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We investigate the kinematics of two-particle-to-two-particle scattering for the purpose of Regge cross-
ing. The boundaries of the physical regions for all three channels are given by a single equality, |2,| =|2]|
=|2,| =1, which is not the case for two different-mass and four equal-mass processes. In both the s and %
physical regions, |z is larger than or equal to 1, and has a maximum whose value increases with increasing
energy. At the same time, the position of this maximum approaches the forward direction as the energy
increases. (Similar statements can be made about z, in the ¢ and # channels, and 2, in the s and ¢ channels.)
There exist three singular points in either the forward or backward directions for two channels at definite
scattering energies for which one of z,, 2, or z, is indeterminate.

I. INTRODUCTION

HE Regge analysis of scattering experiments in
which all four particles have different masses is
made difficult by the complexity of the kinematics. This
problem was investigated some time ago,! and the
general features of the kinematics are well known. Here
we are interested mainly in those aspects which will be
used in Regge crossing. In particular we discuss the
behavior of the three angle variables in the s, /, and %
channels on the Mandelstam plane. We have applied
the results of this paper to a Regge analysis of the
reaction 7—-+p — n+n?

In the scattering of four equal masses the physical
regions are defined by s=¢=u=0. In the two-equal-
mass case in which the ¢ channel is 2m — 2M, they are
given by (=0 and the two branches of the hyperbola
su= (M?*—m??. In the four-unequal-mass case a single
expression, a trinomial in s, ¢, and # defines the physical
regions. In addition, on the boundaries of a particular
channel not only is the cosine of the scattering angle of
this channel 41, but the cosines of the angles of the
other two channels are also 4=1. As mentioned before,
this result does not hold if there are only one or two
different masses. As a consequence of this feature, both
in the forward and backward directions it is necessary
to evaluate the Legendre functions P, (z) which appear
in the Regge representation at all energies rather than
use their asymptotic expansions.

In Sec. II we define the variables and in particular
the angle variables. We have included this section for
the sake of completeness even though these formulas
are well known. In Sec. III we discuss the boundaries
of the physical regions in terms of the angle variables.
We also investigate the indeterminacy points, their
number, and the relation between the mass ordering
and the distribution of these points among different
channels. In Sec. IV we discuss the behavior of the
angle variables inside and outside the physical regions.
Of particular interest for Regge crossing is their be-
havior at fixed energy and the change in this behavior
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as the energy changes. In Sec. V we give a procedure for
determining the behavior of the angle variables on the
Mandelstam plane for any reaction.

II. DEFINITION OF SCATTERING VARIABLES

The 4-momenta of the particles taking part in the
scattering are called p; and P; (i=1,2) (see Fig. 1).
They satisfy the following relations

pr1t+potPi+P.=0,
P2=M2 (i=1,2).

For convenience we define the quantity 2 to be
mi+mo+ M2+ M2 The Lorentz invariant variables
are given by

(2.1)
(2.2)

1)1;2 = m12;

s= (p1+P1)*= (potP2)?,

t=(prt+po)*= (Pr+Pa)*, (2.3)
u=(p1+Pof’= (p+ 1),
stitu=2. (2.4)
The s channel corresponds to the reaction
mi+M1— mot+M,.

In this case the 4-momenta and the Mandelstam vari-
ables are

1= (e1,$5,0,0), P1= (L1, —55,0,0),

— p2=(€2,gs C084,qs 5inb5,0)

— Py= (Eq, —q, cosf;, —¢, sinf;, 0)
s=ml+M P4 2eEr+2p = mo4M o 2esEs+-2¢2,
I=m-+me?— 2e160+2psqs%s (2.5)

u=mo-+M2—2E 10— 2p:qs%s,

where all quantities are defined in the center-of-mass

system. z,= cosfl, is the cosine of the scattering angle in

the s channel, e; and E; are particle energies, and p, and

¢. are the magnitudes of the 3-momenta before and
after the scattering which are given by

_ (s—s2) (s—s53) __(S~—S1) (s—s4) 2.6)

’ 4s BT 4s ’

1= (Mz"‘”’l%)z, So= (M1—ml>2,
si= (M1+m1)?, ss=Matms).

(2.7)
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Fic. 1. Diagram defining 4-momenta
of scattering particles.

The ordering of the s;’s is taken with the reaction
7+p —> n+n in mind. In this case s;<ss<s3<s4. For
other reactions the ordering may be different, but there
is no loss of generality.

If . and ¢, are eliminatedfro m the equation for #,
one obtains

— 52— 2su~+5Z+ (M 22— mi2) (M 2—m42)
T =) () (=) 50"
(4= 32— (1= $2P+ (M m ) (M)
I [ T T T
The t-channel reaction is?
mat+me—> My+M,.

(2.8)

(Because the masses of particles and antiparticles are
the same we make no distinction between M and, say,
M;. The results of this paper depend solely on the
numerical values of the masses.) The variables now are

p1=(e,04,0,0), pa=(e2, — 4, 0,0),
—Py=(E{,q: cosfy,q; sind,,0) ,
— Py=(Ey/, —q; cosfy, —q; sinf,, 0),
t=m12+ m22+ 2eied+2p2
=Mp2+M2+2E/Ey+2q2,
u=mo4+M2—2e)' E'—2p.q:2:
s=mi+M2—2e) Ey'+2pig2:,

(t—15) (t—t3) (t—11) (t—14)
g ’ qt2="_~_—~— ’
41 44
h= (M1~M2)27

i3= (m1+m2)2 )

(2.9)

(2.10)

o= (ml—mZ)Z )

2.11
ty= (M+M,)%. @10

3 The ¢-channel equations can be obtained from the s-channel
ones by the replacements s — ¢ —u s, M1 — ma— M, — M,
2, — —2;. These are more complicated than the usual ones
(s <>t, My <> my) in order that the ordering of s;, ¢, and u; be
preserved, and for the sake of clarity the three sets of equations
are written out completely. To get from ¢ to # channels, the
replacements are s —¢—u—s, m— My — ma— my, 2 — 2.
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Eliminating p. and ¢, in the equation for s, we find that
B 25— 124 (m2—me) (M 2— M 2)
LR ) 1)~
_ (u—32)"— (s—32)*+ (ms*~ms?) (M 2— M ) . 2.12)
L= t2) (b—22) (1~ a) (t— 1) ]2
The corresponding equations for the # channel,

mot+My— my+M,,

are
Pr=(E1", —pu, 0,0),  pa= (e2",$4,0,0),
— p1= (e1”,qu COSBy,q, $inb,,,0),
— Py=(Ey", —qu 0804, —qu sinfy, 0),
u=me+MP+2¢) E/'+2p,2

=ml+MP42e) Ey'+ 2.2,

s=m12+M12——261"E1”—2puguzu s (213)
t=mtmo?—2e1" e’ +2puquzu,
(u—u1) (w—us) (u—us) (w—us)
u2= y qu2= s (2.14‘)
4u 4y
wr= (M1—ms), us= (Mr—m,)?,
(2.15)
us= (Mot-m1)?, ws=(M1+ms)?,
The relation between z,, ¢, and % is
W 2tu—uS~+ (M 2—ma?) (M 2—my2)
L (e—1) (9 (—05) (— 144 J12
(= 32— (=320 Q2= mit) (U 2= )
= . (2.16)

[(—uy) (u—u,) (u—us) (u-m)]"z
III. BOUNDARIES OF THE PHYSICAL REGIONS
The physical region for the s channel is defined by
22<1, s284

(and similarly for the ¢ and # channels). The equation

for its boundary can be derived from Eq. (2.8). It is

Zi=1:

stuts (M P —ma?) (M 2—ms®)+u(M 2—mo?) (M 2—my?)
— (M12M22-—m12m22) (M12+M22—m12—7n22) =0. (3.1)

The boundaries for the ¢ and % channels are given by

th= 1:

stu— t(M12—m12) (Mgz*mf) —S(M22“M12) (mf—-—mf)
- (M12m22—M22m12) (M]Z—Mgz-M12+7’IZ22)= 0, (32)

Z2=1:

stu—}—u(MgL—Mf) (mf——mf) _— t(M{"—mi) (Mzz—mﬂ)
—_ (M22m22-—M12m12) (M22—-M12+m22——m12)=0. (33)
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Fic. 2. Mandelstam diagram for four different mass particles.
The three solid curves are the boundaries of the physical regions.
The triplets specify the values of z,, 2, and 2z,. (For example,
-+, —, + means that 2z,=-+1, 2,=—1, and z,=+1.) a means that
the value of a particular variable is not constant. This figure is not
}:lrawn to scale, but is only meant to bring out the important

eatures.

If the terms linear in # in Egs. (3.1) and (3.3) are
eliminated by using #=2—s—1¢, it is found that all
three expressions are identical. That is, the boundaries
of the physical regions for all three processes are given
by the same equation, e.g., |2,|=|z:|=|z.|=1. We
shall now describe the behavior of this curve in the
s, t, u plane.

Figure 2 is a graph of Egs. (3.1), (3.2), and (3.3)
corresponding to the case where the masses satisfy

my<mo<Mi<M,

(which are satisfied for the reaction #+p — n-+n).

The main features of Fig. 2 are the three open curves
and a loop in the unphysical region where s, ¢, and # are
all positive. These curves are tangent to the twelve
lines

U=1U;

(i= 1,23, 4)

at twelve points. Three of these points labeled 4, B, C
on the diagram correspond to the thresholds for the
three channels. Three other points labeled D, E, F are
the extrema of the boundaries of the physical regions
in s, ¢, or # directions.

It is seen that the s channel has only one such point
(F), the ¢ channel none, and the # channel two (D
and E). From the form of the Egs. (3.1), (3.2), and
(3.3), as well as the ordering of the masses which is
related to the definitions of the channels, one can show
the following:

s=s,, i=i;,
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There can be at most three such points (D,E,F) on
boundaries of the physical channels. If the ¢ channel is
defined as the channel in which the two lightest particles
go into the two heaviest particles, then the ¢ channel has
no such extremum points.

The channel w4 M1 — mo+M, for which my>m;,
My> M, has only one such point (F). (7=+p — n+n
is our example.)

The third channel mo+4-M;— my+M, for which
me>my but M 1< M, has two points (D and E).

The values of the other variables at these points can
be found by inserting the fixed values of the lines to
which this curve is tangent into Egs. (3.1), (3.2), and
(3.3).

7%2(M22‘—M12) +M, (m12—nz22)

D: s=s1, ip ;
MQ—-MQ
my(M P — M )+ M1 (mo?~my?)
§=59, {= ;
Ml—ml
(3.4a)
; ml(Mzz—M12)+M1(m22——m12)
§=33, = H
Mi+my
o (M 2~ M )+ Mo (m2—ms?)
A: s= S4, fa= H
Mot-mg
. M (M —mi®)+ Mo (mo— M %)
L t=t, up= ;
M2_'M1
ml(Mzz“M12)+MQ(M22—m12)
{= tz, u= ;
MWo— M1
(3.4b)
My (M 2—me?)+mo(M 2—ms?)
= t3, u= ;
matmy
My(mP—M )+ Mo (me— M 1?)
B: t= If4, Up= s
Mo+M,
. ma(M £ —mi?)+M (M 2 —ms?)
F:u=uy sp= ;
M1—WL2
my(M 2 —me?)+M o (M 2—m1?)
U=MUs, §= ;
Mg—‘ml
(3.4¢)
iy (mat— M %)+ Mo (M 2 —m1?)
u=1uz, = ;
Mot+-my
mz(mlz—M12)+M1(M22—m22)
C: u=uy s¢= .
My+my

We do not name the remaining six points at which the
loop is tangent to the lines mentioned above, because
they are not in physical regions. The significance of
these points is that at each of them, one of the angle
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variables is undefined. For example 2, is undefined at
A and D; therefore all curves 2,= constant pass through
these points. This is a familiar result at the thresholds
A, B, and C, where the scattering angles have no definite
values, but it is something new at D, E,and F. These are
points in either the backward or forward directions at
definite scattering energies given by Egs. (3.4a), (3.4b),
and (3.4c).

For the case of two different masses,* e.g., when
my— my and My1— Mo, F coincides with 4 and D
coincides with C.

The points at which the curves cross the three axes
are also of interest. These are:

y (M Pmi—M 12m22) (M =M 22—m12-l—m22)

= (M 2—me2) (M 2—ms?) ’

=0, u= (M 2m2— M *ms?) (Mlz—-Mgz—l—mf——mgz);
(M 2—M &) (mP—m)

b oe (M 2M 2—mP*ma?) (M P4 M 2—m2—mq?) .

1141"’—7?7«22 'm12—]k,22
( )( ) (3.5)

There are many reactions with only three masses
different (for example w+p—p+p or p+p— 2
different particles), so it is of interest to investigate the
case where M1— M. The only difference in Fig. 2 in
that case is that #;— 0 and the two points E and the
intersection of the curve with the ¢=0 line go to
s=—, as can be seen from Egs. (3.4b) and (3.5).

IV. BEHAVIOR OF THE ANGLE VARIABLES ON
THE MANDELSTAM PLANE

A. Zt

Because it is most often the case that crossing is
performed from ¢ to s channels, we shall discuss the
behavior of 2z, most carefully and then give summaries
for z; and 2.

In discussing the values of 2 it is very important to
keep in mind how the Mandelstam plane is divided by
certain curves. The four lines

(1=1,2,3,4)

divide it into five strips. From Eq. (2.12) we see that
these are the branch points of the denominator of z,. We
use the natural definition of the first Riemann surface,
so that the square root has the phases +, 7, —, —1, +
in the five strips as ¢ varies from 4 to — .

In addition to these four lines, the hyperbola

5= 0= (u—}2)'— (s— 32"
+ M E—=M2)(mi—ms?) (4.1)

separates the plane into regions of positive and negative

t=1;

41. A. Sakmar, Nuovo Cimento 40, 76 (1965).
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z;. This curve has asymptotes s=# and ¢{=0 and does
not exist for

(S—%E)2< (M12—'M22) (mlz—mg'") .

2, is negative inside the upper branch of this hyperbola.
Inside the lower branch the numerator of Eq. (2.12) is
negative. Therefore z; itself in the five strips has the
phases —, +1%, +, —%, —. Above the 2,=0 hyperbola
it has opposite phases. As ¢ approaches one of the lines
I;, 2; approaches o« with its phase determined according
to the prescriptions given above.

The shape of the z; surface on the Mandelstam plane
can be seen as follows: We fix ¢ at the value f. Let
(to,50) be a point of the hyperbola z,=0. Then, as can
be seen from Eq. (2.12),

2e(s,00) = f(lo) (s—$0) ,
21
[ (tfo— 12) (fo—12) (fo—t3) (to— £) ]2

Therefore the z, surface when cut along lines of con-
stant ¢ has a linear cross section going through zero
along the hyperbola and having a slope f(#). This slope
goes to zero at {=0 and {=d- and to « at {=¢;. At
t=0 itself, z;=1, as can be seen from Eq. (2.12). Thus
the 2, surface is generated by a line, one point of which
stays on the z,=0 hyperbola, and whose slope depends
only on /. Figure 3 is a three-dimensional drawing of the
z; surface on the Mandelstam plane. For the sake of
clarity the central region between # and /,; is omitted.
In addition we cut it off for |z]/>1 in the physical
¢ channel.

Keeping these points in mind, we now discuss the
behavior of z, in the three channels.

F16. 3. Three-dimensional diagram of z,
in the Mandelstam plane.

where

fto)=
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F1c. 4. Graphs of z
I at two different values
l of 5. The solid curve cor-

In the ¢ channel (i.e., {=const>{y), z; varies linearly
with s going through 41 in the forward and backward
directions.

For the s channel we show in Fig. 4 graphs of z; for
two energies. The main features are that inside the
physical region z;<—1, having a minimum which is
close to the forward direction. The position of this
minimum and of the three others shown in Fig. 4 can be
obtained from Eq. (2.12).

dz,/dt=0:
stt—Las+5 (b—a?)—c]H-3£(d—ac)

+{sd—c+3(bc—ad)],
—cts+ic(ac—d)=0,

a=2,

b= iyt tits+histtots+totsttsta,

c= (M—M2) (mi—my?),

d=5*(1/t+1/t41/t+1/ts).

This equation has a finite, negative solution for ¢ as s
gets very large. This is the minimum in the physical
region, which, because ¢ is finite, becomes more and more
forward at larger and larger scattering energies.

In the physical # channel, the behavior of z, at con-
stant » is different in the two regions %>y and u<up.
For u>ug, % starts with the value —1 at s=-+4 o,
increases smoothly, and becomes 41 in the backward
direction of the # channel. Inside the # channel it
continues to increase, reaches a maximum value, and
then drops to +1 on the line {=0. This maximum is
larger for larger values of # and approaches the forward
direction as # increases. Beyond the line (=0, z; de-

4.2)

ry > responds to the higher

t 4 t energy. The physical

l regions are at negative

b — — ___ twherez<—1.

byt |
\ //'\\ l
\
|

creases to —1 in the forward direction and continues
to decrease, approaching — o at {=t;.

For u<ug, 2, has the same behavior up to the line
{=0. But between =0 and the forward direction of the
u channel 2, has a valley. It first drops and then in-
creases to +1 in the forward direction. Beyond the
forward direction z, increases, becoming +c at i=t#.

Along the line #=uy, z; behaves similarly except in
the region between /=0 and the forward direction. Here
it has neither a minimum as was the case for #<<up,
nor does it approach —e as in the case of #>ug.
Instead it decreases smoothly and ends abruptly on the
line t=1, where 2; equals zero. If point E is approached
along a line other than u=ug, a different value of z, is
obtained.

B. z;

We now briefly summarize the behavior of 2, with the
aid of Fig. 2. Along a line of constant s>s4, 2, falls
linearly from 41 to —1 in the physical region, going
to 0 along the hyperbola

(=320 — (u—32) = (M 2—med) (M 2—ms?).

Outside this region it approaches -« for positive { and
— o for negative {. Along a line of constant ¢>14, 2,
takes on the value —1 in both the backward and for-
ward directions for the ¢ channel and in between is less
than —1 having a minimum which is peaked toward the
line s=0. Outside the physical ¢ region z, rises asymp-
totically to 41 as s — — . As s — s3, 2, rises through
+1 at s=0 and approaches + .

In the three regions between s; and s4 the z; curve
consists of a set of three peaked curves going to i,
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—oo, and —zo0, respectively, in each of these regions as
s— s3. For s>s4, 2, drops from 4 and approaches
—+1 asymptotically.

The behavior of 2, in the % channel is complicated by
the existence of the point D. In general z, has a maxi-
mum> 41 peaked toward the line s=0, For # less than
that corresponding to the point D, z,=-+1 in the back-
ward direction of the # channel, and there is a valley
between this and the line s=0 on which z,=-1. For
u>up, %, rises from +1 in the forward direction,
reaches a maximum, then falls again going to +1 at
s=0. Finally it goes through zero within the backward
cone and becomes —1 in the backward direction.
Between s; and ss, 2, has opposite signs to the case
>t As s — 40, 2, approaches —1.

C. z,

Even more briefly, 2, falls from +1 to —1 in the
physical # channel and approaches 4= as s— F .
In the s channel 2, has a maximum>1 peaked toward
#=0, and takes on the value 41 in the forward direc-
tion and =1 in the backward direction if s is less than
or greater than sp.

In the ¢ channel z,= — 1 on the backward and forward
directions and has a minimum with value less than —1.
Outside the physical regions |z.] — « along the lines
u=u,; with phases determined in the same way as for
2z, and z,. Along constant s lines z,— —1 as #— =0,
and along constant ? lines 2, — 41 as #— d=0.

V. DISCUSSION

If the values of the angle variables 2, ,,, are needed,
they can be obtained by evaluating Eqgs. (2.8), (2.12),
and (2.16) anywhere on the Mandelstam plane. How-
ever, if only their general behavior is needed, the
following prescription may be useful:

(1) Draw the twelve lines given by Egs. (2.7),
(2.11), and (2.15).

(2) Draw the three 2s,;,=0 hyperbolas and label the
regions where 2,,,, are positive and negative for a
positive value of the denominators of Egs. (2.8),
(2.12), and (2.16).

(3) Label the thresholds and the three singular
points A through F given by Eqs. (3.4a), (3.4b), and
(3.4c). These are at the intersections of the lines 2,=0,
s=5;; 2:=0, t=1;; and 2,=0, u=wu,.
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(4) Sketch the boundaries of the physical regions.
These are tangent to the lines of step 1 at the points
given by step 3, and approach the axes for large values
of 5, ¢, and #.

(5) On these boundaries, |2,:,|=1. Their signs can
be determined by using the labeling found in step 2. In
addition, note that z,=1 at {=0 and that z; changes
sign on the boundaries at ¢{=¢; (similarly for s and ).

(6) In the three regions between the lines, =1, at
either constant s or constant #, 2, consists of peaked
curves such as those shown in Fig. 4. In the physical
regions of the s or # channels, |z;| has a maximum
which is peaked toward the line {=0. It has been pointed
out by Kibble in Ref. 1 that the loop which is tangent
to six of the lines of part 1 with i=2 and 3 bounds the
phase space for decays such as My — May+mi+m, if
My>Mo+my+ms. If this condition is not satisfied,
such a loop still exists and corresponds to decay into
three particles, some of which have negative kinetic
energies.

There are two important features of four-mass
kinematics. The first is the fact that all the angle
variables have magnitudes 1 on the boundaries. Second
is the fact that |2/ in the s or # channels has a max-
imum peaked toward the line {=0 (and similarly for z,
and 2,). As was discussed in Sec. IV, this maximum
occurs at finite ¢ and therefore becomes arbitrarily close
to the forward direction if the energy is much larger
than any of the masses. In this case, the asymptotic
expansion of the Legendre functions for large argu-
ments is valid except for two small regions near the
backward and forward directions. Therefore the same
results for differential cross sections are obtained as for
identical particle scattering if the Regge representation
is used. However, for reactions involving large mass
differences and only moderate scattering energies, it
presents no difficulty to experimentally break up the
range of ¢ values so that a peak in z;, such as the one
shown in Fig. 4, should be observable if it induces a
peak in the differential cross section. We have checked
ten cases and found that in four of them such a cor-
respondence does exist. A more detailed analysis of one
of these (see Ref. 2) which includes kinematical factors,
residues, and a variable trajectory gives reasonably
good agreement, not only for the position of the peak,
but also for the entire differential cross section.



