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Abstract. A detailed formalism of antinucleon-nucleon scattering in a convenient form for
experimentalists is presented. Special attention is devoted to the discrete C, P and T symmetries as well
as to a discussion of possible direct tests of the fundamental CPT invariance. A phase shift analysis of
antinucleon-nucleon data is discussed, including electromagnetic and one-pion exchange contributions.

1. Introduction

This article is to be viewed as the fourth in a series devoted to the detailed
formalism of the two-body scattering of spin \ particles, i.e. reactions of the type

1 + 2 => 3 + 4, Si \, i l,... 4. (1.1)

The first article [1] was devoted to the elastic scattering of two identical
particles, e.g. proton-proton scattering, or neutron-proton scattering under the

assumption of exact isospin invariance. The second article [2] treated the case of the
elastic scattering of nonidentical particles, e.g. np => np with isospin invariance not
imposed. The third article [3] in the series presented the case of a reaction that is

not self-conjugate under time reversal. This can be viewed as the formalism of time
reversal tests in elastic reactions such as pp => pp, or np => np, or the formalism of
inelastic reactions referred to e.g. Y.~p => An, independently of the validity of time
reversal invariance (TRI).

The above articles presented a scattering formalism with 5, 6 and 8 amplitudes,
respectively. Lorentz (or Galilei) invariance was always imposed, as was parity
conservation and the Pauli principle for identical particles. TRI was imposed in the
first two. These articles will be referred to as I, II and III, respectively.

*) Unité de Recherche des Universités Paris 11 et Paris 6 associée au CNRS.
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The purpose of the present article is to complete the series by adapting the
formalism to the case of antinucleon-nucleon scattering. Our task is simplified by
the great similarity between the pp => pp and np => np formalism on the one hand
and the pp => pp and np => np one on the other hand. Throughout the article we
use the similarities but stress the differences. Special attention is devoted to the
discrete C, P and T symmetries and in particular to a discussion of possible direct
tests of the fundamental CPT invariance. The role of G-parity is discussed.

Our aim is to provide a detailed formalism of antinucleon-nucleon scattering
in a convenient form for experimentalists. One of our motivation is related with
improvements of the LEAR facility at CERN [4, 5] and the KAON factory
project at TRIUMF. The beam intensity increases and antiprotons are regularly
delivered at LEAR making a new generation of precise experiments possible. The
fact that polarization experiments have already been performed at LEAR raises
similar questions of amplitude reconstruction, phase shift analysis, etc. as in
nucleon-nucleon scattering. In the pp elastic scattering case for instance, several
collaborations like the PS173 experiment [6], PS172 [7], PS198 [8] and PS199

(elastic scattering and charge-exchange) are using a polarized target for their
measurements while a project for the future intends to produce an accelerated

polarized antiproton beam [9]. This would allow in principle a complete study of
the spin dependence of the NN elastic scattering matrix.

Experiments done at LEAR have been stimulating theoretical investigations
and provided new insights into many physical problems, such as the existence or
nonexistence of baryonium states (antidiquark-diquark states) [10, 11], other
mesonic resonances (quasinuclear bound states of a nucléon and an antinucleon)
[12, 13] such as the AX(1565) [14] or atomic bound states from bag models [15].
The measured polarization observables help to discriminate between the various
optical and phenomenological potential models [16-20]. Detailed information on
the antinucleon-nucleon scattering amplitudes would also contribute, via analyticity

and crossing symmetry, to our knowledge of the nucleon-nucleon interaction.
In Section 2 we discuss the very general form of the scattering matrix (16

amplitudes) and crossing relations expressed in the invariant basis. All experimental

quantities with at most 2-spin indices are expressed in the center-of-mass
system (CM) in terms of the amplitudes in Section 3. Section 4 is devoted to all
possible direct tests of CPT invariance in a single reaction, namely pp elastic, both
in the CM and in the laboratory system (Is). The electromagnetic corrections
present in the NN system are calculated in Section 5 and the one-pion exchange
(OPE) amplitudes in this context are given in Section 6. The formalism and
guidelines for a NN phase shift analysis using the results of the two preceding
sections are discussed in Section 7. Conclusions are drawn in Section 8.

2. The scattering matrix and crossing relations

Let us first consider a general binary reaction (1.1) involving four massive

particles of spin 1/2. We assume that the scattering matrix M is invariant under
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Lorentz or Galilei transformations (and hence under rotations in the CM). If no
discrete symmetries are assumed (parity, time reversal invariance (TRI) or charge
conjugation invariance (CC)), the scattering matrix will involve 16 independent
amplitudes that are functions of energy and scattering angle.

We shall first write this matrix in the CM system, introducing 16 invariant
amplitudes. We have

M(£', lc) ±{(a +b)+(a- b)oXna2n + (c + d)aXma2m + (c - d)axla2l

+ e(aXn + a2n) + h(axl<j2m - aXma2l) + q(au + a2l) + r(aXm - a2m)

+ s((Tu(T2n + aXna2l) + t(aXma2n - aXna2m)

+ Pi fai« - oin) + F2(aXm + a2m) + F3((TX, - o2l)

+ Gx(aua2m + <JXma2l) + G2(aXma2n + (Tx„a2m)

+ G3(GXna2l-axla2n)} (2.1)

where

n (kxk')/\£x£% T= (£' + £)/|£' + £|, m=(k'-k)/\k'-k\. (2.2)

<t, and (j2 are the Pauli 2x2 matrices and k and Jc' are unit vectors in the
direction of the incident and scattered particles in the CM, respectively.

Let us now restrict to the special case of antinucleon-nucleon scattering, i.e.
to the reactions

¦np,
(2.3)

nn.

Assuming that isospin is conserved in the NN interaction we can express the

scattering matrices for all reactions in (2.3) as

<ßp\M\pp} <nn|M|««> =j(M0 + Mx),

ipp\M\nn} (nn\M\pp}=\(Mx-M0) (2.4)

(pn\M\pn} {np\M\np} Mx

where M0 and M, are the isospin 1 0 and / 1 sets of amplitudes, respectively.
Reactions (2.3a, b) are self-conjugate under CPT and also under charge

conjugation, (2.3a, b, c, d) are self conjugate under time reversal (being elastic).
All these reactions are self conjugate under G-parity [21].

In Table 1 we list the properties of the amplitudes in (2.1) with respect to
parity P, particle-antiparticle conjugation (or C-parity) and time reversal T.

The scattering formalism with five amplitudes a, b, e, d, e was developed in I,
the amplitude f Fx was included in II (for np => np scattering). Eight amplitudes

were allowed in III, namely a, b, c, d, e, f=Fx, g Gx and h. In
proton-proton scattering / and h violate the Pauli principle, g and h violate TRI.
In neutron-proton scattering / and h violate the generalized Pauli principle, i.e.

isospin invariance.

a) pp=>pp, b) nn => nn, c) np

d) pn => pn, e) nn => pp, f)pp
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Table 1

Invariance properties of the invariant amplitudes in equation (2.1)
with respect to parity P, charge conjugation C, time reversal T and
their product CPT. (" + " invariant, " — " changes sign under
the transformation).

Amplitude P C T CPT

a + + + +
b + + + +
c + + + +
d + + + +
e + + + +
h + — — +
<i - - + +
r — + — +
s - — + +
t — + — +
fi + - + -
Fi — - — —

F, - + + -
G, + + - -
G2 — — — —

G3 - + + —

For antinucleon-nucleon scattering C-conjugation plays the role of the Pauli
principle in nucleon-nucleon scattering. Thus, if P, T and C are conserved
separately, only the five amplitudes a, e contribute to pp => pp and nn ^> nn
scattering. The reactions (2.3c) and (2.3d) are not self-conjugate under CC,
hence the amplitude Fx is also allowed to be present (as it is in

np => np scattering), but it violates G-parity and is consequently expected to be

small. Reactions (2.3e) and (2.3f) on the other hand, are not elastic, hence
P-reversal in itself poses no restrictions and the amplitude Gx is allowed.
Again, it violates G-parity and is hence expected to be small (as compared to
a, e).

The spin structure in the elastic reaction pp => pp provides a unique possibility

to test CPT invariance directly [22-26]. A glance at Table 1 shows that while
11 amplitudes violate one or more of the symmetries C, P and T, only 6 of
them, namely F, and G, (/ 1, 2, 3) violate CPT invariance.

Finally let us add a few words on analyticity and crossing symmetry. The
elements of the scattering matrix are assumed to be analytic functions of the
kinematic variables. Furthermore the same matrix considered in different
kinematic regions describes the different channels AW => NN and ÄW => NN. The
crossing matrices for helicity amplitudes can be found e.g. in Refs [21, 27-29].
Here we present it for the invariant amplitudes A (a, b, c, d, e) assuming that
the five amplitude formalism applies. We have

Ä MCA ¦ (2.5)
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where

Mr

cos 2(x + 9)

A
0

0

0

i sin 2(x + 9)

0 0 0

0 0 1

0-10
1 0 0

0 0 0

isin2(x+9)
A
0
0
0

cos 2(x + 9)

(2.6)

and

cos x [st/(s - 4m2)(t - 4m2)]1/2,

cos 9 (t - u)/(s - 4m2),

A cos 4(x + 9) and i

sin x 2m[u/(s - 4m2)(t -4m2)]1/2

sin 0=2^/(5-4m2) (2.7)

T.

The Mandelstam variables s, t and u (not to be confused with the amplitudes

s and t of eq. (2.1)), in terms of the particle four-momenta pt are

s (Pi+Pi)2, t (px-p3)2 and u (px-p4)2.

This crossing relation is valid for the strong and the electromagnetic interactions.
However, in the latter case, it must be remembered that charge conjugation
changes the sign of the charges involved.

3. Experimental quantities

If all the fundamental discrete symmetries are assumed to be valid, then the
scattering formalism for NN => NN scattering coincides with that of NN => NN
scattering. Thus the formulas for all CM and Is experimental quantities in terms
of the scattering amplitudes can be taken from I for reactions (2.3a) and (2.3b);
from II for (2.3c) and (2.3d) with Fx =f, and from III for (2.3e) and (2.3f) with
Gx =g. All amplitudes in equation (2.1) except a, b, c, d, e and respectively / for
reactions (2.3c), (2.3d) or g for (2.3e), (2.3f), should be set equal to zero.

In view of the fundamental importance of the CPT theorem it is worthwhile
to discuss possible tests in detail. To do this we develop the 16 amplitude
formalism of equation (2.1) at least for polarization tensors involving two or less

spin labels. The resulting formulas are used in tests of CPT invariance in
pp => pp scattering. The formalism of course applies to arbitrary reactions of the

type (1.1).
We first introduce an abbreviated notation for the scattering matrix M,

putting

M \{M0 + MXaaXa + M2aa2a + MabaXaa2 (3.1)
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where summation from 1 to 3 over repeated labels is understood. Comparing
equations (3.1) and (2.1) we have

o a + b, Mxl q+F3, Mlm=r+F2, MXn e+Fx,

\i q -f3, M2m -r +F2 M2n=e-Fx,
ru c- d, Mml= -h+Gx, Mnl=s + G3,

rim=h+Gx, Mmm c+d, Mnm -t + G2,

In S ~~ G3, Mmn t+G2, M„n=a- b.

(3.2)

Using the same notations as in earlier articles I, II, III, we write a general
observable as

aXpqtj \ Tr oXpo2qMoXio2JMÎ (3.3)

where a is the unpolarized differential cross section and the labels from left to right
correspond to the spin of the scattered, recoil, beam and target particle respectively.
In the CM the labels take the values 0, /, m, n (where 0 means "unpolarized" for the
beam or target, or "non measured" for the scattered or recoil particle). In the Is we
use the usual sets of orthonormal vectors

(ft, k,s [n x k]), (n, k', s' [ft x k']), (n, k", s" [« x k"]) (3.4)

where k, k' and k" are unit vectors in the direction of the initial, scattered and recoil
particle Is momenta, respectively.

In terms of the amplitudes (3.1) we calculate the CM observables as

a \{\M0\2 + MXaM*a + M2aM*2a + MabM*ab} (3.5)

gA000] \{2 Re (M0M% + MXaM*aj) + eJac Im (M2aM*2c + MbaM*bc)} (3.6a)

oPoqoo \{2 Re (M0M% + MXaM%) - eqac Im (M2aM*c + MbaM*bc)} (3.6b)

aAooio J{2 Re (M0Mf,- + M2aM*m) + zlac Im (MXaM*Xc + MabM*b)} (3.6c)

oPPooo ;{2 Re (M0M% + M2aM*a) - spac Im (MXaM*Xc + MabM*b)} (3.6d)

oAoog \{o,j Re (MlmMl, + MlnM*, + MmnM*m - MnM%,m - M„M*„

- MmmM*m) + Re [M0M*j + MXlM% + (M„ + Mmm + Mnn)Mft

- Mj,Mt - MjmM*mi - MJnM*]

+ elab Im MXaM% + ejab Im M2aM%} (3.7)

oCpqoo \{òpq Re (MlmM*ml + MlnM% + Mm„M*nm - MuM*mm - M„M*n

- MmmM*nn) + Re [M0M% + MXpM% + (M„ + Mmm + Mnn)M%

- MqlM% - MqmMlp - MqnM*p]

- Epab Im MXaM*bq - eqab Im M2aM*b} (3.8)
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GDpoio \{ôip(\M0\2 - MXaM*Xa + M2aM*2a - MabM*ab)

+ 2 Re (MXiM% + MibM%) - 2epia Im (M0Mfa + M2bM*ab)} (3.9)

°Doqok K<V(|M0|2 + MXaM*a - M2aM*2a - MabM*ab)

+ 2 Re (M2kM% + MakM*aq) - 2eqka Im (M0Mfa + MxbM*ba)} (3.10)

cKoqio \{ôiq Re (-MlmM*ml - MlnM*, - Mm„M*m + MuMtm + MuM*n

+ MmmM*„) + Re (M0Mfq + MXiM% + MaiM*a - MqiM*aa)

+ eiab Im MXaM% - zqab Im M2aM%} (3.11)

oKpook \{àpk Re (-MlmMl, - MlnM*i - MmnM*m + M„M%m + M„M*n

+ MmmM*m) + Re (M0M*k + MXpM*2k + MapM*ka - MkpM*a)

- epab Im MXaM%k + ekab Im M2aM*pb} (3.12)

The expressions for the above observables in terms of the invariant amplitudes
of equation (2.1) are given in Table 2.

Table 2

CM observables with at most two spin indices expressed in terms of the 16 scattering amplitudes (2.1).

2a-- af + M2 + \cf + \d\2 + \e\2 + \h\2 + \q\2 + \r\2 + \

+ |rP + |F1|2 + |F2P + |F,P + |G,P + |G,P + |G,F

2<rA„.

2<tC„,

2cD„.

2aDn,

2oKn,

2aK„nnn

2-GAn/in„ —

2aP„.

2<jA„,

fai2 '• + M2+|ep-|/!p-|F1|2 + |G1[

+ 2 Im - s*F2 + l*F3 - q*G2 - r*G3)

ap_|èp_|c|2 + H2 + H2_|Ap_|fip + |Gi|2

- 2 Im - s*F2 + t*F3 -q*G2- r*G3)

a\2 + \b\2-\c\2-\df + \e\2-\h\2 + \Fx\2-\G,f

- 2 Re (r*F2 + q*F3 + t*G2 -s*G3)
ap + |6|2_|c|2_H2+H2_H2 + N2_|Gi|2
+ 2 Re (r*F2 + q*F3 + t*G2 - s*G3)

.|rf|2+H2 + |A|2_|Fip_|Gip¦¦+ c-

-2lm(9*t-r*s + F*G3 + F1G2)

i-W + W-ffl+W + W-fof-ptf
+ 2 Im (q*t - r*s + F$G3 + F*G2)

Re (2a*e +q*s + r*t- 2b*Fx + t*F2 + s*F3 + r*G2 -q*G3 + F$G2 - F%G3)

+ Im -2c*h + q*r + s*t + 2d*Gx -q*F2 + r*F3 -s*G2- t*G3 - F$F3 + GfG3)

Re (2a*e + q*s + r*t + 2b*Fx - t*F2 - s*F3 - r*G2 + q*G3 + F%G2 - F$G3)

+ Im (-2c*h + q*r +s*t - 2d*Gl + q*F2- r*F3 + s*G2 + t*G3 - F$F3 + GfG3)

Re (2a*e + q*s + r*t + 2b*Fx - t*F2 - s*F3 - r*G2 + q*G3 + F2kG2 - F%G3)

- Im -2c*h +q*r+s*t- 2d*Gx + q*F2 - r*F3 + s*G2 + t*G3 -F^F3 + GJG3)
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Table 2. Contd

lcPonoo Re (2a*e +q*s + r*t- 2b*Fx + t*F2 + s*F3 + r*G2 -q*G3 + F\G2 - F?G3)

- Im {-2c*h +q*r + s*t + 2d*Gx - q*F2 + r*F3 -s*G2- t*G3 -Ff F3 + G$G3)

2oAoool Re [(a* + b* + e* - d*)q - (a* + b* - e* + d*)F3

+ e*(s + G3) - h*(r + F2) + r*G, + s*Fx + FfG3 + FJG,]

+ Im [(-a* +b*-c*- d*)t +{a*-b*-c*- d*)G2

+ e*(-r+F2)+h*{-s + G3)-r*Fx+s*Gx-F*F2 + G*xG3\

2oPlooo Re [(a* + b* + c*- d*)q + (a* + b*-c*- d*)F3

+ e*(s - G3) - h*(r - F2) - r*Gx - s*Fx + F*G3 + FJG,]

+ Im [( -a* + b* - e* - d*)t -(a*-b*-c*- d*)G2

-e*(r+ F2) -h*(s + G3) + r*Fx - s*Gx -F*F2 + GJG3]

2oAoolo Re [(a* + b* + e* - d*)q + (a* + b* - e* - d*)F3

+ e*(s - G3) - h*(r - F2) - r*G, - s*Fx + F\*G3 + F*GX]

- Im [( -a* +b*-c*- d*)t -(a*-b*-c*- d*)G2

- e*(r + F2) - h*(s + G3) + r*Fx- s*Gx- F*F2 + G*XG3\

2oPoloo Re [(a* + b* + e* - d*)q - (a* + b* - e* + d*)F3

+ e*(s + G3) - h*(r + F2) + r*Gx + s*Fx + F^G3 + F$GX]

-lm[(-a* + b*-c*- d*)t +(a*-b*-c*- d*)G2

+ e*{-r + F2) + h*( -s + G3) - r*Fx + s*Gx - F*F2 + G\*G3]

2oAooom Re [( -a* - b* + e* + d*)r + (a* + b* + c* + d*)F2

+ e*(-t + G2) + h*(q + F3) + q*Gx - t*Fx + F*XG2 + FfGx]

+ Im [( -a* + b* + e* - d*)s +(-a* + b*-c* + d*)G3

+ e*(-q+F3)-h*(t + G2)-q*Fx-t*Gx-F*xF3 + G'!G2\

2oPmooo Re [(a* + b* - e* - d*)r + (a* + b* + e* + d*)F2

+ e*(t + G2) + h*(-q + F3) + q*Gx- t*Fx- F*G2- F*3GX]

+ Im [(a* -b* -c* + d*)s +(-a* + b* - e* + d*)G3

+ e*{q+F3)+h*(t-G2)-q*Fx-t*Gx + F*F,-G*G2]
2oP„m„„ Re [( -a* - b* + e* + d*)r + (a* + b* + e* + d*)F2

+ e*(-t+G2)+h*(q + F3)+q*Gx-l*Fx+F*G2 + F$Gx]

- Im [( -a* + b* + e* - d*)s + (-a* + b*-c* + d*)G3

+ e*(-q + F3) - h*(t + G2) - q*Fx - t*Gx - FfF3 + G*XG2]

2oAoomo Re [(a* + b* - e* - d*)r + (a* + b* + c* + d*)F2

+ e*(t + G2) +h*(-q + F3) + q*Gx - t*Fx -F\*G2- F^GX]

- Im [(a* -b*-c* + d*)s + (-a* + b*-c* + d*)G3

+ e*(q + F3) +h*(t - G2) - q*Fx - t*Gx + F*XF3 - Gf G2]

2oAooU 2Re(b*c-a*d)+2 Im (h*Fx +e*Gx+ s*F2 - r*G3)

+ W-\'\2-\F>\2 + \G2\2

2aAoomm 2 Re (b*c + a*d) + 2 Im (h*Fx -e*Gx + t*F3 + q*G2)

_H2 + H2+|jp2p_|G3p
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Table 2. Contd.

2<sAooml Re (2a*Gx - 2b*h + r*q+s*t + q*F2 - r*F3 - s*G2 -t*G3- FJF3 + G^G3)

+ Im -2d*e + 2c*Fx + q*s + r*t + t*F2 - s*F3 + r*G2 + q*G3 -F^G2 + F^G3)

2oAoolm Re (2a*G! + 2b*h - r*q - s*t + q*F2 - r*F3 - s*G2 - t*G3 + F$F3 - G^G,)

+ Im (-2d*e - 2c*Fx + q*s + r*t -t*F2 + s*F3 - r*G2 - q*G3 -F^G2 + F*G3)

2oAool„ Re [(a* + b* + c* + d*)s +{-a*-b* + c* + d*)G3

+ e*(q + F3) + h*(-t + G2) - q*Fx + t*Gx- F\F3- G*XG2]

+ Im [(a* -b* + c*- d*)r + (a* - b* - c* + d*)F2

+ e*{t + G2)+h*(q-F3)-t*Fx-q*Gx + F*xG2 + F*3Gx]

2aAoonl Re [(a* + b* + c* + d*)s + (a*+b*-c*-d*)G3
+ e*(q - F3) -h*(t + G2) + q*Fx-t*Gx- F*XF3-G\*G2]

+ Im [( -a* + b*-c* + d*)r + (a* -b*-c* + d*)F2

+ e*(-t+G2)-h*{q+F3)-t*Fx-q*Gx-F*xG2-F*Gx}
2<rAoomn Re [(a* + b* - c* + d*)t + (a* + b* + c*- d*)G2

+ e*(r + F2) - h*{s + G3) - r*Fx- s*Gx- F*F2-G*XG3]

+ Im [( -a* + b* + c*+ d*)q + -a* + b* - c* - d*)F3

+ e*(-s + G3)+h*(-r+ F2) +s*Fx- r*Gx +F*XG3 + F$GX]

2oAoonm Re [( -a* -b* + c*- d*)t + (a* + b* + c*- d*)G2

+ e*(-r + F2) + h*(s - G3) - r*Fx-s*Gx+F*F2 + GfG3]

+ Im [( -a* + b* + c* + d*)q + (a* - b* + c* + d*)F3

-e*(s + G3)-h*(r + F2) -s*Fx + r*Gx +F\G3 + F$GX]

Crsoo Aoors where one replaces Re [ ] => Re [ ] and Im [ ] => — Im [ ]

2aDlolo 2 Re (a*b - c*d - e*Fx +h*Gx- r*F2 - s*G3)

-\'\2 + \l\2 + \Fi\2-\G2\2

2°Dmomo 2 Re (a*b + c*d - e*Fx -h*Gx- q*F3 + t*G2)

-|.P + |rP+|F2P-|G3P
2oDlomo Re [2c*G, + 2d*h +s*t + r*q + q*F2

+ r*F3 + s*G2 - t*G3 + F$F3 - G^G3]

+ lm[2b*e+2a*Fx+q*s + r*t + t*F2

+ s*F3-r*G2 + q*G3 + F*2G2- F%G3\

2oDmolo Re [2c*G, + 2d*h + s*t + r*q + q*F2

+ r*F3 + s*G2 - t*G3 + FfF3 - GfG3]

-\m[2b*e +2a*Fx + q*s+r*t+t*F2
+ s*F3-r*G2 + q*G3 + F*2G2-F*3G3]

2oD,ono Re [(a* - b* + c* - d*)s +{-a* + b* + c*- d*)G3

+ e*(q + F3) + h*(-t + G2) + q*Fx -t*Gx+ F\*F3 + G*XG3]

+ Im [-(a* + b* + c* + d*)r +(-a*-b* + c* + d*)F2

-e*(t + G2)-h*(q-F3)-t*Fx-q*Gx + F\*G2 + F*Gx]
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2oDnolo Re[(a*-b* + c*- d*)s + (-a* + b* + c*- d*)G3

+ e*(q + F3)+h*(-t + G2) + q*F, -t*Gx+ F*F3 + GfG3]

- Im [ -(a* + b* + e* + d*)r + (-a*-b* + c* + d*)F2

-e*(t +G2) -h*(q - F3) -t*Fx-q*Gx + FfG2 + F*GX]

2aDmono Re [(a* - b* - e* - d*)t + (a*-b* + c*- d*)G2

+'e*(r + F2) -h*(s + G2) + r*Fx + s*Gx + F*XF2 + Gf G3]

+ Im [(a* + b*-c* + d*)q + (a* + b* + e* - d*)F3

+ e*(s- G3) +h*(r- F2) + s*Fx - r*Gx +F*GX- F*G3]

2oD„omo Re [(a* - b* - e* - d*)t + (a* - b* + e* - d*)G2

+ e*(r + F2) -h*(s + G2) + r*Fx + s*Gx + F*F2 + Gf G3]

- Im [(a* + b*-c* + d*)q + (a* + b* + e* - d*)F3

+ e*(s-G,)+h*(r- F2) + s*Fx - r*Gx + F|G, - Ff G3]

2oDolol 2 Re (a*b - c*d + e*Fx -h*Gx + r*F2 + s*G3)

-H2 + |9P + |F3p-|G2P
2oDomom 2 Re (a*b + c*d + e*Fx +h*Gx+ q*F3 - t*G2)

-|,p + |rp + |F2p-|G3P

2cDolom Re [2c*G, - 2d*h - s*t - r*q + q*F2

+ r*F3 + s*G2- t*G3 -F*F3 + G^G3]

+ Im [2b*e - 2a*Fx + q*s + r*t - t*F2

-s*F3-r*G2-q*G3 + F*G2 + F*3G3]

2cDomol Re [2c*G, - 2d*h - s*t - r*q + q*F2

+ r*F3 + s*G2 - t*G3 - F$F3 + Gf G3]

- Im [2b*e - 2a*Fx +q*s + r*t- t*F2

-s*F3-r*G2-q*G3 + F*G2 + F*3G3]

2oDolon Re [(a* - b* + e* - d*)s + (a* - b* - e* + d*)G3

+ e*(q - F3) - h*(t + G2) - q*Fx + t*Gx + F*F3 - Gf G3]

+ Im [(a* + b* + e* + d*)r + (-a*-b* + c* + d*)F2

+ e*(t - G2) +h*(q + F3) - q*Gx - t*Fx - F*G2 - F*GX]

2oDono, Re [(a* - b* + e* - d*)s + (a* - b* - e* + d*)G3

+ e*(q - F3) - h*(t + G2) - q*Fx + t*Gx + F*F3 - Gf G3]

- Im [(a* + b* + c* + d*)r +(-a* - b* + e* + d*)F2

+ e*(t-G2)+h*(q + F3)-q*Gx-t*Fx-F*G2-F*Gx]
2<jDoma„ Re [( -a* + b* + e* + d*)t +(a*-b* + c*+ d*)G2

+ e*(-r+ F2) + h*(s - G3) + r*Fx + s*Gx - F*XF2 - Gf G3]

+ Im [(a* + b*-c* + d*)q + (-a* - b* - e* + d*)F3

+ e*{s + G3) + h*(r + F2) + r*Gx- s*Fx + F*x G3 + Ff G,]

2aDonom Re [( -a* + b* + e* + d*)t +(a*-b* + c* + d*)G2

+ e*(-r+F2)+h*(s- G3) + r*Fx + s*Gx - F*F2 - Gf G3]
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- Im [(a* + b* - c* + d*)q + (-a*-b*-c* + d*)F3

+ e*(s + G3) + h*(r + F2) + r*Gx- s*Fx+ F*G3 + FfG,]
2oKollo 2 Re (a*c -b*d) + 2 \m(-e*h + Ff G, + r*s - Ff G3)

+ |fp + |9p-|F3P-|G2P
2oKommo 2 Re (a*c + b*d) + 2 \ra{-e*h - FfG, - q*t + F^G2)

-H2-|rP+|F2p + |G3P

2oKolmo Re(-2a*h + 2b*Gx + r*q -s*t + q*F2

- r*F3 + s*G2 + t*G3 - Ff F3 - Gf G3)

+ Im (2c*e - 2d*Fx - s*q + t*r - t*F2

-s*F3 - r*G2 + q*G3 + F*G2 + F*G3)

2aKamta Re (2a*h + 2b*Gx -r*q+s*t + q*F2

- r*F3 + s*G2 + t*G3 + F*F3 + Gf G3)

+ Im -2c*e - 2d*Fx + s*q - t*r - t*F2

-s*F3-r*G2 + q*G3-F*G2-F*G3)
2oKonlo Re[(a* + b*-c*- d*)s -(a* + b* + c* + d*)G3

+ e*(q + F3)+h*(t-G2)-q*Fx-t*Gx-F*F3 + GfG2]

+ Im [(a* -b*-c* + d*)r + (a* - b* + c* - d*)F2

+ e*(t + G2) -h*(q - F3) -t*Fx+q*Gx + F*G2- F*3GX]

2aK„,„0 Re [(a* + b* - c* - d*)s + (a* + b* + c* + d*)G3

+ e*(q- F3) + h*(t + G2) + q*Fx + t*Gx - F*F3 + Gf G2]

-I- Im [(a* -b*-c* + d*)r -(a*-b* + c*- d*)F2

+ e*(t -G2) -h*(q + F3) + t*Fx-q*Gx-F*3Gx + F*G2]

2oKonmo Re [(a* + b* + c* - d*)t + (a* + b*-c* + d*)G2

+ e*(r + F2) +h*(s + G3)- r*Fx +s*Gx- F*F2 + Gf G2]

+ Im [( -a* + b* - c* - d*)q -(a*-b*-c*- d*)F3

+ e*(-s + G3) + h*(r - F2) + s*Fx + r*Gx+ FfG3-F*GX]
2oKomno Re [(-a* -b* - c* + d*)t + (a* + b* - c* + d*)G2

+ e*(-r + F2) - h*(s - G3) - r*Fx +s*Gx + Ff F2 - Gf G3]

+ Im [(a* -b* + c* + d*)q + -a* + b* + c* + d*)F3

+ e*(s + G3) -h*(r + F2) + s*Fx + r*Gx - F*G3 + FfG,]
Ktooq K„,,i„ where one replaces Re [ ] => Re [ ] and Im [ ] => — Im [ ]

4. Experimental tests of the CPT theorem in elastic antiproton-proton scattering

Using Table 2 we shall now extract the simplest experimental quantities that
provide tests of the CPT theorem. In the expressions in terms of invariant
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amplitudes we shall keep only the leading terms. These correspond to the interference

(if any) between the CPT violating amplitudes F, and G, and the "large"
amplitudes a, b, c, d and e.

In the CM we have, in this approximation,

°(Aooon - Pnooo) -2 Re b*Fx + 2 Im d*Gx (4.1a)

o(Aoono - Ponoo) 2 Re b*Fx + 2 Im d*Gx (4.1b)

o(Aoool - Plooo) Re [( -a* - b* + c* - d*)F3 + e*G3]

+ lm[(a*-b*-c*-d*)G2 + e*F2] (4.2a)

<Aoolo - Poloo) Re [(a* + b*-c* + d*)F3 - e*G3]

+ lm[(a*-b*-c*-d*)G2 + e*F2] (4.2b)

<Aooom + Pmooo) Re [(a* + b* + c* + d*)F2 + e*G2]

+ Im [(-a* + b*-c* + d*)G3 + e*F3] (4.2c)

a(Aoomo + Pomoo) Re [(a* + b* + c* + d*)F2 + e*G2]

+ lm[(a*-b* + c*-d*)G3-e*F3] (4.2d)

o(Aooll-Clloo)=2lme*Gx (4.3a)

a{Aoomm - Cmmoo) -2 Im e*Gx (4.3b)

<Aooml - Clmoo) 2 Re a*Gx + 2 Im c*Fx (4.3c)

°{Aoolm + Cmloo) 2 Re a*Gx - 2 Im c*Fx (4.3d)

<Aooin - Cnloo) Re [( -a* - b* + c* + d*)G3 + e*F3]

+ lm[(a*-b*-c* + d*)F2 + e*G2] (4.3e)

o(Aoonl - Clnoo) Re [(a* + b* - c* - d*)G3 - e*F3]

+ lm[(a*-b*-c* + d*)F2 + e*G2] (4.3f)

a(Aoomn + Cnmoo) Re [(a* + b* + c* - d*)G2 + e*F2]

+ Im [( -a* + b* - c* - d*)F3 + e*G3] (4.3g)

o(Aoonm + Cmnoo) Re [(a* + b* + c* - d*)G2 + e*F2]

+ Im [(a* -b* + c* + d*)F3-e*G3] (4.3h)

<j(Dlolo - DoM) - 2 Re e*FX (4.4a)

<r(Dmomo - Domom) -2 Re e*Fx (4.4b)

a(Dlomo + Domol) 2 Re c*Gx + 2 Im a*Fx (4.4c)

o(Dmoh + Dolom) 2 Re c*GX - 2 Im a*FX (4.4d)
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ottono -Donol) Re [(-a* + b* + e* - d*)G3 + e*F3]

+ Im [(-a* -b* + c* + d*)F2 - e*G2] (4.4e)

a(Dnolo - Dolon) Re [( -a* + b* + e* - d*)G3 + e*F3]

+ lm[(a* + b*-c*-d*)F2 + e*G2] (4.4f)

a(Dmono + Donom) Re [(a* - b* + e* + d*)G2 + e*F2]

+ lm [(a*+ b* +e*-d*)F3-e*G3] (4.4g)

a(Dnomo + Domon) Re [(a* - b* + e* + d*)G2 + e*F2]

+ Im [(-a* -b*-c* + d*)F3 + e*G3] (4.4h)

a(Kolmo + Komh) 2 Re b*Gx - 2 Im d*Fx (4.5a)

a(Kloom + Kmool) 2 Re b*G, + 2 Im d*Fx (4.5b)

a(Kml0 - Kolno) Re [ - (a* + b* + e* + d*)G3 + e*F3]

+ lm[(a*-b* + c*-d*)F2 + e*G2] (4.5c)

a(K,oon - Knool) Re [-(«* + b* + e* + d*)G3 + e*F3]

+ Im [(-a* + b*-c* + d*)F2 - e*G2] (4.5d)

a(Konmo + Komno) Re [(a* + b* - e* + d*)G2 + e*F2]

+ Im [(-a* + b* + c* + d*)F3 + e*G3] (4.5e)

o(Kmom + Knoom) Re [(a* + b*-c* + d*)G2 + e*F2]

+ lm[(a*-b*-c*-d*)F3-e*G3] (4.5f)

Notice that the normal components of the two index polarization tensors do
not provide sensitive tests of CPT invariance. Indeed, from Table 2 we see that the
differences

V\sioonn ^nnoo)r> OyUnono U'onon)

depend on the interference between the CPT violating amplitudes F2,F3,G2,G3
and the small parity violating amplitudes s, t, q and r. The differences

®\^-onno ^-noon/'r Oy^-olto -"-/oo//5 0\f\.ommo I^moom)

on the other hand, do not vanish when we set Ft G, 0 (i 1, 2, 3).

Finally, let us transform the CM relations (4.1) to (4.5) into the Is. Using Fig.
1 of Ref. I we see that we must perform the rotations

T= k'Rl cos a — s'Rl sin a —ic"Rl cos ß + sR2 sin ß =kcos 9/2 + s sin 9/2
~

- (4.6)
m =k'Risina + s'Rl cos a — k"Rï sin ß — sRl cos ß —k sin 9/2 + s cos 9/2
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P2
Figure 1

Annihilation and creation of a NN pair via a virtual photon y.

where 9 is the CM scattering angle and a and ß are related to the relativistic spin
rotation for the scattered and recoil particles, respectively:

a=\9-9x, ß=\e + 92 (4.7)

where 9X and 92 are the Is scattering and recoil angles, respectively.
Relations (4.1) are also valid as the are in the Is. For all other quantities we

shall express the left hand sides of (4.2) to (4.5) in term of Is quantities:

(A000i - Phoo) Aoook cos 0/2 + Aooos sin 9/2

- Pkooo cos a + Ps,000 sin a (4.8a)

(Aooom + Pmooo) - Aoook sin 6/2 + Aooos cos 0/2

+ Pk.000 sin a + Ps.000 cos a (4.8b)

(Aoolo - Poloo) Aooko cos 0/2 + Aooso sin 0/2

+ Pok-00 cos ß - P0,.00 sin ß (4.8c)

(Aoomo + Pomoo) -Aooko sin 0/2 + Aooso cos 0/2

- Pokoo sin ß - Pos..00 cos ß (4.8d)

(A0oii ~ Ctioo) Aookk cos 0/2 + 2(Aooks + Aoosk) sin 0

+ Aooss sin2 0/2 + Ckk.,00 cos a cos J? - QVoo cos a sin 0

- Qroo sin a cos jS + Cs-S.00 sin a sin ß (4.9a)

(^«»»m — ^mmoo) Aookk sin 0/2 — 2(Aooks + Aoosk) sin 0

+ ^OOM cos2 0/2 + Crfc.00 sin a sin j? + Ck.s..00 sin a cos ß

+ Cs.k..00 cos a sin ß + Cs-S..00 cos a cos 0 (4.9b)

V^oom/ ~~ ^lmoo) ~~
2 Aookk Sln " — ^*oo£s Sm "/2

+ Aoosk cos2 0/2 + \Aooss sin 0

+ Ck.k..00 cos a sin ß + QV(W cos a cos p1

- Cs-k..00 sin a sin 0 - CjVoo sin a cos ß (4.9c)

(Aooim + Cmi00) —2^00« sin Ö + ^400fc cos 0/2

- ^oosyt sin2 0/2 + \Aooss sin 0

- Ck.k.00 sin a cos ß + Ck.s~00 sin a sin 0

- Qroo cos a cos 0 + CsW.00 cos a sin J? (4.9d)
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(A„„i„ - Cnho) Aookn cos 0/2 + Aoosn sin 0/2

+ Cnk„00 cos ß - Cm..00 sin ß (4.9e)

(Aoomn + Cnmoo) - Aookn sin 0/2 + Aoosn cos 0/2

- Cnk,O0 sin ß - Cn,.00 cos ß (4.9f)

(Aoo„t - Cinoo) Aoonk cos 0/2 + Aoons sin 0/2

- Ck-noo cos a + Cs.noo sin a (4.9g)

(Aoonm + Cmnoo) -Aoonk sin 0/2 + Aoons cos 0/2

+ Ck.noo sin a + Cs.noo cos a (4.9h)

(Pioto - Doiot) -D*'0*:0 cos a cos 0/2 + Dk,oso cos a sin 0/2

- Ds.oko sin a cos 0/2 — Ds,oso sin a sin 0/2

+ Dok,ok cos ß cos 0/2 + Dok„os cos ß sin 0/2

- Z)0iS»ofc sin ß cos 0/2 - Dos..os sin jS sin 0/2 (4.10a)

(Dmomo - Domom) -Dk,oko sin a sin 0/2 + DKoso sin a cos 0/2

- Ds.oko cos a sin 0/2 + Ds.oso cos a cos 0/2

- Dok.,ok sin /? sin 0/2 + Dok,os sin ß cos 0/2

- £>os»oyt cos ß sin 0/2 + D0,.os cos j3 cos 0/2 (4.10b)

(D/omo + Domoi) --D*'0*0 cos a sin 0/2 + Dk,oso cos a cos 0/2

+ Ds-oko sin a sin Ö/2 — ZJ5'0J0 sin a cos 0/2

- £>„*"»* sin ß cos 0/2 - Dok„os sin ß sin 0/2

- D0,.ok cos j3 cos 0/2 - D0,.os cos 0 sin 0/2 (4.10c)

(Dmoh + Doiom) F>k'oko sin « cos 0/2 + Dkoso sin a sin 0/2

+ P>s'oko cos a cos 0/2 + Ds.oso cos a sin 0/2

+ Dok..ok cos p1 sin 0/2 - Dok„os cos 0 cos 0/2

- Do,.0k sin ß sin 0/2 + 0^ sin ß cos 0/2 (4.10d)

(D,o„o - -D0«0/) jD*0„0 cos a -0^o„o sin a

- Z)0„oifc cos 0/2 - Donos sin 0/2 (4.lOe)

(Dmono + Donom) F>k'ono SUI « + A'ono COS CC

-Donoksin9/2 + Donoscos9/2 (4.10f)

(A,0/o - Dolon) Dnoko cos 0/2 + Dnoso sin 0/2

+ Dok-on cos j3 - Dos,on sin p1 (4.10g)
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(Dnomo + Domo„) -Dnoko sin 0/2 + D„oso cos 0/2

- Dok..on sin ß - D0,.on cos ß (4.10h)

\Koimo + Komi0) (Kos-so — Kok-ko) sin 02

- (Kok-so + K0,.ko) cos 02 (4.1 la)

\F-\oom + F-mool) C'Vs'oo.s ~~ Kkook) Sin 0,

+ (^oos + ^.00,) cos 0, (4.11b)

(F-onio - K0i„o) Konko cos 0/2 + Konso sin 0/2

+ Kok.no cos ß - K0,.no sin ß (4.1 lc)

(•^o«m0 + C) -Konko sin 0/2 + Konso cos 0/2

- tf0/rno sin ß - K0,.no cos ß (4.1 ld)

(¦^/oon — Knooì) ^koon cos a — Ks-oon sin a

- K„ook cos 0/2 - Knoos sin 0/2 (4.1 le)

(^noon + K-noom) Kk'oon SÌn CC + Ks-oon COS a

- Knook sin 0/2 + Knoos cos 0/2. (4.110

Among the CPT tests listed above the most realistic ones are probably (4.1a)
and (4.1b). They are sensitive to the amplitude Fx that violates C invariance, while
satisfying P and T invariance, and the amplitude Gx, violating T invariance, but
satisfying P and C (see Table 1). A further interesting possibility are the tests

(4.11a, b), sensitive to the same CPT violating amplitudes. Indeed, we have

c[(Ksoos - Kkook) sin 0, + (Ks.ook + Kk.oos) cos 0,]

2Re(Z>*G,-M*F1)V ' l' (4.12)
a[(K0i,s0 - Kok..ko) sin 02 - (Kok..so + Kos..ko) cos 02]

2Re(b*Gx-d*Fx).

Interestingly, each of the relations (4.12) for the polarization transfer tensors
for a polarized beam or a polarized target can be tested while performing only two
scattering experiments rather than four. The corresponding experimental setup is

identical to the one discussed for the same quantities in Ref. Ill in the context of
possible tests of TRI violations in proton-proton scattering.

The other experiments sensitive to the parity conserving, CPT violating amplitudes

P, and G, are more complicated.
It should be noted that in the considered approximation we have

c[A0okk + Aooss + (Ck-k.,00 + Cs.s..00) cos (0, + 02)

- (Ck.,.00 - C,,.00) sin (0, + 02)] 0 (4.13a)
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oKDfoko - Oso«,) cos 0, + (Dk.oso + Ds,oko) sin 0,

+ (Dok„ok - D0,.os) cos 02 - (Dok..os + D0,.ok) sin 02] 0 (4.13b)

(since these quantities depend on the interference between the F„ G, and the other
small amplitudes h, q, r, s and t). On the other hand, from equations (4.9a) and
(4.10a) we have

<r[(Aookk - Aooss) cos 0 + (Aooks + A00sk) sin 0

+ (Cfa»00 - Cs.s,00) cos (0 - 0! + 02)

- (Ck.,.00 + C,k,00) sin (0 - 0, + 02)] 4 Im e*Gx (4.14a)

a[(Dk-„k„ + D,oso) cos (0 - 0,) + (Dk.oso - Ds.oko) sin (0-0,)
+ (Dok-ok + Dos.os) cos (0 + 02) + (Dok..os - D0,.ok) sin (0 + 02)]

-4Ree*F,. (4.14b)

The simplest test of CPT violation due to the amplitudes F2, G2, that violate
all three symmetries C, P and T, and F3, G3 that violate only parity P, are clearly
the polarization-asymmetry experiments (4.8), with spin components in the scattering

plane. The experiments (4.9e, f, g, h), (4.10e, f, g, h) and (4.11c, d, e, 0 are also
sensitive to the amplitudes F2, G2 and F3,G3.

5. Electromagnetic corrections

The one-photon exchange in the antinucleon-nucleon channel gives rise to the
contribution of two processes. The first one is the direct exchange diagram with
scattering matrix MD(s, t) (the Coulomb term) and the second one is the annihilation

and creation of a AW pair via a virtual photon and described by the scattering
matrix MA (s, u) obtained from MD after interchanging the final states, for identical
particles. These matrices can be obtained from their equivalent ones defined in the
nucleon-nucleon sector. Indeed, by using hermiticity of the scattering matrix one
can show that, for instance in the pp elastic case in the direct process, the current
at the pyp vertex is equal to that at the pyp vertex so that MD(s, t) —MD(s, t)
because the charge of the antiproton is — e. On the other hand, we know from
Section 2 on crossing that MA (s, u) for the crossed channel can be obtained from
MD(s, t) by applying the crossing matrix Mc (2.6). Nevertheless a straightforward
calculation of the annihilation and creation diagram shown in Fig. 1 helps to fix the
conventions of the formalism.

For the pp or nn elastic scattering we write the contribution of the Fig. 1

diagram to the scattering matrix as:

MA N(s){v( -p2)[Fxy" - iF2a^qAß]u(px))

x {ü(p\)[Fü'P + iF2a'paq'flv( -p'2)} (5.1)
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where the primes in the rightmost current refer to the vertex V in the figure
and N(s) is a normalization factor to be specified below. The physical states and
momenta are defined as:

px (E, p), p2 —p2 (E, —p).. initial states,

p\ (E,p'), p'2 -p'2 (E, -p'). final states,

SU =Pi+p2=Pi-P2 (2F,0)=q'A,

tA=q2A= 4F2 sD>0 timelike region,

sD being the total energy in the direct channel and tA the "momentum transfer" of
the virtual photon in the crossed channel. The Dirac spinors are normalized to +1

— 1) for the particles (antiparticles) and are taken to be:

"(Pi)

v(-p'2)

E + m t2m \E +

o2- p
E + m E + m

2m

(5.2)

with Pauli spinors if/ and x- The nucléon form factors F, and F2 (not to be confused
with the amplitudes of the same name in eq. (2.1)) in the timelike region
tA > 0 are derived from a generalized vector-meson-dominance model with an ansatz
given in Ref. [30], and satisfy the usual assumptions like asymptotic behaviour,
normalization, vector coupling of the photon, etc. We choose their representation:

F\(s)=\

F{(s) Kp

1

l-q2/ml

-0.0335

1

\-q2/m\
1

+
1

1 — q2/m2J \l — q /m

1

1

1 - q /m2m J \i - q /mil Vl - q /m

1

±1.0335

mp 0.77 GeV,

mm 0.78 GeV,

1 1

\-q2/m2p)\\-q2/m2,

mp.= 1.26 GeV,

mœ,= 1.27 GeV,

1

i-</7<7J
„. 1.61 GeV

m„,= 1.62 GeV

(5.3)

where the superscripts "/>" and "«" stand for proton and neutron, respectively (the
+ sign has to be taken with the superscript p and the — sign with the superscript
ri), co and p are the vector mesons and co', co", p', p" their corresponding Regge
recurrencies. The anomalous magnetic moment of the proton is kp 1.7928456.

Note that contrary to their representation in the spacelike region where

tD — q2 < 0, the nucléon form factors here do not have any angular dependence
as they are functions of s only.
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The calculation of the exact annihilation and creation amplitudes from equation

(5.1), after a Fierz transformation and the reduction to the two-component
form, gives the following results:

äA [-z/VmhfyJs + 2m)2)]{[ut -±(^5 + 2m)2(s + 4m2)](4m2F? + sFj)

+ [ut(s + 4m2) - (y/s + 2m)\ut + 4sm2)]FxF2} (5.4a)

bA cA [a /2y/~s](Fx + F2)2 (5.4b)

dA [-<x/(%m2Sy/~s)](t - u)(4m2F2x - sF\) (5.4c)

êA t - ioil(4m2s(yfs + 2m)2)](y/^tTs)(t - u)(2mFx - J~sF2)2 (5.4d)

where a e2/4n is the fine structure constant, s + t + u 4m2 and i y/—l- The
amplitudes are normalized in such a way that the differential cross section

da/dil \{\a\2 + \b\2 + \c\2 + \d\2 + \e\2}

is in millibarns.
In order to estimate the relative importance of this "annihilation-and-creation"

diagram, we compare quantitatively these amplitudes with the exact direct
Coulomb ones in the NN sector for all angles and several laboratory kinetic energies
Tkin. The direct amplitudes for all particles with equal mass can be derived from
Ref. [31] and are given by:

äD [a/(4m2tyfs(y/s + 2m)2)]{[ut - l(y/s + 2m)2(s + 2t- u)](4m2F2x + tF\)

- Smt[(s + t)yfs 4- m(2s + t - u)]FxF2} (5.5a)

bD [-<x/(&m2ty/~s)](s - «)(4m2F2 - tF\) (5.5b)

cD -dD= [-0Ll2yfs](Fx + F2)2 (5.5c)

ëD [-ia/(4m2yfs(y/s + 2m)2)](s/^/t){(4m2F2x + tF\)

x(3s + 2t + u + 6my/s) + 4m[(2s + 3/ + u)y/s + 4m(s + t)]Fx F2}

(5.5d)

with CM particle momentum

k2 i(5- 4m2) =\mTkin.

We remind the reader that ÄA MCAD with AD — ÄD. The corresponding
curves for both set of amplitudes (5.4) and (5.5) in the pp => pp case are shown in
Fig. 2 for Tkin 500 MeV. One can see that because of the t-pole term in MD, this
process remains several orders of magnitude bigger than MA even at large angles.
The kinematical dependence is such that the "annihilation" contribution is always
negligible, except in the region Tki„ >; 500 MeV for backward angles 0 ^ 150°, where
the value ofonly one "annihilation" amplitude äA is greater than the direct one-photon
exchange one äD. Such specific kinematical domains should be explored when searching
explicitly for one-virtual-photon annihilation effects in the NN polarization observables.

The nn => nn one-virtual-photon annihilation amplitudes at Tki„ 500 MeV
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Figure 2

pp electromagnetic amplitudes from eqs. (5.4) and (5.5)
at Tkl„ 500 MeV.
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Figure 3

nn amplitudes (eq. (5.4)) corresponding to Fig. 1 at
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are displayed in Fig. 3. Finally, the corresponding values for the charge-exchange

process pp => fin are of the same order of magnitude and remain small compared to
the coulombian values (they are not shown here).

6. One-pion exchange amplitudes

As in the AW scattering case the longest range or the most peripheral
interaction in NN scattering is given by the one pion exchange (OPE). It was
realized long ago [32a] that the OPE amplitudes in the two processes are related by
G parity [32b], the NN potential having the opposite sign of the AW potential. The
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expressions of the NN OPE amplitudes can be found e.g. in Ref. [33] and, taking
into account the mass differences for np scattering, in II. However in view of their
importance in phase shift analyses and for completeness we shall derive here the NN
OPE amplitudes. For all NN reactions (2.3), the OPE amplitudes for pseudoscalar
coupling is

MOPE -
1 r/'\ ^P.M'MPiM -Pi)lfM "Pfa (6-1)

%ny/s (t - in
Reducing (6.1) to its two component form in the CM for the processes (2.3a),

(2.3b), (2.3c) and (2.3d), where only neutral pion exchange is allowed, we obtain

aOPE "OPE eOPE =/0PE £oPE "OPE « (6-2)

e -d - S,g2 I
cOPE — "OPE — r I. 2 \%ny/s(t-nU)

with

t=-2k2(\-cos9) (6.3)

and pno is the neutral pion mass (we use the representation of Ref. III).
For the reaction (2.3a), pp => pp, one has

g\=gppnO, g2 gppn0- (6.4)

For the reaction (2.3b), nn => nn,

g\=grmnO, g2 giü,n<>- (6-5)

For the reaction (2.3c), hp => np,

g\ gppnO, g2 güßn» ¦ (6.6)

For the reaction (2.3d), pn => pn,

gl=gnnnO, g2 gppn°- (6-7)

For the inelastic reactions (2.3f), pp => hn and (2.3e), hn => pp, where there is
either n+ or n~ exchange, one has

öOPE "OPE eOPE =/0PE "OPE «

gig2 t

g\gi 1

(6.8)

4>pe -^y Tr FT (^ + 1 + cos e)[k - y/k2 + m2p- mi]2}
Sny/Syt — liTZ+)

gxg2 m2„-m2p
£ope r Tr rfa sin e\

%nJs(t-H*+)
with

t -(2k2 + ml - m2n) + 2kJk2 + ml - m2„ cos 0 (6.9)
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61 Spnn + 6 2 öpnn + (6.10)

and p„+ is the charged pion mass.
A non-zero value of the amplitude g(s, t) results from the fact that these

reactions (2.3e) and (2.30, with mp^mn, are inelastic. If isospin invariance is

assumed, we have

Sppn® bnnn®

1

gn. '¦go (6.11)

and

öppn° önnn° r~ Snpn + — 60 (6.12)

with pKo pK+ and m„ =mp. In NN scattering the value from Ref. [34], usually
used, is

gl/An 14.4. (6.13)

The knowledge of the OPE partial wave amplitudes is very useful for phase
shift analysis. From formulae (6.2), (6.8) and equations (2.9) of Ref. Ill one can
obtain the OPE singlet-triplet amplitudes and then perform an inversion of the

partial-wave expansions (see following Section equations (7.1)), to find:

RJJ0J0(OPE) -2FNik

Äl,(OPE)=i?f>s(OPE)=0

RJJXM(OPE) =-2FNik

5,o-fl-^-z lÖfai
21

l + l2 J /+1
QAz) + WTTT Qsy 1(*) + TTT^ Q

*-„,-„(OFE)-f£
2FNik

2À

l+l2
21

27+1

Qjy(z)-Q.

2.7+1

*fa„,y+11(OPE) QAz) -

V

2/+1
l+l2

21

Az)i

;-i(:)l

(6.14)

,(OPE)=2F^Vt- 2J+1

RUnj- ii(OPE) 2F„ifc faf^Y*

2fi,(z)-Aßy+I(z)-jßy_1(z)

2QAz)-jQJ+1(z)-XQj_l(z)

The gy are the Legendre functions of the second kind. For the reactions (2.3a)
to (2.3d) one has (see also equations (6.2) to (6.7)):

zr glg2 ^TtO

8tu/s 2fc2
(6.15)
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In this case Rj_ lly+ „(OPE) Rj+ XXJ_ „(OPE). For the reactions (2.3e)
and (2.3f) one has (see equations (6.8) to (6.10)):

PN=gpnn+gpn«^ I J/ç2 + m2p - m2Jk, Z {k\ 1 + I2) + p\ y }/2Xk2.
%ny/s

(6.16)

7. Phase shift analysis

The partial wave expansion of the NN amplitudes is similar to that of AW
amplitudes. The scattering matrix can be written in terms of different sets of
amplitudes such as e.g. the invariant amplitudes a, b, e, d, e in equation (2.1),
the singlet-triplet Msn,sym. [35] or the helicity 3>, [36], representations. All the
relevant formulae for the NN case can be found in I, II, III and Refs. [37, 38].

In contrast with the AW reactions the Pauli principle does not constrain the
ÄW amplitudes. Consequently for a given NN isospin, there is no restriction on the

parity of the partial waves, they all contribute. We consider, as in III, eight
amplitudes and give, in their notation, the partial wave expansion of the singlet-
triplet amplitudes. Starting from equation (2.12) of Ref. Ill, for a given isospin, one
obtains:

1 °°
Mss 2^ S (2J + 1)PVoPy(cos 0)

1 °°

Moo ^r E (/+l)^fa.i,y+iiPy+i(cos0)+/Afa„,y_„PJ_1(cos0)
MK y o

+ fa/(/+ l)[Rj+U,J- 1.P/ + .(cos 0) + /?fa „,y+ „Py_ ,(cos 0)]

1 œ

M»=^ Z (2J+l)RJJXMPJ(cos9)+JRJJ+XXJ+ilPJ+x(cos9)

+ (J+l)RJJ_XXJ_xxPJ__x(cos9)

- y/j(J + l)[i?fa„,y_„Py+1(COS0) + Äfa„>/+„Py_1(COS0)]
1 °° 1

Myl=^Yi^j~T){-(2J+l)RJJXJXP2(cos9)+JRJJ+n,J+nP2j+l(oos9)

+ (/ + l)Rj_xXJ_,,P2_,(cos 0)

- Jj(J+\)[RJJ+u,j- i.Pfa .(cos 0) + Rj_ „,y+ „Pfa ,(cos 0)]}
1 œ

M'0 W^7 £ - *fa..,./+..''fa .(cos 0) + #fa„,y-„Pfa1(cos0)
2y/2ik j=o

lj^AiRJ+n,j-nP!,+ i(oose)+ fay^fa„,y+„Pfa,(cos0)
V

(7.1)
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1 œ 1

M01=—^ Z 777-TT[(2y+l)^,,yiPÌ(cos0)+/2^+„,y+„Pfa1(cos0)
2y/2ikj=iJ(J+l)

- (J + l)2F-fa uj. „Pfa ^cos 0)] - lj^-j Rj+ nj_ „Pfa !(cos 0)

+ lJ-YLRJj-u,j+nP)-Acose)

1 œ 27+1
Msi=—7=- Z ^=f=P5o,„P)(cos0)

2y/2ikj=\ y/J(J+ 1)

1 œ 27+1
^=-77^7 Z ^=f=Pfa,oP)(cos0).

2y/2ikj=\ y/J(J + 1)

Here P°_„,_„ *°_„,„ 0.

In the equations (7.1) the Py are the Legendre polynomials and the PJ,
m 1,2, the associated Legendre functions of the first kind.

The eight corresponding invariant amplitudes in equation (2.1) are related to
the previous singlet-triplet amplitudes by (see equation (2.9) of Ref. Ill):

a=2-(M00 + Mxx-Mx_x)

b=i2(Mss+Mxx+Mx_x)

c \(-Mss + Mxx + Mx_x)

d=^ (M00 - M„ + Mx _ -^| (M10 + M01)
V2

j
/2

(7.2)

/=-^(M51-Mls)
/2

sin 0 cos 0
g —- (M00 - M„ + M, _ + —^ (M10 + M01)

2 T2

A 4=(M1S + M51).
/2

For the singlet and uncoupled triplet states one defines [3]

V Ri,s Rj\,j\J
whereas for the coupled triplet states:

d (P-J-uj-u Rj-u,j+\\\ rn a\R { rj rj • (7-4)

The matrix of partial wave amplitudes R is related to the S matrix by
R S — Ì. The RJ are complex numbers and the parametrization of the 2x2
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matrices (7.3) and (7.4) is somewhat arbitrary. It could be chosen such that, when
the annihilation is set equal to zero, it reduces to the nuclear bar phase shift
parametrization [35]. One possible choice is similar to that of III:

Rj0J0 cos 2jj e2i5' - 1

RjXJX cos 2yj fa"5" - 1

RJSiX i sin 2yj ei(&->+ ò" + *«> (7.5)

RjTXXJTXX=cos2Sjem^^-l

Rj+u,j± u i sin 2tj ei(Sj - '¦•' + Sj + l*>+ "¦> + '••' ± '\
The presence of the annihilation channels makes the ô complex with Im ö ^ 0

and introduces the real parameters cp and r\. This parametrization then satisfies the

unitarity conditions.
Another choice has been advocated in Refs. [39, 40] and reads

S exp (iö) exp (isax)V exp (ieax) exp (iô). (7.6)

Here ô is a real diagonal matrix with elements <5±,

'0 r
a^\x 0

is a Pauli matrix and F is a real 2x2 matrix. The departure of V from the unit
matrix is a consequence of absorption. When S is symmetric, V is also symmetric
and can be parametrized by a diagonal matrix via a rotation [40]:

< ¦ ,/cos2(r + D 0 \F exp - zcuff exp (kuc,) (7.7)
\ o cos 2(r — r

where

''"V,- o

is another Pauli matrix. Such a parametrization (equations (7.6) and (7.7)) can be

used for both of the cases corresponding to equations (7.3) and (7.4).
For a given energy and isospin channel, the number of free parameters to

determine is four times larger than in the AW case when below the pion production
threshold (above it this ratio drops to two). If one restricts the analysis to a

maximum J 6, there are, assuming CPT invariance, 64 free fitting parameters.
However the non absorptive peripheral (/ large) part of the NN interaction is

constrained by the OPE amplitudes which were given in the previous section.
Furthermore if the strong annihilation is of short range the number of free

parameters will be also decreased. Once these parameters are determined the

physical scattering amplitudes are given by equations (7.1) and (7.2).
A phase shift analysis using the basis of invariant amplitudes (7.2) has already

been done for the NN channel [41]. The question of removing discrete ambiguities
in the AW phase shift analysis [42] also arises in the NN one [43].
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8. Conclusions

During the past years we have learned much from antimatter physics with the
better quality p beams at the AGS, KEK, BNL and LEAR facilities. Thanks to the
LEAR experiments we now know that the pp total cross section does not exhibit
any evidence for baryonium [44]. The low energy antinucleon-nucleon scattering
experiments have shown that while the pp elastic (equation (2.3a)) and charge
exchange (equation (2.3f)) differential cross sections agree with most potential
model predictions, the agreement for the analyzing power Aooon is rather poor (see
Refs [45, 46] for pp elastic scattering and [47] for charge exchange). The energy
behaviour of the forward slope of da/dt for these two reactions is given to within
10% by the one-pion exchange described in Section 6 [48].

As in the NN sector, spin correlations are required to disentangle the ÄW
interaction and to discriminate between phenomenological potential models. An
alternative proposal to Ref. [9] to polarize the p beam is suggested by the FILTEX
collaboration [49]. A measurement of Aoono, Aooon (equation (4.1)), Aoonn and Aooss

(equations (4.9a) to (4.9d)) above 250 MeV/c would then be immediate. A test of
CP invariance in the pp elastic channel is the equality Aoono Aooon which could also
be readily tested. In working with potential models, the more spin-dependent
observables we have, the more difficult it is to reproduce all of them by adjusting
only the existing short-distance core parameters, so that in principle more information

on heavier-meson exchanges and/or quark-antiquark dynamics can be obtained.
On the other hand from a model-independent point of view, the final goal of the
experimental efforts is to achieve a unique direct statistical reconstruction of the ÄW
elastic scattering matrix in terms of complete sets of observables, measured at several

angles and energies, as has been performed for pp scattering (see e.g. Ref. [50]).
Although the existing AW data don't yet allow an unambiguous determination

of the annihilation range in potential analyses [51], it does allow a reasonable
determination of the effective-range expansion parameters at low energy [52]. The
latter leads to the Argand diagrams for S- and P-waves (L 0 and 1 in Section 7),
but so far spin effects are neglected because of the lack of polarization data at low
momenta. The pp data also indicate the need for a coupled-channel approach to
several reactions [53]. The spin dependence of the transition operators and the

coupled-channel effects should bring a better description of the laboratory spin-
dependent observables (4.1) and (4.8) to (4.11).

The treatment of the exact Coulomb distortions in an amplitude analysis, as

introduced in Section 5, cannot be underestimated. Even in the simplest case of spin
averaged pp data, an unexpected rise in energy of the real-to-imaginary ratio of the
forward amplitude (p parameter) remains unexplained. A careful comparison
between the treatments of the Coulomb-nuclear interference done respectively by
experimentalists and theorists had to be made before ruling out this Coulomb effect

as the cause of the discrepancy between the data and the model predictions [54, 55].
In general, the long-range Coulomb contributions (equations 5.5) are needed for
the electro-hadronic separation at very small angles, that is to say, for the
determination of the real part of the forward AW nuclear scattering amplitude.
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The shortest-range contributions of the electromagnetic corrections given by
equations (5.4) are shown here to be small (Figs. 2 and 3). In order to calculate them,
we have used a representation of the electromagnetic form factors of the nucléon in
the region of timelike momentum transfers given by the generalized vector-dominance

model [56]. The behaviour of these form factors close to the threshold is

determined to some extent by the nuclear NN interaction in the initial state [57]. New
precise measurements of the proton form factor in the timelike region (PS 170 at
LEAR) are available [58a] while the neutron form factor could be measured by the
PS201 or the FENICE [58b] collaborations. These new data will constrain the model
parameters in equation (5.3) and thus the outcome of the amplitudes ÄA shown in
Figs 2 and 3 (elastic scattering due to virtual annihilation into a photon).

The usual partial-wave expansion of the singlet-triplet amplitudes is generalized

from a set of 5 amplitudes (pp case) to a set of 8 amplitudes (NN sector with
no / or T invariance) in Section 7. So far the phase shift analyses have been
restricted to low energies (Tkin ~ 20 MeV) and dealt with S- and P-waves only.
Considering the spin dependence of the scattering matrix one then has the following
states in both isospin 0 and 1: ]S0,3SX, lPx,3P0,3Pi, 3P2- It is found [59] that there
is a large admixture of P-waves down to the lowest momenta measured for pp
scattering. Even in the simplest case (low-energy elastic scattering) a "complete" set

of observables has yet to be obtained before determining the preceding 6 complex
phase shifts [60]. Once a phase shift analysis including higher-order partial waves is

successfully performed, it will be possible to decide whether mesons with specific
quantum numbers and mass, observed or anticipated in the AW system, correspond
to resonant partial waves in the NN system [61].

Direct experimental tests of CPT invariance in the elastic pp system are
described in Section 4. The simplest spin-dependent observables necessary to do a

test are the asymmetry experiments (equations (4.1) and (4.8)). It should be

emphasized that this fundamental invariance property, presumably valid for all
types of interactions, has a large variety of experimental consequences. Some of
them are purely static properties, such as the equality of the proton and antiproton
inertial masses. These can be, and indeed have been (PS189 and PS196 at LEAR),
tested with great precision (Refs. [62,63] for the pp mass difference). Other

consequences of CPT invariance are dynamical ones, such as the absence of CPT
violating amplitudes in elastic NN scattering, as discussed in Section 4. The
interference phenomena that would lead to a violation of the CPT predictions,
would not contribute here to a pp mass difference. Hence a direct verification of the
CPT predictions in spin-dependent experiments would be of great value, even at
lower precision than is achieved in the comparison of particle and antiparticle static

properties. The advantage of such a verification is that it is model independent.
The present experimental status of the available AW data will be treated in a

separate paper. Angular distributions of representative measured experimental
quantities show that even though some observables are well known over a large

energy domain, the existing data set is still far from sufficient for a model-independent

description of the AW interaction or for a full phase shift analysis. Even at low
momenta, the theoretical predictions cannot reproduce all the features of those
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observables (strong anisotropy due to an intense P-wave, the unexpected behaviour
of the p parameter, large polarization very close to threshold in some channels,
angular dependence of Aooon, etc.). This can be perceived as a lesson in prudence
even for the simplest cases.

Challenges for theorists are expected to grow as the p beam energy and
intensity increase. Indeed, projects already exist for high momenta and luminosity
machines such as SUPERLEAR, the KAON facility, the European Hadron Factory

and proposals at FERMILAB and JINR-Dubna. These facilities will bring
very high fluxes of antiprotons and thus increase the precision of the spin-dependent

observables. Such upgrades would make direct tests of discrete symmetries
more reliable.
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