ) describes an interchange icdind
j quarks?.

Using Eq.(II.11) one can calculate the quark-charge weighted QIM amplitgde,

(@b | T3 ab), as follows:

110 IM 1 ) N
D_QN@Y|TRVIab) = F(ab| Y [LL+F)(Q)F (s, 1)ab)
iEN i€a , jEb
= QY- (@ |1V |ab), (111.12)

where@¥ are the charge factor that are explicitly calculated usingrtathod described
in Appendix C. These factors can be expressed through th&ioations of valence
quark chargeg, of nucleon~y and the number of quark interchanges for each flavor of

quark,n,., necessary to produce a given helicity amplitude, as follows,

N Nuw(Qu) + Naa(Qa) + Noua(Qu + Qu)
oY = Nl Qo) Mo | (111.13)

Next we discuss the light-cone wave functiorrlk that enters in EdI(.10). The
important result that allows us to evaluate the wave funasdhe observation that two
nucleons that interact with the photon share equallyxhepair's c.m. momentum

(pxn), 1.€., 0 = L. If we constrain the third nucleon’s light-cone momentum tiac

2

o, = 2 - _3Wird) 1 gnd transverse momentym < my, then the momenta of all

PsHe+ Ezqetprit+rin

the nucleons in the nucleus are nonrelativistic. In thigca® can use the calculation of

The additional assumption of helicity conservation allous to express the kernel in the for38]

F;j(s,t) = L[L,I; + &;70;]F} j(s,t), wherel; ando; operate in the SU(2) helicityH-spin) space of exchanged
(4, 7) quarksBg]. However for our discussion the assumption of helicitysemation is not required.
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triangle diagrams, which provides the normalization oflaacwave functions based on
baryonic number conservation to relate LC and nonrelditivisuclear wave functions
as follows[77, 78]

\IjaHe(aapJ_a Oés7ps,J_) = \/5(27T)3mN\IJ3He,NR(Oé’pJ_7 asaps,l.) (”I'14)

where forw., ng WE can use known nonrelativistiele wave functions (see e.@(])).
Substituting Eqgsl{l.12) and (11.14) into Eq.(11.10) for the two-nucleon photodis-

integration amplitude we obtain

i[/\’y]e\/i(%T)S

<)\1f’/\2f’/\3 |M|/\"/7)\A> - T X
NN
. . . 2
{ e Z/</\2f§/\1f | TI(\?]IVM(SNN7tN) | /\w;)\2i>\112ﬁe’NR(p1,/\ﬂ,;p2,/\Qi;ps,/\s)mNﬁ_i_
Ao

= - . d?
’ Z/O\Qf;)\lf | TN (s ) | )‘12';)‘*>\I/;If|e,NR(P1, A1i5 P2y Ay Dy As )My (27]:;2 }
Mg

(I11.15)

where in the Lab frame of th@de nucleus, defining thedirection along the direction

of ¢.., ONe obtains

__Bo—py: . _ P = P21

o =
Mjy—Es—psz’ Py 2 ’

e (111.16)

with all the momenta defined in the Lab frame.
Equation(l1.15) allows us to calculate the unpolarized differential crossiseof

two nucleon breakup in the form

do ke

dtdgps/(QEs(Qﬁ)3) - 1671'(5 — Mi)(SNN _ MJQ\IN) (”|17)
wheres = (k, +p,)* and
N D DR WP N PEPWI (111.18)

A1fidaf,As Ay, A
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As follows from Eq.(II.15) the knowledge of quark-interchange helicity amplitudes
of N~ elastic scattering will allow us to calculate the differehtieoss section of hard

NN breakup reaction without introducing any adjustable patam

Because the assumption @f = 1 plays a major role in the above derivations we
attempt now to estimate the theoretical error introducedhisy approximation. This
approximation by its nature is a “peaking” approximationttisaused in loop calcu-
lations involving Feynman diagrams (one such example is élheutation of radiative
effects in electroproduction processes; see, €.6]).[One way to estimate the accuracy
of the approximation is to identify the main dependence ofititegrand in Eql(1.7)
on «. Which can be evaluated exactly and compare with its evaluatien-al. Using
Eq.(11.8) as well as EqI{l.6) that allows us to relaté: to <=, and assuming that the

quark wave functions of nucleonsat~ ! are less sensitive t@, one arrives at

WA 0= dipi)
R(ps): = \I,AA,Al,i,Az,i,AS((j’p ;‘) . (|||19)
j. % 3He c P sPs
e \/(17ac)ac

This ratio depends on the kinematics of the spectator nockead for the case of <

100 MeV/e, R(p.) ~ 1.1, which corresponds te20% of uncertainty in the cross section
of the reaction calculated with the = ! approximation. The uncertainty increases
with an increase of the momentum of the spectator nucleoms ddn be understood
qualitatively because, for large center of mass momentaeaf thpair, thea = 1 peak

of the nuclear wave function is less pronounced.

Quark-interchange and hard N NV elastic scattering amplitudes

The possibility of usingvn elastic scattering data to calculate the cross section in
Eqgs.(l1.17) and (11.18) is derived from the assumption that the quark-interchange
mechanism provides the bulk of thev elastic scattering strength at high energies and
large c.m. angles. This is a rather well-justified assunmptiBxperiments on exclu-

sive large-t two-body reactionsd2] demonstrated clearly the dominance of the quark-

interchange mechanism for the scattering of hadrons tl@estommon quark flavors.
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The analysis of these experiments indicate that contohatirom competing mecha-
nisms such as pure gluon exchange or quark-antiquark annihilateoon the level of
few percent. This fact justifies our next approximation,ubsitute quark-interchange

NN amplitudes in Eql{l.15) with actualv N helicity amplitudes as follows:

<+ +HTIM+ +> = 4
<+,+|T1(\?J'VM|+7—> = ¢5
<+ HTRN--> = 4
<+ -TR—> = 4
oM s g, (111.20)

All other helicity combinations can be related to the abawpktudes through the parity
and time-reversal symmetry. The minus sign in the last equatimve is due to the
Jackob-Wick phase factor (see, e.g., REf), according to which one gains a phase
factor of (-1) if two quarks that scatter by-¢ angle in c.m. have opposite helicities].
Note thaty,’s are normalized in such a way that the cross sectiomvforscattering is

defined as

do.NN%NN 1 1

1 2 2 2 2 2
7 :mm§(|¢1| + {2l + Ps]” + Pl + 4]@s|*). (111.21)

Because in the hard breakup regime the momentum transfers- m?, one can
factorize the helicityvn amplitudes from Eql{l.15) at sy» andt¢, values defined as

follows:

SNN (q+pwn)® = (Pr1 +Ds2)?

t 2 M?
ty = (pj2—pww/2)? = 5+ S - (11.22)

Using this factorization in Eqli{.15) for the spin averaged square of the breakup am-
plitude one obtains

(e?2(2m)¢

/
2NN

— 2
M=

1
5 {2Q%|951°So + QE(|¢1]* + |h2]*) 12+
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[(QN1 s+ QN261) + (QN 6u + QN265))] Sai}, (I11.23)

whereqQ, = Q¥ + Q¥ ands,,, Ss;, ands, are partially integrated nuclear spectral func-

tions:
. d?
512(t1at2aaaps) = NNN %He NR plaAlatl7p27)\27t27p.saA3)mN (2pl (I” 24)
=Xg=—1A3=—1
2 2
834(t17t25aaﬁs) = NNN 3He NR plv)\lvtlap27)\27t27p87)\ ) - (I”'25)
. N(2n)?
A1=—J2=—3 A3=
and
Sy = S5 + Sss. (111.26)

In the above equationsandt, are the isospin projections of nucleonslite. The wave
function is normalized t@ for proton and: for neutron. The normalization constants,
Nyy renormalize the wave function to onpg and twonp effective pairs in the wave
function with~,, = £ andn,, = 4.

Equations(1.17) and (I1.23) together with Eqgsl{l.20),(11l.24),and (11.25) allow
us to calculate the differential cross section of bgtlndy» breakup reactions off the
sHe target. Notice that, on the qualitative level, as it fokofwom Eqs.[1l.17) and
(11.23) in the limit of s > Mmz,, andsyy > m%, the HRM predicts an-** invariant
energy dependence of the differential cross section peovilat thevy cross section
scales as '°. However the numerical calculations of BY.23) require a knowledge of
the N~ helicity amplitudes at high energy and momentum transfets.Sategy is to
use Eq.[l.21) to expressvn breakup reactions directly through the differential cross

section ofyn andpp elastic scatterings rather than to use helicity amplitudes explicitly.
[11.2 Hard breakup of proton and neutron from 3He.
We consider now the reaction

S+ He o () + p. (111.27)
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in which one proton is very energetic and produced at lange angles with the neu-
tron, while the second proton emerges with low momentumo MeV/c. In this case
the hard rescattering happens in thechannel. Using the, ~ ¢, relation for hardymn
scattering amplitude (see, e.g., Ref2,[38, 49)) for breakup amplitude of E4I(.23)
one obtains

(QF'e)*2(2m)"

— 2
M p—
™ 25y N

5 (216280 + (162 + 16:)810 + (5] +107)S},  (111.28)

whereQ®™ = @ + @7 can be calculated using Eg#.(L2) and (11.13). On the basis of
the SU(6) flavor-spin symmetry of nucleon wave functions tfie helicity amplitudes

of Eq.(11.20) using the method described in Appen@ione obtains
on L
P =3 (111.29)

We can further simplify Eql{l.28) noticing that for they» pair in *He one has,, ~

5 ~ 2. This is due to the fact that in the dominanstate two protons have opposite
spins and therefore the probability of finding one proton \aithelicity opposite to that
of the neutron is equal to the other proton having the sameityedis the neutron’s.

Using this relation and EdI{.21) for thep» breakup reaction one obtains

| M |2: (eQF,Pn)2(27T)6

!
SNN

dO-P7L~>pn(SNN’tN) S(I)J"L I” 30
dtn 2 (111.30)

Inserting it in Eq.[11.17) for the differential cross section one obtains

Gty S0 = 4 s = A) dom sty
dt% fem 2 (snn — PRn)? (s — Miye) dty ’

(11.31)

wherea = - and<2—" is the differential cross section of hagydscattering evaluated

137 dt

at values ofs,, andt, defined in Eql{l.22). The spectral functios?” is defined in
Eq.(11.26) and corresponds to:

: s 1 1 &p. |
n _ 1 o o o 1L
Sg (a7ps) =4 E ‘/\Ij.sHe’NR(plaAla§7p27)\27_§7psaA3)mN (271')2 .

A1 A2 As=—%

(11.32)
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[11.3 Hard breakup of two protons from :He
We now consider the reaction
y+*He - (pp) +n, (11.33)

in which two protons are produced at large c.m. angles while ¢iéron emerges as a
spectator with small momentum 100 MeV/c).

The relation between,, and s,, is very different from that in the» case. As a
result of the fact that two protons cannot have the same helicitiie s state one has
thats,, < S;,. The estimates of the spectral functions based on the realiovave
function[8Q] gives 32 ~ 10-*. Therefore one can neglect tlsg term in Eq.(11.23).
The next observation is that fep scattering the helicity amplitudes and ¢, have
opposite signs because of the Pauli principle (see, e.{s,[B& 42]). Using the above
observations and neglecting the helicity-nonconservinglaude ¢, for the pp-breakup
amplitude we obtain

(€22(2r)°

!
28N

e = £ (2(Q2165] — Qbloul)S0) (111.34)

The charge facton: depends on the helicity amplitude it couples; therefore otie es
mates it for the combination a©%.|ss| — Q%|4.|). Using SU(6) symmetry for the distri-
bution of given helicity-flavor valence quarks in the protmd through the approach

described in AppendiB we obtain

(Q% 16| — Qlpal) = Q¥ (|6s] — |pa]) (111.35)

with

Qr="2. (111.36)
It is worth noticing that because of explicit considerataquark degrees of freedom
the effective charge involved in the breakup is larger f@ ¢hse of two protons than

for proton and neutron [see EHI(29)]. This is characteristic of the HRM model in
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which a photon couples to a quark and more charges are exathamtghepp case than
in the pn case. This is rather opposite to the scattering picture cereidbased on
hadronic degrees of freedom in which case the photon will cotgplen exchanged
meson angp contribution will be significantly suppressed because raygdd mesons
can be exchanged within thg pair.
To be able to estimate the cross section ofsfh@reakup reaction through the elastic
pp Scattering cross section we introduce a parameter
o2 = z N z (11.37)

which allows to express the differential cross section efrgmaction 1.33) in the fol-

lowing form:
do”’* He—(pp)n 1 232 snn(Snw — 4mS3 )
wo 7 167 S5 (a = =, Pl Y
dtdzis aQFW T34 (a 2,]? )1 + 2C*? (SNN _p?\fN)Q(S - M??He) )

dappﬂpp(SNNjN)
bt , (11.38)

where we also introduced a factar

_ |¢3| - |¢4| ||| 39
=T (111-39)

which accounts for the suppression from the cancellatidwéxen ¢, and ¢, helicity
amplitudes of elastigy scattering. The spectral functionz? in Eq.(11.38) is expressed

through theHe wave function according to E41(25) as follows:

1
ng(aaps) = 5

1 dps  |°
%He NR plaAla 7172,/\2’ 7]75,/\3) (27:)7; . (”I'40)

Ap=—Ap=—1 Az=—1
1.4 Two- and three-body processes invN breakup reactions

For a two-body hardr v breakup mechanism to be observed it must dominate the three-

body/two-step processes. This is especially importantforeakup processed|Ii(33)

1This cancellation was overlooked in earlier estimates @ttioss section gfp photodisintegration fromiHe
target (see, e.g9.7f]).
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P p n Py

Figure 1l1.2: Diagram corresponding to three-body proeess which the
hard breakup of thg. pair is followed by a soft charge-exchange rescattering
of the neutron off the spectator proton.

because according to Ed#.88 andlll.39) the two-body contribution is suppressed
because of a cancellation betwegrandg, helicity amplitudes.

At low to intermediate range energies, (~ 200 MeV) it is rather well established
that thepp breakup reaction proceeds overwhelmingly through a two{skepe-body)
processg3, 84, 85, 86, 87, 88] in which the initial breakup of the. pair (dominated by
=+ exchange) is followed by a charge-interchange final stateaictien of the neutron
with the spectator proton. Other two-step processes iedluel excitation of intermedi-
atea isobars in then system with the subsequent rescattering off the spectatoiomgutr
which produces two final protons.

The dominance of three-body processes at low energies isdeteimly to the fact
that the two-bodyy breakup is negligible because of the impossibility of charged-pio
exchanges between two protons that absorb an incoming photon

At high energy kinematics within the HRM the interaction beém protons is car-
ried out by exchanged quarks because of which the relatieagitn ofpp breakup is
larger.

To estimate the strength of three-body processes at higlyyekeematics, one
needs to calculate the contribution of diagrams similango F.2. Because the charge-
exchange rescattering at the final stage of the process il Rdakes place at proton
momentay, > my, one can apply an eikonal approximati®h92] to estimate its con-

tribution.
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For £, > 2 GeV assuming that the HRM is valid for the firgk (breakup) stage
of the reaction, for the amplitude of three-body/two-stepcpss within the eikonal

approximation91, 92] one obtains

eQF,P" (27T)3 T}L(L'r‘d

2B,
Tch,ez k d2 ko
W) o PR (111.41)

\IJAA _,’t;_,7t;_,s_lg pn—np ,
/ 3He,NR(p1 15 P2, 125 P L)my SN (2m)? (2m)2

Mapoay = (tn) x

where we suppressed helicity indices for simplicity andod®the isospin projections,

t, = —t, = %, corresponding to the initigh pair that interacts with the photon. Here
rhard (1) is the hard elastig. scattering amplitude arxfhe = represents the amplitude

of the soft charge-exchange scattering. Because of the pion-exchange nature of the
latter it is rather well established that this amplitudedalrand can be represented as
~/sAezt, whereA and B are approximately constang].

Two main observations follow from Edl(.41) and the above-mentioned property
of the charge-exchange amplitude: First, three-body andbivdy amplitudes [see,
e.g., Eq.[1.15)] will not interfere, since one is real and the other is imaginarije
fact that these two amplitudes differ by order: dbllows from the general structure of
rescattering amplitudes (see, e.g., F&l). Equation (I.15) corresponds to a single
rescattering amplitude, while E41(41) to a double rescattering amplitude.

Second, because of the energy dependence of the chargangeccattering amplitude
at small angles, the three-body contribution will scale kik> as compared to the two-
body breakup contribution.

Using Eq.(I1.41) one can estimate the magnitude of the contribution of three-body

processes in thg breakup cross section as follows:

3 He—(pp)n 3 He—(pn) n
O ihrec—vody . Dhwo-vody  S”"?(Ps) (111.42)
dt4re e S5 (ps)

wheres:"(p,) is defined in Eql{l.32) and fors»(p,) based on Eqlll.41) one obtains

572 (p) = | [ ol — Fma T (k) TP PR, (111.43)
(ps) - 168?\71\, | 3HeyNR(p17p23ps - L)mN p7L~>np( L)(2ﬂ_)2 (27’1’)2 | : .

84



Here both spectral functions are defined at..

Using Eqgs.(11.42) and (11.43) and the parametrization @f"ex_ from Ref.[89] one
can estimate the relative contribution of three-body psses numerically. Note that
this contribution is maximal at, = 1 and increases with an increase of the momentum
of p,. However because of the charge-exchange nature of thedeestattering, this

contribution decreases linearly with an increaseof
1.5 Numerical Estimates

For numerical estimates we consider the center of masrefeiframe of N v system,
for which according to Eqll].3) one obtains

(snn — Mz%m)

SN (vV/Snn — Vsnvn — 4m%,cos(fc.m)) —|—m?\,, (|||44)

tnn = —

where Mz, = plyvpyn, @andpiy = phye — p2. Using the above equation we obtain for
ty [EQ.(111.22)], which defines the effective momentum transfer in the scattering

amplitude, the following relation:

. M2
= - M (e T eos(Gem) + iy — A (111.45)

One can also calculate the effective c.m. angle that emténg v v scattering amplitude

as follows:

cos (@) = 1 — 1398 = Min) (VEnn = Vwn — Amiyeostbem)) | Ami = Miw (1 46)

2(syny —4my,) SNN 2(syy —4m3)

The above equations define the kinematics of havdrescattering.

Energy dependence and the magnitude of the cross sections

We are interested in energy dependences of the hard brea&apans of Eqsli].27)
and (11.33) at fixed and large angle production of two fast nucleons in the &” cen-

ter of mass reference frame. Particularly interesting esdfise o#.»=90° for which

INotice that for the case of diagonah — pn rescatteringl,,—np(k1) = satotegt and as a result the
probability of the rescattering is energy independent.
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Figure 111.3: . Energy dependence of weighted differential cross sections
at9o° c.m. angle scattering im*~NN"system. In these calculations one inte-
grated over the spectator nucleon momenta in the rangeoofMeV/e.

as it follows from EQq.[1.46) cos(6¥,,) = 0.5. This means that the cross sections of hard
breakup reactions at these kinematics will be defined bynwheelastic scattering at
0¥ = 60°. In Figlll.3 the £, ands dependencies of the!, weighted differential cross
sections are presented for the cases oftaady» breakup reactions. In the calculation
we integrated over the spectator nucleon’s momentum inahge of (0-100) Me\W/
and over the whole range of its solid angle. Also for the patena in Eq.(11.37) we
usedc = L, consistent with an estimate obtained within the quark-aitenge model of
pp Scattering (see, e.2, 38]). The estimation of the factor, which takes into account
the cancellation between andy, helicity amplitudes in Eql{l.38) requires the knowl-
edge of the angular dependence for helicity amplitudes.thisrwe used the helicity

amplitudes calculated within thequark-interchange nm@®e#2] with phenomenolog-

ical angular dependencies estimated USIm) = <=z (S€€; €.9., Refs.
[38, 49]) which describes reasonably well the data at hard scattenmegriatics.
Several features of the HRM calculations are worth discgssirFiglil.3: First,

the breakup cross sections in average scalesfike Note that the absolute (nonscaled)
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Figure 111.4: Invariant energy dependencesofweighted differential cross
sections of elastigy scattering at. m. = 90° andé. m = 60°. are fitted using the
parametrization described in Appendiof the available world date[)].

values of the cross sections drop by five orders of magnitutieei2-8 GeV of photon
energy range. Next, the shapes of thaveighted differential cross sections reflect the
shapes of the* weighted differential cross sections@fandy» scattering atc m. = 60°.
[see FigsMil.4) and (11.5)]. It is worth noting that as follows from Figs$l(.4) and
(111.5) the fits used in the calculation gf andp» breakup reactions contain uncertain-
ties on the level of 10% fa#p breakup (fors vy > 24 GeV?) and up to 30% fopn breakup
reactions. Consequently, one can conclude that the ctddutdnape of the energy de-
pendence of the. breakup reaction in Figl{.3) does not have much predictive power.
However, for theyp breakup the calculated shape, for up:t@ < 24 GeV?, is not ob-
scured by the uncertainty of the data and can be considered as a prediction of the
HRM.

Analysis of the first experimental data gnphotodisintegration of theHe nucleus
at high momentum transfer from Jefferson L&d][has shown excellent agreement
with the HRM predictions. Ab, ., = 90° ands >12GeV, the cross section scales with

s'' according to counting rules, and as shown in FIg$ andlll.7, the experimental
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energy distribution of the breakup process at this kinersasi remarkably similar but
for a power ofs, to the experimental energy distributionpfelastic scattering af’, =
60°.

It is worth mentioning that considered features of the HRM iaisensitive to the
choice of the above-discussed parameters ahd s, because they only define the ab-

solute magnitude of the breakup cross section.
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Figure 111.5: Invariant energy dependencesofweighted differential cross
sections of elastign scattering atc.m, = 90° andé.m = 60°. Curves are fitted
using the parametrization described in AppenBinf the available world
data PQ].

The next feature of the calculations in Hlg3 is the magnitude of the. andpp
breakup cross sections. Thebreakup cross section [EHI(31)] does not contain any
free parameter, and similar to the HRM prediction for theakig of the deuteroi[],
itis expressed through the rather well-defined quantiesthe estimate gfy breakup,
however, one needs to know the relative strength ofsthend ¢, amplitudes as com-
pared tas, as well as the extent of their cancellation at kinematics,efand:, defined
in Egs.(l1.22) and (11.45). Our calculation, determined by phenomenologically justi-
fied estimates of factors and s in Eq.(11.38) results in theyy breakup cross section

which is about ten times smaller than the cross section fopitteeakup. This result
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Figure 111.6: Cross section data fgs breakup intHe photodisintegration at
90’ c.m. angle of the +pp system 94]. The? He(, pp)n events were selected
with p,, < 100 MeV. (Dashed) QGS prediction times 1/5. (Long dashed) RNA
prediction times 1/200. (Shaded) HRM prediction.
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Figure 1.7 pp elastic scattering data at 66f center of mass angle of scat-
tering. These data is used in BY.B8) to calculate the HRM cross section
of pp breakup shown in Fi$}l.6.
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indicates however, an increase @fbreakup cross section relative to thebreakup
cross section as compared to the results from the low eneggakbp reactions. As it
was mentioned in Sdtl.4, at low energies~ 200 MeV) the cross section @ pho-
todisintegration fromHe is significantly smaller (by almost two orders of magnitude
according to Refgd3]) than thepn-breakup cross section.

Note that the factors' and s introduce an additional uncertainty in estimating the
magnitude of thep-breakup cross section. While the factocan be evaluated in the
quark-interchange model thus staying within the framewafrihe considered model,
the factors is not constrained by the theoretical framework of the moddie Tatter
Is sensitive to the angular dependeneeg, .. ), of the helicity amplitudes. To esti-
mate the uncertainty associated witly,,,) we varied it around the formg(9c.m) =

in such a way that the results were still in agreement with angular

1
sinZ(6c.m.) (1—cos(0c.m.))2

distribution ofpp scattering at-+, —u > 1 Ge\2. We found that this variation changes the

HRM prediction for the magnitude @f-breakup cross section as muchias.
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Figure 111.8: Dependence of the ratio of the cross sectictmie-body/two-
step process discussed in Sec.V to the cross section of théddsosy
breakup atry = 2 GeV on (a) transverse momentum of the spectator neu-
tronp,, ate, =1 and on (b, atp,, = o.

Becauseyp breakup cross section is still by a factor of 10 smaller thanpth&oss
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section, one needs to estimate the contribution due to-thwdg processes in which
hardy» breakup is followed by soft charge-exchange rescattering.eshimate based
on Eq.(11.42) is given in Fig.lll.8 where the ratio of three-body to two-body breakup
cross sections is evaluated for different values.cind transverse momentum of the
spectator neutromn, , .

Because of the eikonal nature of the second rescattering ee-thwdy processes,
one expects the cross section to be maximal,at 1. As Figlll.8(a) shows in this
case, the three-body process is a correction to the two-baghkup process;2% for
p.. = 100 MeV/c and~ 17% for p,, = 200 MeV/c. Then, starting ab., ¢ 300 MeV/
the three-body process dominates the two-body contribuiibe latter can be verified
by observing an onset of'2 scaling at largeX 300 MeV/¢) transverse momenta of the
spectator neutron in the case of hapdbreakup reactions. Figuild.8(b) shows also
that the three-body contribution will be always small for~ o MeV/¢, and for a wide
range ofa,, which again reflects the eikonal nature of the second oetarattering in
which case the recoiling of the spectator nucleons happeaeminantly at. 90° (see,
e.g., P3]). Note that one expects the above estimate of the three-baulyibution to
contain an uncertainty of 10-15%, representing the geteral of accuracy of eikonal
approximations.

On the basis of Figll.8 one can expect that overall, for small values0k100-
150 MeVk in the high energy limit€, > 2 GeV) one expects two-body breakup mech-

anisms to dominate for botl andp» production reactions.

Spectator nucleon momentum dependence

The presence of a spectator nucleon in the hard two-nucleakbp reaction frorrHe
gives us an additional degree of freedom in checking the am@sihn of the photodisin-
tegration. As follows from Eqdl(.31) and (11.32) and Eqgs.(1.38) and (11.40) the pn
andpp breakup cross sections within the HRM are sensitive to diffiecemponents of
the nuclear spectral function. This is a result of the faat theppy component with the

same helicities for both protons is suppressed in the grstatd wave function of the
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sHe target. Thus one expects rather different spectatorentum dependencies fgr

andpn breakup cross sections.
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Figure 111.9: Dependence of the' weighted 90 c.m. breakup differential
cross section on the light-cone momentum fraction of of giec nucleon,
a,, calculated ak, = 4 GeV andp., = 0. (&) The solid line is fopp breakup
reactions, and the dashed line is ferbreakup reactions. Calculations are
normalized to the cross sectionseat= 1. (b) Ratio of thepn to pp breakup
cross sections normalized to their values.at 1.

The quantity that we consider for numerical estimates igsm®tmomentum of the
spectator but rather the momentum fraction of the targetezhby the spectator nu-
cleon,«,. This quantity is Lorentz invariant with respect to boosts in ¢ltkrection,

which allows us to specify it in the Lab frame as follows:

Es_ 8,2
g = ]V[A/pA7 = — Qi — Qoay (|||47)

wherea; = 2= for i = 4, 17, 2f and: axis in the Lab frame is defined parallel to
the momentum of incoming photan Note that the photon does not contribute to the
above equation becausg= 0. In definition ofa, we use a normalization such that for

a stationary spectator = 1. Thea, dependencies of the differential cross sections for

pp andpn breakup reactions normalized to their values.at 1 are given in Figll.9(a).
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One feature of., dependence is the asymmetry of the cross section arguad with
cross sections dominating @at> 1. This property can be understood from the fact that

the momentum fraction of then pair that breaks up is defined throughas follows:
ann = 3 — as. (111.48)

The latter quantity defines the invariant energy of thepair as follows
syn = M2y + E;muany. (111.49)

Because the cross section within the HRM is proportionakg: it will be enhanced
at small values of, that will correspond to smaller values @f, or larger values of
a,.

The difference of the cross sections because of the diffes@mposition of the
nuclear spectral functions entering the and p» breakup reactions can be seen in
Fig.ll1.9(b) in which case one calculates the ratiopefto pp breakup cross sections
normalized to their values at = 1. The drop of the ratio in Fi¢}l.9.(b) at values close
to o, = 1 is the result of the suppression of the same-helicity two-protumponent
in the ground state nuclear wave function at small momemtahis case the spectral
function is sensitive to the higher angular momentum coreptsof the ground state
nuclear wave function. This yields a wider momentum distribufar thepp spectral
function as compared to that fer, because no same-helicity state suppression exits
for the latter. The estimates indicate that differences, idependencies gfy andpn
breakup cross sections are rather large and can play an addlitid@ in checking the
validity of the HRM.

[11.6 Polarization transfer of the hard rescattering mechanism

One of the unique properties of the hard rescattering mesimeof two-nucleon breakup

Is that the helicity of the nucleon from which a quark is skriscpredominantly defined

LAn additional negative power of invariant energy is provide % factor in the differential cross section

—M?2
of the reaction [see Eq#li(31,111.38)]. !
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by the helicity of the incoming photon, = ), [see Eq.{l.15)]. This property is a re-
sult of the fact that in the massless quark limit the helioitthe struck quark equals the
helicity of the photony,; = ,, and assuming that at largehe quark carries almost all
the helicity of the parent nucleon one obtaiss ., = \,.

Because within the HRM, the energetic struck quark shares aismientum with
a quark of the other nucleon through a hard gluon exchangeilitetain its initial
helicity when it merges into the final outgoing nucleon. It valso haver ~ = ~ 1,
which allows us to conclude that the final outgoing nucleon agljuire the large part
of struck quark’s (as well as the photon’s) helicity. Thisananism will resultin a large
(photon) polarization transfer for the hard two-nucleoadiup reactions.

An observable that is sensitive to polarization transfecpsses is the quantity.,
which for a circularly polarized photon measures the asymned the hard breakup
reaction with respect to the helicity of the outgoing proton

A large value ofc.. was predicted within the HRM for the hard breakup of the
deuteron in Ref43] that was observed in the recent experiment of R6f.|

For the case of théHe target an additional experimental observation will be a com-
parison ofc.. asymmetries fopp andp» breakup channels. For thee target we define

C.. as follows:

N Z}\: N {|<+7)‘2f’/\s | M | +’/\A>|2 - |<_’/\2f’/\s | M | +7)‘A>|2}
O 22 . 111.50
Z |<A1f7A2f7)\S|M|+7)\A>|2 ( )
MfAafAsAa

Using Eq.(11.15) and the definitions of EdI(.20) for ¢.. one obtains

(111" = [62[*)S** + (I¢s]* — [¢a]*)S™
C. = : .51
2|¢s 25t + (I61* + |¢2[2) S + (|s]* + [da]?) S~ ( )

where

Sii(tlat%a ﬁs) -

1 . 1 . d2p2,L 2
3He NR!' ph)\l = 2 tl;p2aA2 = i§7t2;psaA3)mN (27’{')2 (I”'52)

Aa=—12 x3=—1
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ands+ = §++ + §+-.

As follows from Egs.[11.51) and (11.52) one predicts significantly different magni-
tudes forc.. for pp andpn breakup cases.

For thepp breakup,si+ < s+~ due to the smallness of the nuclear wave function
component containing two protons in the same helicity stasea result one expects

|ps|* — |¢al?
OPP ~ ~0, 111.53
: |ps]? + |pal? ( )

while for thepn break up case;,;" ~ s:- then one obtains

ooy 191 + 163 — |0a]”

2
ST R RS (111.54)

where in the last part of the equation we assumed ghat (¢, = L|¢|.
.7  Summary

The hard rescattering mechanism of a two-nucleon brealam thesHe nucleus at
large c.m. angles is derived from the assumption of the damsmaf quark-gluon
degrees of freedom in the hard scattering process involviognucleons. The model
explicitly assumes that the photodisintegration processgeds through the knock-
out of a quark from one nucleon with a subsequent rescatterinigabfquark with a
quark from the second nucleon. While photon-quark scagasicalculated explicitly,
the sum of all possible quark rescatterings is related tdérd elasticvy scattering
amplitude. Such arelation is found assuming that quar-aiange amplitudes provide
the dominant contributions to the hard elastig scattering.

The model allows one to calculate the cross sections of tteedraakup ofp» andpp
pairs from?*He expressing them through the amplitudes of elastendyp scatterings,
respectively.

Several results of the HRM are worth mentioning: First, the HRMdicts an ap-
proximates—'* scaling consistent with the predictions of the quark-countuie. How-

ever, the model by itself is nonperturbative because thie &uthe incalculable part of
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the scattering amplitude is hidden in the amplitude of the scattering that is taken
from the experiment.

Second, because the hard' scattering amplitude enters into the final amplitude of
the photodisintegration reaction, the shape of the enenggraience of the* weighted
breakup cross section reflects the shape oftheeightedvn elastic scattering cross
section. Because of a better accuracyyctlastic scattering data feg, < 24 Ge\?, we
are able to predict a specific shape for the energy depenasdrnhbe hardyp breakup
cross section at photon energies upreto< 5 GeV. This prediction and the overall
compliance with counting rules have been confirmed by a teegperiment ortHe
photodisintegration carried out at Jefferson Lab by thd Aalollaboration P4].

Another observation is that, when'* scaling is established, the HRM predicts an
increase of the strength of the breakup cross section relative to thebreakup as
compared to the low energy results. This is the result of tlaéufe that within the
quark-interchange mechanismmoi scattering one has more charges flowing between
nucleons in thep pair than in thex pair. This situation is opposite in the low energy
regime when no charged meson exchanges exist famptpair. Even though the large
charge factor is involved in thg breakup its cross section is still by a factor of ten
smaller than the cross section of thebreakup. Within the HRM, this is due to cancel-
lation between the helicity conserving amplitudesinds,, which have opposite signs
for thepp scattering.

Because of the smallness of thebreakup cross section, within the eikonal approx-
imation, we estimated the possible contribution of thredyistwo-step processes in
which the initial two-body hardr breakup is followed by the charge-exchange rescat-
tering of an energetic neutron off the spectator proton. ¥umd that this contribution
hass—2 energy dependence and is a small correction for spectatoramuciementa
<150 MeVE. However, the three-body/two-step process will dominate thd har
breakup contribution at large transverse momenta of thetafme nucleon starting at
pe. > 350 MeV/e.

The next result of the HRM is the prediction of different Sja¢éar-momentum de-
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pendencies of breakup cross section forghandyn pairs. This result follows from the
fact that the ground state wave functionsbfe containing two protons with the same
helicity is significantly suppressed as compared to the saomgonent in thex pair.
Because of this, thgy spectral function is sensitive to the higher angular momentum
components of the nuclear ground state wave function. Thesgonents generate
wider momentum distribution as compared to say 4l@mponent of the wave func-
tion. As a result the cross section of thebreakup reaction exhibits wider momentum
distribution as compared to the cross section. Additionally because of the streng
dependence of the reaction, the cross section exhibitsyamnastry in the light-cone
momentum distribution of the spectator nucleon, favorargér values o#..

The final result of the HRM is the strong difference in predictodhe polarization
transfer asymmetry fopp andpn breakup reactions for circularly polarized photons.
Because of the suppression of the same heljgigtomponents in theHe ground state
wave function, the dominant helicity conservingcomponent will not contribute to the
polarization transfer process involving two protons. Bessaof this effect, the HRM
predicts longitudinal polarization transfet,, for the pp breakup to be close to zero.
Because no such suppression exists fopthereakup, the HRM predicts a rather large
magnitude for., ~ 2.

Even though the HRM model does not contain free parameteraufoerical esti-
mates we use the magnitude of elasti¢ cross sections as well as some properties of
the v~ helicity amplitudes. This introduces certain error in oteggiction of the magni-
tudes of the breakup cross sections. Fopthereakup this error is mainly related to the
uncertainty in the magnitude of the absolute cross sectidva elasticn scattering
which is on the level 30%. For the breakup the main source of the uncertainty is the
magnitude of the cancellation betwegrand¢,, which is sensitive to the angular dis-
tribution of helicity amplitudes. The uncertainty thatuls from the angular function
is on the level of 40 %. These uncertainties should be coresilden top of the theoret-
ical uncertainties that the HRM contains due to approximat&gurch as estimating the

scattering amplitude at maximal value of the nuclear wawnetion ate = 1. The latter

2
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may introduce an uncertainty as mucheas in the breakup cross section.

In conclusion, having that the HRM energy distribution fpibreakup shows good
agreement with recent experimental data, further experiaheevaluation of all the
above-mentioned set predictions will contribute in varify the validity of the hard
rescattering model. Deeper insight is also expected froogress in extracting the
helicity amplitudes of the hard ~ scattering which will allow much improvement re-

garding the accuracy of the HRM predictions.

Mounting evidence favoring a HRM picture ofv breakup reactions motivates the
study of additional processes within the HRM framework. @uneh extension is dis-
cussed in the following chapter in which a HRM descriptiordetiteron breakup into
AA-isobars is presented in contrast with a picture of this kupachannels emerging
from AA components of the deuteron. It also provides an scenario aliezrto that
of a deuteron transitioning from a baryon-baryon to a sixkiggstem as the relative

transverse momentum of the outgoing system is asymptotically increased.
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CHAPTERIV

HARD BREAKUP OF THE DEUTERON INTO TWO A-ISOBARS

In this chapter, high energy photodisintegration of theteleun into twoa-isobars at
large center of mass angles is studied within the QCD hahtesing model (HRM).
According to the HRM, the process develops in three main stepgphoton knocks the
quark from one of the nucleons in the deuteron; the struckkg@scatters off a quark
from the other nucleon sharing the high energy of the phdtwem the energetic quarks
recombine into two outgoing baryons which have large trarsaymomenta. Within the
HRM, the cross section is expressed through the amplituge-efaA scattering which
are evaluated on the basis of the quark-interchange moderdfhadronic scattering.
Calculations show that the angular distribution and thergjth of the photodisintegra-
tion is mainly determined by the properties of fhe- AA scattering.

Through the HRM, the cross section of the deuteron breakupta- is predicted
to be 4-5 times larger than that of the breakup tosha® channel. Also, the angular
distributions for these two channels are markedly differéfhese can be compared
with the predictions derived from the assumption that twmallaisobars are the result
of the disintegration of the preexistinmghn components of the deuteron wave function.
In this case, one expects the angular distributions and @®stions of the breakup in

bothA++A- anda+A° channels to be similar.
IV.1 Introduction

Experiments on large center of mass angle breakup of therdeutdo,» channel and
of app system in*He photodisintegration confirmed the prediction of quark-ctimgn
rule[51] according to which the energy dependence of the different@dscsection at
large c.m. scattering angles scalesias s-''. However, calculations of the absolute
cross sections require a more detailed understanding ditigemics of these processes.
The considered theoretical models addressing this taskegmuped by two distinctly

different underlying assumptions made in the calculafioéls The first assumes that
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the large c.m. angle nucleons are produced through the atitemaof the incoming
photon with a pre-existing hard two nucleon system in thdeusfp6, 67, 96]. The
second approach assumes that the two high momentum nuckeomduced through
a hard rescattering at the final state of the readd8n[0, 71, 75, 97] as described in
the previous chapter.

In the hard rescattering model (HRMY]] in particular, by explicitly introducing
quark degrees of freedom, a parameter-free cross sect®hden obtained for hard
photodisintegration of the deuteron at @m. angle 70, 71]. Also, the HRM predic-
tion of the hard breakup of two protons from thde nucleus described in the previous
chapter agreed reasonably well with the recent experirhdataP4].

In this chapter, the HRM approach is extended to calculate begdkup of the
deuteron into twaa-isobars produced at large angles intha center of mass reference
frame. Within the HRM the relative strength @i — A+*A- andyd — A+A° cross
sections is calculated as they compare with-the pn cross section.

The investigation of the production of two energetitssobars from the deuteron has
an important significance in probing possible non-nuclecomponents in the deuteron
wave function (see e.g. Ref@q, 99, 100, 78, 101]). The study of the deuteron photo-
disintegration intaaA-isobars channels was proposed as a venue for investigating the
evolution of a nucleon-nucleon system into a six quark systEhe onset of a six quark
picture of the deuteron could then be marked by a large isere&dtheyd — AA cross
section. The latter prediction assumes that such cross sast&mall for a nucleon
dominated deuteron wave function because of its suppressedmponents. In con-
trast, for a six quark deuterom;N and AA components contribute with comparable
strength to the deuteron wave function (roughly 10% and &&pectively) while more
than 80% is contributed byc (hidden color) components for which unlikeor A, ¢
has a color charge.

High energyyd — AA with AA emerging at large transverse momentum is thought to
probe the onset of hidden color components in the deuterssuring that the high,

AA system was created in the initial state of the interactiothénasymptotic limit we
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have that

do_ﬂ/d—»AA do.wdﬂpn

~

dt dt

Under this same assumption we also have that,

da.-yd%A**A* da.-yd%A*AO

dt dt ’

since bothaa channels in general contribute with the same strength to thespspin
wave function of the deuteron.

In contrast, throughout this chapter, the role of hard résgag in these processes
will be assessed. It will allow us also to explore anotherweefor checking the basic
mechanism of high momentum transfer breakup of nuclei intoliaryons. As it will
be shown in the sections that follow, the HRM description oséheeactions results in
distinct predictions for angular distribution of theisobar pair at large c.m. production
angle as well as their relative strength compared with tloglyetion of theyn pair at
the same kinematics.

Despite experimental challenges associated with the tigeti®n of two A-isobar
breakup of the deuterob{3, there are ongoing efforts in performing such experiments
at the Jefferson Latip4, 105 which will provide the opportunity to asses the validity

of the HRM scenario by testing its predictions discussedisdhapter.
IV.2 Hard Rescattering Model
We consider the photoproduction of two baryorsands,, in the reaction,
v+d— B+ B, (IV.1)

in which the baryons are produced at large angles in the center of mass reference
frame.

According to the HRM, the large angle breakup of the NN systemgeds through
the knock-out of a valence quark from one of the nucleons witlssquent hard rescat-

tering of the struck-quark with a valence quark of the seamndeon. The two quarks
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then recombine with the spectator systems of nucleons fgrtmin emerging baryons
with large transverse momenta. The hard rescattering gesvihe mechanism of shar-
ing the photon’s energy among two final baryons.

The invariant amplitude of the photodisintegration BgX) is calculated by apply-
ing Feynman diagram rules to diagrams similar to IMd.. During the calculation we
introduce undetermined quark wave functions of baryonstmant for the transition
of the initial nucleons to the quark-spectator systems asaifor the recombination of

the final state quarks with these spectator systems intortakt¥o baryon system.

Figure IV.1: Deuteron photodisintegration according to thdV\HR

Fig.IV.1 displays the chosen independent momenta for three loop intagratio
volved in the invariant amplitude. As it was the casestde photodisintegration in the
previous chapter, two major approximations simplify fertlcalculations. First, using
the fact that the struck quark is very energetic we treat itt®mass shell. Then the
struck quark’s propagator is evaluated at it's pole valuguah magnitudes of nucleon
momenta that maximize the deuteron wave function. Theseajpations allow us to
factorize the invariant amplitude into three distinguiparts. The first, representing
the transition amplitude of the deuteron into the) (system, which can be evaluated
using a realistic deuteron wave function. The second is ti@itude of photon-quark
interaction, and the third term represents the hard resaajtof the struck quark with
recombination into a two large transverse momentum barygystem. Combined with
the initial state nucleon wave functions, the rescattepag is expressed through the
guark-interchange (QI) amplitude pf — B, B, scattering. A detailed derivation is given

in sectionlll.1 in conjunction with Appendice€ andD (see also Ref/0]). After the
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above mentioned factorization is made, the overall invdraanplitude ofyd — B, B,

reaction can be expressed as follows:

<)‘1f7)‘2f | M | Avv)‘d> = ie[)"y] X

o ‘ arF
{Z Z/—\/QS’ Az Ary | T(???{L%B1B2),i(svt1\’) | )\W;)\Qi>\1/a (P1ss Avi Pais Aai) (27T)L2

i€EN1 Ao

QZN2 QI A d2pJ_
+ Z Z/ \/g</\2f§/\lf | T(p,HBlBZ),Z-(S,tN) | )\1i;)\-y>\ljdd(pliaAli;p%v)\v)w |V2)

i€ENy A14

wherex, ,\,, A;; andy,, are the helicities of the photon, deuteron and the two outgoing
baryons respectively. Hemg (p.., A, p2i. A2:) IS then,-helicity light-cone deuteron wave
function defined in the, = o reference frame. The initial light-cone momenta of the
nucleons in the deuteron arg = (a1, = L, pii. = —p.) @Ndps, = (a2 = 3,200 = po) With Ay,
and.,; being their helicities respectively. The factor withs' = s — 2 comes from the
energetic propagator of the struck quark before its remcatf. The squares of the total

invariant energy as well as the momentum transfer are defiaéollows:

s = (q+pa)®= Py +py)= 2EfyabJVfd + M

t = (piy—q)° = (p2y — pa)’ (IV.3)

whereq, p., p., @ndp,, are the four-momenta of the photon, deuteron and two outgoing
baryons respectively. The lab energy of the photon is defayed-, andaz, is the mass
of the deuteron. The transfer momentumijn the rescattering amplitude in EB/(2)

is defined as:

2

4 Mee My (IV.4)

pdg
) 2 4

ty = (p1y — p1i — q)° = (D2y — D2i) = (P2y — 5]

N | =+

where the approximation in the right hand side follows from #ssumption that the
magnitudes of light-cone momentum fractions of bound nug@edominating in the

scattering amplitude arg, = o,; = 1, and that the transverse momenta of these nucleons

1
2

are negligible as compared to the momentum transfer in dio®,p? < |ty], [uy]-
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In Eq.(V.2) the following expression

Qi(hari M | T 5y pay.i (S 68) | Aris Aai) (IV.5)

represents the quark-charge weighted QI amplitudge. ot B,B, hard exclusive scat-
tering. The factor), corresponds to the charge @runits) of the quark that interacts
with the incoming photon. In a further approximation we faize the hard rescattering
amplitude from the integral since the momentum transferrgrgen 7, ., 5,).:(s, ty)
significantly exceeds the Fermi momentum of the nucleon in éweton. Also, after
calculating the overall quark-charge factors, the QI scaity amplitudes are identified

with the Nv — B, B, helicity amplitudes as follows:
Maps Mg | Tyl gy gy (s,t8) | Avss Aai) = (5, 62,.,), (1V.6)

wheres”  is the effective center of mass angle defined for givand,.

The differential cross section for unpolarized scattersngbtained through:

do d— By By 1 1 v
s dt = ﬁ (s — Mj) |M|'2ydaB1 Bo (IV7)
where
_ 11
MBamm =35 D | Qs dar [ DAL M), (IV.8)

A1fiA2f,A,Ag

with the invariant amplitude square averaged by the numbéelicity states of the

deuteron and photon.
IV.3 Cross section of they + d — pn breakup reaction

We derive the amplitude of the breakup of the deuteron irggitipair from Eq.(V.2) by
introducing the independent helicity amplitudesotlastic scattering EQB(2) and by
separating the quark-charge factors igto and@*> which correspond to the scattering

of the photon off the quark of the first and the second nucl@otise deuteron. Then,
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for Eq.(V.8) one obtains:

D = oo 50 (1@ + QM )an P+ Q% + Q)6

+ Sz4 {|QN1 b3+ QV2hul” + QY b + QN2¢3|2}
+25(Q™ +Q)esf? (IV.9)

where the light-cone spectral functions of the deuterordafmed as follows:

e = Y

1 2
2 d2
Say = Z Z /\Iféd(pla A1; D2, )\2) (271_:;_2 )
A==1(A=—2p=-3)
S() - 812 + S34. (I\/. 10)

Eq.(V.9) can be further simplified if we assume (see d§)[that ¢, ~ ¢,, as well as

Ss ~ S5, = 22 Which results in:

2

1 e s S0 2 2 2 2 2 2
I L P P N PN PR (VA )

e =

N =

Using the expression of the differential cross section astt,» scattering:

da.NNﬁNN(S GN ) 1 1

)Y c.m.

dt - 167 s(s — 4m?2,)

LD +16al? + 16al? + 1641 + 4166l?), (IV.12)

and the relation between the light-cone and non-relaitvilguteron wave functiongy,
70, 106, 81] at small internal momentav,(a,p.) = (27)2 ¥, vr(p)/m~ IN EQ.(V.9), for

the differential cross section on obtains from Bg4):

4o (5,0,)  OQE, 87" do? 7 (s,6Y, ) V.13
dt T dt ot (V:19)
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where we neglected the difference betweep andasz. Here the averaged non-relativistic

spectral function of the deuteron is defined as follows:

1 1 ap, |?
[ Winea = e = gop v (V14)

B = 3
So.nr = 3 Z Z

A==1x120=—1

wherev, , is the non relativistic deuteron wave function, which canddewated using
realistic v N interaction potentials.

The quark-charge factor).,. = 1[70] accounts for the amount of the effective
charge exchanged between the proton and the neutron in tbetteesg. It is esti-
mated by counting all the possible quark-exchanges wittenthpair weighted with
the charge of one of the exchanged quarks (for more details ppelixB). The
result in Eq.[V.13) is remarkably simple and contains no free parameters. ltbean
evaluated using the experimental values of the different@ss section of the elastic
pn scattering, "~ =*2.) - The anglesy,, entering in them — pn cross section is the

center of mass angle of the scattering corresponding to thelastic reaction atand

ty. Itis related t. ., of thepn photodisintegration by (See Appendtx:

N (s —M2?) (V/s—+/s—4m%cos(0..,,))  4m?% — M?
cos(0, ) =1-— 3(s — dm,) 75 + 25— dmZ,)’ (IV.15)

It is worth mentioning that as it follows from the equatioroab,¢. ... = 90° photodisin-
tegration will correspond to the’, = 60° hardpn elastic rescattering at the final state of

the reaction.

IV.4 Cross section of theyd — AA breakup reaction

We use an approach similar to that in $¥@& to derive the invariant amplitude of the
~d — AA reactions. In this case E&2) requires an input of the helicity amplitudes of
the corresponding. — AA scattering. One has a total 32 independent helicity ampli-
tudes for this scattering. To simplify further our derieats, we will restrict ourselves
by considering only the seven helicity conserving ampésidiven in EqB.3). Using

these amplitudes in Ed\Y.2) and separating the quark-charge factors imtoand(*-,
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similar to Eq.(V.9) one obtains

B 11e
~yd—AA T 552

[nge =[5 (1@ + @¥)an + 1@ +Q™)nl? + (0™ + Q™))
+ S0 {1Q% 0 + QY ul? + Q™ 61 + Q" s
+1QY 05 + Q0 +1QV 00 + Qs } (IV.16)

wheres,, ands;, are defined in EqlY.10). Similar to the previous section, we simplify
further the above expression assuming that all helicityseoring amplitudes are of the

same order of magnitude. Assuming also that: s,, ~ %, we obtain

v 1 e? So 2 2 2 2 2 2 2 2
M2 = g%QF,AA7[|¢1| + 93”4+ |9al® + |9al® + |d6|” + |d7]° + |ds]” + | ],('Vl?)

N~

whereQ: .. = Q™ + Q"> = L is obtained by using the same approach as for the case of
thepn breakup in SetV.3. Using now the expression of the differential cross section of

pn — AA scattering,

o™ 28 (s, 000,
dt
1 1

1
167 (s — 4m3%) 2

(P11 + @3] + |Pal® + [0a]® + |D6|” + |@7]> + |ds]* + |Po?] (|V18)

as well as the relation between light-cone and non relétivikeuteron wave function
discussed in Seld/. 3, from Eq.(V.7) we obtain the following expression for the differ-

ential cross section of thel — AA scattering:

d ~yd—AA 9 2 8 4d pn—AA GN B
7 diES’ cm.) = aQF’SA,A T 49 dt(S’ C'771‘)»5'0,1\7}1, (IVlg)

wheres, v is given in Eq.(V.14). The effective c.m. anglke’ , entering in the argument
of the differential cross section @f. — AA reaction can be calculated by using Eqgs.
(IV.3) and (V.4) (see also AppendiE) to obtain

1 s — M?
N _ d 2 2
cost,’, = 2\/(5 ) (L) NE V8 —4micosl. ., +s—4my| . (|V20)

As it follows from Eq.{V.19), provided there are enough experimental data on high
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momentum transfer. — AA differential cross sections, the — AA cross section can
be computed without introducing an adjustable free parametewever, there are no
experimental data on hard exclusive — AA reactions with sufficient accuracy that
would allow us to make quantitative estimates based on\Ef9). Instead, in the next
section we will attempt to make quantitative predictionsdzhon the quark-interchange

framework of hard scattering.
IV.5 Estimates of the relative strength of theaa breakup reactions.

The results presented in this section are calculated cemsglthe experimental ob-
servation B7] that the quark-interchang&(7] represents the dominant mechanism of
hard exclusive scattering of baryons that carry valencekgusith common flavor. The
quark-interchange mechanism however will not allow us towdate the absolute cross
sections. Instead, we expect that its predictions will beemeliable for the ratios of
the differential cross sections for different exclusivaichels.

As an illustration of the reliability of calculations of @&® section ratios in the QI
model, in FiglV.2 compares the QI predictions for the ratiogofo pp differential cross
sections abo® c.m. scattering. Here, we compare predictions based on)B12(68]
and diquark (See chaptl) symmetry approaches for the valence quark wave function
of the nucleons. As the comparison shows, one achieves a ratisonable agreement
with the data without any additional normalization paramet®n the basis of this
agreement, we now estimate the ratio of the differentiab€sections ofd — AA to
the vd — pn cross sections. We use both SU(6) and diquark-symmetry quavie
functions of the nucleon ang-isobars (see AppendiX) in the calculation of the» —

AA amplitudes (see AppendB).

To calculate the photodisintegration amplitudes we go baé&qgs.(V.9) and (V.16)
and evaluate the quark-charge factors using SU(6) or dkqgyemnmetries of the valence
quark wave functions of baryons. For this we separatedhd. channels in the helicity
amplitudes:

$i(s,0%, ) = 0L(s, 0%, ) + oL (s, 0%, (IV.21)

) Y e.m. » Y ec.m. ? Y e.m.
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Figure 1V.2: (Color online) Ratio of the. — pn t0 pp — pp elastic differential
cross sections as a functionodit9~, = 90°.

and then treat the charge factors for the given nucleas:

QN = QN ot + QN g (IV.22)

This yields the following expression for the photodisimegn amplitude of Eql{.2)

. 1 u u
<AlfaA2f | M | A’yaAal> = Ze[A’Y] X {Z \/ﬂ [Q:Nl(bf + QL Nl(bi:lkgi /\Ijéd(plaA’y;p%AQi)
A2i

@y

1 tNo ,t uNo ju g ) d2pl
+ AZ\/?[Q ¢ + Qi ¢i]xli/‘1’d (pla/\uap%)\w)w}. (IV.23)

~vd — pn scattering

For theyd — pn amplitude, the charge factors calculated for the helicity comsgr

amplitudes according to the QI framework yield for both SJUg§éd diquark models
(see Appendix B)

N- N QF, L
Q; 1 — Qj 2 2Pn

N
Q™

—2Q"™ = 2Qp,, (IV.24)
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with @-,. = 1 and independent of j. Using these relations in B&2@), from Egs.(V.23)

and (V.9) one obtains

2

— €
|M|’2deP7L = m 2F‘,p7L {512¢§ + 534

G N (S )
(T+2¢4 _¢3) + (T+2¢3 _¢4) ‘|}a
(IV.25)
where the different predictions of SU(6) and diquark modell®iv from the different

predictions for then — pn helicity conserving amplitudes given in E4.{2).

vd — ATA scattering

The calculation for thed — A+A° amplitude yields the same quark-charge factors as
for the~d — pn reactions in Eql{.24). Using the helicity amplitudes of the — A+A°
scattering from EqR.12) and the expressions for the photodisintegration amplitudes
from Eqgs.(V.23,IV.16) one obtains

_ 1 e?
M2, ara- = E?QQF,AA {Si2 [lonl” + 96l” + |07 ]
+SS4 (32 4+2¢4_¢3 + 42 3+2¢3_¢4

(B ) (% o) H (IV.26)

where the different predictions of SU(6) and diquark modell®iv from the different

predictions for then — A+A° helicity conserving amplitudes given in EB.(2).

~vd — ATTA™ scattering

For the charge factors in thg — A++A- scattering within the quark-interchange ap-

proximation from Appendix B we obtain:

o = Q= (IV.27)

1
3"
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Inserting these charge factors in E4¢23,1V.16) one obtains for the photodisintegra-

tion amplitude:

Qb an {12 (|11 + ¢6]? + [¢7]?)

62
2s’

(205 — ¢a)” + (264 — ¢3)” + 5|ds|*] } - (IV.28)

S| =

|M|id—~>A++A* =

+ 534

—

where predictions for the helicity conserving amplitudéso— A++A- are given in
Eq.B.13.

Numerical Estimates

Using Eqgs.[V.25), (IV.26) and (V.28) with the baryonic helicity amplitudes calculated
in Appendix B we estimate the ratimg. . ) of theyd — AA to vd — pn differential cross
sections at giver andg, ,, angle. For simplicity we consider the kinematics in which

s >> 4m2, Which allows to approximate both Eg&/@5) and (V.20) to,

cost ~ % (|V29)

Before considering any specific model for angular distrdmytone can make two gen-
eral statements about the properties of the photodisiatiegr amplitude. First, that
from the absence of thechannel scattering in the — A++A- helicity amplitudes (see
Eq.B.13), one observes thats. ., ) can not be a uniform function ef .. Second, that
independent of the choice of SU(6) or diquark models,the A++A- cross section is
always larger than the cross section of the: A+A- reaction.

We quantify the above observations by parameterizing tigelanfunctionf >, ),
which enters in Eqdi(12,B.12B.13), in the following form@9:

1
sin(0)?(1 — cos(0))?

£(0) = (1IV.30)

known to describe reasonably well the elagtiandy» scattering cross sections.
Magnitudes of the rati® ats.,, = 90° are given in TabldV.1, while the angular

dependencies (solid curves for diquark model and dashegstor SU(6) model) are
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Figure IV.3: (a)Ratio of thed — AA to yd — pn differential cross sections
and (b) ratio of thed — A*+A- to yd — At A° differential cross sections as a
function ofe..,, ..

presented in Fid.3(a). They clearly show strong angular anisotropy and the excess
(by a factor of 4-5) of the.++A - breakup cross section relative to the cross section of the
A+A° breakup (FigV.3(b)). These results show that the ratio of thies AA t0 vd — pn
cross sections is very sensitive to the choice of SU(6) oratiqmodels of the wave
functions. However, because of the absence of isosingtetiark state in tha wave
functions, the parameter dependence that characterizes the choice of St@uark
models in the baryons wave functions is factorized and smtely in the normalization
factor of thepn — AA helicity amplitudes. As a result, the ratio of the— A++A- to

vd — ATA® cross sections (Fit/.3b) is independent of the choice between SU(6) and

diquark models for the baryons wave functions.

Finally, it is worth discussing how these results compare \hth predictions of
models in which the production of twe's is a result of the breakup of the pre-existing
AA component of the deuteron wave function. In this case, thé $tate interaction
Is dominated by soft scattering of twds in the final state which will induce similar
angular distributions for both++A- anda+a° channels (see e.d11, 91]). As a result,

we expect essentially the same angular distribution fdn hotA- anda+A° production
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channels. Also, because of the deuteron being an isositiggeprobabilities of finding
preexistingat+A- andA+A° are equal. For coherent hard breakup of the preexisting

A’s we will obtain the same cross section for both theA- and thea+A° channels.

R(90°)

vd — BB | SU(6) | Diquark
vd— ATA° | 0.47 0.11
vd — ATA- | 2.01 0.47

Table IV.1: Strength ohA channels relative tgn in deuteron photodisinte-
gration at. ., = 90°.

One interesting scenario for probing the preexisti‘ggin the deuteron is using the
decomposition of the deuteron wave function, in the chiyahmetry restored limit,

into the nucleonic and non-nucleonic components in theviotlg form[98, 99, 10Q:

)E e, (IV.31)

(SRR

Wrooors = (5) n + (1) Wan 4 (
wherev.. represents the hidden color componentrof 0o and s = 1 six-quark con-
figuration. Sincen++A- andA+A° components enter with equal probability in the total
isospinT = 0 configuration, one expects close (8) strengths for deuteron breakup to
A++A- or ATA° channels as compared to the strength of the deuteron breaticutinén
pn pair. The latter result should be compared with the simildosgresented in Table
IV.1 from HRM, and with the HRM angular distributions in Fg3.

In contrast to Eql{.31), the »n component of the non relativistic deuteron wave
function largely dominates over other baryon baryon coneptsén From early works
investigating deuteron composition by means of phenomegimaband one pion ex-
change potentials (see e.g, Refd% 116 117,118 119), ¥N- components have been
estimated to contribute overall of the order of 1% withv+(1440) ~ 0.01% , while AA
contributions are estimated in the range 0.01-3%. Theseimas of baryonic states
can be comparable contributions to the deuteron, thus ipeated that at low ener-
gies the channels of deuteron breakup inte- and AA may be comparable as well
which, in addition to the fact that-(1440) can decay into a nucleon and a pion as well

into aA-isobar and a pion, would make it difficult to differentiate espentally. Note

113



that deuteron breakup inton+ will not interfere with the amplitude aka production
at large center of mass angles, since the decay products girddeiced resonances
occupy distinctly different phase spaces in the final sthteereaction.

With pn in the S wave contributing 90% to the deuteron’s wave functio&scenario
of deuteron breakup into the channel at low relative transverse momentum clearly
dominates the other baryon-baryon channels emerging fromegpondent baryon-
baryon components of the deuteron. The situation at kinematievhich the hard
rescattering approach applies on the other hand can poteri@aNery different. As
seen in FigV.3(a), in the HRM the quark wave functions of the baryons play aiafu
role in the predictions of the strenght of the deuteron lupak AA channels relative
to thepn channel.

A similar result is expected if these channels are comparttine deuteron breakup
into the NN+ channels. Quark-wave functions ®f(1440), if expanded in the fornh.4,
will introduce a different parameter (from the fact thatv- is a radial excitation of
N) playing the same role as thaused for nucleons. Then, the relative strength of the
deuteron breakup into N+(1440) channel relative to thg. channel will be determined
by two parameters,and,*. Without certainty on which of the considered quark wave-
function approaches is more accurate, it cannot be condltits a specific channel
dominates for instance at° c.m. in order to compare with the prediction at the onset

of hidden color components.
IV.6 Summary

The hard rescattering model of large c.m. angle photodiat®n of a two-nucleon
system was extended to account for the production ofAvi&obars. The HRM allows
to express the cross section+af - pn andyd — AA reactions through the large c.m.
angle differential cross section @f — pn andpn — AA scattering amplitudes.

Because of lack of experimental information gn — AA scattering, the quark-
interchange model was further applied to calculate thengtheof theyd — AA cross

section relative to the cross sectionsaf— pn breakup reaction. We predicted a sig-
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nificantly larger strength for tha++a- channel of breakup as compared to the\°
channel which is related to the relative strength ofthe: A++A- andpn — A+A° scat-
terings. Because of the different angular dependence&séthadronic amplitudes, we
also predicted a significant difference between the angiépendences of photopro-
duction cross sections in++A- anda+A° channels.

These results can be compared with the prediction of the lmadevhich twoA’s
are produced due to the coherent breakup ofAhecomponent of the deuteron wave
function. In this case one expects essentially similar Erglistributions and strengths

for thea++A- anda+A° breakup channels.
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CHAPTERV

CONCLUSIONS

The preceding chapters presented quantitative approdahieisvoke QCD degrees of
freedom in describing reaction mechanisms in nuclear angbb& interactions. Such
approaches were developed specifically for nucleon-naaigstic scattering, and for
photodisintegration of a N system in light nuclei. Both cases were analyzed in the hard
kinematic regime in which it is expected that hard subpreeesamong the baryons’
constituents control the reactions thus enabling the stiidye quark dynamics of the

interaction.

A hard scattering model of high energy elastic scattering was discussed in chap-
ter Il. World data evidenced the energy dependency of this reactibe thctated by
the constituent counting rule for a wide range of center o$srangles of scattering
around 90. The angular dependence on the other hand is also affected bglibity-
flavor constituent structure of the interacting nucleortge $tructure of the nucleon was
modeled in a quark-diquark picture of the nucleons, and & sfewn that such picture
better describes an angular asymmetry observed in theimgrgal data. Using these
quark wave functions of nucleons in this quark diquark pifauch asymmetry was
obtained as a function of a parametg@rwithin the quark interchange() model. The
parameter ) measures the average strength of the quark-vector diquatk/esto the
quark-scalar diquark components of the nucleon’s wavetfoimcBy fitting the asym-

metry in this model to the experimental asymmetry, it wasitbthat

p=-03+02,

I.e., scalar diquarks contribute 90% on average to the naodielicity isospin structure.
Hence, through this model, the experimental data disfa@draditionalsu(6) three
quark structure of the nucleon in which both quark-diquankponents contribute with

the same strength, i.ex,= 1, and that produces an opposite asymmetry. Also, having
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that < 0, indicates that the vector diquark has a negative phaseveelatithe scalar

diquark component...

In chapterll, the hard rescattering model (HRM) ®fv breakup was developed for
pp andpn breakup channels itHe photodisintegration at large energy and momentum
transfer. The analysis resulted in quantitative predndifor the differential cross sec-
tions of both channels. A general feature of these crosmssas thes—'* dependence of
the energy distributions that in the HRM arises from underding the photodisintegra-
tion process in terms of quark degrees of freedom which resustsch energy depen-
dence behaving according to quark counting rules (Seé. B2). The latter prediction
has been verified experimentally for deuteron breakup aoentsy forpp breakup in
sHe at 90 c.m. of they — N~ system at beam energies larger than 2Gelhe onset
of QCD degrees of freedom marks also the dominance of a onkvatelpody process
picture of the reaction. In a hadronic description, thiscess is suppressed from not
having charged meson exchanges between the two protongy, Biaak up, these ex-
changes are only possible if the neutron participates. €hetion is then dominated
by a three-body/two-step process. Such process is mudalyagppressed at the onset
of a explicit quark description of the reaction such as théviRs energy dependence
falls off faster thans—12. Calculations for additional observables were also carri¢d ou
within the HRM resulting in further numerical predictions spectator nucleon’s mo-
mentum distributions (See Flf.9) and the polarization transfer asymmetry. In
particular forpp it was found that.. is almost canceled, while for. breakupc.. ~ 2.
The experimental evaluation of these predictions will griypconstrain the validity of

the HRM approach for these reactions.

The hard rescattering mechanism was discussed in cH&péexit applies to double
A-isobars production in deutron photodisintegration. Bh&sidies were motivated by
the focus on identifying a transition of the deuteron fromaaylbbn-baryon system to a
six quarks system. It is believed that such transition ieaied by a sudden increase of

the doublea-isobars production in relation to the deuteron breakup inpthehannel.
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The latter is believed to dominate at small to moderate #ense momenta from the
dominance of thg, component of the deuteron over the negligiblecomponents, and
from the assumption that the baryons emerge from a largevekaiinsverse momenta
component of the deuteron wave function.

Such assumption was contrasted in this chapter in which #akip reaction was
studied instead within the framework of the QCD hard resdatienodel (HRM). The
baryons emerging with large transverse momenta are prdda@n rescattering pro-
cess triggered by the incident photon interacting with adelative momentum. com-
ponent of the deuteron wave function. This rescatteringmadeled within the quark
interchange mechanism (QIM), and within the HRM, angular ithigtrons for the two
AA channels were obtained and compare to each other and to diaipre,» channel.
From such comparisons illustrated in Fg3, it was conclude that in the rescatter-
ing picture eaclaaA channel has a distinct angular distribution with-A- dominating
A*A-. This is in clear contrast with what is expected if the twxisobars emerge from
a As component of the deuteron in which case hathchannels should have the same

strength.

The results concluded above were arrived to from considerimgtildied reactions
to be controlled by elementary particle subprocesses. Sndmssumption was justi-
fied by the kinematic characteristic of hard processes,the.energy and momentum
invariants were much larger than the masses of the interabingpns which facili-
tated for instance a short distance-long distance faethoiz of scattering amplitudes,
at a quark-baryon level as it is discussed in chalpteand at the quark-baryon-nuclear
level which corresponds to the hard rescattering modelldped in chapter$ll and
IV. This methodology finds a broad range of applications in nmaage reactions of in-
terest. Some of them are natural extensions of the procsts#ied here. For instance
a program to pursue, as it was pointed in chapteis the further development of the
studies presented there as it concerns to the possiblgetpraduction channels in ex-

clusiveeN or NN scattering, which would make full use of the(6) symmetry of quark
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and diquark states in constructing quark wave-functionbaafrons providing also a
potential probe of strange quark distributions in nucledrigs program can be as well
continued into studying strange production channels offear targets in breakup re-
actions, and further probing the role of hard rescatteriegimnisms analogous to such
studied in chapterdl andIV. The experimental difficulties brought on by the decays
of the produced hadrons in these processes can soon be meebgoupdated capabili-
ties such as the 12GeV upgrade program at Jefferson Lab, weadso instrumental in
assessing most of the results presented in this dissertatio

Another venue of interest, and also a mayor motivation dg\ibAB’s 12GeV up-
grade, is the study of near threshald: production reactions off proton and nuclear
targets. These reactions are relevant in identifying tadilg gluon exchange mech-
anisms between hadrons, as well as in extracting gluon catitiis to the structure
functions of nucleons at large Because of the large mass of thquark¢1.2GeV),
the ¢z fluctuation that will evolve into a/y meson for instance ifp — J/4p has a small
transverse size, and since the threshold invariants aye éarwell, pQCD approaches to
these processes may apply ( see e.g. Ré&fs2][and [L13), and quantitative descrip-
tions can be constructed through factorization methodsgoas to those developed
throughout this dissertation. Such is the case alsa femproduction off a deuterium
target which study is of interest in probing the hidden calmmponents of the nuclear
wave function; in a pQCD picture of thel — J/ypn reaction’s hard subprocess, the
¢ fluctuation of the photon can interact by single gluon exdgesnwith non-singlet
quark clusters within the nucleu$l4. This mechanism is expected to give a signif-
icant contribution in this reaction. Also,in analogy to wkaas done in chaptdW, in
an alternative mechanism, this reaction proceeds threufjbctuation scattering off
one of the nucleons, then evolving into a hadronic state ascdattering with the sec-
ond nucleon into an outgoing nucleon and/a meson. Thus, a variation of the hard
rescattering model can as well be developed for obtainiraditative and quantitative
predictions for these heavy quark production reactions.

In summary, these phenomena and several more await for dicated program
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focusing experimental and theoretical developments agatifying explicit signatures
of quark-gluon dynamics of hadron interactions that shglt linto building a compact
QCD description of the strong force. It is one’s expectafimnthe methods utilized
and the results reported in this dissertation to furtheoarage research efforts in such

program in which this methodology can find applicability.
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A Baryonic Wavefunctions

Nucleon anda-isobar wave functions are built from the minimal Fock compured

the corresponding wave function, initially assuming a gedigquark expansion where
individual quark wave functions correspond to SU(6) eigates. A single quark state
of spin S=1/2 and isospin I=1/2 is joined by a diquark state ®#f and 1=0, or S=1 and
I=1. The former corresponding to what is known as a scalaradigigq], and the latter
known as a vector diquark qg. The baryonic wave functionsrere expanded in gq[qq]
and q(qq) states with the proper Clebsh-Gordan coefficierdsnanmalization, and
introducing a parameterthat determines the relative amplitude of the vector diquark

with respect to the scalar diquark sector of the expansion:

V" o qlqq] + p x qqq (A1)

g[aq] and q(gqq) expansions vary according to the baryon’'spsoand helicity. For
instance, fonn-isobar wave functions g[gq]=0 since the total isospin congpt&won’t

add up to 1=3/2. A nucleon wave function is expanded as follows,

L e O D O SV (A2)

i3 h=1/2,—1/2 t3,1A=1,0,—1

wherei3,, i3, are the third components of the isospin of nucleon, singlekqaad
diquark respectively, ang,, h andx are the corresponding helicities;g_yi_?v andcy, ,
are the Clebsh-Gordan coefficients for isospin and heleiyansions in q(qq) states
respectively.

Since [qq] and (qq) are singlasosinglet and tripletisotriplet representations of qq
states in order to ensure a symmetric wave function,A=8)(can be expanded in qqq

states. Doing so for the case of a proton with positive hglyelds,

NOIP(/2) = S LiuChu(r)d-)) — 25 L)) - pld+uu(-)
+ 22 yd(-yu+)) — 2oL (=) — pld(+u(-)u(+)
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+2pld(=)u(+)u(+)) = plu(=)u(+)d(+)) = plu(=)d(+)u(+)) (A.3)

where, u and (+) represent q witlxl/2 and h=1/2 , and d and (-) represent g with
13=-1/2 and h=-1/2 respectively, and

1
N(p) = ﬁ/_i_—pQ (A-4)

All other nucleon wave functions can also be obtained by @rgmpplying spin or

isospin ladder operators starting from £93), e.qg.,
In(1/2)) = 7_|p(1/2)) (A.5)
where

T |019205) = [(T-01)q205) + |41 (7-G2)q3) + |0192(T-q3)) (A.6)

andr_ is constructed from Pauli matrices acting on the quark isosfaite. Similarly,
all A-isobar wave functions can be constructed through ladderabgrs in 1=3/2 and

J=3/2 representations starting with+ with helicity h,=3/2,
|ATH(3/2)) = |u(+)u(+)u(+)) (A7)

then for instance, to obtain*+ with helicity h,=1/2,

AT 1/2) = o [AT(3/2) (A.8)

or in general,

i3 o 1 p i3
A% - 1) = e A W) (A.9)
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Likewise,

AP 1 (h)) = L AP (A.10)

with « and+ acting on the three-quark components of the expansion as tadioa

Eq.(A.6) on the helicity and isospin states respectively of the siggkak states.

A-isobar wave functions

Either through the process described by E&9) and @A.10), or by explicitly ex-
panding eacha-isobar state in gq(gqq) states and then qqq states through thefuse o

Clebsh-Gordan coefficients, the followingisobar helicity-isospin wave functions are

obtained,
AT 3/2) = fu(+)uCu(+)
AT/2) = (o) + () + ()
ATH1/2) = (=) + el u() + =l u(-)u(-)
ATH(-8/2)) = fu(-)u(-)u(-)
ATE/2) = () + = uHAC) + e+
AYW/2)) = gl(=)u(H)u(+) + 5 ACHu(-)u() + 3 A u(-))
() U()) + 3 Au() + shu)du(-)
2 hu()u( ) + 3 () + 3+l )d(-)
A (-1/2)) = Sl(=)u(=)u(+) + gld(-u(+)u(-)) + S ldHu(-)u(-)
2 hu(=)d()u()) + () dCu(-) + Shu)d-)u(-)
2 hu(=)u()d()) + 3 hu(=)u( () + 3 hu(+u(-)d(-)
AT(=8/2)) = —ld(ou(ou(=) + e hu(=)d(=)u(-)) + —lu(~)u(-)d()
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A° and A- wavefunctions are obtained by the replacementl in A+ and A++ wave-

functions respectively.
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B Helicity Amplitudes in the Quark Interchange Model
B.1 Baryon-Baryon Scattering Helicity Amplitudes

We are using helicity states to label the entries of the phistategration and the baryon-
baryon scattering matrices. The number of independentityedimplitudes for a given
ab — cd processes can be expressed through the total spin of the satiarticles as
follows[109, 110:

N == (25, +1)(28, + 1)(2s. + 1)(254 4+ 1) (B.1)

N | =

wheres, is the total spin of particle i and for the photon we replacer) by 2. The factor

1 follows from the constraint due to the parity conservatigor elastic scattering, there

is a further reduction inv due to time reversal invariance, and if the scattering particles
are identical, or lie in the same isospin multiplet, the nemaf independent helicity
amplitudes is reduced furth@f)9, 1104. For thepn elastic scattering case, out of the
possible 16 helicity amplitudes only five are independEt for which we use the

following notations:

<+%,+%|T|+§,+%> =
1 1 1 1
<+§,—§|T|—|—§,—§> = ¢3
(himeity = o
(hrtmededy - o
L) -

(B.2)

For thepn — AA scattering amplitude, we have from B8.1), N=(2)(2)(4)(4)/2=32

independent helicity amplitudes. We use the following notegitor the helicity con-
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serving independent amplitudes@f— AA scattering:

(4343014 545) = &
1 1 1 1
(33T pmg) = ®
(Soamedd) -
<+g,—%|T|+%,+%> = ¢
(Seimeded) - o
3 3 1 1
(+35m5m3) =
(Srgmedd) = o

(B.3)

which are consistent with the definitions in E&.2).

B.1.1 Helicity Amplitudes in the Quark-Interchange Model
Quark Interchange model

Following the approach presented for example in Re®,[42, 3], the scattering am-

plitude for a process — «d, in whicha, b, andd are baryons, is obtained from,

{ed | T | ab) = Y (Wl | b, B, 1) Wk | ot B, 7)

o, B,y

X<O/275éa’yéao/1ﬂ171 | H | a15ﬂ17717a2ﬂ2’}/2> : <a1751771 | ¢a><a2vﬂ2772 | 17Z1b>a (B'4)

where (., ), (8;,8) and §,~;) describe the spin-flavor quark states before and after the
hard scatteringz, and

Cl 5 =, 8,7 | 1)) (B.5)

describes the probability amplitude of finding arm,~ helicity-flavor combination of

three valence quarks in the baryprmhese coefficients are obtained from the expansion
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of the baryon’s spin-isospin wave function in three-quaalewce states as follows:

3 N
(0 NN = 7{ 5)23) (ll)hN 7—5203)7_51)%) +
1
1 o 1. . 1 .
P p ) }QZ 1<1 UEH _’h‘N — has | §7hN><17233§ 5’1?\! —233 | 5725)\7)
123~ 123 =
(23) (1) (23) _(1)
x (X3, hag X1 thh%) ’ (Tl,igST%,i‘;’Vfig?’)} : (86)

The indexes 1 and 23 label the quark and the diquark statesfirShterm corresponds
to quarks 2 and 3 being in a helicity zero isosinglet statelethe second term corre-
sponds to quarks 2 and 3 in helicity 1-isotriplet states. Wkend- represent helicity
and isospin states with helicityand isospin projectioit respectively. For the wave
functions ofA-isobarss = 0 andp = 1, while for nucleon wave functions= 1 and the
parametep characterizes the average strength of the isotriplet digwalial state rela-
tive to that of the isosinglet state. Two extreme valueg-efi and, = 0 correspond to
the realization of the SU(6) and good diquark symmetriesentbve function.

Using EQ.B.6) in Eq.([B.4) for the hadronic scattering amplitude one obtains:

<Cd|TQI]VI|a’b> = Aall’algyaloQ (eiv'm )M::f a M(l;;l a/ + Aa,l Qg D11012( oivrn )M::il alM(li; a ? (B'7)
where
Maa _C;B'\/Ca Bv—i_clz*}awcéa -y+ClZ¥'yaCé‘-ya’7 (B'8)

which accounts for all possible interchanges.@nd«’ quarks leavingg and~ quarks
unchanged. In the QI model the interchanging quarks coasteir corresponding
helicities and flavors, this is accounted for in the matreneénts ofa in Eq.B.7.),

N
Aot ot onas(5,000,) X 0ar as0a 0, JOem.) (B.9)

? Y e.m. 82

Eq.B.7) has two terms, first (referred as #&erm) in which four quarks scatter at
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angles” —and two (interchanging) quarks scatterats” and the second (referred as
aw term) in which two interchanging quarks scattes’gt, while four spectator quarks

scatter at — ¢V .

B.1.2 Helicity Amplitudes in the Quark Interchange Model

Through the above procedure using Bg#j for the helicity amplitudes of» scattering

one obtains:
$u(0),) = 2=y fON, )+ +2y)f(r-06Y,) (B.10)
¢2(9£]m.) =0
Gs(0Y,,) = (2+y)f0),)+Q+4y)f(x—06Y,)
Ga(0Y,,) = 2uyf(0F, )+ 2uf(x -0, )
¢5 (egm.) = 07
were,
_ 2 Z_»
o= 31+p2<1+31+p2)' (B.11)

For pn — ATA° scattering amplitudes we obtain:

b = Naa(FO),)  fx - 62,)
b = Naa(tfO2,)+ f(x —62,)
b = SNaalfOX,)) + flr—0,)
= SERCION.) - fr62,)
b = SRRION.) [ 02.)
b = Naaf(8.)

b = Naaflm—0%,)

(B.12)
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and similarly for the amplitudes of the — A++A- scattering, QI model gives:

2

¢1 = _gNAAf(egm.)
2 N
¢3 = _gNAAf(ec.m.)
b = —iNaaf(O2,)
_NAA N
¢6 = \/g f(oc.rn.)
_NAA N
¢7 = \/g f(oc.rn.)
¢8 = _NAAf(Giv.m.)
¢9 = 07
(B.13)
For both sets of equations iB(12) and B.13), we have
Nap = 3521 (B.14)

which shows that the strength of the twa channels relative to each other is indepen-
dent of the value of. This is not the case for their strengths relative togthehannel,
from Eqgs. B8.11) we see that the dependence of the helicity amplitudespin— pn

cannot be factorized.

B.1.3 Quark-Charge Factors

In the hard rescattering model, photodisintegration atungbdis are expressed in terms
of hadronic scattering amplitudes weighted by the charfistrack quarks, Eqly.5).

We further split the amplitude of E4\.5) into : and« channel scatterings:

DM Napi Mg | Toonos sy 5ay.i(5,8) | Ay Aai) = [Q5 0! + Qo] (B.15)
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where@!*" is the charge of the quark, struck by the incoming photon fraemilrcleon
N with furthere”  orx—6~ scattering. The helicity amplitudes are also split inamd

u parts

th(eé\;”-) + Cuf(ﬂ- - 92]7”.)’ (B'16)

with ¢t and¢* corresponding to the",, or» — ¢~ scattering terms in EQ(7).
Using the above definitions and Ed&.7,B.8,B.11,B.12,B.13) the charge factorg:

andq- are calculated using the following relations:

ac bd
Q(ak)Aa’l,aé,alagj\/[al o ]\/[ag o,

Q4™ = R
%;
Q(Ozk)A ral, Mead /Mbc /
Q;J‘Nk _ i, a;;xuz ag,of) g,y ’ (B.l7)
J

where summation is understood for repeatéadices,(a) is the charge in e units of a

guarke and the index labels the process — cd.
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C Calculation of the *He(y, NN)N scattering amplitude

Applying Feynman diagram rules for the scattering ampétadrresponding to the di-

agram of Fig.[ll.1)(a) one obtains

</\f15/\f27)‘s | M | )‘w/\A> =
il — M+ mgl(=i)T,, dhy

—il'n, ihs — K +my] .
N1): L kY- [—igTF~ -
v [ R e S ) g T T e o
i =K g+ my] ey ol
(/yq) * (plz _ k1 _|_ q)g _ mi + ZE[ zQZGE '7 ]
—il'y, ilfey =Ko +my) . ) ilo: —Ho 4+ my)(—i)Tn,, d*ks
N2): 27 S(ky) - - - [—igTF~, |22 4 2
) / (Pag = k2)* = mg + i Bk [T (P2i — k2)? —m? + € (2m)*

(*He) : / —ilspHe - Ux, (Ds)iNN —Doi + M) iloi +mn]  d'po;
(Pnn — P2:)? — M3 + i€ p3; —my, +ie (2m)*
id“’”(sab

(9): [(p2i — k2) — (pri — k1) — (g = D)]? + i€’

(C.1)

where the momenta involved above are defined inlif). Note that the terms above
are grouped according to their momenta. As such they do mpoesent the correct

sequence of the scattering presented inlFify. To indicate this we separated the
disconnected terms by-*".

The covariant vertex functiom;y. describes the transition of thele nucleus to a
three-nucleon system. The vertex functigndescribes a transition of a nucleon to one-
quark and a residual spectator quark-gluon system with tetenentums;, (i = 1,2).
The functions(x) describes the propagation of the off-mass shell quark-glpeatator
system of the nucleon. As is shown below, this nonpertwedtinction can be included
in the definition of a nonperturbative single quark wave fiorcof the nucleon.

Using the reference frame and the kinematic conditionsrdesst in Sedll.1 we

now elaborate each labeled term of E3j1) separately.

(*He)-term. Using the light-cone representation of four-momenta and dioicong the
light-cone momentum fraction of the~ pair carried by the nucleon asa = 22

PNN+ '

one represents the nucleon propagators as well as the mamemnégration:*p,, in the
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following form:

2 2
My +P3; . )
OPNN+
2

Py —miy i€ = pyny (P2 — + i€

(pnn — pai)® — miy + i€ = pyng (1 — a)(

1
d4P2i = PNN+ Edadp2i7d2p2u_- (CZ)

Using these relations in EQ(1) we can integrate overp,,_ taking the residue at the

pole of the(2i)-nucleon propagator, i.e.,

[...]dpa;i_ .
/ T = 2wl e, (C.3)
Doi— — N ' 72il —+ 1€ P2i—= PN
APN N+

After this integration one can use the following relationg&ig.C.1):

]/22' +my = Z Uy, (p2i)ﬂ>\21: (p2i)
A2
my +p3i. )
a(l —a)
2 2
M3y — =252t
(=N (C.4)

2PN+

(pnN —P2i)2 - m?\, =(1- O‘)(MZ%IN -

PN —Hai Ty = Zu)\n(pli)ﬂ)\]i(pli) +

A1

Furthermore we use the conditipfy,, > (M2, - ”ﬁjﬁ’igw to neglect the second term
of the right-hand part of the third equation in Eg.4) . This relation is justified for
the high energy kinematics described in 8&d. as well as from the fact that in the
discussed model the scattering amplitude is defined-at.

Introducing the light-cone wave function dfle [77, 78, 81]

Un, (P = P)tins (P)tn, (P)Taie (C.5)

M2 . — mi+pl
NN a(l—a)

Wi (pe) =

and collecting all the terms of E(4) in the (*He:) part of Eq.C.1) one obtains

Aa,Ni1,Ai2, s

. v Qs Piy ad? 2i L
(3H6 :) = Z / He ( & )u)\ﬂ (pl)uMz (p2)% d b . (C6)

1—a 2(27)?
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(N1:). To evaluate this term in Eq2(1) we first introduce

ke
T = =T
Pii+ (1—a)pyny
k 1-—
¥, = =g (C.7)

I

whereo’ = 2. Furthermore we perform the_ integration such that it puts the spec-

tator system of ther1 nucleon at its on-mass shell. This will results in

/S(lﬁ)dkl, = TS () () | _m2es, (C.8)

D1+ s 1== iy

whereqy, (k) represents the nucleon’s spectator wave function with masand spins.
Note that in the definition af, one assumes an integration over all the internal momenta

of the spectator system. Using EQ.9) for the (N1) term one obtains

(N1) : Z/ ZFlel@/lf ]ﬁ/l+7n.q]w5(kl).“

(pry — k)2 —m2+ze

i =M +mg)(=i)Ty,,  doy dkyy
(pri — k1)2 — m?2 + ic Xx_12(27r)3' (C.9)

- [=ig T )l (k)

Now we evaluate the propagator of the off-shell quark with then@tum p,; — .

This yields:
i —hi+mg Wi —H1)°™ "+ my,
(pri — k1)? —m2 (1 — 1) (i — mg(lile:?:llj;f)uﬂlpuﬂ)
r (C.10)
T A=) —apas '
where the effective off-shell mass of the nucleon is defireed a
2, = N[]%,Na(l—a)—mﬁ\,(l—a)—pi. (C.11)

«

As it follows from Eq.C.10 at the high energy limity% ., > m2, one can neglect the

second term of the RHS (off-shell) part of the equation #a)(1 —z;) ~ 1. As is shown
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in Seclll.1 [see discussion before EHI(9)], the essential values that contribute in the
scattering amplitude correspondde: ! and(1 - z,) ~ 1. Therefore the second term in
the right-hand side part of E€q(10 can be neglected. Using the closure relation for

the on-shell spinors for Eq2(10 one obtains

1?/12' _]?/1 + myg . ani unu(pli - kl)ﬂmi(pli - kl) (C12)

(p1s — k1)? —m?2 B (1 — ) (mi, — mg(liwl)Jri:lgfllj;f)uiwlpu)z )

Similar considerations yield the following expression foe propagator of the quark

entering the wave function of the final nuclean™

I/lf _Ml +mq o Z"“f u"?lf(plf _kl)ﬂmf(plf _kl) (C 13)
(plf _ k1)2 —m2 (1 o )(m2 _ mZ—a))+miai (ki —eipipi)? )’ '
a 1 N zf (1—z])

wherez; is defined in EqC.7).
By inserting Eqs€.12 and C.13 into Eq.(C.9 and defining quark wave function

of the nucleon as
‘P?Gn(pa z, kl) _ ﬂn(P - k:)wl(k)FNu?\,(p) (C.14)

m2(1—a)+m2e+(ky —apy)?
z(l—x)

m

Z N

for the (w1 :) term we obtain

\Ikalf,mf (p 71,/ 9 k ) —
I o e
1

N1fM1i:51

\I’A”’n”(Pli,xhku) dr, d?kyy
O-m woe  (G19

T [_ichF’yM]u7lli (plz - kl)
(N2:). This term can be evaluated following similar consideratiossduabove in the
evaluation of the (N1:) term. Introducing light-cone moran fraction of the specta-

tor system of the second nucleon as

o k2+ _ k2+
T2 - - )
P2it APNN+
k «
¥, = ===y, (C.16)
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for the (N2:) term we obtain

\Ijﬂzfnzf p ,Z 7]€
(NQ:) Z / 2fr%2 21_) ]2f(p2f k2)

(1 —ab)
N2f:M2i,52

Y A2ism2i (p2. T k2L) dxs d2k2L
05 L2,y 2 . .17
(1 — (Ez) Zo 2(271')3 (C )

T Uy, (p2i - k2)

Collecting the expressions of E(S.6), (C.195 and C.17) in Eq.(C.1) and rearrang-
ing terms to express the sequence of the scattering, we ob&iexfiression of the

scattering amplitude presented in B-4).
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D Calculation of the nucleon-nucleon scattering amplitude

In this section we consider a hardv elastic scattering model in which two nucleons
interact through the(QIM). The typical diagram for suchttmang is presented in Fig.

D.1. Applying Feynman diagram rules for these diagrams one abtain

(Nl) : / _iFleib/lf _k/l'i_mq]

. . e — Ky +my)(—i) T, d*y
k). [— TF ZMZ k/l q 1i

ZS( 1) [ g c 7#] (pTL _ k1)2 _ m2 + ie (27T)4
iil?/2i _15/2 + mq](_i)eri d4k2
(pai — k2)? —m2+¢ (2m)*

(pry — k1) —mj + ie

(N2) . / _ZTsziw?f _]5/2 + mq]

' (pgf—k2)2—m§—|—ie
id“*”&ab
r2 4+ i€

S(ky)--- [_ichFVV]

(9):

—(p1s > p2y), (D.1)
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Appendix4/Appendix4Figs/fig8.eps

where definitions of the momenta are given in Higl). The procedure of reducing the

above amplitude is similar to the one used in the previous@ecFirst we estimate

the propagators of each nucleon’s spectator system atgbkrvalues, = i

z;ipt

(i = 1,2) by performing the:, _ integration, which yields

2T S kg ) | e, (D.2)

LiP+ LT ey

E]

/ [ ]S (k) dk,_ =

Furthermore, because >> m2 one can apply similar to Eq€(12 and C.13, ap-
proximations for propagators of interchanging quarks ilggand entering the corre-
sponding nucleons. Then using the definition of single quaake function according

to Eq.C.19 for the (v,) and (»,) terms, one obtains similar expressions that can be

presented in the following form:

\IJT)\lfv'ﬂlf(p ,I/,/{ )_
(N1:) ) § _1fcf)1 =l (g = k)
1

\Ijku,ml (pli,mhklj_)% d2k1l . (D'3)
L-2) @ 2@

N1,2f5M2,1458

T [—igTCF’y#]un”(pL — k)

The(n2 :) term is obtained from the above equation by replacing. Regrouping (N1)
and (N2) terms given by EdX3) into Eq.[D.1), for the amplitude of nucleon-nucleon

scattering in QIM we obtain

IM
™ = Y
NN FN2f
TA2fm2f ’ A1isMi (o
Yy (pag, @y, ko) . F v * N (Pl T1s ki)
{ 1— x/2 un2f (pr - k2)[_Zch Y ] unu (plL - kl) (1 _ ‘rl) X
w}”\?\lfﬂhf (plf, Illv le) - . » ?Vz«mm (in, T, kQL)
{ 1 — ‘rll umf(plf - kl)[_Zch ’Y“]unmi (p2i - k2) (1 — 1'2)
G“’”(T)dxl ki1 dxy ko (D4)

2y 2(27)3 xy 2(27)3 |

Note that in the above expression we redefined the initial exdom of “~v1” nucleon
to pz, to emphasize its difference frop, which enters in the photodisintegration am-

plitude. In the latter case, is not independent and it is defined by the momenta of the
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two remaining nucleons in th#éle nucleus.
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E Kinematic Relations inyN~N — BB

For the process+ NN — B, + B, we define,

5= (Q+PNN)2 = (p1s +p2f)2

t=(pry — q)° = (p2s — pan)’ (El)
In our approximationy,y = 2p,; = 2p,,. Then,
l= m232 + MJQ\TN — 2pasDNN (EZ)

The two emerging baryons are producing from the rescagiefithe nucleon absorbing
the incoming photon and the second nucleon inthesystem. For this rescatering we

define,

tn =iy —pui—q)° = Doy — P2i)’

PN 2
:(pr_ 2 )

t  mp, My
st T (E.3)

where the last equality is obtained using 3.

For the case in which.s, = m5s, = m» we have that,

_MI2VN 2
t = mQB _ 3 NE (\/_ —\/5— 4m300590‘m') , (E4)

wheres, .. is the angle of scattering in the center of mass referenceefraf they NN
system. Then from EdH.3),
M3y

_MI2VN 2
ty =m2% — 1 _Z v (\/_—\/s—4m300596_m_) (E5)
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We also have that,

1
ty = _54 m2 +my + 5\/(5 —4m3)) (s — 4m%)cost)

2 c.m.)

(E.6)

wheres” is the angle of scattering in the center of mass referenoesfia two nucle-
ons scattering into two baryons at a center of mass energy,of <. ¢.,, andg?,, can
be related to each other through Eds.5) and E.6),

N 1 MRy +4Amy s — MRy B —
cost = N CEY Ty s 5 NG (\/_ Vs 4chosb‘c_m_) (E.7)

Then for instance if the final state baryons emerge fsronv~N — B, + B, até,,, = 90°

then in the corresponding + N — B, + B, process,

o 2
ON  (Bc.m. = 90°) = arcos (% i 4mN> . (E.8)

2
s—4m3z

141



F Parametrization of N~ Elastic Scattering Experimental Cross Sections

Unpolarized nucleon-nucleon elastic scattering datags trs parametrizez” and =™
such that they can be used in calculations of photodisiateEgr of nucleon pairs ac-
cording to the hard rescattering model described abovepieton-proton, elastic scat-
tering center of mass energy distributions are fitted fdied#int center of mass angles

of scattering through the following parametrization:
doPP S —10 77am(sisp)2
00 = (ogaps) ¢ Rls ) (F1)

in units of =2, in which s is input in Gevz. With R(s,6.,, introducing an oscillation

GV2’

factor in a fixed.,, energy distribution,
R(s,0..m.) =R, <1 + as cos(wln(ln(A2)) +0)+ ia s ) , (F.2)

in which the parameters adjusted for different center ofssaattering angles are given
in TableF.1

o (s,0.,) IS then obtained by interpolating at the corresponding ceafterass en-
ergys and center of mass angle of scattering through the fits of energy distributions
at the selected angles in Talbel

An alternative parametrization follows the form,

%(s,@c‘m) = (1—80) (sinbem.) 8“YR 0. Za 5" (F3)

in which the parameters ams, 6.,.) and~ are now fixed tQz, = 4.5 x 10, a = 0.08, k = 0.5,
w= 2 \=0.1, ands = —2, ands is replaced by + 2Gev? in r’s argument fors > 20Gev>.

0.067

The polynomial expansion coefficientsare given in Tablé-.2 Fors < 20Gev? ate

c.m.

betweersse andooe. Fors > 20Gev? andn > 0, a,, = 0 While a, = 1. Then the polynomial
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Fitting parameters
In(sp)
3.22
3.10
3.05
3.02
3.01
3.01
3.20
3.18
3.50
3.55
3.88
3.88
3.88
3.88
4.00

0., Ry
90° | 0.055
85° | 0.065
go° | 0.077
75° | 0.100
70° | 0.120
65° | 0.220
60° | 0.430
55 | 0.700
50° | 2.100
45° | 5.200
40° | 20.00
352 | 70.00
30° | 400.0
25° | 4000
20° | 15000

A 0

0.10| -1.57
0.10| -4.71
0.10| -4.71
0.10| -4.71
0.09| -1.57
0.09| 3.14
0.09| -5.50
0.09] -3.14
0.09| -2.86
0.09| -3.46
0.09| 2.42
0.09| 1.85
0.09| 0.78
0.09| 0.78
0.09| 0.78

am

0.015
0.042
0.050
0.060
0.060
0.067
0.065
0.060
0.033
0.033
0.020
0.023
0.027
0.035
0.030

K

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

w
52.36
62.83
62.83
62.83
57.12
54.16
55.12
62.83
31.42
31.42
31.42
28.56
19.63
16.53
16.53

a
0.120
0.100
0.090
0.090
0.150
0.080
0.080
0.085
0.200
0.200
0.200
0.280
0.280
0.330
0.200

Table F.1:r(s,9...) (EQ.(F.2)) parameters to be used in H§J) for pp elastic
scattering

factor is interpolated im, .. to find <2 (s, 4.,,) for s < 20GeV?.

dt

Fitting parameters

Ocm a, a, ay as 4

90.0° | -5.6155] 1.9297| -0.21216| 1.0073 x 10~2 | —1.7088 x 10~*
82.5° | -9.2744| 3.2989| -0.39409| 2.0202 x 10~2 | —3.6891 x 10~*
77.5° | -13.967| 5.0478| -0.62805| 3.3308 x 1072 | —6.2775 x 10~*
72.5° | -10.865| 3.8837| -0.47725| 2.5176 x 1072 | —4.7326 x 10~*
67.5° | -6.2905| 2.2328| -0.27017| 1.4286 x 102 | —2.7048 x 104
62.5° | -8.7180| 3.2655| -0.42545| 2.3441 x 10-2 | —4.4937 x 10~4
57.5° | -10.841| 4.0907| -0.54142| 3.0252 x 1072 | —5.8992 x 10~*

Table F.2:R(s,6....) (EQ.([F.2) parameters to be used in BgJ) for pp elastic
scattering

Figures E.1) and F.2) show angular distribution and energy distribution fits respec-
tively on world data.

Because of fewer experimental data, for proton-neutrghi, is parametrized by
fitting angular distributions at fixed incident momentunptigh polynomials o®osé..,,

So that,
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do/dt(mb/GeV?)

10

PP - PP, Pag=9 GeVv

20 30 40

90 100

GCM(deg)

Figure F.1: Fits from EgR.1)(solid line) and EqKk.3)(dotted line) topp an-
gular distribution data at,., = 9GeV

in which the coefficients: of the sum term are given in Tabfe3for selected values of

do™"

dt

incident momenta.

4
(8, 0cm) = (8in00)"* Y €™ (OS0ern)"

n=0

(F.4)

Fitting parameters
Prap(GeV/e) Co c1 Co Cs Cy
3 1.7700 x 10~ | 3.1775 x 1071 | —2.8763 x 10~! | —2.8763 x 10~1 3.6249 x 101
4 2.5404 x 1072 | 4.4345 x 1072 | —2.1687 x 1072 | —5.8543 x 102 1.5246 x 1072
5 4.3600 x 1073 | 7.5730 x 1073 2.7010 x 1073 —2.8781 x 1073 | —2.4397 x 1073
6 1.2508 x 1072 | 2.5914 x 103 1.6694 x 103 —2.8558 x 1073 | —2.8406 x 103
7 3.0720 x 107 | 5.9495 x 10~* | 8.7070 x 10~* | —5.0500 x 10=* | —1.2625 x 1073
8 6.6280 x 1075 | 1.4567 x 10~* 3.4920 x 10~ 3.0956 x 1075 —2.8817 x 10~*
9 1.9080 x 10~=® | 3.5100 x 10~° 1.3483 x 10~ 1.3052 x 10— 1.7023 x 10~4
10 6.9002 x 1076 | 2.0643 x 10~° 8.7424 x 1075 3.1467 x 1075 —4.9238 x 1075
12 2.5381 x 107% | 1.1734 x 1077 | 4.5911 x 10~¢ 3.1104 x 1073 3.3758 x 1073

Table F.3: Expansion coefficients of the parametrization4cglastic scat-
tering of Eq.E.4).
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Figure F.2: Fits from EgK.1)(solid line) and EqK.3)(dotted line) toyp en-
ergy distribution data at ., = 90°
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G Helicity Amplitudes of Photodisintegration
G.1 Helicity Amplitudes in Deuteron Breakup

Using the notation described in appendix A for helicity amplés in pn elastic scat-
tering and working out EgY.2) for B,=p andB,=n we obtain the following scattering

amplitudes ford — pn,

1 1 - Nl N2 d PL
<+§7+§|M|+7)\d> = B Q Q \de (p17+ D2, )(27T)
d*py
QY Q™0 /wd (i - )
1 1 d?
<+§, D) |M]| +, )\d> = B QN1 QNz \I/d (p1, +5 02, +) (27]:;_2
d*p.
+ (QN1¢3+Q 2¢4)/\Ijéd(pla+;p2a_) (272:) )
1 1 B : ) N
<_§7 _5 |M| +7)\d> = B ( QN QN \de (p17+ D2, )(27T)
d*py
QY+ Q™0 /wd (i =) )
11 M4 oMy &
<_§a+§ |M|+7)\d> = B ( QM +Q ‘I’d (p1,+3p2, +) (27]:;2
d*p.
+(QV ¢y +Q 2¢3)/‘I’éd(pla‘f'?pm_)(z:)Q)
11 B : . G
<_§7_§|M|_7)\d> = B ( QN QN \de (p17 y P2, )(27T)
d*py
+ (Q + QN2) /\I/d (pla 1 P2, )(2;_)) )
1 1 - Nl N2 d2pL
<_§a+§|M|_7)\d> - B( Q Q \de (pla s P2, )(271')2

d2 1
+ (QN1¢3+Q 2¢4)/\Ijéd(pla_;p21+) 27]:2)

p
2m)?

—~
~—

QL
[

[

1 1
<+§a+§ |M| _7)\d> = B ( QNl QN2 \de (pla s D2, )

—~

d2 1
+ (Q +QN2) /\I/d (pla 1 P2, ) 2;_))

1 1 L ) d*p.
<+§7_§|M|_7)\d> = B QN QN ¢ /\de P1;, =i D2, ) 27T)2

\_/

—~

—~

+ (QN1¢4+Q 2¢3)/\Pdd(pla_;p21+)(dz7]:;_2)a

(G.1)
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in which the charge operatodg’= are defined such that

QMo = Qe t + Q1N g (G.2)

While for vy + 4 — A + A, considering only helicity conserving amplitudes, we have
that

,+ M|+,\s) = B

d2
QN1 _|_QN2 \de (p13+ p27+) pl2>

= B

_|_

d2
|M|+ Ad QN1¢ +QN2¢ \ded(pla—i_;p%_) pJ_g)

d2
QN1¢ +QN2¢3 \ded(plv'i_;p%_) pé)

= B

+

E
+
>
£

QNl + QN2 \Ild (p13+ p27+)

|M|+ Ad = B QNI QN2 \de (p17+ p27+)

= B

_|_

d*p
|M|+ Ad QN1¢ +QN ¢9 \ded(plv'i_;p%_) l2)

E

B

QNl + QN2 \de (pla y D2, — )

IMI = Ad B

N Ny a dQPL
QY ¢ + QN ‘I’d R A

= B

+

IMI — A

Ny Ny d . d’p.
Q ¢ +Q ¢ \de (p17_7p27+) 2

E

B

QNl QN2 \de (pla 7p27 )

B

_|_

IMI — Ad

QNl + QN2 \de (pla 7p27 )

d2
IMI— A B((Q¢s+ Q¢ ‘Ifdd(pl,—;pzﬁr) pé)

= B

+
N w l\DlCX) N — [\DlOJ N = l\3|>—A l\Dl}—l [\DlOJ N w l\3|>—A N W [\DIP—‘ | = l\DIP—‘

IMI = Ad

) - o(
) - o(
x) = 8
R
) - o(
) - 2
|M|+ /\d> = B(QN1¢ +Q”2¢s wdd(p1,+;p2,—)éf);>,
- = 8
) - o(
) - o(
) = 8
) - o(
) - o(
) - o(

d2
QM g +QN2¢8 \Ifdd<p1,—;p2,+) p;>,

(G.3)

G.2 Helicity Amplitudes of Two-Nucleon Break-Up Reactions & *He Target

Replacing QIM amplitudes in EdI[.15) by ¥~ helicity amplitudes of Eql{l.20) and

using the antisymmetry of the ground state wave function végipect to the exchange
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of quantum numbers of any two nucleons, one obtains the follpexpressions for the
helicity amplitudes of two nucleon breakup reactions o#f tHe nucleusi,;, \,;, A, |
M| Ay Ane):

For a positive helicity photon,

11 ANL L AN A d’p.
<+§a+§aAs |M|+7)\> = B ((QN +QN )¢1/WHg(p17+;p27+;psaAs)W
AN AN Aa dsz
+ (Q ! +Q 2)¢5 \I/He(pla+;p27_;psaAs)(2ﬂ_)2

11 o \ dp.
<+§7_55As |M|+7)\A> - B <_(QN +QN )¢5/\I/Hg(p17+;p27+;psv)\s)(2ﬂ_)2
AN AN A d’p1
+ (Q l(bS + Q 2¢4)/‘IJH2(]917+QP27 _;ps7)\s)(2ﬂ_)2
L lumteas) = B(@% +0™)6 [ Wamn +ipe +ipo A T2
_57_57 s| |+7 A - (Q +Q )¢2 He(plu+7p27+>psv S)(2ﬂ')2
N1 N2 Ppra . . A d*py
+(Q +Q )¢5 He(p17+7p27_7psa S)(27T)2
Lo = B(@ +0™)6 [ W, t:pe i r) L2
_§7+§a S| |+7 A - (Q +Q )¢5 He(pla+ap27+7p53 S)(2ﬂ_)2
N A d’p.
(Q l(b +Q 2¢3)/\IJHg(plu"";p%_;ps7)\s)(2ﬂ_)2
(G.4)
and for a negative helicity photon,
11 ANL L AN A d’py
<_§a_§7)\s |M| _aAA> = -B ((QN +QN )¢1 /WHé(pla_;an_;psaAs) (271')2
A d’pL
Q ¢ / p17 7p27+7p87)\8)W)
1 1 L ) d’pL
<_§a+§7)\s |M|_7AA> - ( QN +QN ¢ / He pla ;p2a_;psaAs) (271')2
AN, d’p,
(Q ¢3+Q ¢4) \IjHe(pla ;p27+;psa)\s)(2ﬂ,)2
11 ) \ d’p.
<+§’+§7)\5 |M|_’/\A> = ( QN +QN ¢2 WHé(pla_;p2a_;psaAs) (271')2
d’p.
Q ¢ / p17 7p23+7p87)\5)(2ﬂ.)2)
1 1 3 ) d*p,
<+§,_§7)\s |M| _aAA> - B (QN +QN )¢5/qug(plv_;p27_;psv)\s)(2ﬂ_)2
N A d’pL
(Q 1¢ +Q 2¢3)/\IjHé(p17 p27+ pw}\') 2
(2m)
(G.5)
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whereB = % Because the scattering process is considered inthe center
of mass reference frame in which thdirection is chosen opposite to the momentum of
the incoming photon, the bound nucleon helicity statesesmond to the nucleon spin

projections. for positive and-! for negative helicities.
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