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Introduction

The theory of strong interactions,
now that is quite something.

Elementary particles we know are leptons e and p and their correspond-
ing neutrinos, ve, v, a photon () and a graviton, and then, hundreds of
strongly interacting particles — hadrons: proton p and neutron n, pions
7% and 79, kaons K+, K0, K°, etc., etc.

1.1 Interaction radius and interaction strength

Electromagnetic interaction has two characteristic features. Firstly,
it is characterized by a small coupling,

e? N 1
dwhe — 137
Secondly, it is a long range force,
V _ 61627
r

so that there is no typical distance, no characteristic interaction radius.

Gravitation behaves (at large distances!) similarly to the electromag-
netic interaction,

thus it has no radius either. To characterize the magnitude of the inter-
action one needs to construct a dimensionless parameter. Contrary to the
case of the electromagnetic charge, mass is not quantized, so that there is
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2 Introduction

no ‘unit mass’ to choose. Hence one usually takes the mass of the proton,
myp, to quantify the typical interaction strength:

SN

Gy —L ~ 7-107%.

T3

An important difference with electromagnetism is that here all the
‘charges’ have the same sign (mass is positive). Therefore the gravita-
tion prevails over the electromagnetic interactions in the macro-world.
Moreover, the gravitational interaction grows with energy, making the
gravity essential at extremely small distances. This happens solely owing
to the existence of the Planck constant A, since by confining a system to
small distances, Ar, we supply it with a large energy AE ~ hc(Ar)~L.
Leptons, photons, graviton do not participate in strong interactions.
Rutherford was the first to observe
(electromagnetic) scattering of strongly

interacting particles. By comparing
¥ the scattering pattern of a-particles at
large angles with classical formulae he

O P concluded that the size of the gold nu-
cleus was about 10~'2 cm. By the way, to
be able to describe the process as classical

particle scattering, all the way down to p ~ 10713 cm, one has to have

kro > 1.

However, the energies of «-particles in the Rutherford experiment,
E/mq = O(keV/GeV) = 1079, correspond to momenta k such that

1
k- rg = \/Qma B — <K 17 with (7'(])_1 ~ U= 140 MeV7
%

so that the scattering becomes quantum, rather than classical, already for
the impact parameters much larger than rg. It was fortunate for Ruther-
ford that the scattering cross section in the Coulomb field happened to
be identical to that in the classical theory!

The proton—proton cross section is very small, op, ~ 4 - 10726 cm?. Why
then do we refer to the ‘strong interaction’ as strong? To really evaluate
the strength of interaction, one has to take into consideration the exis-
tence of the finite interaction radius since the interaction cross section
is composed of the actual interaction strength and of the probability to
hit the target, measured by the transverse area of the hadron Nwrg. This
being said, if the interaction cross section turns out to be of the order of
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1.1 Interaction radius and interaction strength 3

the geometric cross section,
o~ r%,
we call the interaction strong; otherwise, if
2
o Ly,

such an interaction we consider as weak.

How can one determine experimentally the interaction radius r¢?

In the classical theory it is straightforward: from the angular depen-
dence of the scattering cross section do(q) one can reconstruct the poten-
tial, and, subsequently, extract the characteristic radius rg.

In quantum mechanics we operate with the partial wave expansion of
the scattering amplitude,

F(k,0) = (20 + 1) fo(k) Py(cos 6).

=0

Guided by quasi-classical considerations, we can define the interaction
radius by comparing the magnitudes of the partial wave amplitudes f,
with different orbital momenta ¢:

f 1 for ¢ < kro,
¢ 0 ¢ > k.

Assume that the interaction radius is small, krg < 1. Then, due to the
fact that the partial waves with large orbital momenta are suppressed,
fo o< (kro)?**1 (centrifugal barrier), the S-wave dominates,

f(k79) = fO(k)v

and the scattering pattern is spherically symmetric. Increasing the inci-
dent momentum we reach krg ~ 1 where a few partial waves will start
contributing and the corresponding Legendre polynomials with £ # 0 will
introduce angular dependence into the scattering distribution. Thus we
can determine rg by studying at what energies the scattering ceases
to be spherically symmetric. Alternatively, at large k, we can extract
the interaction radius by measuring the characteristic scattering angle,
Ochar ~ (k‘?“(])fl < 1.

Now that we know how to measure 79 and may compare o with rg,
let us ask ourselves another question: whether the situation when o < rg
really means that we are dealing with a weak interaction.

The answer is, yes and no!

Consider the scattering of a point-like neutrino off a proton, for exam-
ple, the process v, +p — p+ X. By examining the momentum depen-
dence of the cross section we will extract that very same proton radius
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4 Introduction
ro ~ 10713 cm. At the same time, the inter- "
action cross section is of the order of o, ~ NAYAYAYAYAN
10749 cm?. Then, according to our logic we must ®p

proclaim the neutrino a weakly interacting particle.

However, imagine that the proton has a tiny core, of the size 10727,
which is smeared over the area of the radius ro = 1073, If so, the inter-
action of the neutrino with the proton actually turns out to be strong:
(107292 ~ 5. We can only state that v interacts weakly at the distances
larger than 1072 cm

The most important property of the weak interaction is its univer-
sality with respect to hadrons and leptons. They get engaged in the
weak interaction in a similar manner and with the same universal Fermsi
constant

1075
my

-~ -1 —14
Gp ~ , m,  ~ 107" cm.

Weak interaction increases with energy. At distances 1073/my, ~
10~ cm, corresponding to collision energies of the order of 103mp ~
1000 GeV, the weak interactions may become strong.

The main features of strong interactions of hadrons are the following:

(1) probability to interact is O(1) at the distances r < rg = 10713 cm;

(2) hadrons are intrinsically relativistic objects.

Indeed, to investigate the distances g = 1/u, momenta k ~ p are neces-
sary, which correspond to the proton velocity v ~ p/m, ~ 1/6. (By the
way, it is this 1/6, treated as a small parameter, to which the nuclear
physics owes its existence.) At the same time, if we substitute for the
proton a m-meson (whose mass is m, =) we get v ~ 1 and the very pos-
sibility of a non-relativistic approach disappears.

1.2 Symmetries of strong interactions

Imagine that we have an unstable particle whose decay time 7 is much
larger than ro/c ~1072%s. Does it decay due to the strong or weak
interaction? The answer lies in the symmetry of the decay process:
the degeneracy is much larger in the strong interaction; degeneracy
means symmetry, and symmetries, as you know, give rise to conservation
laws.
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1.2 Symmetries of strong interactions 5

Electric charge Q. The hadrons have to know themselves about the elec-
tromagnetic interaction. Each hadron has a definite electric charge, and
the strong interactions must respect its conservation, otherwise quantum
electrodynamics would be broken.

Baryon charge B. This is another quantum number whose conservation is
verified with a fantastic accuracy (stability of the Universe). The baryon
charge equals +1 for baryons like p, n, A, ¥, =, ...(and —1 for their
antiparticles), and 0 for mesons (7, K, p, w, ¢, ...).

Isotopic spin I. Phenomenologically, hadrons split in groups of particles
with close masses, and can be classified as belonging to isotopic SU(2)
multiplets. For example, the doublet of the proton and the neutron, p,n
(I = 1); the triplet of pions, 7% and 7% (I = 1), etc. The relative mass
difference of hadrons in one multiplet is 1072-1073, that is, of the order
of the electromagnetic ‘fine-structure constant’:

Mp — My Mgo — Mg+ 1

~

mp Myt “= BT

It looks that if we switched off the electromagnetic interaction, we would
arrive at a complete degeneracy in the mass spectrum of strongly inter-
acting particles. Independently of the hypothesis about the nature of this
tiny mass splitting, these states can be treated as degenerate in the first
approximation and therefore, there must be a symmetry and the corre-
sponding conservation law.

Are the pn and pp scattering cross sections the same, if electromagnetic
interactions are switched off? No — in the second case the particles are
identical. In order to distinguish p from n, a new quantum number is
introduced: the proton is treated as a nucleon with the isospin projection
I3 = —1—%, and the neutron with I3 = —%. Thus, the nucleon wave function
depends on coordinates, spin and isospin variables, ¥ (r,o, 7). In strong
interactions isospin is conserved.

For example, the lightest stable nuclei — the deuteron and the helium —
consist of equal number of protons and neutrons, D = (pn), He? = (2p2n),
and both have I = 0 (isotopic singlets). Therefore, the fusion reaction

D+D - He*+x°
is forbidden, since the pion has isospin I = 1.
Strangeness S. Any reaction takes place that is allowed by conserva-

tion laws. At the same time, it was observed that long-living hadrons
like K-mesons, and A- and X-baryons, cannot be produced alone in the
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6 Introduction

interactions of nucleons and pions. They always go in pairs, e.g.
T +p — A+ K°,
while the reactions
7 4+p - n+K° or 7 4+p— A+7°

are forbidden.
By prescribing to these hadrons a new quantum number — strange-
ness S,

S(K— K = S(A) = —1,  S(R",K*) = S(R) = +1,
we get the relation between the conserved quantities:

B S
=13+ —+ —.
Q=13+ )
There is one more approximate symmetry which combines strange and

non-strange hadrons into of SU(3) multiplets, like octets of pseudoscalar

mesons,
=
S=0 (7 ,7%7") =1, nr=o,
S =—1 (K—,K% 1,
=3
and baryons,
5=0 (n,p) 1,
=2

S=-1 (2772072+)I:17 AI:0>

S=-2 (7,29,

)

1
2

baryon decuplet, etc.

The isospin symmetry is broken by electromagnetic interactions. The
weak interaction breaks everything except B, ) and, maybe, the lepton
charge L. (Apparently, the electron and the muon lepton charges conserve
separately, since u= — e~ + U + v, but p” A e +7.)

The lightest strange particles are stable under strong interactions. How-
ever, K-mesons decay into pions, and the A-baryon into 7~ p, due to the
weak interaction, disrespecting the strangeness conservation. The weak
forces violate spatial parity P, charge parity C, and even the time reflec-
tion symmetry 7' (the later equivalent to the ‘combined parity’ CP).
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1.8 Basic properties of the strong interaction 7
1.3 Basic properties of the strong interaction

1.8.1 Interaction radius

The question arises, what is rg: is this an interaction radius specific for
the strong interaction, or rather a real size of an object? This question
can be answered using, for example, weak interactions as a short-range
probe. It turns out that rq is the actual size of the proton that can be
extracted, in particular, from the measurement of the spatial distribution
of the electric charge inside the proton.

The hadron radius rg appears to be equal to the pion Compton wave-
length,

ro ~ m,r_1 E,U,_l ~ 107 cm.

Is this coincidence an accident? In the past it was thought to be of fun-
damental importance; it is not so clear any more that it really is.

What is the problem with the description of the strong interactions?

As we have discussed above, a non-
relativistic description does not make

sense here. We have just one example ;Y

which may help us to construct a rel- ///

ativistic theory: electrodynamics. In the (1.1)
quantum electrodynamics, the electron e e /\

and the photon ~ are point-like, and so €

is the interaction between them.

Now we want to describe hadrons: p, n, w. Are these particles point-like?
The existence of the finite radius g confirms, apparently, the opposite.
There is no way, however, to give a relativistic description of a particle of
finite radius. So we have to assume that the particles we consider are, in
a sense, point-like.

Yukawa suggested that the point-likeness of a hadron does not contra-
dict the existence of a finite interaction radius. Let us draw a pion—nucleon

b2
interaction N taking (1.1) for a model. The existence of

N

this vertex means that there are processes of virtual emission and absorp-
tion of pions by the nucleon,

N /‘/\ﬂ/\\ N. (1.2)

Let us imagine now that this happens quite frequently. What will we see
as a result of a scattering of an external particle off such a fluctuating
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8 Introduction
nucleon? Estimating the energy uncertainty as

m m+u m  AE~(m+u)—m=pu, (1.3)

we conclude that the lifetime of the fluctuation is At ~ (AE)™! ~ pL.
During this time interval, a pion (with a velocity v ~ 1) will cover the
distance Ar ~ p~1. Thus, our object, which was point-like in the begin-
ning, is now spread over a distance !, and, in the process of scattering,
it will interact with the projectile at impact parameters p ~ 1. In other

words, the scattering of an incident parti-

N cle with our nucleon can be depicted as a
pion exchange between the two nucleons —

N T the process that has a characteristic radius
o ~ W :

Without any theory, let us first calculate this amplitude in a naive way,
by analogy. What would be the difference between the above process and
the scattering of electrons that we have studied in the quantum electro-
dynamics,

()
Q
[N

| = 6—2(117““) (). (1.4)

D
<
Q

We must replace the photon propagator 1/¢? in (1.4) by the Green func-
tion of the massive m meson:

Dy (q) !

g
The corresponding scattering amplitude will have the form
2
with g the pion—nucleon interaction constant, replacing the electric charge
e in the QED amplitude (1.4).
What does this amplitude correspond to in the case of the non-
relativistic scattering? The non-relativistic scattering amplitude reads

2 -

f= I ik TV () 4(r) d3r. (1.6)
47

In the Born approximation, replacing the wave function ¢ (r) by a plane

wave with momentum k, we obtain

9 .
fB = —g e" IV (r) r, (1.7)

© Cambridge University Press www.cambridge.org




Cambridge University Press

978-0-521-85609-6 - Strong Interactions of Hadrons at High Energies: Gribov Lectures on
Theoretical Physics

V. N. Gribov

Excerpt

More information

1.8 Basic properties of the strong interaction 9

where q is the momentum transfer, q = k/ — k. For non-relativistic par-
ticles, the kinetic energy, E = k?/2m, is small, and the energy transfer
component can be neglected:

lgo| ~a?/m < |q|,  sothat ¢*=¢—q’~—q>

The scattering amplitude (1.5) becomes

/1’2 + q2
What is the potential corresponding to this amplitude? Evaluating the
inverse Fourier transform of the Born amplitude fp in (1.7) we obtain
the Yukawa potential,

47 » 92 d3q 92 e b
V(ir)=—— B 7 = - . 1.8
() om | © w+q?(2n)2 2m r (18)

So, indeed, the effective interaction is characterized by a finite radius
ro=1/u.

We conclude that the assumption of the point-like nature of the inter-
action does not exclude the finiteness of the interaction radius. Moreover,
having adopted the point of view that the hadron has no intrinsic size
(having no other option), we see that the interaction radius is not an
independent quantity but is determined by the masses of the particles.

From the point of view of a relativistic theory the m-meson has to exist
in nature, otherwise there would be no explanation for such a ‘large’ value
of the proton radius.

1.3.2 Interaction strength

The other side of the strong interactions is their strength: once the parti-
cles approach each other to the distance rg, the interaction is inevitable.
Since a nucleon is always surrounded by a pion cloud, see (1.2), this means
that the coupling constant g2 (if it exists at all) is obliged to be large,
g> ~ 1, contrary to the electromagnetic interaction, characterized by
the small coupling a = 1/137 <« 1. Now that is bad indeed, because un-
der these circumstances anything will go. For example, a virtual state with

two pions will be there, having

a typical lifetime At ~ %u and,

correspondingly, a spatial spread
of the order of ~ %ro.
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10 Introduction

We may even have a three-nucleon
state, N — Nm, ™ — NN. Since the
nucleon is much heavier than the
pion, this fluctuation is short-lived:
At ~1/(2my) < ro. However, we
cannot state a priori that such a
process does not contribute to the N
radius of the nucleon since these ‘second-order’ amplitudes may be ac-
tually larger than the one-pion emission amplitude (1.2), because the
coupling constant is not small.

It is clear that it will be certainly impossible to build a theory like
quantum electrodynamics to describe strongly interacting hadrons.

We can, however, introduce initial point-like objects, and then, in fact,
observe ‘clouds’, the radii of which are determined by the masses of the
hadrons.

This is the basic idea of the theory of the strong interaction.

We need to construct a framework which would allow us to draw pic-
tures representing a formal series for the hadron interaction amplitudes.
From these pictures we will extract information without actually calcu-
lating the amplitudes, which would be, a priori, impossible. The Feynman
diagrams can be considered as a ‘laboratory of theoretical physics’.

Z\ /=2

1.4 Free particles

We start by considering free particle states and their propagation. There

. . . . . . 1
is a fantastic variety of hadrons with spins reaching up to s = .

1.4.1 Particle states

s =0. A free spinless (scalar) particle with a four-momentum p, is de-
scribed by the wave function
s=0: Y(x) = Le_ip””. (1.9)
V2po

s = % A spin-one-half particle has two states, A = 1,2,

D
—X g (1.10)
V'2po ’

two states with definite parity are selected out of possible four spinors u,
by the Dirac equation, (p — m)u?.

s=3: @)=
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