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and P. Winternitz (**)
D.Ph.P.E., CEN Saclay, B.P. 2, 91190 Gif sur Yvette, France

(Reçu le 9 avril 1980, révisé le 25 juin, accepté le 20 août 1980)

Résumé. 2014 On présente un formalisme détaillé pour la diffusion élastique de deux particules non identiques de
spin 1/2. Le travail offre une revue de résultats connus et en présente de nouveaux ignorés jusqu’à présent. La conser-
vation de la parité et l’invariance sous renversement du temps sont toujours supposées vérifiées. Le formalisme
s’applique en particulier à la diffusion neutron-proton lorsque n’est pas imposée l’invariance isotopique mais
s’applique tout aussi bien aux diffusions hypéron-nucléon et lepton-nucléon par exemple. On introduit plusieurs
ensembles différents constitués de 6 amplitudes de diffusion et reliés les uns aux autres (amplitudes invariantes du
s.c.m., d’hélicité, de transversité singlet-triplet et covariantes de Lorentz). Les 36 quantités expérimentales linéai-
rement indépendantes dans le s.c.m. et le s.l. sont toutes exprimées en termes des amplitudes de diffusion. Les
relations entre les quantités exprimées dans le s.c.m. et le s.l. sont établies (en tenant compte de tous les effets
relativistes). Toutes les composantes des tenseurs de polarisation sont exprimées en termes des 36 quantités fonda-
mentales soit du s.c.m. soit du s.l. Les amplitudes électromagnétiques pour l’échange d’un photon (tenant compte
des facteurs de forme de Dirac et de Pauli) sont données dans le cas de la diffusion np. Les amplitudes pour l’échange
d’un pion en diffusion np sont aussi calculées en respectant les différences de masses entre les nucléons np et les
pions 03C0± 03C00 ainsi que les différences entre les constantes de couplage. L’article s’adresse principalement aux
expérimentateurs qui mesurent des phénomènes de polarisation. 11 devrait être utile à la planification et à l’éva-
luation d’expérience ainsi qu’à la reconstruction des amplitudes. Cet article complète un article récent écrit par
Bystricky, J., Lehar, F. et Winternitz, P. (J. Physique 39 (1978) 1 ).
Abstract. 2014 A detailed formalism for the elastic scattering of two spin 1/2 nonidentical particles is presented, review-
ing known results and presenting some new ones where gaps existed. Parity conservation and time reversal inva-
riance is assumed throughout. The formalism is applicable in particular to neutron-proton scattering when isospin
invariance is not imposed, but also to e.g. hyperon-nucleon and lepton-nucleon scattering. Several different sets of
6 scattering amplitudes are introduced and related to each other (invariant c.m.s. amplitudes, helicity, transversity
and singlet-triplet amplitudes, Lorentz covariant amplitudes). All 36 linearly independent experimental quantities
in the c.m.s. and l.s. are expressed in terms of the scattering amplitudes. Relations between l.s. and c.m.s. quantities
are established (taking all relativistic phenomena into account). All components of the polarization tensors are
expressed in terms of the 36 pure c.m.s. or l.s. quantities. One photon exchange electromagnetic amplitudes taking
the Dirac and Pauli form factors into account are presented for np scattering. The one pion exchange amplitudes
for np scattering are calculated, accounting for the np and 03C0± 03C00 mass differences and different nucleon-pion
coupling constants. The article is mainly aimed at experimentalists measuring polarization phenomena and should
be useful for planning and evaluating experiments and reconstructing amplitudes. It complements a recent article
on nucleon-nucleon scattering by Bystricky, J., Lehar, F. and Wintemitz, P. (J. Physique 39 (1978) 1).

Tome 41 N° 12 DÉCEMBRE
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1. Introduction. - A recent article [1] (further
referred to as BLW) was devoted to a detailed study
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of the kinematics of nucleon-nucleon scattering. The
scattering matrix was assumed to satisfy the usual
invariance conditions, namely Lorentz invariance,
parity conservation, time reversal invariance and

particle exchange symmetry. For neutron-proton
scattering this last symmetry implies the assumption of
isotopic invariance.

In this article we continue the detailed study of the
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elastic scattering of spin i particles. Contrary to BLW
we do not assume that the particles are identical. The
scattering matrix will in this case involve six complex
amplitudes rather than five as in the case of say proton-
proton scattering. A considerable amount of literature
has been devoted to this problem, specially in the
context of electromagnetic corrections to np scattering
[2-11], or of lepton-nucleon [12], or hyperon-nucleon
[13] scattering. A detailed phenomenological treatment
has, to our knowledge, not yet been provided. The
time to fill in the details of practical importance seems
to have come, in view of the experimental plans at
various laboratories, in particular Saturne II of

Saclay, concerning polarization phenomena in

nucleon-nucleon scattering.
Indeed, the formalism of this article is applicable to

elastic scattering such as

(and Y + N ---&#x3E; Y + N, where Y is any spin 2 hype-
ron), as long as the above invariance conditions, in
particular parity conservation, are observed.

In the context of nucleon-nucleon scattering the
present formalism is of interest for neutron-proton
scattering, in particular for tests of isotopic spin
invariance and the related problem of the influence of
electromagnetic interactions in proton-neutron scat-
tering.

Obviously the scattering formalism can be cast into
many different forms ; we shall follow the approach
taken in BLW.

In section 2 we introduce several different para-
metrizations of the scattering matrix and establish
relationships between them. In section 3 we present
all pure experimental quantities in the centre-of-mass
system (c.m.s.), establish relations between them

following from parity and time reversal invariance and
express the 36 linearly independent experimental
quantities in terms of the scattering amplitudes. In

section 4 we discuss the pure experiments in the labora-
tory system and present general formulas for the angu-
lar distribution of the correlated scattering of pola-
rized particles. All linearly independent l.s. pure
experimental quantities are expressed in terms of

amplitudes. The l. s. and c.m.s. pure experiments are
related to each other in section 5 and relations bel-
ween l. s. quantities are obtained in section 6. Electro-
magnetic corrections to np scattering and also one
pion exchange contributions are discussed in section 7.
Some conclusions are presented in section 8.

2. The scattering matrix. - We shall use the follow-
ing parametrization of the scattering matrix [14-16] :

Here 1, m and n are the three orthogonal unit vectors

where ki and kf are unit vectors in the directions of the
initial and scattered particle c.m.s. momenta. The Pauli
matrices al and a2 act on the spin wave functions of
the first and second nucleon. The amplitudes a, b, c,
d, e, and f are complex functions of the energy and
scattering angle. For identical particles we have

f --_ 0 (as in BLW).
Equivalently, we can make use of six helicity ampli-

tudes [17].
Using the Jacob and Wick conventions we have

For identical particles we have Ms + M6 = 0, as in BLW.
When performing phase shift analyses it is convenient to write the scattering matrix in the triplet-singlet

représentation [18-20]. For nonidentical particles singlet-triplet transitions are no longer forbidden.
We can slightly generalize the notations introduced by Stapp [18] for the matrix APT = { Ms,m,,sm 1 and put
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The coefficients in (2.4) are related to those in (2.1)
as follows :

We also have

The angle ç in (2.4) is the azimuthal scattering angle,
0 the usual c.m.s. scattering angle. The vectors n, 1,
and m are parametrized as follows

The transversity amplitudes Tcdab are useful in many
situations [21] and can be expressed as

with

They are related to the helicity amplitudes (2. 3) and
invariant amplitudes (2. 1) as follows :

All other transversity amplitudes (with an odd number
of subscripts of each sign) vanish because of parity
conservation. For identical particles we have T6 = T3.

Useful amplitudes in applications of Regge pole
theory to fermion-fermion scattering at high energies
are the exchange amplitudes that have asymptotically
definite (for s - oo) quantum numberb in the t-chan-
nel. Many different types of amplitudes have been
used in nucleon-nucleon Regge pole theory [22-27].
We just mention the amplitudes No, Nl, N2, Uo and
U2, used at Argonne [25, 27], to which we add a sixth

amplitude Ul, vanishing for identical particles (in the
s-channel). The Ni amplitudes correspond to natural
parity exchange in the t-channel (in the s - oo limit),
Ui to unnatural parity exchange (in the same limit).
The subscript denotes the amount of s-channel helicity
flip. Let us just note that the use of these amplitudes at
energies of several GeV has recently been criticized in
an article proposing a different set of natural and
unnatural parity exchange amplitudes [26]. The rela-
tion between the Ni and Ui amplitudes and others
defined in this section is :
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For theoretical considerations it is often convenient
to use an explicitly Lorentz covariant scattering
formalism. Several different mutually equivalent sets
of such amplitudes have been proposed. A general
formalism of this type is contained e.g. in a paper by
Scadron and Jones [28] and was applied to 2 1 2 1 -, 2 1 2 1
scattering by Kellett [29].
We follow their approach and choose one set of

amplitudes for elastic parity and time reversal inva-
riant reactions, namely their t-channel invariant

amplitudes. For their relation to other sets of covariant
amplitudes, in particular those often used in the lite-
-rature [19, 30, 31], we refer to Kellett [29].
We write the scattering matrix M as

where xa are functions of the kinematic variables and
Ka are the following set of t-channel covariants :

The 4 x 4 matrices 1 (i), 74 , etc. act in the space of the
i-th particle (i = 1, 2) and we have

where the reaction is 1 + 2 - l’ + 2’ and the corres-

ponding four-momenta satisfy p + q = p’ + q’ (i.e.
p is associated with particle 1, q with 2 ; for np - np
scattering, we call the neutron particle 1).
For identical particles we have x6 = 0. In order to

relate the covariant amplitudes in (2.11) to e.g. the
amplitudes a, ..., f of (2. 1) we go into the c.m.s. and
reduce from Dirac spinors to Pauli ones, using

_and sandwiching (2 .11 ) between the spinors
t¡i 2(q’) (8) tji 1 (p’) and t/J 2(q) (8) t/J 1 (p). The resulting
relationships are presented in Appendix 1.
The scattering matrix simplifies for forward (0 = 0)

and backward (0 = 7r) scatterings. In both these cases
the matrix M must be symmetric with respect to
rotations about the direction of the beam

The coefficients in (2. 1) thus satisfy

For the helicity amplitudes (2. 3) this implies

The singlet-triplet scattering matrix is diagonal for

3. Experimental quantities in the centre-of-mass

system. - Using the same notations as in BLW we
can express a general c.m.s. experimental quantity as

where 6 is the differential cross section for unpolarized
particles. For pure experiments all labels can take
values 1, m, n, or zero. The last two labels refer to the
beam and target, the first two to the scattered and
recoil particle, respectively. A zero value of a spin
label means that the particle is unpolarized (for initial
particles), or that its spin is not detected (for final
particles). Parity conservation and time reversal inva-
riance imply respectively

and

where [/] and [m] denote the numbers of 1 and m labels
among p, q, i and k. The symmetry X pqik = Xqpki does
not hold for nonidentical particles. The scattered and
recoil particle polarizations will hence be distinct, as
will the corresponding polarization rotation and trans-
fer tensors.

As in the case of identical particles invariance under
reflection in the scattering plane holds (the Bohr
rule [32]), implying

Equation (3. 3) leads to the identity
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and m labels in the initial and final states and a label a’
is equal to n, 0, m or 1 if a is equal to 0, n, 1, or m,
respectively.
Making use of the relations (3.2) and (3.4) we can

reduce the number of linearly independent c.m.s.

experiments to 36.
Indeed for nonidentical spinor particles we have the

following quantities.

(0) The unpolarized differential cross section

(1) Two distinct components of one-component
tensors : Parity conservation reduces 12 components
to 4. Time reversal invariance further reduces their
number to two

(2) Sixteen distinct components of two-component
tensors. Parity conservation reduces 54 components
to 30 ; time reversal invariance, 30 to 18. The polariza-
tion correlation and asymmetry tensors satisfy :

The two polarization transfer tensors are related by
time reversal and satisfy :

The two distinct depolarization tensors satisfy

and

The last relationship is a consequence of the results
given in table I. There are hence 6 linearly independent
components of the two D-tensors. 

°

Table 1. - Centre-of-mass experimental quantities in terms of scattering amplitudes.

(*) Only 36 of these 40 quantities are linearly independent. E.g. those denoted by an asterisk can be expressed linearly in terms of the
remaining ones (see text).
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Table 1 (continuec).

(3) Thirteen distinct components of the three com-
ponent tensors. Parity reduces the number of compo-
nents from 108 to 52. Time reversal invariance implies :

and leaves 26 independent components. Further

symmetry relations are :

(we have used the Bohr rule in addition to time reversal
invariance). In addition these tensors satisfy :

following from the results of table I. The 13 linearly
independent components can be chosen e.g. as Mnomrn,
M-011, M.0.11 M.01., MmOnm&#x3E; Mioni, M,Onm, MmOnl
M,O,n’ N01nl’ plus three of the quantities in (3.13).

(4) Four distinct components of the four-compo-
nent tensor. Parity conservation and time reversal
invariance reduce the number of components from
81 to 41 and 41 to 25 respectively. Bohr’s rule further
reduces many components of C pqik to those of fewer
dimensional tensors. Indeed :
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In addition, Bohr’s rule and time reversal invariance
provide relations between components of C pqik :

Further useful relations follow from table 1 :

The four linearly independent Cpqik quantities can
thus be chosen e.g. as Cmi, Cllmm, Cll1m’ and Cllml.

All 36 linearly independent quantities are expressed
in terms of the amplitudes a, ..., f in table I. Bilinear
combinations of the amplitudes are expressed in terms
of the c.m.s. pure experiments in table II.

Since these 36 linearly independent quantities can be
expressed as bilinear combinations of 11 real functions
(the 6 magnitudes and phases of the amplitudes, minus
the overall phase), 25 nonlinear relations between the
experimental quantities must exist. No unique way of
writing these relations exists, but they can be generated
from an identity satisfied by any three complex
numbers :

These relations can be used to express three and four

component tensors in terms of the simpler quantities.
On the other hand, since 19 experiments exist that
involve at most two spin projections, 8 relations bet-
ween these simpler quantities exist. Such nonlinear
relations are important when the question of recons-
tructing amplitudes from data is discussed and we
shall return to them elsewhere. Here just let us give
one example of such a relationship :

4. Expérimental quantities in the laboratory system.
- In the most general study of elastic spin 2 particle
scattering it is relevant to introduce a general formula
describing the angular distribution of correlated

scattering for the case when both initial spinor par-
ticles are polarized. It is then possible to obtain each
particular case of a given experimental polarization
configuration by setting various subscripts equal to
zero or choosing them in directions of interest, e.g.
those which respect the concept of a pure experiment
in the laboratory system. We use the same definitions
as BLW :

Table II. - Bilinear combinations of a, b, c, d, e and
f in terms of the c.m.s. experimental quantities.

standing for the unpolarized differential cross-section
and polarization in the simple scattering on a spinless
analyser 1 for the scattered particle and 2 for the recoil
one. Here Ml and M2 are the scattering matrices for
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these two cases and n, and n2 the unit normals to the

first and second analysing planes, respectively. The
general cross-section of correlated scattering is defined
as

where, as usual, PB(PT) indicates the initial beam

(target) polarization and p is the spin 2 particle system
density matrix after the first (studied) scattering. This
formula contains all possible experimental quantities.
They can be deduced by specifying the initial produced
(Ps, PT) and final analysed (Pl , P2) polarizations.

with the usual summation convention.
The angular distribution measured in experiments

in which the final polarizations are not analysed is

described by the ratio IP.PT(ol 0)/100(0, 0) and pro-
vides us with the asymmetry tensors Aoono· AOOOn and
A00ik* The ratio -rp,.PT(’Pl’P2)/Il 12 IPBPT(ol 0) (with
appropriately chosen initial and final polarization
directions) provides us with all other experimental
quantities in (4.3). The only experimental quantity
requiring an absolute measurement (depending on
such quantities as the beam intensity, etc.) is hence the
unpolarized differential cross-section Zoo(0, 0).
We define three different reference frames

S = (k, s, n), S’ - (k’, s’, n) and S" = (k", s", n) in
the laboratory system, associated with the initial,
scattered and recoil particle, respectively. Here k = ki,
k’ and k" are unit vectors in the directions of the initial,

scattered and recoil particle 1.s. momenta, n is a unit
vector normal to the scattering plane (same as in the
c.m.s.) and we put s = n x k, s’ = n x k’ and

s" = n x k". The initial polarization states are referred
to S, the scattered particle ones (scattering angle 01 in
the 1.s.) to S’, and the recoil particle polarization
(recoil angle e2 in the l.s.) to S".

Pure l. s. experiments are those in which the particle
polarizations are oriented along one of the basis
vectors in the appropriate frame S, S’or S".
We shall now specify formula (4. 3) to various cases

of interest in the l. s., making use of some symmetry
relations to be derived in section 6. Note that Pi = 0
implies ii = 1 (i = 1, 2). As in BLW we denote experi-
ments Aa, Ba, Ca and Da with a = 1, ..., 4. This i’s

keeping with table II of BLW.

A. Unpolarized beam, unpolarized target
Al. Final polarization not analysed

A2. Polarization of scattered particle analysed

A3. Polarization of recoil particles analysed

A4. Both final polarizations analysed

B. Polarized beam, unpolarized target
B 1. Final polarization not analysed
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B2. Polarization of scattered particles analysed

B3. Polarization of recoil particles analysed

B4. Both final polarizations analysed

C. Unpolarized beam, polarized target
C 1. Final polarizations not analysed

C2. Polarization of scattered particles analysed

C3. Polarization of recoil particles analysed

C4. Both final polarizations analysed

where
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D. Polarized beam, polarized target.
Dl. Final polarizations not analysed

D2. Polarization of scattered particles analysed

D3. Polarization of recoil particles analysed

D4. Both final polarizations analysed. The general expression for Ip.p,(Êl, Ê2) in this case contains
all previously considered terms, plus the contribution of P PTk Cpqik nip n2q. For brevity we only consider
two special cases that yield interesting components of the tensor C pqik. We shall assume in both cases that only
the polarization components in the first scattering plane are ana 1) sed, i.e. we put

In the first case we specify the initial polarizations to be parallel to each other and transverse to the beam :
PB = PB s, PT = PT s. We obtain the same result as in the case of proton-proton scattering :

In the second case we specify the initial polarizations to be mutually perpendicular and equal to PB = PB s,
PT = PT k. We obtain

The expression ’EP.PT(Êl’ Ê2) for PB = PB k, PT = PT s has a similar form ; it is just necessary to inter-
change s and k in (4.22).
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In all of the above formulas n is the normal to the plane of the studied scattering, whereas n, and n2 are
the normals to the first (scattered particle) and second (recoil particle) analysing planes. The scalar products
nlk’ = (nl, k’) and n2k" = (n2, k") are hence, a priori, zero. In order to observe the components of a tensor
X pqik with p = k’ or q = k" a magnetic field must be applied between the target and the corresponding analyser,
so as to rotate the corresponding polarization in the (k’, n) or (k", n) plane. The scalar products nin and nlk-
(n2n and n2k") in formulas (4.5)-(4.22) are then to be understood as the cosines of the angles between nl(n2)
and the directions to which the n and k’ (n and k") components of the scattered (recoil) particle polarization
have been rotated by the magnetic fields.

AIl1.s. experiments are listed and expressed in terms of the amplitudes a, ... , f in table III.

Table III. - Laboratory experiments in terms of scattering amplitudes a, b, c, d, e and f. For angles a and fl see
equation (5.2).
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Table III (continued).
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Table III (continuez.
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Table III (continued).
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Table III (continued).

5. Relations between Ls. and c.m.s. experimental quantities. - In this section we shall express the pure
l.s. quantities in terms of the pure c.m.s. ones. We take the relativistic rotation of spin into account and write

where summation over repeated indices is to be understood. In (5.1) ci and dk are components of two unit vectors
determining the initial particle polarization directions. They are to be referred to the frame S. Since the target is
at rest in the 1.s. and k = ki, no additional spin rotation is involved for the initial particles. The spin directions
of the scattered and recoil particles in the c.m.s. are given by the relativistically rotated vectors aRl and bR2,
if the 1.s. ones are given by a and b. The rotations R1 and R2 are affected about the normal n in the counter-
clockwise direction, through the angles

All vectors and angles involved are illustrated on figure 1 of BLW, which we do not reproduce here. They satisfy :

The components of aR and bR 2 are referred to the S’and S" systems respectively.
Making use of the results of section 3, we now run through the list of pure l.s. and c.m.s. experiments.

A2. Polarization of scattered particles analysed
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B2. Polarized beam, scattered particles analysed

D(’), R, A, R’, A ’ are the Wolfenstein triple scattering parameters.

B3. Polarized beam, recoil particles analysed

C2. Polarized target, scattered particles analysed

Using time reversal invariance we express Kâôod in terms of Ki$1

C3. Polarized target, recoil particles analysed

Using (3.10) we have
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A4. Polarization correlation for initially unpolarized particles

Dl. Asymmetries (or analysing powers or cross-sections) for polarized beam and polarized target

B4. Polarization correlation for initially polarized beam

C4. Polarization correlation for initially polarized target
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Using (3.12) and (3.14) we have

D2. Polarized beam and target, polarization of scattered particle analysed

D3. Polarized beam and target, polarization of recoil particles analysed

See section 6.

D4. Polarized beam and target, both final polarizations analysed

See section 6.

6. Relations between experimental quantities in the laboratory system. - The 36 linearly independent
l.s. experiments can be chosen in many different ways, making always use of the constraints imposed by parity
conservation and time reversal invariance (and the Bohr rule). The Bohr rule, as in the c.m. s. leads to the identity

where [k;], [si], [kf] and [sf] denote the number of k and s labels in the initial and final states and a label x’ is equal to
n, 0, k, (k’, k") or s(s’, s") if x is equal to 0, n, s(s’, s") or k(k’, k") respectively. Parity conservation acts here as in
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the c.m.s., implying that Xabcd = 0 if ([k] + [s]) is odd, where [k] ([s]) is the total number of k, k’, k"(s, s’, s") labels
occurring in the set a, b, c, d.

The generalized Pauli principle does not apply here, so that the symmetry Xabcd = Xb,,d, used in BLW,
does no longer hold for nonidentical particles.

The transformation relations between basis vectors in the c.m.s. (n, 1, m) and l.s. (with the three different
frames S, S’, S") are

The consequences of time reversal invariance are considerably more complicated in the l.s. than in the c.m.s.,
but essentially they coincide with relations given in BLW for identical particles.

If only the values 0 and n figure among the labels, then we have :

In other cases we have

with
Another consequence of time reversal invariance is

where b, c = 0, n and two further relations which can also be derived from (6.5) using the Bohr rule.
Four further relations implied by time reversal invariance are

where
Let us now discuss the individual classes of experiments.

(1) Two distinct components of the one-component tensors (as in the c.m.s.) :

(2) Sixteen distinct components of two component tensors.
As in the c.m.s., the polarization correlation can be expressed completely in terms of the asymmetry tensor.

Indeed time reversal implies Il
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The two polarization transfer tensors are again related by time reversal and satisfy :

Four relations exist between the components of the two polarization rotation tensors :

(the last relation is a consequence of (3.10) in the c.m.s.).
The 16 linearly independent components can be chosen as the 5 components of Aood, the 5 components

of KaOOd’ DOnOn and 5 other components of DObOd and DaocO’ taking (6. 10) into account (e.g. Dk’OkO’ D,,OS05 Ds’OkO’
D01t’Ok and Dos’os). 

-

(3) Thirteen distinct components of the three-component tensors. Time reversal invariance allows us to
express all Cab,O in terms of MaOcd and Cabod in terms of NObd. The Bohr rule provides many further relations
and reduces some components to those of lower order tensors.

Indeed, as in the c.m.s. we have

Further we have

Equation (6.6) specializes to

and four identical relations with n and 0 interchanged and the tensor MnOcd replaced by No,,,d’
A specialization of (6.5) (plus the Bohr rule) yields :



1411

Specifying (6.4) we obtain

and

The c.m.s. relations (3.13) and (3.14) can be translated into the l.s. to yield :

Thus, out of the 52 nonzero components of the four tensors Cbo, Ca6od, M.O,,d, and NOb,,d only 13 are linearly
independent and not reducible to lower component quantities. As these we can choose e.g. 11 components
of MaOcd (omitting one of the 4 figuring in (6.16) and Mnonn) plus two of the NOBM components figuring in (6.18).

(4) Four distinct components of the four component tensor. Parity conservation implies that only 41 of
the 81 components of Cbd can be nonzero. The Bohr rule implies Cnnnn = 1 and reduces all components with
two n labels to components of rank two tensors (see BLW). It also provides the relations

so that finally only 8 components of Cbd need be considered.
As these we can choose e.g. the following components, which we express in terms of the c.m.s. quantities

as :
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The c.m.s. time reversal relations (see (3.16))

can be translated into the l.s. Doing this, using the Bohr rule and taking linear combinations of the two relations,
we obtain

Relations (3.17) translated into the 1.s. give :

The four linearly independent components of Cbd can be chosen among e.g. those on the right hand side
of (6.19).

7. Electromagnetic corrections to nez n p scattering amplitudes, the one pion exchange amplitudes and
tests of isospin invariance. - Since part of the motivation for this article is to provide a detailed formalism for
np scattering, in particular for tests of isospin invariance in np scattering, we shall spell out here the one photon
exchange electromagnetic np amplitudes in detail [7, 10, 11] ]
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The exact pp one photon amplitudes are obtained from (7.1) by replacing the neutron Dirac and Pauli
form factors F" and F" by the proton ones, the neutron mass m - by the proton one and by the appropriate sym-
metrization. The symmetrization amounts to the following substitutions :

In (7.1) F1(t) and Fg(t) [Ffl(t) and Ff(t)] are the neutron [proton] Dirac and Pauli form factors, i.e. the
one photon exchange contribution to np scattering is written covariantly as

Here a is the fine structure constant, m. and mp the neutron and proton masses, s = (p + n)2, t = (p’ - p)2
and u = (p’ - n)2 are the Mandelstam variables, n and n’ (p and p’) are the neutron (proton) initial and final
four-momenta. We also use the c.m.s. three-momentum -

Electromagnetic effects in np forward scattering have been discussed in detail elsewhere [10,11]. For pola-
rization phenomena they are very important.

We note that only the amplitudes eY and f Y are singular in the forward direction (behaving as (- t) - 1/2
We shall not go here into the much more complicated question of higher order and indirect electromagnetic

effects [7, 33] in np scattering.
In the scattering of two charged particles, higher order electromagnetic effects lead to the appearance of the

Bethe phase [34-36].
Similar effects, due also to the simultaneous exchange of mesons and photons should also occur in np

scattering but the situation for np scattering at intermediate energies has not received a detailed treatment
(see however refs. [2-8]).

While we do not go into the details of meson exchange [37] np amplitudes and potentials here we shall
give the one pion exchange amplitudes in view of their importance for e.g. np phase shift analyses [20, 38].

We write the one pion exchange amplitude for pseudoscalar coupling as
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where the first term corresponds to neutral pion exchange, the second to charged pions ; /.lxo and /.lx + are theneutral and charged pion masses ; gnnxo, gPP1t° and gnm+ are the appropriate nucleon-pion coupling constants.
If isospin invariance is assumed we have

(and also Jlxo = Jlx+’ mp = mn). The best fit value of go is given by [39]

Reducing (7. 5) to its two component form in the c.m.s. we obtain

where we have put

The OPE contribution to pp scattering is reobtained by replacing mn by m p, /1n+ by /1no and imposing (7.6)in (7.8) and (7.9).
In neutron-proton scattering a nonzero value of the amplitude f (s, t) is an indication of isospin violation.

Obviously we will have IY(s, t) =1= 0 (see (7.1)) and also higher order direct electromagnetic contributions
to f (s, t). Formulas (7.8) provide an example of indirect electromagnetic contributions to this amplitude.Indeed fOPE # 0 for mn =1= mp. Methods of observing interference effects involving the amplitude f were dis-
cussed elsewhére [10]. In tables IV and V we provide formulas for the isospin violating quantities in the c.m.s.
and l.s., respectively. The simplest experiments of this type, from the experimental point of view are

Table IV. - Isospin violating quantities in the c.m.s.
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Table V. - Isospin violating quantities in the l.s.
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8. Conclusions. - This article serves as a sequel to BLW in that it develops the elastic scattering formalism
for nonidentical particles with the same amount of detail as was devoted to identical particles in BLW. It summa-
rizes and reviews the entire formalism, filling in many gaps that have become important in view of newly deve-
loped experimental techniques.

The article should be useful to experimentalists, for whom it can serve as a dictionary of formulas, relating
experimental quantities and amplitudes. On the other hand, it should be useful for the reconstruction of ampli-
tudes from experiments, for the planning of complete experiments, the discussion of linear and nonlinear rela-
tionships between different sets of experiments and the treatment of similar practical problems.
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APPENDIX

Relation between covariant amplitudes and invariant c.m.s. amplitudes. - The covariant amplitudes
xa(s, t) are defined by relations (2.11) and (2.12) of section 2. Their relation to the amplitudes a, ..., f of (2.1) is :

Hère 0 is the c.m.s. scattering angle

and

where p and p’ (q and q’) are the initial and final four momenta of the first (second) particle.
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