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3 2 . ABSTRACT
. i “ S f‘ - : .
o In this paper ve apply: perturbation techniques to the Sematrix
_ dynamical equations specifying the p - meson state, theredy calculating
«v‘?=;'fthc o electromagnetic mass splitting. Approximate solutions to the N/D
equations (for the J¥ = 1" partial wave) are employed in two models,
QE ” (a) ww inelastic scattering with p exchange and photon exchange
'1:\’: ! . ‘ ° ’ -
R - “driving" force,
& S (p) SU3 octet-octet scattering of pseudoscalars.,
_" The numerical results are
A vl’i
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oo U o0 .- .. INTRODUCTION

A

' Thefe has recenﬁly been great successl in calculating various ¢

1,-symmbtry~breakings of baryon masses and baryon-meson couplings.by

applyin& perturbation techniques to assumed-existent~dynamica1'équations-

-

:av_ specifying the baryon states: ‘In this study we employ similar techniques

 kTJ;to calculate the electromagnetic mass splitting of the p vector meson.

;EXPerimentally, this meson has a mass of ~T50 MeV, occurs in + , 0, -
' '  ,chargeAstates expected of an isovector state, and has a large width for
 2£&‘ '_‘i;_.l2n decay. } ‘

We will assume two dynamical "bootstrap" models for the o F

f;iv#,i=? 7'1 ;_, _(&); We consider.the p as occurring in a single wem I =1 ,

‘i;f:. B : ' J =17 channel, with inelasticity preseﬁt.

’f?i»$€3 -:  *E:1}“' (b) We examine the model wherein the relevant channel consists of
o :  ;Mtvo SU. octets of pseudoscalar mesons (mass-degenerate), The p is

A : 3
"~ then assumed to belong to an SU

3 octet of (mass-degenerate) vector
. mesons,”AIn this model we incidentally obtain a crude estimate.for the
’QE_IK* mass splitting also.
Before proceeding to more detailed discussion, it seems appropriate
’ to briefly and simply describe the general origin of the mass splitting
g‘:::;;?l ;v ~in this approach, and the numericai results of this study. We first
| | note that there are twovsources of distinet character which cause

electromagnetic mass splittings (henceforth EMS) of an isospin

'"sn multiplet of gtrongly interacting particles., In the scattering channels

o : o '
/.. in which the multiplet is dynamically generated, the EMS of participating

‘\ >external end exchanged particles affect kinematics and exchange forces,

1

S
'3

o



Vi o ;: $}-¢ (In Reference 1- it is demonstrated that many aspects of these effects are
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e
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G of a group theoretic character.) The second typé of effect is due

' {'TVA Y .- to forces explicitly involving photons, For example, if we consider -

M4

;*j’ the o simply as wr , then we expeqt that single photon exchange in -
Z{;“yf‘thev p°.=.u#ﬂ- channel provi@es an extra attraction decreasing the *
;'EE; . "; . L->{p° ‘mass with respect to the pi mass, In fact, however, the effects
o ?;{ - of photon forces can be substantially modified by the first type of EMS
' 'effect mentioned above, It should be emphasized that the present study

;if; of the mn-m modél differs from the simple group theoretic discussion
" iii 'of the »p in Reference 1 by its detailled consideration éf photon
e ;"3 ; driving forces and of céupling shifts,

Finally, we will obtain an estimate in the mr model of

. - ' Mpo -_Mp+ 22 13 MeV . -
Thé degenerate octet model implies a number poésibly larger by 2 or 3 MeV,
| We wish to draw the reader's attention to & recent calculation
%i of the p EMS by S, Bosel (using the technique of Dashen and Frautschi,
:rathervthan the presept approach)., The result is numerically in agreement
":with our result, However, our calcﬁlation-has the additional feature of
. Q L :;:;f considering forces which actually do give rise to a bootstrap; this
| necessi£ates igéluding inelastic effects.,.
The 1§?ge mass-splitting predicted (on the basis of an admittedly -

g}y

'shaky dynamicﬁi model) should be measurable in the near'futﬁre 8s pe N -

S DRy
. . . production dapa accumulates, For this purpose one should compare di-pion

mass spectra bbtained in reactions at fixed momentum transfer. This
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f*.?Avﬂidéfthéfébﬂbiiéétidﬁsfafiéi;g ffom'ﬁbmehtum-transfer dependencé of

- the effective di-pion phase space.

The following comments, we hope, provide & useful guide for the

H} f“'readgr,‘
vSection 1 contains a discussion of the application of perturbations

PR

 f:f- to S-matrix dynamical equations and illustrates with the example of the

v m~n channel with p exchange. Section 2 discusses briefly the dynamical
’ ‘fequations and approximations to be employed. Section 3 presents our

..

}]hj treatment of photon driving forces and contains final numerical results

1‘.. ' A )
...~ of the wr model, Sections 4 and 5 contain additional discussion of

the sign of the p mass difference, and of the effect of p-w mixing

(vhich is neglible)., In Section 6 we examine the degenerate SU3

model, The main plot is contained in Sections 1, 3, and 6,

{7/
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DYNAMICAL EQUATIONS AND PERTURBATION THEREOF

2

v?‘fstudied results dynamically from the forces in a scattering channel, A
d.e4, from a "bootstrap" calculation. At this point it is necessary s
1"H‘“.‘,.-li:o comment on two different types of currént dynamical calculation, The
;ﬁ::v first type may start with‘single-pafticle exchange forces, but then

3 of the -

oot attempts to fully satisfy the required crossing symmetry

scattering amplitude., This usually requires complicated machine cale
;i culations and makes intractable the calculation of effects due to the
' t

- EMS of participating particles. The second calculational approach assumes

only single-particle exchange forces;h this permits simple examination

R

,,of'participating particle EMS effects and is the approach adopted here.
We shall furthermore assume that the relevant partial-wave

amplitude has been calculated with the N/D formalism.sb We will

eventually use an approximate bootstrap calculation with several parameters

a—"

-

. characterizing the forces. In this study we are not interested in all

the details of how such a modified force may have arisen, but merely seek

-~ a working bootstrap calculation to perturb, Having'disposed of these

preliminary comments, we devote the remainder of this first section to

: perturbations of our N/D calculatlon.,. A B
, ;«fj': ‘ ) For simplicity, consider elastic single-channel scattering,
ifﬁ . with the following defined quantities:

- (a) T = ﬁ/D is a partial-wave amplitude, .in state of definite

7

J° , divided by appropriate threshold factor, o‘

-
;-
:

P,
.

L Lo . :
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Yifs§m§oiic;1i§:repre;éptS photon.forces,

ﬁ_GiﬁE'gla/hr vere the verious_eoupling'constants involved,

'_A,ﬁ{'are tﬁe;eiteroal.rgrticles, masses: ), m,,

- C Lie the-ﬁain exchanged particle, providing,the;force

': responsible for generating output particle E,

':e;a is the square of the c.m. energy:

; Gif>more«than'oqe exchahge force.is important, the generalization will

s teiobvious. |

;Qﬁ_filf;-';.:x;ffh:f We then have the mass of output particle E spec;fied by

_ EPRRY : : - ]

,, : ’ « o “ D(s n mE mB ’ mc oY » .Gi)' = 0 ,. . (l)
.gwiﬂtiwe;alsovrequire_thet onr:amplitude at least satisfy the requirements of

’ﬁ?vtcrossing symmetry at the p"13}~ This requirés the output residue at the

H”i“ipole to equal the appropriate input coupling constant to within specified

. kinematice factors. Stated mathematically,

U VR | .1

T e = M3 “K - - @
i : D=0
“f ) Where K “is an appropriate kinematic. factor. Our approach is now to
. perturb Eqs. (1):and’ (2) as follows. For self-charge-conjugate meson
e

'_multiplets with 1sospin 1, there is only one mass difference within
2
i L]
»w otal charge states (of E), then the various particles

Ir e consider the channel AB for

S a multiplet;: denoted by 6m
:tvo differed

- (A,B,C) will hawe masses differing in the two channels by Cismi ,

'v e " ’ . K . « ' . '. . L. : " . "f’)?’::
NF
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. vwhere’ Ci. vill'ﬁe 0 or *1.. Now, ve write Eq. (1) for the two total
charge States; and relate the two D functions by a Taylor expansion

in the mass differences, etc, In this manner we obtain

_ 2 aD , 9D " 3D "
2 C_".ﬁm1 - + Yo GGi-r Sy

_ 3
1=A,B,C° . amy B
| aD 2 '
—— “ 0
‘ + 38 CE GmE = i ] . 2 . . v (3)

g

If we let h{s, e¢++) = N/(K3D/3s) , then similarly

o 2 an "3 " 3h 2
8Grpr = Z"i‘mi a2 " Sy *+ 35 Cpbug
. i '
»x’ )
1 + 6C terms | . | (k)
s=mﬁ2,4

 Our basic equations are‘then (3) and (4), simplified by the
requirement that the bootstrap equations be scale-invgriant. This means
that keeping all G's fixed and increasing all (mass)2 and (energy)2
by a common factor B , we again obtain a consistent solution with .
»(gﬂa)_new = ;k(mEa) old . Ifwelet B=1+¢ , € small, and again
perform a Tayﬁér expansion of D(Bs, Smia) about D(s, mi2 ) , we

B

obtain . ’E

5 ;
[ 1

¥



L . - B me..a..g.._...',S ?2 = O, - (5)
L i 2 o 9s Tyt

T . - om 2

o C 4 ) ssmE

and simi;afly for h , The ﬁultichannel generalization, where t , N,
and D are matrices,will be obvious when we need it later. At this
- point we comment on the correspondence of thié-approach wiéh that of
Dashen and Frautschi and on the motivation for this aéproach. We note

that (if- Cg # 0) , Eq. (3) has the form

om

2 | 1 aD 2 " "
GmE 2 o W[Zci - Gmi ete, + ’a‘; Sy ] . (6a)
S 1 .

"

The cofrespondence with Reference 1 is elucidated by examination of

their expression for §mE2 (transcribing some notation),

N2 ey ' : :
5mE2 - ...l.(..... LY D (s Im ) C,ém 22 (Force Amplitude)
: . . - it 2
ND L s8' - mp - 1 3mi

o[l - (6v)

Here «/;(R)' means integration along the left- (right)-hand cuts of the
amplitude. Iif: [D26A]' contains the kinematic effects of EMS of external
particles, &ﬁ%s, for exchanged particles, the first term of (6b) is

‘.equivalent'to the first term of (6a), This first term in (6b) can also
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T include the photon exchange amplitude, and obviously must correspond

‘ .? to the "&y" term in (6a). S . . ‘ .

In the static model calculations of Reference 1 , D was required

only on a relatively short region of the real axié. and therefore a

. linear approximation to D was useful., This need not be true in the
';; present more fully relativistic calculations.. Because simple approximations

';-‘to forces.canAgive explicit, manually manageable expressions for D ,

this author decided to avoid Eq. (6b) and its probably attendant use of

s computing machines in the present problem., (It is easy to perturd
: !

- these expressions for D , but an ugly situation to have to integréte then.)

T”.The_price pald for this decision will be seen to be clumsiness in dealing

with photon exchange forces. o -
! We conclude this section ﬁy illustration, using our first model,

the inelastic wen calculation, The inelasticity parameter we denote
| TOTAL |

YELASTIC

« Exchange of the p s assumed to produce the
dominant force, First we require some definitions, Let the partial-

vave amplitude be t , corresponding to

()22 1 1
2q l4<12

(q is the 3-momentum).V'W¢ define

o= W2 % uzb T M2° , SG=G ., _ =G, .-
; [ p

¥



;‘ 4 }1;‘; b . ' g B -9- .
..~ The 'o° ; oceurs in the--u n«' channel with p* exchange;while the
SRR +_0 -
EERTY I occurs in the n n° channel with o exchange, M§* represents
S "_vif”ﬂﬁff}“fthé (mass) of the exchanged p meson. As usual, let "y" symbolically

Jaeoes i represent photon forces; 225-’represents the dependence of D on the
;. mass of one of the four external particles. Equations (3), (4), (5)

"lﬁf*now specialize to

; _ b 9D "y -,'25113 3.].)....'. GMZ[aD -3.2... } -.3_0-4- D ‘53 = 0 , (7)

’ : a(y R au2 o8 3M2 G . R
’.‘ g"l . . - v‘: . ex
. |
’ PR 1T oM ' oma~
_ : C ex
- . -l i -€I‘> . ' . " R '| "
T ¥ R P - +6M 3h o 3h |, "3 e, AR g (9)
S0 R u oM
My M,
- ' i " ' " |
w? A 4 [%—E-+—-——32 }4» B m? 3R2 =0 . (10)
- - M om
: ex
,gl Equations (8) and (10) are statements of scale invariance, However,
. since R is itself dimensionless, it is scale-invariant. Consequently
sz the R terms in (8) and (10) separately vanish in a simple model of
;  '] R with R = Eonatant above a fixed energy. We now extract from
% . " Egs. (7) tm-ongh (10) the fina.l result:
e e . '-:y‘ﬁ ) L K A ) L



I}',: b3 ¥ -10‘-
, e TP 5 : o )
S . - & "op " . . M~ . 2|[3D 3D " 3D
. Y i i G -‘_ -3-; 6@" i;g" 6M2 + 2 Su as += 2 + 3R SR > (11a) N
e R LT S 2u M
iy C T e ex )
“-I‘-T o i - 'n . n. : - . 2 . " " )
866 - B se o [eMP e Ml 2R, 3R ) 4 2R 4R . (11b)
. . dy ) 2 3s 2 IR
2u oM
. ex
;, - We immediately recover the group theoretic result of Dashen and Frautschil
. if we assume R = 0 and neglect photon forces, Except in the event of
: acéidental equality of the "D" and "h" brackets on the right sides
, . . - ‘ ]
Qo . of Eqs. (1la,b) (such equality is not required by the bootstrap equations),
T ve obtain the solution
. 7 N b
R 6c. = 0,
: ) 2 2
e U SO .;..‘.52.2. . (12)
R ' i '
v
* .
-



N = B + -3’-"] -s—'-g—i—o; hge(s')p(s') B(s’) - g!

ol B e, . e L, I ~ .
- - O - T i . o B
T L S A (R T * :
Cow . % T ’ : R ’ -ll-
L LA - 0 T - & .
R . [N R A o .
Lo e .

T2, W/ :EQUA'I‘IONS AND APPROXIMATIONS

In this section, we shall first present the equations satisfied’

by R and D . and then develop an approximate representation of an

inelastic p bootstrap. We finally indicate how we obtain the various

. ~ mass derivatives occurring in Eq. (11).

We have already defined the partial-wave amplitude,

’ 1/2 :
e (s) 16 1
t N/D = 54 e 8in 6 x S .

Lq

K Physioal threshold for =nnm scattering is denoted by sy x hu2 3

let. p = 2q(8)-l/2 . Let B(s) be a function possessing the left-hand

discontinuities of t . We then haveh

© .
8 - 8

B(s)| ds' ,

8y . - | | (13)

Cpe1a- B*’[ ds’hq (s Jols') . y(g)R(st) . (14)

(g' - 8)(s' = é;)

. The quotient np~t is independent of the subtraction point s, .

Taking account of appropriate boson symmetrization of w-m states,

we find that the I =1 , £ =1 Born pe exchange amplitude, which we

use as an'&ﬁproximatioh<to B, is given by

(15a)
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. . 2 - :
orn = pnu/h"- (annéy" of reference 3).

¢
L

.- The p pole:diagram contributes an’ amplitude

¢ » ,
t N e . (le)
pole  1o(s - M?)

In order to avoid machine calculation, we~now make the following
'aPproximations. : S o
_(d) pilil_;in integfals. This errs mosf'as.s -+ Si , but in this
'part of the integration range q2 + 0 , so that the approximation is good.
(b) R(s) = R6(s - ¢), {i,e, a step-function inelasticity is employed.
(c) We observe that t (s)', for M, 2 =30 » actually increases
slowly out to very high energies (e.ge, 8 =100 m 2) before commencing
a (2n s/s) decrease. It might not be unreasonable to represent tp ,
‘on the right-hand cut, by a pole form, with this "pseudopole" quite far
out on ohe negative real axis, We now do this, setting
Ac =4 (16)

tp(s)ﬁﬁ .~ o for. s> s,

and choosing the parameters to give the same strength force as tp near
threshold. This, in a sense, applies a moderate cutoff.to tp at

'energies arou%? 100 (in units of m 2) 3 we need not worry about the
t;"j‘ .

strength in tﬁe very-high-energy 1l/s region because of the convergence

“;féﬁ?, of the subtracted integrals for N and D,

b
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Taking advantage of the fact that Eqs. (14) give N/D independent of

o 8, » We choose 8, =a .,

t .
The consequence of these approximations is the following set of

']expressions for N, Re D, and D' :

‘A
S = 8 S5, - & S = 8
ReD = 1-2114 Lon 2 - (R - 1) Lgn S&=8
n 8 -~ & s -8, S - 8 c - &
s aq
)
- a— , (17v)
, L A §, = & 8, = a
s . - . - -
- Re D T. 78 - a) 1 58 - 8a n 8 - sl (R 1)
8 - 8 8, = & )
1 1l C -8
C - 8 ) 8 = 8 in Cc = 8 ’ 4 (ch)

From these equations we notice that there is effectively a strong
attractive force below the inelastic threshold (s = ¢) , so that there
is a tendency to have resonance6 near (and below).s = ¢ ., Of course,

P-wave inelasticity commences less abruptly than a step functlon, but these

" . general features remain valid,

With the above pole-model approximation we can quite simply'

reproduce the results of most sophisticated bootstrapsdescribed in the

literature32_when we set R =0 . In this elastic situation, we then

- find that,éé@aracterisiically, the resultant p mass is around 350 MeV, with

the width seﬁeral times as large as experiment, Balasz,7 however, considered



 gufficient inelasticity generally permits the bootstrapping of a

- of our results,

D S |

¥
B

inelasticity and- found a p-.in the 600 ﬁo T00 MeV region with large

%

inelasticity well above threshold (R » 4) , Indeed, from a survey of

ey

the literature on -w-m ‘calculations, one acquires the impression that

reasonably physical p , Unfortunately, most self-consistent approaches

characterize R in a manner not easily susceptible of our type of - .

. perturbation treatment, For simplicity, then, we adopt R(s) as above,
The initial calculation will assume R independent of charge state; a

 subsequent model for R will enable us to examine possible modification

!

Those who have performed»multichannel calculations3 generally.
find the m-w channel to be next in importance to the wm channel in
determiging the p . We therefore a:bitrarily select the inelastic
threshold C to be the mw threshold, namely s = 45 (in units of -
mnz) « The following parameters generate a "gelf-consistent” o at
8 = 30 : | |

cC = L5

(18)
a = ~100. , A = 0,18 ,

G = 3-7 .

The final aspect of our approximation is in reference to the mass

derivatiﬁqu We assume that the parameters A end & , used in simulaﬁing
X ) s

tp s are débendent on the force‘parameters, including Mix' Consequently -

we matcﬁ the mass derivative of the pole term to that of the Born

amplitude (15a) at two energies in the low-energy region, to obtain
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- 3
oot = — | ) (19)
- - M ‘ .
ex

:  Adhittedly; these mass derivaﬁi?es should be energy-dependent, However,
if we také some "ayerage" numbers obtained by matching in the low-energy
- region (where one ténds most to believe the Born estimate), then errors.
‘at high energies are damped by the subtractions in the relevant integrals,
1

' Taking the numbers obtained by matching at (&) s = 8 and 16 eand

,_(b)‘ at s = 16 and 2L, one obtains

ay * + 11,0 . dM% -0.025 . (20)

t

t%i Using Eqs. (17), we nov obtain

‘8 w si in ((:Sl - a)/(s - sl)]

f2{8)'°. 8 ~a s ~-a "5 -a (R - 1)
.’(c-s) .
in . ' S, =
= ¢ : "(R-l)/ L. _ 1 . (21)
e e - a ‘\c - e (oo a)




»
' ¢
!

-16~

' 'T:Q'Alsb, from' G = -1é_N/D"s'5'ﬁ62 (note that the factor

r‘ffﬁi this expression), and using Eqs. (11),

Cl cancels out of

. N 27 .
8G ' M 2 (s - a) _, 9
T = M + - Su .fh(s)// n D'| +h,» (22a)
2u
'+ where o ]
Qo : 1 " :v' B .,3.5'8 . 'é IR : 8 = § S, =~ &
fh(s)= ) aM -l" lln 1 +(R -l) lznc-s_ 1
‘ 8 -a 8 - & s -8, s - a c-a ¢c-=-2a
. !
s, ~a o 5, = & o s, - &
L (s _:a)2 8 - 8y (s = a)(s - sl)
o 8. -8 S - 8 S, =~ 8
+(R=1) c i 8 1+ sl a * l2 + = 2 tn 5—5-2 i
, o - (c = 8) (s - a)
, (22v)
ia
. &N &D! :
hD = Tl L photon force
(22¢)
- SN 6D o
g - e U ,p photon force ,
. . ¥
. " Inserting numbers, we find
-?’-g-m 0.13 .
. M :
- ex .
&,r'r,: (22) i
o .
-:-2- pA4 _-0.016 .

Lz



. The sign:of

.-»a‘weaker force., The sign is also verified with t

oo R RN j :
ST T wlTe
sy P R M

ag ,is'eﬁsily understood: a.heavier exchange mass means
. M o : . ‘
ex

 _na shorter-range'force; hence more centrifugal repulsion, and therefore

in the Dashen-
Born

>-Frautschi formalism,

The important aspect of (22) is that the crude dynamics (which

is numerically representative of most efforts nowadays) implies

‘ |8D/8M§x| >> |ap/3s| . (In the language of Dashen and Frautschi,

AMM 2>y 1 ). This very strong dependence on the exchanged mass is a
characteristic of the present meson dynamics which did not occur in

static model heson-baryon calculations.l We also wish to emphasize that

‘the relative magnitude of these derivatives is a feature which is

 present if we calculate them in a model omitting inelasticity.

Finally, omitting the charge-state dependence of R , and leaving

- photon forces for the next section, we obtain from Egs. (1l) our penultimate

expressions in this procedure:

¢ .. _ M Su :
Tt = 3|5 =5, (232)
p Y M 20 |
!.
2
t
8o, LB oy =2 (Bl (23b)
M 2ui
- or
. ) E ) [ 2 2
' L v .
D - aen)| ooy = 3.6 [ S S (2ha)
‘ A M 2u
sc . [ap s o a
T~ | -y e (2hv)
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.+, . 3, PHOTON FORCES
" --._ -. . ) . . . { )

Tn this section we discuss the nature of the explicit photon

: amplitudes, briefly review the treatment of the infrared difficulties

"~ {(as in Reference 1), and eventually present a few formulae and numerical

results, Detailed formulae .are relegated to an appendix .,
The photon amplitudes may be enumerated as follows:

(a) y exchange {in u and t channels, This is obtained from
tp exchange simply by letting Mp2 + 0 (only the isovecto? photon °
is exchanged, so all numerical factors are identical t? p exchange);
| (b) s-channel l-photon pole. This can be foundv(numerically) to
give only ;.small effect, and is subsequentl& ignored.

(e) ‘y-vertex corrections, Either these can be considered as coming
from three-particle (nmy) intermediate states--in which case calculation
currently comes to a stop--or these corrections can be absorbed Into
what we call 6G (neglecting the t dependence of the vertex correction);

we adopt that. latter point of view,

() vy - p§:"straight,ladder"Adiagrams. These may be considered,

- roughly, as a consequence of applying N/D calculations to pure p angd

pure vy excﬁanges,éa_input~forces.

(e) v ~lp "twisted ladder" diagrams. These correspond again to

1lthree-body.intermediate states, and arise from the 'u-t double spectral

function in the Mandelstam representation, We ignore these too, hopefully

.' not'omittiﬁg any large effects (in view of the fact that one-=yv-exchange

T :

" effects will later be seen to be rather small),

¢ .
We can consider infrared divergence questions by initially

Al/2

assigning to the photon a fictitious mass which we eventually set
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T

RN
\ '1Q.' équélitd'iérb;s’iln a'P-wavé amplitude, we expect that the S-matrix

‘ element on the right-hand cut acquires a divergent "Coulomb" phase
factor, which is therefore exhibited by the D function, In practice

D ﬁill'possess terms finite as A + 0 , and terms divergent as A =+ 0 .,

These latter we interpret as arising from our perturbation expansion of
kff the infinite phase factor of the S matrix, and therefore discard, The
relevant stréng-interaction S matrix is defined as ﬁhe S matrix from
;which the divergent Coulomb phase factor, really arising from improper
Av;consideration of brehmstrahlung, is removed,

)

We arrive at an estimate for the divergent Coulomdb phase in a

K lP-wave ampiitude as follows: The one-photbn-exchange amplitude is

{

w’fﬁprobortional to (t - A)'l , which corresponds to a potential

Vir) ~~ exp (-A’llar)/r . Nonrelativistically,9

i{y . _'. : 8 ailsza(qr)v(r)radr
OCJ( dr exp (—rx-l/z) Jg)e(qr)

which, inltu;n, is proportionai tolo»

Q1 +r/2g%) L . (25)

a Therefore,‘whenever a ‘ln A term occurs, we remove a tern proportional
to (25). Hereafter we use a subscript f to denote the "finite part"

;&3;:fiqi f}fI¥;iU'of a COulomg divergent quantity, .

S ;.;ﬁﬁﬂ’i  . The lowest-order approx1mation to the photon contributions 1s

i

' ‘Q_'; obtained when N = Born y exchange term:
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and_theréfore ’

e P i e

NP RO TR S
<

N (8" - 5)(8' = &)

3 e e )astBa(at)] o
K¢ 8 Sl S YD 8., o .(26a)

: :
5 £
; ‘e ' 2
lﬁqte thgﬁjffpx]f;ﬁszfo s S0 that B"Y"N]f = 0 , (26b)
h =S
‘};;;m."fl~‘”g'm,;f"Ifqﬁe solve the integral equations for N and D , then in our pole model
coL . %y .. for the strong forces, using 6B), = 0 and Eq. (14),, we obtain (using
“a§jl:'j;:J;3"‘f  subscript I to denote 1ntegral‘equations)
15£  R :?7'-ik ) 5 = v--é-ﬂ—-x [6D vof Eq. (26a)] . (26¢) -
“‘ . . ‘ ' -' ."' » . Y I f . s - a . "Y" f . .
7: N . ; ) Unfbrtunately, and this is where our approach ié'clumsy compared with
,;ﬁ ‘that of Dashen and Frautschi, D, "I)f is the finite part of én integral
’ lﬂT"f over “"V"I and this can be exceptionally messy, We therefore use
AL ',gj;_1L Eq. (26a), In calculating the photon exchange diagram, we employ8 a
o reasonable.approgimation for the mry form factor at t < 0 , namely )
. . L F“(t) = - -—-iL—7? . The calculation of (26a) is now displaced to
I bt emnm : :
‘,;;;5<,‘;.?_'J_ Appendix A so tha% the reader may not suffer from a lengthy digression .
"‘Qy”“;{;'} from the plot, We find
‘ ot .'GD)f 2 -0.6e2/1m + inelastic effect'm-Z(ea/hw) , say . (27)
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o

"’;g‘:This éffécf;'in'the'absence ofloﬁher partiqie_EMS éffects, would give a
mass shift | o 01
1

;.5‘6M% I ap/as -7 5¥p?ﬁ +11,5MeV . (28)

'.fYWe ¢an”easilfiafgue'about whétu}o_éiﬁécf ag follows: The size of the
p - will ?e somevhat 1§ss than t%e range of'the forces, perhaps (%-Mp)'l .
"We therefore expect a Coulomb energy (eakhﬂ) (g-Mp)Gé 8 Mev , Furtherﬁofe,
1' it can be argued thdt in this case, the determinahtgl approximation over-
- estimates the photon force, We shall retain Eq.‘(27), with the conviction

:;ﬁ o .:_,f,'-that,if anything, we overestimate the photon driving force,

Qv;r . S : In the determinantal approximation’_dﬂ)f = 0 and we find that
t ‘ :'- '
ot %3— ;s very small, Consequegtly, we obtain from Eqs. (2La) and (27)
M 2u
'—5 whichvcorresponds to
Mp°?£- Mp_'__,u + 412',5 MeV e L (29)

* we see that the driving forces are not nearly so important as the exchange-

lﬂ:?w" .fv;.iliy mass-eensitivégstrong force,

. From;@gﬁerminantal calculaﬁion-here, we also obtain &G very

If we use (26c) to estimate the nondeterminantal

[t U6N),, ve obtain _
S : 5

5 1% . : , (30)

"As thehﬁurely grouﬁ theoretic result (Eq, 28 without 0.004) is about 11 MeV, -
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IDERATIONS ON THE SIGN OF §M°

He investigate the charge-state dependence of R in the following
Well_ é,bovg the o éne'rgy, around ww threshold,
:E!”’. L | . | ‘ |
Ty A 2 .. ’
U Rpe (AT 2 Tw ' -
'.__‘Q; .R. Anw + nn _ s R . (31a) :
;e ' Born €xchange amplitudes
! : N : X
] . j.;A‘l.lﬂ_-"f Tw 3 5 (Ap_a exchange + Ap exchange) in + channel
' .’ ’;v,;"fl';_zl‘; :A | v - L ) . . .
> D S AR (Ap . exchange) in the O ‘channel (31v)
v e e o _ .
N . . . ] . +
' _ 7. (an initial 7® can couple either to a final w or & finel = in the )
. "+ channel), _Thus |
’ v SlAnm nu[aﬁ (=6M%) x [—2 IA[2 + 812 term .
N | wi- Az
a . aM . . .
' ' p '
* "+ The second factor'i‘s.negat'i\fe; ‘8 heavier exchahged mass glves a weaker
force, .‘be.ing more affected by the centrifugal barrier). Also
_8|Anm + nnlaﬁfj (+6M2) x - [A[2 .
S § 2. -
» aMp
Thus &R ?VSMZ % (>0) . Detailed examination of these Born diagrams i
confirms this and also gives us 6R R’/Guz x (<0)., Since g—;- < 0 here, -
"« we can see frof Eqs, (11) that we now have an expression of the form )
5 [6M2i§§<fl) + Mig 6u23% (1] .
| | S : o
; 7
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'j‘E;,In other wordsbfthe‘masélshift with the mw. channel effects will be

.. larger than estimated in Eq, (29), (and still of the seme sign).
I . : o .
' ’;,}: - . It is amusing also to consider the T as a bound wp state.

)

e -1;ji  If we ignore  “driving" photon forces and 6G effects, it can be

T e i

Cerw 'v:'<g“y‘_’inferred from examination as in Section 1 that

A (=6M2) AY <2

2

.

e

?f; . at least this gives confirmation of the sign of our mass shift,
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o 5, p = w MIXING

’ ;.f'; o "2 In this section we consider possible mass shifts of the 0°

1due_£o.its electromagnetic éoupling with the w, (mass 78T MeV). To do
this in the context of two-pérticle scattering'let us consider the w as -
occurring in a two-part£21; channelﬂgaéhigéﬁtﬁ; T=p channel. We now

have a two-channel system deterﬁining the Po 9 whose position i1s specified

by the zero of the determinant of the D matrix for these two channels.

That is,
Det D(s = po) = 0 , @ !

When ve expand the determinant, the charged -p -channel term Dﬂﬂ is now
replaced by .

D .
- = 0 . (32)

vhere Dx 'arises from the :p channel -+ w channel transition amplitude.
The first point which we should obéerve_is‘that Dx is of order e2 ’

so that we anticipate that w - p mixing introduées s mass shift of
oréer eh + We now make this estimate more precise, Analogous to

our earlier treatment, we have the equation

2 BD"" aDnu aDnn - D ° ' -
0 = 8D = +26u - + M - X+ photon terms
nn ) as 2 D -
du aMex . (]
A (33a)

5
t
1§

vwhich, combined with scale invariance of D“"_, 1s reduced to

oty

FE



RS -

e

o 2
2 D
; 6,42,,_34__5 su2 + -gg--cn - = -1
2u » QO"Y" "0 =
o 9 . ' :
X = + - ., o ' - (34)
3M2 98 .

| Nol.w., }wé };ave already seen _x‘ | to be positive, and if Mp' <M, , then

', .an >0 V'below Mwa . The e'ffe‘ct is therefore to further increase the

| po mé.sé,h Notice that in ordinary perturbation théory, the mixing of two

‘. nearby stat;es pushes them apart, but here the bootstrapping effects (namely
X > 0) reverse the usual tendencey, !

A crude estimate of the extra mass shift can be obtained via the

' _following assumptions:

2 2
' . e
(a) D, 1~ fﬁ D, .» implying D v ;?2- at the p mass .,
R aD

p w

" Combined with previous numerical estimates of the maﬁs derivatives, these

assumptions imply an additional mass shift

(eh/gh)uu MeV ',V ~0.33
(0.114)(0.016) (1 * - Mp2)' oMy =M

A -1
§'M v o ~, 0,01 MeV .

(35)
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R T SU, OCTET MODEL

-

Z;YGhAnother_hodél.thch is relatively cleanly examined is that of -
' '}vlsﬁ3'o§§é£s of dégener#te pseudoscalar mesons generating a degenerate
" vector octet., It turns oﬁt that the crossing-matrix element relating
- the effective strength of exchange forces to the direct-channel pole .
vstrength is the same as for the nnp problem, This implies that our
dypamical statements about mass derifatives in the wrm problem should
remain valid in this model. As the degenerate octet model disagrees
badly with reality (with regards to masses);, we do not intend to include
the compliceated.effects of photon and' G ﬁerms in this discussion,
but merely wish to examine the consequences of the particle EMS. This,
..we hope, will furnish additional insight into the role played by inelasticity
(iﬁ this case arising from the nm - KK process),
N We shall consider both the .p and the K in this examination
of degenerate octet scattering. To begin, we now present the forces in
these channels, in the absence of particle EMS, In the following, we
~denote the 1~ (Born) amplitude with C exchange, |

C exchange

thorn’ = N, £(s), (36)
~ where f(s) is a standard amplitude, and N is a numerical factor

‘arising from SU3 Clebsch-Gordan coefficients, The resultant ¢ matrices12 }

' are’ given below, assuming.vector exchange as.the dominant force: -
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T L Ecd e wiew s o

MR T S <4

£(s) ' (37a)

gt/2) . 3) -1y

£(s) . (370)

[

e ;f: ?fjf We shall next examine the effects of particle EMS on these forces.

e (Note‘that the present approach is merely a pedestrian manner of accomplishing
vhat are réal;y group theorétic calculations,) In order to do so, the
following assorted facts are needed:

+ 0 /* o +

lKﬂ7+ :g K n - 2 K ki .

' ;I=l/2 /3.
,v‘."' 'K‘W) o] = Koﬂo + /5 X 'S
} ' ]
I=1/2 | 3
T Kt - kOR° ,
—:"; ; S ' KK>(I>=]./2 = AR = R R . o (38)
o IR E . 2 4
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G e , . o \
- : . We now introduce a.convenient pictorial representation of the exchange

2

 7 }amplitudes. Denote the amplitude f ,‘inéluding the perturbing effects

of the EMS appropriate to the labelled particles, by

.{ a' bt
v | ! . '
- a b

©. With this notaﬁion,‘Eqa. (37a,b), with'particle EMS accounted for, are

given in Egs,.(k0a), (LOb), (Lkla), and (Llb),

A
ow
T *
i % ke
13 oo _
S L .4
4
. 5
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Eat

";.1perturbation treatment provides results identical with those obtained via

‘1”;'assumed SuU

"v7‘D':= ;l - = dispersion integral over t (L2a)

C This is obviousL 1n the determinantal approximation, or in a one-pole

approximation to the force. More generally, for degenerate forces,

D=~ 1 is proportional to the matrix (37) even vhen the integral equations

‘are solved for N and D, .In addition, one can verify that our subsequent

i
the Dashen-Frautschi technique (subject to the correspondence indicated

v dn Section 1)." Defining

¥

8- 8¢ [ as'p(s')n(s) o |
2. — f.(;fs‘)"(s’,‘_:t),_ o)

H o

' we obtain for the mass—degenerate case {Eqs. 37)

det(p) ‘= [p| = .1 - 6d, - (43)

. o : : : » '
-+ which, of course, applies to both .p and K channels because of the

3 symmetry, At the vector octet mass M , [D| = 0

. therefore - d(Mz) = 1/6 . We shall define the following quantities for

. :‘the sake of typographical simplicity of the ensuing discussiont



P
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P b
. M
L < T
. ¢
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Cia3em

3d-

oo - s T s TS - _
o R Y St oot 3(WT external)

L D R P L P

B A L T S L /8

R o e Y L,

(k)

1]
2

1-

et e q;,:-i' ad

: T TR AR ' . 2
, RS ST 8(M2 exchanged)

CeMBL SN . a=1/6

K *

[}
(7]

|
m
fo)

" From EQé.,(hd).ahd'(bl) we next obtqin‘

82,67 - b(ay + a)6® 8% (3,67 - a6%)
6D =+ . o o A K (Lsa)
R W I Y Py 0 , |
TR 8(a,6" - a_6") ) -®7(d, +4) g

K_,5 ., K* - K* K oy KE
-24)6" + 80 #3480 24,6+ (3ds - d,)8 N

, _ . (45v)
» K, (ay K¢ //
(20,6 + (34, - a,)¢ 6dy &k + 3(a, + 4, )s&

The expressions can be simplified by utiliZing the scale invariance of’

D] to obtain the relation

3 T Ty Wt e My v a) 0 . (46)
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Ayin&llyiiﬁéing the relation ;,é;
 ;;f“'4:J¢ §|D] = Trace (co~factor metrix of D x &D)s (47)

B PR R b e St
¥ S d +a . g |
* e
R e e s (46b)

. where we iéhore‘the~effects of - §G's and of photon forces. With the
f;v dyanmical situation dé > ds -(which might not suffice to provide'for'

‘ﬁ‘ifthe dominance of d, in 48b) we obtain

| 2
L8P L -g- (M2 /u2)e" - (L9a)
- &' = o %(leuz)cK . ' (49v)

-~ Incidentally, if we consider the SU4 model wherein the
.v.” pseudoscalafs'are bound pseudoscalar-vector states, with pseudoscalar

. exéhange domingnt,;3 then we obtain the same signs as in Eqs. (L49).

]

v

f- .Ihserting the 3iysical p,m masses in (49a), we find

6MP = 213 MeV

' "ﬁikié-in the  un model (without &G, &y) ., With the substitution of physical

. Ky K masses, . : :
o " = 5.5 Mev
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' DISCUSSION ,

o +) from.

Sl .
A . p P .
+ 12 to 15 MeV, Present experimental data are uncertain, although such v

"% The mumerical results of this study indicate (M _ = M
"‘a mass difference should be detectable, despite the large width of the
: P o There is currently-a-controversy.as-to the possibiiity that the
Juf”n+uf‘ experimental mass spectra may exhibit a two=humped structure.lh ’
W Some proponents of this interpretation believe the lower energy peak to be

15 leaving the higher peak to the po ’

due to an I = 0 scalar meson,
:ﬁ, which then would be over 20 MeV heavier than the pt . However, this
situation is freely acknowledged to be tentative, and the author does not

 yet infer'any correspondence with the prediction of this study.
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ndix;AJ-Pﬁoﬁoﬁ:Contributidn to D
’ C R Lo

LA
' . 5
. 3

T

; Theffdiloﬁihglﬁedhniqué isvconvenieht for evaluating'finite parts

A

(6f in§égraia;fvbetj‘ea/hﬂ‘-s. i%7 ' For.now, ignore inelasticity, We start with

P BN 1 +:28_- by 4 2s = Wu? 25 - Uy?
' . U By -
R NI G SRR b ©o

1
X o=
2

"fg; "+ U channel term giving identical partial wave/ .

A - - (A1)

4

L

~i;'The_3rd term coﬂtribuﬁes‘to- D, L o ,

<

LR T ‘ .

7fﬁf, R S axp-(x) e2 8 -'n. ds' 28] sy

L L T2 ALY AN (s'" = s)(s' =a) s'-=a °
PRI -l . . . s . .

L ,: |  'ff'; e e T (h2)

1

B L o T o (a3)

@
\

whiCh we diﬂc&i‘kd. Also; ve ha"e ) o A | C
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L - & 3 . .
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T -xs-a] ' 5-s

it
O
P
[
+

-l st y

Y 3

’: )

. .
i H .
, ‘ : .
; $ ! l

S e i[ P (x) 2n (1 « x)
Tl e S 2q

v

, 2
. . l+vy g :
B b e 12 (8n 2 = 2) - ——-——q-z f ______du+2.n L . (AL)
L u.+y
qQ Yq 0 .

where

¥

: Defining -hk? =. a -3, (analogously to bq2_= S = sl),we find

‘ 1
that the 1/t - A term contributes
- L] 2y -1 |

-

6D X e
8n2

(2a - sl) n (sl -a)

8k°

S

To obtain thié;be evaluated the integrals

RS

; o
Py
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,-"-No new problem arises with the (t - Ma)-l term, which contributes

o ‘ .
+e2 I 28 = 8, 2M2
in

BT ) IR —

Qi(aq)

S R _ 2s - 8y

a
(1 - 2 71
| (l In 2+ 5 'Iq )

. .‘ " pe _ s,

L2

I)' SN -~ (A7)

(1 - lnl2_'+ K

4 "

" Here ;i
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. f
2 t1i2s + M - 8
, a1 2q° L 16q oM2
.f- q
Y
. ak - q (l + M2) 2a + M 1 on sl -8
N qk2 -1 ° 1 2 16K 212
S— v ) . ) ]
5 2a + M2 -8
ok M (T, + I)
PR k “k_ dy, ‘k
25 + M2 - 8 d .
I + 8 — T ) . (A8)
L - dy -
16q a e Ay, Tq
. : —

Here we used

_jznudu S O [Lnudu
(w4 )? urY

" Finally, we obtain D from A5, AT,eand AS.

The reader will appreciate by now that one would be loathé to

. execute the same procedure for the integration range {c,»] arising

from the assumed constant inelasticity in D , We'therefore assume that

- the above estimate is multiplied by less than R (less because the lowest

energy resion iB omitted in [e,»]). Therefore let us take as a crude

 estimate (R -ﬁl) x above estimate,
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