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The relation between the repulsion of S-matrix eigenphases and “crossing” branch points (complex
energies at which two or more eigenphases are equal) is examined in some detail. It is exploited to obtain a
unitary one-pole approximation to the S matrix for the description of an isolated resonance superimposed on

a nonelastic background.

I. INTRODUCTION

T an energy between thresholds V and N+41 of a
multichannel scattering system, the N XN open-
channel S matrix in a single partial wave S(E) [which
we refer to as ‘“the S matrix”] has N eigenvalues
on(E)=¢*B) where §, [ “eigenphases’] are real for
real E. The ¢,(E) are of course functions of the elements
Sre(E) of S(E). If these S-matrix elements can be
analytically continued into the complex energy plane,
the eigenvalues ¢,(E) can be as well. In particular, if
the Sb.(E) have a pole at an energy E,, one of ¢,(E)
will have a pole there (only one, because normally det.S
has only single poles). If the pole occurs near the real
axis it will manifest itself as a scattering resonance, and
a conjecture seems to be abroad that only one eigen-
value will show a rapid energy dependence at real
energies near the pole, enabling the resonance to be most
economically parametrized in terms of a one-pole ap-
proximation to the resonating eigenvalue. Our purpose
is to point out that this conjecture is quite false. Because
of Wigner’s eigenphase-repulsion phenomenon, all N of
the eigenvalues will normally be active near the reso-
nance, so that the one-resonating eigenphase approxi-
mation is inadequate. This is quite evident, e.g., in the
two-channel example of Fig. 1(a), which occurs in d-o
scattering.

Equivalently, we can say that a one-pole approxima-
tion for the eigenvalues o.(E) fails because the o,(E)
have additional singularities, namely branch points. At
each value of E, the ¢, are the IV roots of the N'th degree

equation
det[S(E)—=x1]=0. 1)

Consequently, the solution of this equation, x=¢(E), is
an N-valued function, whose N values are the o,(E).
Therefore, except for trival cases, the function o(E)
has branch points. Fig. 1(b) shows the distribution of
singularities corresponding to the two-channel case of
Fig. 1(a). The branch points of ¢(E) () are closer to
the real axis than the pole (X), since the energy width
of the “repulsion bend” in the eigenphases is narrower
than the width of the resonance. Let us call ¢,(E) the
branch of ¢(E) which has the pole reached by a path
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from the real axis such as the one labeled “oy”; o3(E)
has the pole if a path “oy”’ going the other way around
the branch point is taken. For real energies less than
“A,” 01(E) is the “active” eigenvalue because it has a
nearby pole, and so §; has the resonance shape [see
Fig. 1(a)], but 8, is “’dormant.” But when the energy 4
is passed, the roles are reversed; it is now o which has
a nearby pole, and so for E greater than 4, 8, has the
resonance shape and §; is dormant. One observes in
Fig. 1(a) the “no-crossing” or “repulsion” of the phases;
obviously this prevents the §,(E) from having normal
resonance shapes.

In Sec. IT we discuss some properties of the branch
points of ¢(E). In Sec. III we show that branch points
normally do occur in the vicinity of an isolated reso-
nance, and in Sec. IV we explicitly do the algebra for
the 2X2 case to locate the branch points. Finally, in
Sec. V we exhibit a matrix S(E), simply related to S(E),
whose eigenvalues do #of have branch points, and which
can be used to obtain a simple one-pole approximation
to S(E) which is a unitary generalization of the Breit-
Wigner form to the case of a nonelastic background.

II. SOME PROPERTIES OF THE
BRANCH POINTS

(a) If one takes a path in the E plane which encircles
a branch point, the branches of ¢(£), i.e. the ¢, (E), are
permuted.!

(b) Those ¢, (E) which are permuted are equal at the
branch point; consequently the branch points have
been called “crossing points,” E¢, by Goldberger and
Jones.? In general only two of the o, will be equal at a
point (the case that more than two are equal can always
be considered as a limiting case of two different pairs
being equal at nearby points) ; so, in general, the E¢ are
square-root branch points.

(c) The crossing points occur at complex conjugate
energies. This follows from the statement of unitarity
of S (reality of the eigenphases for real E) in the form

on(E)an*(E*) =1, )

with E and E* at energies reached by direct continua-

! Most of this material is contained in Ref. 2. We include it here
mainly to make our presentation self-contained.
? M. L. Goldberger and C. E. Jones (to be published).
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tion from the real axis between thresholds ¥ and N+1,
one of them being on the physical sheet.

(d) Two eigenphases can cross at real E only if a
crossing point coincides with its conjugate there to form
a “‘double” crossing point, which is not a branch point.
The fact that this is “unlikely,” and occurs only if .S
satisfies special conditions, is Wigner’s “no-crossing”
or ‘“eigenphase repulsion” theorem: The eigenvalues
0. (E)=¢?(E) are normally not equal for real energies.
Equivalently, the eigenphases 8,(E) are not equal
modulo = for real energies; they do not cross.

As a simple example, the 2)X2 .S matrix can be written
in the form

3 (1— )23 et
), @)

pexin
(i(l_nZ)llzei(61+52) petida

with 81, 82, and 5 real, 0<#*<1, for E real. The condi-
tions for the equality of its eigenvalues at a real energy
e 81=0s(modr) and z=1, @

which are normally not both satisfied at the same real
energy.

III. THE EXISTENCE OF CROSSING POINTS
NEAR AN ISOLATED RESONANCE

In the vicinity of an isolated resonance we can ap-
proximate S(E) by the one-pole form

Sva(E)=Boa—i[tsta/ (Ep—E)], (5)

where E,= Ey—3:I". The first term is a constant “back-
ground”; the dyadic or “factorable residue’” form of the
second term ensures that detS [Eq. (3)] has only a
single pole.

By the resonance being isolated, we mean that E, is
sufficiently far from other poles and threshold branch
points that Eq. (5) is valid in a region | E—E,| <A of
the complex plane whose radius A is much larger than
T. In the outer part of this region, where

AS|E—E,|>T,
we have 6)
Sba (E) ~ Bba 3

a constant, so the eigenphases 8,(E) of S tend to the
constant eigenphases 3; of B as E tends to “infinity” in
any direction. In particular, if E; is a real, positive
energy satisfying AS>E{>T, the §,(E) remain constant
as E passes from Eo— E; to Eo+E; along a large semi-
circle in either the upper or lower half of the E plane.
On the other hand, the presence of the resonance forces
>"1¥ 8,.(E), which is half the phase of detS, to rise by =
as E increases from Ey—E; to E¢+E;. As Weiden-
miiller has recently pointed out,® the eigenphases can
accomplish this, respect the no-crossing theorem, and

3 H. A. Weidenmiiller, Phys. Letters 24B, 441 (1967).
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F16. 1. (a) Eigenphase energy dependence for a two-channel
J=1% resonance observed in d-« scattering [L. C. McIntyre and
W. Haeberli, Nucl. Phys. 91, 392 (1967)]. The eigenphase re-
pulsion is centered at the energy marked A, and the center of the
resonance is at B. Note that the background eigenphases are not
constant, but decrease with energy much like hard-sphere phase
shifts do. (b) Eigenphase singularities in the complex energy plane
corresponding to the resonance of Fig. 1(a), showing the pole
(x), conjugate zero (0 ), and crossing branch points ([J) possessed
by both eigenphases.

equal the B8; (modulo ) at both ends of the interval,
only if their values at Eo4-E; are some permutation of
their values at Eo— E, as indicated in Fig. 2 for the
case N=3. Thus §,(E,+E:) takes on different values
depending on the path followed from Ey— E;, and so
must have branch points within both the upper and
lower halves of the region |E—Ey|<A. [The branch
points in fact occur in complex conjugate pairs,
Sec. II(c).] As we mentioned in Sec. II, we expect these
branch points (i.e., the crossing points) to be simple and
hence square-root, so that encircling one interchanges
a pair of eigenvalues. Since it requires N—1 such inter-
changes to make a cyclic permutation of all NV eigen-
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Fic. 2. Eigenphases for a typical 3-channel resonance, showing
two eigenphase repulsions; constant backgrounds have been
assumed for clarity. Note that as the resonance energy is passed,
5, rises from B; to Bs, 8; rises from B2 to Bs, and 3s rises from B3 to
B (mod 7I').

values, there will in general be N—1 square-root cross-
ing points in each half plane.

IV. EXPLICIT EIGENVALUES FOR A
TWO-CHANNEL RESONANCE

An isolated resonance coupled to two open channels
provides an example simple enough to permit the alge-
bra to be worked out explicitly. Without loss of gen-
erality we may write S in the Breit-Wigner (BW) form
of Eq. (A4),

Pb1l2ra1/2
], )

Spa(E)= ei(¢b+¢a)[6ba—i_—__
E—E,

with ¢, and ¢, the real, constant background phases.
The eigenvalues of a general 2X2 matrix are

03 (E)=3(S1u+S20) £3[(Su—S2)*+4S:12 2,  (8)

which for the Breit-Wigner matrix (7) become (de-
fining \;= ¢2%¢7)

O'i(E) = {)\1(E'— Ep— 1/1‘1)+k2(E— E,,—-il‘g)
L[ O\(E— Ep—il'y) — No(E— Ep—il'5) )?
— AT AN 2} /2(E—Ey), (9)

which exhibit the pole and square-root branch points
explicitly. The latter can be made more evident by com-
pleting the square inside the square-root bracket, to
give

o4 (E) = {)\1(E—‘ Ep— 2 1)+)\2(E—‘ Ep'— i 2)

+ M~ N)[(BE— E) (E— EX)]"}/2(E— Ep),  (10)

with the crossing points occurring at the conjugate

GOEBEL AND K. W. McVOY

164

Eigenphases

E
Fi6. 3. A two-channel resonance with the special property that
its eigenphases are equal off resonance. In this case the eigenphase
“repulsion’” occurs at an energy very distant from the resonance,

and so allows the resonance to appear in only one of the
eigenphases.

positions

1(A\+A\2) . (T2 1N )2
A—A2 A— A

11)

{ ]=Eo+%(r1~r2>
E*

= By +3(I'1—T'2) cot (p1—s)
:i:’i(r1112)1/2 CSC(¢1'—¢2) .

Because of the crossing points, these eigenvalues
clearly do not have a simple Breit-Wigner form in
general, but there are two limiting cases in which they
do. One is the case in which one channel is completely
decoupled from the resonance, e.g. I'y;=0. This makes
the S of Eq. (7) diagonal, so the physical phases are the
eigenphases, and if we associate o} with channel 1,
Eq. (9) becomes

B—E,*
a+(E)=e2i¢l(E = ) o_(E)=e¥%,  (12)

—Lp

As is evident from Eq. (11), the two square-root
branch points have in this case moved onto the real axis
and “annihilated” one another there, allowing the two
(decoupled) eigenphases to cross at that energy.

The opposite extreme is that in which the background
phases ¢; and ¢, are equal. In this limit, according to
Eq. (11), the crossing points move infinitely far from the
pole, in a direction determined by I'y/T1. Eq. (9) again
reduces to a simple B W form, which we can write as

£y

E— E.*
o_(E)=e2‘.¢Q‘ 7 ), oy (BE)=e¥¢, (13)

e &

4

The eigenphases now ‘‘cross” only at £ —== « ; in the
finite energy range near E, the resonance is allowed to
remain entirely in one eigenphase because it has just
“room” enough to rise by = without intersecting the
other, as indicated by Fig. 3.

In the general case, the branch points are near the
pole and off the real axis, causing the eigenphases to
repel one another for real E. The energy interval over
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which the repulsion occurs is approximately equal to
ImE,, i.e., (I'1['2)"2/sin(¢1— ¢2), and so depends on both
the background phases and the relative coupling of the
two channels to the resonance.

V. GENERALIZED BREIT-WIGNER
APPROXIMATION

The traditional Breit-Wigner approximation, Eq. (7),
is applicable only to an isolated resonance superimposed
on an elastic background. Its generalization to the case
of a nonelastic background was given some time ago by
Davies and Baranger,* whose argument is reproduced
in simplified form in Appendix A. We outline here an
alternative derivation which shows that the result,
Eq. (18), can be obtained as one-resonating eigenphase
approximation, not to S(E), but to a closely related
matrix S(E); further details can be found elsewhere.®

Near an isolated resonance we assume .S to have the
one-pole form

S(E)=B—1ul/(E—E,), (14)
with B a constant background matrix, ¢ a complex
column vector, [ its transpose, and E,= Ey—3il'; the
channelwise factorability of the residue at the pole
follows from the assumption of a simple pole, i.e., a pole
in only one eigenvalue per sheet.

The only question at issue is the relation which must
hold between B and ¢ in order that .S be unitary. It can
be obtained by noting that .S(E) can be unitary identi-
cally in E only if B is as well. B is also symmetric
because S is, so its constant matrix of eigenvectors V' is
real and orthogonal. Denote by €**= VBV the diagonal
matrix of eigenvalues of B, and consider the matrix

S(E)=e#VS(E)Vei# (15a)
=1—4T/(E— Ep)uii,
with
u=T"12871, (15b)

Although the transformation is not unitary, S is readily
seen to be symmetric and unitary if and only if .S is;
since it differs from S(E) by a constant transformation,
its elements clearly have no branch points.

The merit of S(E) is that its background eigenphases
are equal, so that their crossing points are infinitely
far from the pole, allowing the resonance to remain en-
tirely in one of its eigenphases. That this indeed occurs
is apparent by inspection of Eq. (15), which shows % to
be an eigenvector of S, with eigenvalue §=1—iI/
(E—E,)=(E—E,*)/(E—E,), while the rest of the
eigenvectors, being orthogonal to #, have eigenvalues
“dormant” at §=1.

4 K. T. R. Davies and M. Baranger, Ann. Phys. (N. Y.) 19, 383
(1962).

5K. W. McVoy, in Fundamentals in Nuclear Theory (Inter-
national Atomic Energy Agency, Vienna, 1967).
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The condition that S be unitary is that % be real and
normalized, #u=u'u=1, or, from Eq. [15(b)],

N
ft=3 |ta|?=T;

a=l1

(16)

since 44| is the partial width for decay of the resonance
into channel g, this is merely the statement that the sum
of the partial widths equals the total width. From
Eq. [15(b)] the reality of # can be written in terms of
tas

BV =187t
which, since B=Ve*#7, is equivalent to

Bt*=t. 7
This is our desired result, for Egs. (16) and (17), which
guarantee the unitarity of S and so of S, are expressed
entirely in terms of the components of S. Consequently,
in summary, if Byo= | B|€¥*¥ and T',= |4,|, the desired
generalization of the Breit-Wigner approximation can
be written

I‘bl/zl‘a1/2
Sba(E)z"ewlpbaI:lea[ —iewbu—_—]: (18)
E—E

P

where a3, is the phase of ¢t, relative to that of By, i.e.,
the “phase of the resonance relative to the background.”
The matrix is unitary provided the conditions (16) and
(17) are satisfied, and reduces to the BW approxi-
mation, Eq. (7), if | Bsa| =8s. (no direct reactions) and
ape=0, for all b and a.

The resonance zeros of the Sq,(E) of the BW approxi-
mation all have the same real part as the pole, E,. This
is not true of the corresponding zeros in Eq. (18), which
are found to be “tipped” relative to a vertical line
through the pole by the angles aqq. Further discussion
of these tip angles, as well as a consideration of over-
lapping resonances, can be found in Ref. 5.

V1. CONCLUSION

Our principal result is that the eigenphases, because
of their branch points, generally have a more compli-
cated energy dependence than the physical S-matrix
elements, and for this reason it would normally seem
unwise to use them for representing experimental data.
A two-channel isolated resonance is something of an ex-
ception, since the expression for the energy dependence
of the eigenphases in terms of the resonance parame-
ters, Eq. (9), is not significantly more cumbersome than
the Breit-Wigner expression for the Su.(E). [For
example, the experimental data of Fig. 1(a), were
analyzed directly in terms of the eigenphases, rather
than by the Breit-Wigner expression. ] However, if the
resonance is coupled to more than two open channels,
it would seem that the physical S-matrix elements,
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parametrized by Eq. (18), provide a more convenient
description than the corresponding eigenphases.

APPENDIX

In this appendix we derive the form of S(E) in the
vicinity of an isolated resonance. This result has been
given previously by Davies and Baranger,* who term it
the “generalized Breit-Wigner formula.”

By only requiring that the form be valid in the vi-
cinity of a resonance, we take its only energy depen-
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dence to be in a resonance denominator, so we can write

Tba

SbaBW(E) = Bba+ 5
E,—E

(A1)

b4

where By, [=“background”], T4, and Ep=E¢—iI'/2
are constants.

The determinant of .S in general has only simple
poles; equivalently, the pole occurs in only a single
eigenvalue of S. This requires that T4, be a dyad;
write it Tba=tbt¢.

Finally, S must be unitary, STS=1, i.e.

—i(E—Eo) (Beo'tola— t:*5* Bya)+ [t 5* tota— 3T (Beot totat£:515* Bra) ]

Z BchB ba%
b

This provides the conditions
Bet"Bya=4.a,
Blty=1.*,
S|t ’ =T,
It might be noted that
detSPV (E) =1+4T/ (B, — E) = (E,*— E)/(E,~ E).
(A3)

(A2)

=04, for all E.

]Ep"'EIZ

In a representation in which B is diagonal, we can write

By, =e*bagy, (B, real) and f,=eieT' 112
(T, real, 3° Ty=T), so

iI‘allzI' bl/z

S

»

SpBW(E)= ez’(ﬂa+;3b)[5ba+
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Mass Differences of Hadrons
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Explicit calculations have been presented for the /=2 electromagnetic mass difference between particles
of a given isomultiplet using the superconvergent-dispersion-relation approach suggested by Harari. We
obtain, in particular, the electromagnetic mass differences (i) #*—=9, (i) p+—p?, (iii) =++=-—2 2% (iv)
N¥*+H 4 N¥—2N*+ and (v) ¥i*+4-Y*+—2¥1*, The agreement of our results with experiments is excellent.

1. INTRODUCTION

HE calculation of electromagnetic mass differences
between members of various isomultiplets has
attracted a lot of attention in recent times. It is well
known that attempts to calculate electromagnetic mass
differences, taking into account only certain low-lying
pole terms in the self-energy diagram, lead to confusing

* Department of Mathematical Physics, University of Adelaide,
Australia. On leave of absence from Physics Department, Uni-
versity of Delhi, India.

1 Department of Physics, University of Delhi, India.

1 Department of Physics, University of Delhi, India. Permanent
address: Physics Department, University of Leningrad, USSR.

§ On leave of absence from Physics Department, University of
Delhi, India. Address after 30 June 1967; Department of Physics,
Syracuse University, Syracuse, New York.

results. The notorious wrong sign is obtained for the
mass differences n—p and K+— K9, while the correct
sign and magnitude is predicted for the mass difference
7t—x0 Recently, Harrai! put forward a simple criterion
based on the use of superconvergent dispersion relations
to understand this anomaly. As is well known, in pertur-
bation theory the electromagnetic self-energy of a
strongly interacting particle is given by?

1 Tw(q*v)
AM =—0 LwAgy)

8r?

gwdiq, 1)

g?—1e

1 H. Harari, Phys. Rev. Letters 17, 1303 (1966).
2W. N. Cottingham, Ann. Phys. (N. Y.) 25, 424 (1963).



