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Vector Meson Regge Poles and
KN Superconvergence Sum Rules

Motohiko YOSHIMURA®® | ) An a I yt i C S - m atr i X

Department of Physics, University of Tokyeo, Tokyo

 Current algebra and soft

Under the assumption that scattering amplitudes at high energy are dominated by the - -

Regge-pole exchanges based on SU(3), two sum rules of the superconvergent type are de- h m th

rived in the case of KN and KN forward scattering. Both the Regge-pole residue and fid p I O n eo re y WI

ratio for the vector meson are calculated using low energy data, which agree with the values

obtained by Barger and Olsson’s high energy analysis. baCk rou nd Of q uarks
1. Various features of two-body scattering at high energy have been successfully g
explained by the Regge-pole model.” If we take this model seriously and further -
assume the dispersion relation, we are led to sum rules of the superconvergent [ Dual Ity Of resonan Ce and
type. -Using this type of sum rules, Igi and Matsuda® investigated J-plane sin-
gularities in the case of 7N scattering. In this paper, we apply their method R b h < I d :
to KN forward scattering' and investigate symmetry of the factorized residues. egge e aVIOr, ea Ing to

2. Following reference 2), we separate the spin non-flip amplitude for forward
KN or KN scattering into two parts :

FOY =1 0) 43 7, o Dual resonance model to
| String model of hadrons

whcf&
F) =1 (A@) +rB))2»
A

v is the laboratory energy of K, and 3, F'* denotes the sum of amplitudes for
the contributing Regge meson exchanges. Our basic assumption is that there
is no other singularity with a> —1 in the complex J-plane except for the Regge
poles stated below. Together with the dispersion relation for F/(¥) we can
immediately obtain the following sum rule: :

i

HIm[F(u) — Y1 PR () Jdv=0. @)

Here C is an appropriate cutoff energy where the asymptotic Regge behaviour
is already attained. This. type of sum rules enables us to check the consistency

*} Present address: The Department of Physics, The University of Chicago, Chicago, Illinois,
US.A.
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the shape of the form factors, when using a 1/7 potential,
is much improved over the harmonic-oscillator case.

The absolute normalization in the 1/ case, however,
is much too small for most of the resonances. {Sec
Table V and Figs. 1-5.) (The only resonance having
form factors that agree with experiment? ' is the 1236
resonance. ) The small normalization factors come about,
roughly speaking, because of the energy-level depend-
ence of the exponential ¢~ in a Coulomb potential:
The constant b is inversely porportional to s, where
is the label of the energy level of the excited quark.
Thus for large s (high-lving resonances) the exponential
does not damp as strongly, and to normalize the wave
function one must divide by a larger number. This
effect was not present in the harmonic-oscillator case,
and agreement for small ¢* was obrained. Thus we
conclude that the magnitude of the form factors, as well
as their shape, depends on the potential chogen.

WH, L. Lynch, J. V. Allaby, and D, M. Ritson, Phys. Rev.
164, 1635 (19467),
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We also note that whereas for & harmonic-oscillator
well the form factors are all proportional to the elastic
form factors,® this is no longer true for a Coulomb
potential. Finally, we present in Table VI the quark-
muodel predictions for various photoproduction ampli-
tudes” The predicted magnitudes are in general too
large, but the signs (when M=%, wen) agree with
experiment. The agreement is  better (when A,
= b raten) for a 1/r potential than for the harmonic-
ascillator well,
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Theory of Currents, « Model, and the Spherical Top in the
Internal Space®

H. Suoawara axn M. Yosuoonra
The Enrico Fermed Tustiinte, The University af Clicags, Chicago, Jllinads
(Received 22 April 1968)

A Lagrangian fGeld theory s construeted which gives a canonical realization of the recently propesed
theory of currents, Tt is very similar o Gell-Mann and Levy's e model, but with some crucial differences,
It ia the second-quantized theary of the spherical top in the internad space, thus implying some connection

the strong-coupling theory.

1. INTRODUCTION

ECENTLY a simple nontrivial madel field theary

in which only currents appear as the conrdinates

was proposed.! The vector and axial-vector currents

were taken to satisfy the algebra of fields implied by the

massive Yang-Mills theory? Then the energy-mo-
mentum tensor was given in terms of these currents:

Bo= (12CL(V AV ViV =g VY, )
HV =L (@)

This form of 8, determines the theory completely and
it was shown that the theory does not contain any
internal inconsistencics, In this theary we do not have

* Work supported in part by the U. 5 Atomic Energy Com-
mizsion.

1H, Sugnwara, Phys. Rev. 170, 1659 (1968). The first cxplicit
suggestion of this kind of theory was made by M. Gell-Mann in
Proceadings of the Thirteontls Internationnl Cowference o High-
Energy Physics, 1966, Berkeley (University of California Press,
Berkeley, 1967), p. 3.

2T. D. Lee, 4! Weinberg, and B, Zumino, Phys, Rev. Letters
18, 1029 (1967),

canonical variables explicitly, The reason for this was
studicd by Bardakei, Frishman, and Halpern® It turned
oul that this theory is a peculiar limit of the Yang-Mills
theory. Wevertheless, we might =till be able to find some
canonical realization of the theory.

We indeed found a Lagrangian field theory which iz
equivalent to the original theory of currents, at least
when the internal symmetry is SUy or ST 80 A
very important feature of this Lagrangian theory is
that, although we have canonical wvariables in it, we
cannat attach particles divectly to them because of
their transformation property in the internal space.
Actually, the theory is quite similar to the “« model’
of Gell-Mann and Lévy! except for the difference in the
isospin rotation. Thus our theory is very much like
the currently popular phenomenological Lagrangian
theory,” at least in appearance, We can easily extend

* K. Bardakci, V. Frishmon, and M. B. Hualpern, Phys, Rev.
170, 1353 (1068).

VM, Gell-Mann and M. Lévy, Nuove Cimento 16, 705 (1960),
':'I;I?'Ee' eg, P, Chang and F. Girsey, Phys. Rev. 164, 1752
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ments in recent years' on the energy levels of light nuclei  dynamics it is necessary to counteract the variation of &

strongly suggest that this assumption is indeed correct, with x, 3, 2, and ¢ by introducing the electromagnetic [ )
An implication of this is that all strong interactions field 4, which changes under a gauge transformation as

such as the pion-nucleon interaction, must also satisfy

the same conservation law. This and the knowledge that J 1 da

there are three charge states of the pion, and that pions W=t :3_

can be coupled to the nucleon field singly, lead to the eh0%k

conclusion that pions have isotopic spin unity. A direct

gt i 3 2 - Inan entirely similar manner we introduce a i
verification of this conclusion was found in the experi- Y @ u B field in

: 5 the case of the isotopic gauge transformation to counter-
ment of Hildebrand® which compares the differential :
BN et e oresanon P b with that of <t the dependence of 5 on =, 3, z, and &. It will be seen
B = ? 3 +id that this natural generalizatio ows_for very littl
ﬂ’eTE"e‘”"“s ¥ ntmasu; 2 f:mf:egs ? 'p'd ; tieal with the -2Ebitrariness. The field equations satisfied by The Twelve
e con.serv:} 101 01150 omeSpllT 15 lt ERSICHL W) d 2 independent components of the B field, which we shall
PeguirEment o t::vaan;e al 8 1:;1 ctrac.;:ons lunt T call the b field, and their interaction with any field
1sotopic spin rotation. lhis means that when electro- —p..ine an jsotopic spin are essentinlly fixed, in much the
magnetic interactions can be neglected,_aswc‘shallherc- same way that the free electromagnetic ﬁeid hd _{j.s_
after assume to be the case, the orientation of the teraction with charged fields are ess ntm]l let
isotopic spin is of no physical significance. The differ- 504" e requirement of gauge invariance,
entiation between a neutron and a proton is then a _.._,_..._l_.._.ﬁJL.._____E__E________.

Iy arbi Ab i foad 5 In the following twe sections we put down the
1:};1.“ :r;i.rtr:ﬁri?ssp E::lsbszect 1::“3):’ f‘(:)lofr(:‘;f; Iim?t‘::{‘oer:,' ma.thematica_l formulation of the idea of isotopic gauge
e 1 & *  invariance discussed above. We then proceed to the

onge gne chooses wha ; ca.l_l a:,h mm“t whatt & ncll:tron quantization of the field equations for the b field. In the
atoncspace-time point, oneis then not Iree to Make any  jaq¢ section the properties of the quanta of the b field
s gs at other space-time points. are discussed,

t seems that ot consistent with the localized
field concept that underlies the usua ical theore: ISOTOPIC GAUGE TRANSFORMATION
In the presenf paper we wish to explore the possibility - T
of requiring all interactions to be invariant under Let ¢ be a two-component wave function describing

independent Totations of the isotopic spin at all space- & field with‘ iso}opic spin #. Under an isotopic gauge
time points, so that the relative orientation of the iso- transformation it transforms by

topic spin at two space-time points becomes a physic- b=5¢' (1) o
ally meaningless quantity (the electromagnetic field s
being neglected). where S is 2 2X2 unitary matrix with determinant

We wish to point out that an entirely similar situation  unity. In accordance with the discussion in the pre-
arises with respect to the ordinary gauge invariance of 2 vious section, we require, in analogy with the electro-
charged field which is described by a complex wave magnetic case, that all derivatives of ¢ appear in the
function . A change of gauge® means a change of phase  following combination:
factor y—+, ¥'=(expia)y, a change that is devoid of
any physical consequences. Since ¢ may depend on (Bu—ieB )

x, ¥, 5, and ¢, the relative phase factor of ¢ at two differ- A - _ i
ent space-time points is therefore completely arbitrary. B, are Z_XZ ma.tnces_such t_h;.; fol_';:s = 1,I2, angl 3, Buis
In other words, the arbitrariness in choosing the phase He_rrmtt:n and B; is anti-Hermitian. Invariance re-
factor is local in character. guiires;that

We define isofopic gauge as an arbitrary way of choos- S(8,—ieB, )W = (3,— ieBa)Y. (2)
ing the orientation of the isotopic spin axes at all space-
time points, in analogy with the electromagnetic gauge Combining (1) and (2), we obtain the isotopic gauge
which represents an arbitrary way of choosing the com-  transformation on B,:
plex phase factor of a charged field at all space-time

points, We then propose that all physical processes e i 95
{not involving the electromagnetic field) be invariant B"’_S_‘B’S‘J":g_l;:' @

under an isotopic gauge transformation, y—n), ' =S4y,
where S represents a space-time dependent isotopic The last term is similar to the gradiant term in the
spin rotation. gauge transformation of electromagnetic potentials.

To preserve invariance one notices that in electro- In analogy to the procedure of obtaining gauge in-
wariant field strengths in the electromagnetic case, we

T, Lauritsen, Ann. Rev. Nuclear Sq 1, 67 (1952); D. R.
Taglis, Revs. Modern Phys. 25, 390 (1953).
. H. Hildebrand, Phys. Rev. 89, 1090 (1953). T We use the conventions A=c=1, and xz,=7. Beld+{ace type
W, Pauli, Revs. Modern Phys. 13‘ 203 (1941). refers to vectors in isotopic space, not in space-time.
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Here 5 Lg the ceptor-nd-mass enorgy squared in
(Gev /el thnd in, lho Reggpée PATAMAOT DonVoR=
thomally callod #g i8 taken Lo be L0 (GeV/cl,

Fid) im asnsamed (o e s sentinlly constanl oy lt]
< 1.0 (GeV/=. mnd olf] ie lakea to be 3 lnrar
funclion of £, This expression serves an o uselul
purmmelrization (o stady ahrinkage, For the ma-
mentum cange 5.4 to 29,4 GaV/e and [« 1.0
{GeV/cF the results are, for Kb,

orld) = (1.08 « 006110861 2180
Low Pty

AU} = {108 s 0,02} = 060 =005 ¢ |
(Rel. 4); for fp,

alr) = (0,600 0L08) = (0,91 20,3085

{Red, 4], On tha Lasis morzmelrizalion
the mp shrinkage apprars lo be U game 38 the
pp shrinkage within le errors,

It in oor pleassrs b3 acknowledge b assislancéd
of the AGS siadf, partivalacly J. Sanford and
w. Morkle (deceaned), for Uwir assisiance In
gedting up und runnieg the experiment. We would
alsa like Lo thank G, DeMecster, O Haas, S T.
Powell, Tfi, . Secfred, J. Smith, and 5 Wilksan
tor their help =ith the satugp.
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Frergy Commbislos, And arprma] Erieneon Fosibdsbion
Grazl Mo, OP

TPresent addres Thyakes Ieparimast, 5. Leds
Unlvaraity, . Loals, Mo.”

5l M- Krolaler, 1. stursin, AL T= Porls M. J. Los=
g, and 8. T, Powsll, 18, Phys. v, Letters 346, 1247
(1BaN M. Lo Perl, J, Cox, M. J. Dosgs, aml 3, ¥
Kraialer, to be published

Ins, 3. Brelsler, LW, Jopes, 3. J. Leego, amd 1. K
O Fallen, Py, Rev. Letters 20, 968 [Ea£n).

3p, Eamlye, [k L Mleyer. and It Allen, Nugl, Insir.
Miethads 23, 358 (19640,
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AMIAL-VECTOR FORM FACTOR OF NUCLEON DETERMINED FROM
THRESHOLD ELECTROPION PRODUCTION®

Yolckiroe Nambo and Mdohike Yoshimura
Enrico Ferm] Wstiote and Department of fhysies, Tha Uabveraily of Chbtagn, Chieapn, Olinsds BDOIT
(Tecsived 1 Bovomksy 1505

Crirrnnily avallshlé slectrapion-produstiss dais sexr threshold have herm analyssl ac-
cording to the suli-pion thearam wiieh paprosses e theesbold crods sectlon In lormis
of the weeene and axial=vector form fse1ars of the mplren, Wi ditermine the sxlal-ve-

tar farm Bsolar for 7 us Bo =7 (GeVAelE,

As i w01l known, the eondiliun ol partial con
servation of axial-weetor eurrent (PCACH and
eurrent algebra predicl thal the amplitudes for
dlectropiom productiea at throshold, V=% thal is,
for

prp=geprgt,

PR Bl ahs. B
are enprElﬂh'lP in terms of the vector and axial-
vectsr form Duclors of the soclean in the ideal

st -plan Vmit, This epables one Bo delérmine
the unknewn fisswector) mulal farm factor G, ()
which eould athe rwine e sldalned only from high
ranepy cxpeciments. Difficulties prise boonuse
oo has Lo work with small eross seclicas aloag
the limits of phase space, taking account of the
radiative rorrection and the daviation from the
sofi -pion limll dsie lo the finite pien masa. Ear=
lier attampis® to determine g™ Trenm eleckro-
production dafa hawe bean rest fcted to gmall

5
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g2 £ 0.6 (GeV /c) with results which are nol incon-
sistent with the crude information available from
neutring experiments.

In this report we use all the currently available
data from Stanford Linear Accelerator Center
and Massachusetts Institute of Technology (SLAC-
MIT), ™ DESY,® and other groups,®® which cover
g% ranging up to 7.3 (GeV/c)? and the incident=-
electron energy up to 17.7 GeVY. The basic form-
ula can be cast in the form™

3 (i 7
E* dE,'d2 \dQiy,q 160°(My +m,)?

® ‘}i’z +2 tanzg Wl] (1)

where £* is the pion momentum in the final =N
center-of-mass frame. In the soft-pion limit the
two structure functions for the process n+a" are
given by

L a A
W, = 2[(611 o 2_“4}.'2""?2 Gu)
. Gg”

+4MN"72(2M~= +Q=).:|’

- 7 q* )
w,=2 1+4-MN2 Gy +W G g 2)
For the process p+7°, omil G4, replace the

magnetic and electric vector form factors of the
neutron (G," and G¢7) with those of the proton

(G and € 7)), and remove the factor 2. The
measured threshold cross section is the sum of
the two. The isovector axial form factor G4 (g%
is defined relative to the Kroll-Ruderman value
at ¢* =0, with the #-N coupling constant g%/d7
=14.6. For the vector form factors the standard
dipole parametrization :

Gl =G 1, =G 1,
=[1+4%/0.71 {GeV/c)?] =2,

Ge"=0,

is sufficient for our purpose.

In analyzing the data, the following procedures
were taken for handling the necessary correc-
tions.

(1} Radiative correction. Fortunately, the bulk
of the radiative correction at the inelastic thres-
hold is caused by the radiative tail from the elas-
tic scattering, which is easy to analyze and iso-
late. In fact, the results of Ref. 7 indicate the
consistency of such a correction procedure, and
we simply relied on the corrected data given in
the original sources.

(2) Correction for finite pion mass. We adopted
a covariant pole-dominance model*® in which on-
1y nucleon- and pion-pole diagrams with vector
form factors, and certain axial-vector contact

oy L 3 |
= ¥
1 4 K
& N\ax (B)
Q= —
r . o {K:
- . 9t -2 (a) &
0,051 6, a2} =143 [1+ gp] &
L e a
2y A
(8) G, lg H.QT [+ :p.so:‘] : |

L EA\\\I\\

T T
+« SLAC-MIT
o DESY

& Cone etol =
= Lynch etal 7]

1 | | L

1
] 2.0 30 4.0 5.0 6.0 T

q% (Gev/c)®

FIG. 1. Axial-vector form factor caleulated hy using the modified Nambu-Shrauner formula (see text), Best fits
were ebtained by fitting only those data with higher q?, i.e., SLAC=MIT, DESY, and Cene et al, disregarding the

normalization condition G,{0)=1.
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Dual-Resonance Model with Quark Spin*}

Motosie Yosrmunal
The Lnrico Fermi Ingtitule and the Depariment of Physics, The University of Chicago, Chicage, [Hlinois 60637
{Received 21 September 1970)

We present a dual-resonance model with nontrivial quark spin factors. An amplitude is found which

satisfies factorization and eli ex the parity-d

g, ghosts. An application to =« elastic scattering

indicates that the positivity condition is not met on the fivst daughter trajectory if one assumes realistic

values for the mass and intercept.

I INTRODUCTION

RECENT developments of the dual-resonance
model'? have revealed a close connection of the
duality concept with the quark model. >~ Tt is now pos-
sible to embark on the construction of 8 hadron model
out of quarks in the manner represented by the Harari-
Rosner quark diagram.®7

A crucial step in this program is a proof of the fac-
torization. property of the dual-resonance model. The
proof of factorization has been extended to all the
daughter trajectories.®? The resunance spectrum in the
model has been greatly clarified using the simple device
of the harmonic oscillator.™** Roughly speaking,
mesons appear Lo be bound states of the quark and anti-
quark with a relativistic string between them.

* Supported in part by the U, 5, Atomic Energy Commission,

T Submitted to the Departmient of Physics, the University of
ghicu;;n, in partial fulfillment of the requirements for the Ph. D.

CETCE,

%Pﬂ:ﬁent address: Department of Physics  University of
California, Berkeley, Calif, 94720,

TG, Veneziano, Nuovoe Cimento 574, 190 {1968).

I The generalization of the Veneziano model has been given by
many authors. The references may be traced from the review article
by H. M. Chan, CERN Report No. TH. 1057, 1969 (unpublished)-

1 . E. Paton and H. M. Chan, Nucl. Phys. B10, 516 (1969).

45, Mandelstam, Phys, Rev. 183, 1374 (1963,

5 K. Bardakei and M. B, Halpern, Phys. Rev, 183, 1436 (1960},

§ H. Harari, Phys. Rey. Letters 22, 562 (1969).

* J. L. Rosner, Phys. Rev, Letters 22, 680 (1969).

# K. Bardakci and 5. Mandelstam, Phys, Rev, 184, 1640 (1909],

8, Fubini and G, Veneziann, Nuove Cimento 644, 811 (1969).

Y, Nambu, in Proceedings of the International Conference on
Symmetries and Quark  Models, Wayne Universicy, 1969
(unpublished). k

W5, Fubini, D Gorden, and G, Veneziano, Phys, Letters 208,
679 (1969).

1 1, Susskind, Phys. Rev. D 1, 1182 (1970),

Previous attempts®? to incorporate quark spin into
the dual model have suffered from a serious defect. Con-
sistent factorization of the spin factor considered in
that approach demands the existence of ghosts associ-
ated with negative-parity quarks, On the other hand,
a recent work of Carlitz and Kislinger'® provided a new
way to avoid parity doubling of the fermion trajectory
in the Van Hove model, Motivated by this work, many
people have propesed to dualize the projection operatar
to eliminate parity-doubling ghosts. =10 We will present
in this paper a different, but closely related approach to
a correct treatment of the quark spin.

Our guiding principle in selecting a spin factor is the
simple over-all picture of the dual-resonance model of
Refs. 10-12. After constructing a cyelically symmetric
amplitude of mesons, we proceed to check factorization
of the whole amplitude. A siniple quark propagator con-
sidered in See. 11 turns out to eliminate the parity-
doubling ghosts from the leading trajectory only.
A generalization of the propagator is then suggested,
and elimination of ghosts from all the trajectories, as
well as complete factorization, is proved in Sec. III
The generalized amplitude resembles a recent model of
Carlitz, Ellis, Freund, and Matsuda.!® The main differ-
ence lies in our insistence on the original form of the
quark projector; therefore, we factorize the meson

BR, Carlitz and M. Kiglinger, Fhys. Rev. Letters 24, 186
(1970). See also R. Carlitz and M. Ieislingcr, Phys. Hev, D2,
336 (1970).

“;‘JD(), Bardakei and M. B, Halpern, Phys, Rev. Letters 24, 438
70).
T 1. P. Lebrun and G, Venturd, Nuove Cimento 684, 691 (1970},

1 R Carlitz, 5. Ellig, 7. G. O, Freund, and 5, Matsudz, Caltech.
report, 1970 tunpublished),
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OPERATORIAL FACTORIZATION AND SYMMETRY OF THE
SHAFIRCO-VIRASORO MODEL*®

M., YOSHIMURA
Depariment of Physics, University of Califovnia, Bevkeley, Celifornia 04720, USA

Raceived 28 November 1970

We presenk on operator formalism which exhibits fretorization of the nonplanar dunl model proposad
first by Virasoro and generalized by Shapiro. The model is shown to contain suffieient gnuge operators
as well as a selection rule in order Lo eliminate all the ghosts. A further generalization of the model is

also suggested.

Extensive efforts have been devoted to the gen-

eralized Veneziano model [1] in order to construct

a Peynman-like theory based on duality. It may
well be agked, however, whether there exists an-
other class of dual models which can also cope
with nonplanar duality in a single representation.
A four-point amplitude with the nonplanar duality
was proposed some time ago by Virasoroe [2], and
extended very recently to n-point amplitude by
Shapiro [3] in a particular case of the intercept
(@5 = 2). The purpose of this paper is to provide
an operator formalism which manifests factori-
zation property of the Shapiro's generalization
and facilitates more ambitious program such as
unitarization, We will also show that the model
contains sufficient gauge operators to eliminate
all the ghosts through the same mechanism as
that considered by Virasoro [4]. Mo attempt is
made to relax the condition of the intercept.

We begin by writing the #-point amplitude of
ref. [3] with the intercept oy = 2:

Ay = |legm2pMep-20)Es-24)| 2
(1)

x [ T1 a2z, T1 |z;-2,(294; .
iz a, b ir‘-\:j Lk

The integration region is extended to the whole
complex plane without any restriction among the
variables, z;. Poles show up in any two-body
channel (if) since z; can approach z., causing

* Research supported by the Air Force Office of Seien-
tific Rezearch, Office of Aerospace Research, US

MAir Foree, undar Contract number F44G20=70=C=0028.

This document has boen approvad for public release
and gala; its distribution iz unlimitad,

divergence of the integrand. A basic property of
the integral representation (1) is that the integrand
is invariant under the projective transioriation
of the variables z; if the intercept a, = g2 = 2.
This assures that one can choose any points for
a, b and ¢ and any values for 2,, 25 and 2., In
the following discussion we adopt a choice, 29 =10,
Zy = =, 2, =1 for definiteness. The eq. (1) then
reads

(2)

2qiq1 2q:9
= 2 2. Zi-a

An f#j],_rl:,cd zil 24| zsfl}sﬂ-l £5id |

1t has been demonstrated in ref. [3] that this leads

to the Virasoro amplitude with agy = 2 for the four

point function,

Let us break up the amplitude 4, into (n-2)!
terms so that each term corresponds to a definite
ordering of z; in the sense of medulus, for ex-
ample = |25 L’-lzn_z ® 02|20 We ax-
press this as follows:

4, =T Fylar - 4y @

The summation is taken over all permutations of
the momenta, gg . . .qy_1- As will be shown, it
turns out that this breaking corresponds lo the
decomposition of the Virasoro amplitude into the
sum of the s- and u- channel pole terms for n = 4.
For the first term in eq. (3) with |z;] 2|2,/ for
any § it is convenient to introduce the polar coor-
dinates

2; =¥y - Fooq expliag) for 2 =i=c-1
s}l = Tpo1%e4n -+ Yy exp(=18;) for c+l €i=n-1,
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Reprinted from the Physical Review Letters 19 (1967) 1264-1266

A MODEL OF LEPTONS®

Steven Weinbergt
Laboratory for Nuelear Science and Physics Department,
Massachusetts Institute of Technology, Cambridge, Massachusetts
{Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be mare
natural than to unite' these spin-one bosons
into a multiplet of gauge fields ? Standing in
the way of this synthesis are the obvious dif-
{erences in the masses of the photon and inter-
mediate meson, and in their couplings. We

ight hope to understand these differ
by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
act symmetries of the Lagrangian but are brg-
Ken by the vacuum, However, this raises the
specter of unwanted massless Goldstone bosons.®
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions is spontaneously broken,
but in which the Goldstone bosons are avoided -
by introducing the photon and the intermediate-
boson fields as gauge fields 2 The model may
be renormalizable,

We will restrict our attention to symmetry
groups that connect the observed electron-type
leptons only with each other, i.e,, not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-

handed doublet

L=[30 +n]](U:) oF

and on a right-handed singlet

Ra[z(1-yle. {2)

The largest group that leaves invariant the kine-
matic terms -ZyH8, L-Fy#8, R of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers N7, Ng of left- and
right-handed electron-type leptons. As far
as we know, two of these symmetries are en-
tirely unbroken: the charge @ =T3—NR—§NL.
and the electron number N=Np+Np. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass," and there is no
massless particle coupled to N,* so we must
form our gauge group out of the electronic iso-
spin T and the electronic hyperchange Y= Np
+ %NL.

Therefore, we shall construct our Lagrang-
ian out of L and R, plus gauge fields Ay and
By coupled to T and ¥, plus a spin-zero dou-
blet

()

whose vacuum expectation value will break T
and ¥ and give the electron its mass. The on-
ly renormalizable Lagrangian which is invar-
iant under T and ¥ gauge transformations is

=5y - - = I =p . 13 A il .1
==i =g % -Ha B -2 B )"-Ry"(# -ig'B JR-Ly (3 igt+A -itg'B )L
L=-ia A VA“+EAF ﬁp) A{H L, u] ¥ {‘I ig ﬂ) ¥ (“zg A -itg Ju}

v

21

_%Iauq%n‘gﬁu Tde +iég’ﬂurp[2-cc(ﬂeﬁ +E:pT.{.)—M1 ) (,0+MrpT§a}2. (4)

We have chosen Lhe phase of the R field lo make G

real, and can also adjust the phase of the L and

@ lields to make the vacuum expectation value A={¢") real. The “physical” ¢ [ields are then ¢~
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Muon Magnetic Moment in a Finite Theory of Weak and Electromagnetic Interactions™

I. Bars and M. Yoshimura
Department of Plusics, University of California, Berkeley, California 94720
(Received 22 February 1872)

We caleulate the weak-interaction contribution to the muon snomalous magnetic moment of
the order Gwrup" in the Weinberg model for leptons. Using & £{-limiting procedure we obtain
& finite corvection to 4 (g-2), which has the value (1.8-2.2)x107%,

The unification of weak and electromagnetic in-
teractions has been a fascinating subject of the-
oretical interest in particle physics. In particular,
Weinberg ! proposed an ingenicus Lagrangian mod-
el of leptons in which the weak interactions are
mediated by massive gauge bogsons. In this scheme
the leptons (electrons and muons) and the weak
intermediate bosons, which are initially massless,
aequire masses due to the spontanecus breakdown
of a lepton symmetry, The well-lknown divergence
difficulty of theories with massive weak bosons
does not oceur, because the smooth convergent be-
havior of the massless gauge theory initially
started with is maintained in a nontrivial way even
after the introduction of the symmetry breaking.®3
In fact, Weinberg* caleulated a few loop diagrams
using propagators for massive vector bosons and
confirmed that bad divergences cancel each other
amaong different diagrams.

The purpose of this note is to present a finite
additional eorrection to the muon magnetic mo-
ment as predicted by Weinberg's model. We ob-
tain a small but finite correction of the order
Gw“ﬁ‘f which depends on a single unknown parame-
gter. Within the estimated range of this param-
eter, the finite correction has the values (1.8-2.2)
+10~° which is to be compared with previous
works.®® We have used a E-limiting procedure’”
to extract the finite value.

In the model of Ref, 1 we have a neutral boson
# as well as charged bosons W* Their couplings
to leptans and their masses are given as”

]

e
2/ Iyl + ':I"Q.}V#w a’ Hfgf}'nf g:‘ﬂ,ﬂ"s}p Z ur

My=3rg, Myp=grig*+g™)''%, (1)
gt = : ;
.8’1=‘H.5’2+H’=31m%§ . Ea=—gre g,

The relation to the electromagnetic charge e and
the Fermi constant G, is
=g G 1
ey L L &

To lowest order in G we will evaluate the two
Feynman amplitudes depicted in Figs. 1 and 2.
All other diagrams of the same order do not con-
tribute to the anomalous magnetic moment. We
also ignore the diagram with the scalar field ¢ re-
placing Z in Fig. 2, because of its small coupling
and presumably large mass. The Feynman rules
are easily derived from Eq. (14) of Ref. 1, and we
use the same manifestly unitary gauge of Rei. 4.
The only new rule added here is that we adopt the
£-limiting procedure for both W and 2. This is
needed to avoid ambiguous finife contributions that
may come from making changes of variables in
linearly and quadratically divergent integrals.®
However, even in the absence of any regularization
there are no divergences in the contribution o the
anomalous magnetic moment, although some of
the integrals are apparently logarithmically diver-
gent.

We write the vertex amplitudes explicitly:

374
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Astrophysical constraints on a new light axion and other weakly interacting particles

M. Fukugita, S. Watamura,* and M. Yoshimura
National Laboratory for High Energy Physics (KEK), Tsukuba, Tbaraki, 303 Japan
{Received 24 May 1932)

Constraints on the light axion of Dine, Fischler, and Srednicki are critically reexamined
and upper bounds on its mass are derived from stars at various stages of evolution, A
conservative upper bound for the axion mass is about | eV, while a model-dependent ar-
gument gives a better upper bound of mass —~0.07 ¢V. The same argument also applies
to coupling of any massless pseudoscalar particle to electrons giving an upper bound of

lge| <1107

I INTRODUCTION

The problem of strong CP violation has been a
long-standing puzzle since the discovery of instan-
ton effects.! In 1977 Peccei and Quinn® suggested
a solution to this problem by observing that the @
parameter responsible for the CP violation is made
physically meaningless if an extra chiral symmetry
is imposed. In their model this new chiral symme-
try is spontaneously broken together with the elec-
troweak SU(2) Utl), and because of a chiral
anomaly a pseudo-Nambu-Goldstone boson e-
mel’g&e.3 This spinless boson, called the standard
axion, has a reasonably well-determined mass and
lifetime, which, however, seems excluded by almost
all experiments.

Mare recently, Dine, Fischler, and Srednicki*
(DFS), based on an earlier idea of Kim,” extended
the Peccei-Quinn type of symmetry by allowing an
SU(2)x U(1)-singlet Higgs boson to break the new
chiral symmetry. The axion associated with this
chiral symmetry has a mass and a coupling to
matter, both suppressed by a large vacuum expec-
tation value (VEV) of the Higgs singlet which is
not constrained by the electroweak unification
scale of order 100 GeV. It was conjectured® that
the new scale of chiral breaking should be above
10? GeV by using astrophysical constraints® on the
Kim axion. If the scale is so high, we have no ef-
fective laboratory experiment to observe a trace of
this new axion.

The purpose of the present paper is to critically
reexamine the astrophysical mass bound of the
DFS axion and update the old analysis made for
Kim's axion by Dicus et al.® Since the present
work overlaps and extends previous works, we
shall explain why we embarked on this project,
Historically, Sato and Sato” were the first who de-

26

rived a mass bound for a light spinless boson cou-
pling weakly to matter., The most stringent bound
that they obtained comes from the cooling of red
giants. They only considered as a process of ener-
gy loss a Compton-type process, y+e—dA e,
where 4 couples to electrons via a scalar interac-
tion. However, in stars like red giants the pseudo-
scalar coupling of the DFS axion is crucial because
the energy-loss rate is suppressed by a factor of

(T /m,)* compared to the scalar coupling. Dicus
et al. and Vysotsskii er al. extended™® the analysis
of Sato and Sato to the case of a pseudoscalar ax-
ion. Unfortunately, for Kim's axion relevant to
our investigation here they® mainly discussed
another important process, namely the Primakoff
process, and derived an upper mass bound based
on this process alone. Moreover, most arguments,
which have been given so far to derive the bound,
depend on stellar models in that the axion energy
loss was calculated by using a temperature and
density of stars such as those computed without
axions. We found that there is no reliable mass
bound for the DFS axion immediately available.
Indeed, as we shall see in this paper, the most
stringent mass bound for the DFS axion is derived
from the Compton-type process in red giants,
which was not considered in the paper of Dicus

et al.* Even when the Primakoff process dom-
inates as in the case of main-sequence stars, plasma
effects turn out to be important, which was ig-
nored by previous authors.

The essential observation in the discussion of as-
traphysical constraints is that stable stars tend to
emit particles with energies less than the thermal
energy in the stellar bath. If these particles couple
weakly to matter, they easily escape a star and re-
move its energy too rapidly. The emission of these
particles may he suppressed either because it is en-
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Neutrino Burst from SN1987A and the Solar-Neutrino Puzzle

J. Arafune,'”’ M. Fukugita,” T, Yanagida,® and M. Yoshimura
Dphysics Department, Tokya Institute of Technology, Tokyo 152, Japan
W Research Institute for Fundamental Physics, Kyoto University, Kyoto 606, Japan
N Physicy Department, Tohoku University, Sendai 980, Japan B
“National Laboratory for High Energy Physics (KEK), Tsukuba, Ibaraki 305, Japan
(Received 8 April 1987; revised manuscript received 14 August 1987}

The prompt v, signal from the supernova explosion in the Large ic Cloud f

y detect-

ed by Kamiokande Il does not necessarily mean that the Mikheyev-Smirnov-Wolfenstein effect on the
solar-neutrine flux is not operative. The electron neutrino, once rotated to a different-flavor neutrino in
the progenitor star, can come back via the matter oscillation ¢ffect in the Earth, or a residual v, fAux
from the progenitor can directly hit the detector, saving the Mikheyev-Smirnov-Wolfenstein explanation
of the solar=neutrino problem for a range of mixing parameters.

PACS numbers: 97.60.Bw, 12.15.Ff, 14.60.Gh, 96.60.Kx

The neutrino burst from SNI987A in the Large
Magellanic Cloud, first discovered by Hirata et al.! (the
Kamiokande II collaboration) and later confirmed by
Bionta et al.? [the IMB (Irvine-Michigan-Brookhaven)
groupl], gives a unique opportunity to explore the physics
of supernova explosions. It is remarkable that gross
featurcs of these neutrino events, event rate, average
neutrino energy, and time span, agree with theoretical
calculations based on conventional models of the stellar
collapse.® It is the first time in the history of modern sci-
ence that dynamics of the stellar collapse, on the time
scale of less than 10 sec, has been probed, with a positive
result.

A closer examination of these events, however, reveals
some unusual features that seem difficult to reconcile
with the standard calculation. These may have interest-
ing astrophysical and particle-physics implications, %
In this paper we shall pay particular attention to the first
forward events of Kamiokande II suggestive of the
prompt neutronization burst and examine what they
mean in the context of basic properties of the neutrino
and how they are related to the solar-neutrino problem.

Recall that the basic process of detection in the water
Cherenkov facility is v, +e— v, +e for the electron-type
neutrinos and ¥, +p— et +n for electron-type antineu-
trinos. The similar processes induced by vy and vy
(H =y or t) are unlikely to occur, since they have small-
er cross sections. The former reaction (v.+e) is charac-
terized by the directionality of the recoil electron in a
forward cone of about 15°, while the latter (7. 4p)
yields an isotropic distribution of e * for neutrino energy
of =10 MeV. It is thus natural to associate the first one
or two forward (within 18° % 18 and 15° % 27° cone)
events of the Kamiockande II observation with the
prompt v, burst. The probability of finding two forward
events within 42° out of randomly distributed v, events
is small, =0.6%. The standard calculation® also sup-
ports this interpretation: Other types of neutrinos are

1864

not much emitted at the first instant. A potentially seri-
ous problem? that may be raised with this interpretation
is that in the calculation of Wilson and co-workers, the
yield of prompt v. events is much less (=0.3 event in
Kamiokande II) and the observed duration of =100 ms
between the first two events is too large. These two
features are, however, nicely explained in the advective
overturn model of Arnett.” This uncertainty in astro-
physical models casts a doubt on interpreting the second
event as the v. signal. The ambiguity is hoped to be
resolved by future observations, but for the following
analysis we shall assume that the first one or two cvents
were caused by v.e scattering, mentioning parameter
ranges in two cases. As pointed out in Ref. 4 and also by
Walker and Schramm® prior to the supernova event, the
prompt v, signal appears then to rule out the Mikheyev-
Smirnov-Wolfenstein mechanism® of neutrino oscillation
as a possible explanation of the solar-neutrino deficit,'®
because the v, burst generated at the core is converted to
another type of neutrino (v, or v,) in passing through
the outer region of the progenitor star, which is not dis-
similar to the sun in its density.

This conclusion rests on the assumption that the con-
version is very efficient in the progenitor star and that
nothing drastic happens until the converted neutrino ar-
rives at the detector. We have examined carefully
whether this is true and, surprisingly, found that there
are two possibilities to save the Mikheyev-Smirnov-
Wolfenstein explanation: a possibility of the prompt vy
being converted back to v, within the Earth, and the pos-
sibility of a sizable v, residual in the progenitor. These
two cases can occur in different parameter regions of
&m? and sin28 that can then be tested in forthcoming
experiments. These parameter regions differ somewhat,
depending on whether one accepts the second event as
due to v.e scattering.

The effects of neutrino oscillation in the Earth hawve
been discussed in the literature.'' As an idealization,
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Penzias and Wilson

o
Lt
Above: THE HOLMDEL RADIO TELESCOPE:

Arno Penzias (right) and Robert W. Wilson

{left) are shown here with the 20-foot horn antenna
used by them in 1964-65 in their discovery of

the 3° K cosmic microwave radiation background.
This telescope is at the Holmdel, New Jersey,

site of the Bell Telephone Laboratories.

(Bell Telephone Laboratories Photograph)

Left: INSIDE THE HOLMDEL RADIO TELESCOPE:
Penzias is shown here taping the joints of

the 20-foot horn antenna at Holmdel, with

Wilson looking on. This was part of an effort to
eliminate any possible source of electrical noise
from the antenna structure that might account for
the 3° K microwave static observed in 1964-65.

All such efforts only succeeded in reducing the
observed microwave noise intensity very slightly,
and the conclusion became inescapable that this
microwave radiation is really of astronomical origin.
(Bell Telephone Laboratories Photographs)
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Recent developments In particle physics
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Proton instability inevitable ?

NoO,

Progress of Theoretical Physics, Vol 58, No. 3, September 1977

Muon Number Nonconservation in a Unified
Scheme of All Interactions

Motohiko YOSHIMURA

Department of Physics, Tohoku University, Sendai 980

(Received April 30, lE]'??'}_l

We present a unified gauge model based on the group SU(B) thal contains as commut-
ing subgroups the SUE) xU(1) of weak interactions and the color SU(3} of strong inter-
actinns  In this scheme nonconservation of scpqmt-: electron and ]1'|utm. number naturally
arises through mixing of flavors in the quark sector, while the proton remains stable.

It was pointed out some time ago' that a" unified gauge model of all interacs
tions based on a simple group possesses an attractive feature of ex.plaining'bnth the
smallness of the fine structure constant and the as.‘_r,rmptutm freedom presuma.bly
needed to reproduce simple results of the n“me quarl pﬂ.rtnn modeI A remarkahle
property uf_ such a scheme is thst_t it necessarily involyes w.ea.k-gauge bosons medi-
ating transitions between a lepton and a quark., Exchange of this class of weak
bosons generally causes nonconservation of separate elecu&oﬁ and muon number ‘due
to different onentatmns of ﬂavors in: the le]?m]:l and quark a‘eﬂtﬁr Inthe: orlgjnﬂl

) SU{5) rncuiel of Georgi and Glashow! the same exchange is also responsible for

‘proton decay which, then, must be enor nmusl'y suppressed mak_mﬂ- the muon num-
ber noneonservation negligible for all prfu::t:mal purposes. ;I‘h_;s situation is drasti-
cally changed in a scheme in' which the proton is forb_:.c[c:[én- ‘to deéay by some
natural econservation law. The process such as H=>ep - may then oceur with & rate
someswhat smaller than that of the present e'.\'perimen;nl Hmit:,  In' this: note we
shall give an example of such medels by unifying the veclor}ﬂm [SU(S} U T
~weals interaction model® recently proposed b}r the. present author and the color
SU(E]C gatige theory® into-a .SU(S) Fauge 5 1eme.  The maodel thus unified pre-
“dicts’ deeays such as ey and K—rpie with sumlar rates. It is entirely possible!

that these decaya are made to oceur in much the same way .as, _J.—M;r and .?u-—>i,'£_

by introducing an arbitrary Cahibho-like :rnu..mg ‘.';".I.ﬂ!lﬂ the lepton sector, but we
would find it more attmcuve if the existing nuxmg in the quark sector m:phes
the muon number nonconservation in the other ‘secLor, :

In a couple of previous papers™® we showed that the SUF&) 3 (L) may be
a relevant weak intervaction group beyond the minimal standard scheme® The
group SU(B) then emerges as a natural choice of the unified group. In classifying
fundamental fermions we demand that the leptans & and the quarks respecnvel}'
belong to {3 1) and (3,3) representations of the subgroup SU{3) ,;'XSLI[SJG
C SU(B). - The simplest representation crE SU(G“J that contains both s 15, which

but

976 M., Yashimura

and (RR) since the former imply the same helicities to the lepton and antilepton,
hence are kinematically favored. The amplitude for K,-decay is recast using fi's

defined in Table I,
3G e x[hy (e +E20) + ha(Free —E7a0) +hae + ], (7

where cx=<0[7Ar:A|K*>. We have included contribution of this mechanism to the
ordinary lepton pair decay, ez and pfi. A similar result for Ksdecay is also
easily derived. Equation (7) yields decay rates normalized to K*— 4%y, with decay
constant fx, (cxGr/2f xm,Grsin 8)* times (h 4 h2), 11042 0.86h} for Kp— e (or
Ze), ef, pf, respectively. Numerical factors are due to available phase spaces.
Unfortunately, this result contains an unknown factor ¢; whose estimate would
require detailed knowledge of strong interactions, As a crude estimate of order
of magnitude we might attempt to use a result of the naive quark model combined
with PCAC, ex=7Fxmy/ (m,+m,).

We now use experimental limits® to set bounds on the fundamental parameters
of this model. The decay mode K;—pufi is observed at the rate of branching
ratio 10°% but the conventional contribution of 27 intermediate states is expected
to be of this order for #@. We therefore ignore this mode in the following
analysis. Numbers of experimental upper limits® used here are 2.2x10°% 2.0
® 1077 2.0x107* for the branching ratios of g—ey, K,—pus(e i), K,—¢8, respec-
tively. These give, together with the naive expectation of quark model, the fol-

lowing bounds,

Gr (P 1D/ Gpm, <25 X107,

Gr (™) o ) G, (o ) <<1.2¢ 1079,

Grham 2/ Gemn, (m; +m,) <1.1 %1075 8)
Despite crude estimation of cx it might not be too absurd to say that all the
upper bounds to Gy/Gr obtained from (8) are equal within a facter of 10 except
the Cabibbo angle involved (see Table I). The Cabibbo factors are cos®d: sin®0:
cos’@ for (p—ey) ((Kp—pe) ((Ki—ee) in the models (A) and (D), and sin®0: cos*®:
sin'@ in the models (B) and (C). If the process u—ey is observed at a rate not
significantly smaller than that of the present limit, we would then conclude that
the models (B) and (C) are inconsistent with the present limit of K;—pe.

Another important consequence of the unified SU(6) scheme is existence

of a new class of hadrons, which we tentatively call superhadrons. These are
SL7(3) ¢ singlet states that contain £'s; baryons, B¥*(fqq), B*¥*(ttq), B¥**(££8) and
mesons A*(ig), M*(gF). These superhadrons are integrally charged and may
be producead in association by strong or electromagnetic interactions. In their decay
the U(1) color charge Q.. defined by (3) is absolutely conserved. This conserva-
tion also assures stability of the proton unless a superhadron is less massive than
that. These charges are (0,1,0,0, —1, —2, —1) for (/, B, M, B*, B**, B¥**,
M™*), respectively. It appears reasonable to assume that the least massive super-
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“The first three minutes”
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From the first three minutes

 small as one part per 1,000 million has led some theo-

THE FIRST THREE MINUTES

0.0 years (or 22 days) for the temperature to drop to
10 million degress, then it took another six years for the
temperature to drop to one million degrees, another
600 years for the temperature to drop to 100,000 de-
grees, and 5o-on. The whole time that it took the uni-
verse to cool from 100 million degrees to 3,000° K
(i, to the point where the contents of the universe
were just about to become transparent to radiation)
was 700,000 years, (See figure 8.) Of course, when I
write here of “years” I mean a certain number of abso-
ute time units, as, for instance, a certain number of
periods in which an electron makes an orbit around the
nucleus in a hydrogen atom. We are dealing with an era
long before the earth would begin ifs tours around the
i}
It the universe in the first few minutes was really
composed of precisely equal numbers of particles and
antiparticles, they would all have annihilated as the
temperature dropped below 1,000 million degrees, and
nothing would be left but radiation, There s very good

‘TEMPERATURE
{degrees Kebin)

RECOMBINATION

L
ogol oo 0) i 0

L L o I ]
0 1000 1060 00000 1
AGE (years)

Figure 8. The Radiation-Dominated Era, The temperature of the uni-
verse is shown as a function of time, for the periad fram just after

the end of nucleosynthesis to the recombination of nuclel and
electrons Into atoms.
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RECIPE FOR A HOT UNIVERSE

evidence against this possibility—we are here! There
must haye been some excess of electrons 0ver positrons,
of protons over antiprotons, and of neutrons OVeT anti-
neutrons, in order that there would be somat}nngl Jeft
over aiter the anmihilation of partices and antiparticles
to furmish the matter of the present pniverse. Up to this
point in this chapter [ have pqrpusely ignored the com-
paratively small amount of this Jeftover mater This is
a good approximation if all we want is to calculate Ihle
energy density or the expansion rate of the early uni-
Yerse; we saw in the preceding chapter that the energy
density of nuclear particles did not become cqmparable
{o the energy density of radiation until the universe had
cooled to about 4,000° K. However, the small season-
ing of leftover electrons and nuclear particles has a spe-
cial claim to our attention, because they dominate the
conteats of the present universe, and in particular, be-
cause they are the main constituents of the author and
the reader.

As soon as we aduit the possibiity of an excess of
matter over antimatter in the first few miufes, We 0pen
up the problem of determining a etailed list of ingred-
ients for the early universe. There are literally hundreds
of so-called elementary particles on fhe list published
very six months by the Lawrence Berkeley Laboratory.
Are e going fo have to speciy the amounts of each one
of these types of particle? And why stop at elementary
particles—do we also have t0 specify the numbers of
different types of atoms, of mo]eculle:s, of salt anc[ pep-
per? In this case, we might well decide that the umIversé
is too complicated and too arbitrary o be worth under«

anding. )

: Forn?nately, the universe is not that compllxcated. In
arder to sce how it is possible to write a recipe for its
contents, it i§ necessary 10 think a litde more apaut
what is meant by the condition of thermal F,qm]lhnum.
1 have already emphasized how important it is that the
universe has passed through a state of thermal equilib-
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THE FIRST THREE MINUTES

to an infinite electric field. But whether the universe is
open or closed, it is safé to say that the cosmic electric
charge per photon is negligible.

The baryon number per photon is also easy to esti-
mate, The only sigble baryons are the nuclear particles,
the proton and neutron, and their antiparticles, the anti-
proton and antinentron, (The free neutron is actually

unstable, with an average life of 15.3 minutes, but nu- .

clear forces make the neutron absolutely stable in the

atomic nuclei of ordinary matter.) Also, as far as we

know, there i5 no appreciable amount of antimatter in
the universe. (More about this later.) Hence, the baryon
number of any part of the present universe is essentially
equal {o the number of nuclear particles. We observed
in the preceding chapter that there is now one nuclear
particle for every 1,000 million photons in the micro-
wave radiation background (the exact figure is uncer-

* tain), so the baryon mumber per photon s about one

thousand-millionth (10-9),

. Tf‘f[s is really a remarkable conclusion, To see is
implications, consider a time in the past when the tem-
perature was above ten million million degrees (10% °
K), the threshold temperature for neutrons and pro-
tons. At that time the universe would have contained
plenty of nuclear particles and antiparticles, about as
many as photons; But the baryon number is the differ-
ence between the numbers of muclear particles and anti-
particles. If this difference were 1,000 million times
smaller than the number of photons, and hence also
about 1,000 million times smaller than the fotal num-
ber .Of nuclear particles, then the number of nuclear
particles would have exceeded the number of antipar-
ticles by only one part in 1,000 million. In this view.

when the universe cooled below the threshold Lempcra:
ture for nuclear particles, the antiparticles all anni-
hilated with corresponding particles, leaving the tiny
excess of particles over antiparticles as  residue which

would eventually turn into the world we know;
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The occurrence in cosmology of a pure number as-

rists to suppose that the number really is zero—that is,

' fhat the universe really contains an equal amount of

matter and antimatter, Then the fact that the baryon

| number per photon appears to be one part in 1,000

million would have to be explained by supposing that,
at some time before the cosmic temperature dropped

. below the threshold temperature for nuclear particles,

there was a segregation of the universe info different
domains, some with & slight excess (a few parts per
1,000 million) of matter over antimatfer, and others
with a slight excess of antimatter over matter. After the
temperature dropped and as many pmﬁcle-aunpml'tlc]e
pairs as possible annihilated, we would be left with a
universe consisting of domains of pure matter and do-
mains of pure antimatter. The trouble with this idea 8
that no one has seen signs of appreciable amounts of
antimatter anywhere in the universe. The cosmic Tays
fhat enter our earth's upper atmosphere are believed

to come in part from great distances in our palaxy, and

perhaps in part from outside our galaxy as well. The.
cosmic rays are overwhelmingly matter rather then
antimatter—in fact, no one has yet observed an anti-
proton or an antinucleus in the cosmic rays. In addi-
tion, we do not observe the photons that would be
produced from annihilation of matter and anfimatter on
a cosmic scale.

Another possibility is that the density of photons (of,

.~ more propetly, of entropy) has not remained propor-

tional to the inverse cube of the size of the universe.

. This could happen if there were some sort of departure

from thermal equilibrium, some sort of friction or
viscosity which could have heated the universe and pro-
duced extra photons. In this case, the baryon number
per photon might have started at some raasonablle
value, perhaps around one, and then dropped to ifs
present low value as more photons Were produced. The

8
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Baryo-genesis papers

PHYSICAL REVIEW LETTERS 31 Jury 1978

Unified Gauge Theories and the Baryon Number of the Universe

Motohiko Yoshimura
Department of Plysics, Tohoku University, Sendai 580, Japan
(Received 27 April 1978}

T suggest that the dominancs of matter over antimatter in the present universe ls a con-
of haryon ber—n rving reactions in the very early [ireball, Unilied
guage theories of weak, electromagnetie, and strong lnteractions provide a hasis for
such a conjecture and a computation In specific SUS) models gives a small ratio of
baryen- to photon-number density in rough agreement with observation,

1t is known that the present universe is pre-
dominantly made of matter, at least in the loeal
repion around our galaxy, and there has been no
indication observed' that antimatter may exist
even in the entire universe. I assume here that
in our universe matter indeed dominates over
antimatter, and I ask within the framework of the
standard big-bang t:osmollc»g:.rz how this evelved
from an initially symmetric configuration, name-
ly an equal mixture of baryons and antibaryons,
Since the baryon number is not assoeiated with
any fundamental principle of physics,® such an
initial value seems highly desirable. I find in
this paper that generation of the required baryon
number is provided by grand unified gauge theo-
ries® of weak, electromagnetic, and strong inter-
actions, which prediet simultaneous violation of
baryon-number conservation and CP invariance,
More interestingly, my mechanism can explain
why the ratio of the baryon= to the photon-number
density in the present universe is so small,
roughly of the order? of 107°~107"",

The essential point of my ohservation is that in
the very early, hot universe the reaction rate of
baryon-number-nonconserving processes, if they
exist, may be enhanced by extremely high tem-
peratare and high density. In gauge models dis-
cussed below, the relevant scale of temperature
is given by the grand unification mass around 10'®

GeV where fundamental constituents, leptons and
quarks, begin to become indistinguishable, This
mass is high enough to make futile virtually all
attempts to observe proton decay in the present
universe: proton lifetime >10% year.® Instead,
if my mechanism works, we may say that a fossil
of early grand unification has remained in the
form of the present composition of the universe.
The laws obeyed by the hot universe at tempera-
tures much above a typical hadron mass (~1 GeV)
might, at first sight, appear hopelessly compli-
cated because of many unknown aspects of hadron
dynamics. Recent developments of high-energy
physics, however, tell that perhaps the opposite
is the case. At such high temperatures and den-
sities hadrons largely overlap and an appropriate
description of the system is given in terms of
pointlike objects—quarks, gluons, leptons, and
any other fundamentals, The asymptotic free-
dom® of the strong interaction and weakness of
the other interactions further assure” that this
hot universe is essentially in a thermal equilibri-
um state made of almost freely moving objects,
I shall assume that this simple picture of the uni-
verse is correct up to a temperature close to the
Planck mass, G, /2~10" GeV, except possibly
around the two transitional regions where spon-
taneously broken weak-electromagnetic and
grand-unified gauge symmetries become re-
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ORIGIN OF COSMOLOGICAL BARYON ASYMMETRY

Motohiko YOSHIMURA

Department of Pliysics, Tohoku University, Sendai 980, Japan

Received 27 April 1979
Revised manuseript receved 135 June 1979

A new version of cosmological baryon generation is examined. In this scheme the baryon asymmetry is caused by the
nonequilibrium decay of an X (Ieptoquark) and X boson of ~ 1019 GeV, which takes place after an equilibrium period of
baryon nonconserving twa-body reactions. This mechanism imposes a severe constraint on grand unified theories; bath up-

per and lower Hmits to the unification mass are derived.

It has recently been suggested [1 —3] that the ap-
parent excess [4] of cosmological baryons over anti-
baryons may be explained by baryon nonconserving
processes riear the Planck time. As an interesting con-
sequence of such a mechanism the ohserved ratio [4]
{10-8 -10-19) of baryon to photon number may be
related to microscopic quantities that characterize
these processes, hence the ratio may not be an arbi-
trary parameter in cosmology. Besides the baryon, C
and T noninvariance necessary for this explanation,
recent investigations, as particularly emphasized in
refs. [5—8], have made it clear that departure from
thermal equilibrium is essential to generate a net ba-
ryan number. Reactions among light (masses < lepto-
quark bosons) fermions considerad in ref. [1] seem
hardly able to produce an appreciable amount of
baryon excess because the likely effect of nonequilib-
rium reactions of almost massless particles will simply
be to red-shift [6] the temperature in an expanding
universe. This can easily be seen [9] by using Boltz-
mann-like equations linearized in the deviation from
the thermal distribution and taking into account the
unitarity constraint [6—8]. As an alternative to light
fermion reactions, Weinberg [8] and also Toussaint
et al, [6] have more recently suggested that the decay
of heavy leptoguark bosens (X's) may produce an ap-
preciable baryon asymmetry due to the presence of a
threshold. An important point to note is that below
the threshold the decay dominates over its inverse de-
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cay and the linearized rate equation cannot be applied
unlike the previous case, In Weinberg’s scheme gravi-
tational thermal equilibrium at the Planck time is also
assumed to explain the initial condition of vanishing
baryon number. The purpose of this note is to elabo-
rate on this decay mechanism and propose as a new
mechanism of the initial condition light fermion reac-
tions in equilibrium that precede the X-decay. This
makes it unnecessary to assume the presence of gravi-
tational thermal equilibrium, and gives an interesting
constraint on the parameters of grand unified theories
(GUT) [10,11], independently of the details of spe-
cific models. Our mechanism strongly suggest that the
relation my; (mass of leptoquark gauge boson) = alni
(the Planck mass = 1.2X 1012 GeV) is not accidental,
but a necessary consequence of baryon generation.
Consider below its threshold my the decay of lep-
toquark bosons X into diquarks Gq and leptoquarks
qt, and the inverse process, In this paper we assume
exact conservation of color, hence a color triplet X
may dominantly decay into the modes just listed. In
principle, X can be a Higgs boson, but we ignore this
possibility by assuming that a leptoquark gauge boson
gives a more important contribution, which is true if
the masses of fermions (quarks or leptons) < mass of
the ordinary weak boson (= 100 GeV). Also for sim-
plicity, we do not consider the case that the mass of
the colored Higgs boson H € my, hence m (H) =my;
in the following. The effective annihilation rate of X
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Sakharov’s response to my paper

To olm. M.ﬁspmimwm_.

Depontmint of- Phppies |
Tobokw Univeni ,5%1%9&0.
Jopon
3/£ A C.

BParyon agyrmotry of ths Universa
5Dy Jukharay
- Fol.Labeder Physinal Inavitute, Lomdemy or Eoisnceg
'  of #he mEaL

4 puesible mrocesa of tho Bppaarance of baryom and sugl-
lapton szpesg at the sarly stage of thes charge-noutrgl hot
Univerae expamsion in the pni+isa gavga theory of strong, waak
and eleolwomagnstio intersotions i disousead. By the astimsg-
¥® precentsd here the baryenm suymmatey f-i = A-?E- (the ratic
of the mean baryon damalty to the relic rediatinog qn:.ntu-
denadty; %o an acouracy of the numaerical factor equal to +the
Yatio of the numbar of beryons $o the inltial entropy of the

.hot Ilhiru'u, in the =ama ou_‘"jh‘ voleme) 15 wqual, in %he
oxdes of pagnttuds fo A~ oL U

S » The walus o4 = 3?
iz the mm field interastion goustant, ‘3’ ie the quantity
of the arder of the Jabibbo srgle, O, is the phame of ooRp~
lex quark mizing. Zho Bumerigal sooffiolent in this forzula
Bay oootoln sp sdditlons]l smgll parameter, Some ocosidarge
tione are eaprasssed oeSparning the meny-sheet modsl of iha
Universe suggested befors by +he author, .

I, Introduation, Reti=stion of %he effeot.

In 1966 the author expreased the suppesition that the
pbserved baryon (end suppossd lepton) nlﬂ'lln'h:y of the UTadyars

“an sprears ot ths marly ptage of coemalogionl sxpansien from

tha initial neutral charge etats, sugh B process is posdidle
due to the effecis of OP-invavisnce violation im Ron-gtatio-
sy oonditions of expsbslen if fhg baryon snd lepisn chasga
ocnservetion 15 suppaces 4o be roken [13.
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Absence of antimatter and problem with
symmetric cosmology

Observational evidence against symmetric cosmology

E <107® near earth as
He “
low energy p spectrum

No evidence of } from N_|_ N o 7% +...

Theoretical problem with B-symmetric cosmology

E Y. Asaoka et al., Phys. Rev. Lett., in press.

[ O BESS
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p/p Ratio

Bieber et al, 1999
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much smaller than observed 1(0*°

No working model of domain separation
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Generation of B-asymmetry

o Key quantity

n7/ after annihilation B+B before annihilation

N

_B
n,

Observation - 0 [10‘10}

imply 1 excess of B out of 10" pairs



How to produce the asymmetry

3 conditions

In the early universe
Necessary ingredients

B @ outof equilibrium

Need of arrow of time
without suppression of inverse process,

AB = (AB) +(AB) =0



Out of equlibrium condition: case of heavy particle decay

X — aa ql
* One way decay, no inverse decay
H>T'(=am,)
L _L6J/NT? @T =m,
m

pl

Otherwise, Boltzmann suppression by n, ocexp(-m, /T)
Typically leading to

m, >0[0.01]am  ~10"GeV

Need for high unification scale
Reheating after inflation Toy > M,



Delicacy of CP Quantum interference

Baryon excess from a pair of particle and
antiparticle process, e.g. X X

‘91f1+ ng2+""2_‘gl*f1+ gz*f2+"'

= —41m (g,g, ) Im(ff, )+

Im(g,g, ) %0 CP violation
Im(f,f,))#0 Rescattering phase

Interference computed by Landau-Cutkovsky rule



Dependence on dynamics

Ng Ny

3 factors —=d——¢& E =

S n,,

Dilution factor in late stages: @ = 0[10‘3]77—1-2

r Mt

N_¢+N <

O[1079 purely kinematical, determined by particle content

When the out-of-equilibrium condition is partially satisfied, n=
Result after integrating Boltzmann equations gives77-dependence. H,_

|
FINAL ASYMMETRY ‘[
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FIG. B. Final amount of the baryon asymmetry plolted against
(= decay rate/fHubble rate at T=M). For comparison the resull
baszed on the on-shell contibution alone is shown by the dashed
line. Thosc marked by open boxes and circles are results for smaller
decay rates I'/M.
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FIG, 6.4a) The cime evolution (2 ~¢''?) of the harson
agymmeley for F=0.3 {(for aEa=7=< L0785 ar,=7=10%Y Goewv)
ig shown in units of © for initinl neymmetries of 2 =10 %=,
210", 214074, and zero.. Little damping occurs,
anrcd the final aaymmetry I8 essentially the initdal valuo
plug T =107 % gonerasted by deloyed free decays. (B) The
time: evolution of Segds s shown in units of © for 0= 30
{for =T 1075 jfy= 710" GeV) for the same initial
conditions as abowe. The fioal asymmetry (s esseotially
independant of the Inidgtial value, and egual bo the eailuc
genarated for moero initial asyrmmetoy.



In GUT view,

 We are here,
because matter that makes up us is ultimately unstable !

But,
lifetime of proton typically
10% years >> age of universe



Constraints on and problems with
GUT scenario

Survival from combined effect of low T B-L-violation
(e.g. AL =0,andAB =0 ) and electroweak damping, giving
a constraint on L-breaking scale or neutrino mass

e.g. Harvey-Turner

<mv> 3 4eV
JT, /10°GeV

Possible overproduction of gravitinos
requiring a low reheat temperature after inflation



Electroweak baryon nonconservation

SPHALERON

N\

> ’ Gauge and Higgs
TUNNENG @ T = 0

Electroweak baryon noncnoservation

suppressed at T=0 by e_137

enhanced at finite T by barrier crossing
Can destroy preexisting B and L while keeping B-L

- A GNEE
S wegs TESS

T IT T

Mechanism due to level crossing of fermions caused by nontrivial gauge
and higgs configuration of sphaleron and alike



Baryogenesis in standard model

' B unsuppressed g M«/T at finite T
A
y =0, T @T >>M_  ~O[TeV]

. CP KM phase

e QOut of equilibrium: 15t order phase transition via
bubble formation

/1 Poaintia.ﬂ. Retow Te

3 =<

. ﬂ
FALE vy GriouND STAE Hore

RUARK
BUuBBLES Brwow [,




Difficulties of EW B-genesis

* No strong 15t order phase transition due to experimental
Higgs mass bound

e _ 010 -10%]

« Magnitude too small —=
n
Y



Electroweak redistribution of B and L

- 8ng+4n, 28
- 22n, +13n, 79

B=a-A(B-L), a

For standard model of 3 generations

200GeV <T <10"%GeV
e.g. Luty

B-L conserved and never washed out.
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L genesis and B conversion

« L-genesis of amount AL first and
electroweak conversion into B, via
28
B = AL
79

For standard model of 3 generations

Interesting in view of possible connection to observed
neutrino masses



Thermal L genesis
Fukugita-Yanagida
« Minimal extention of standard model with seesaw
Right-handed Majorana decay N, — IH ,[ﬁ

CP asymmetry with neutrino mass matrix m =m,M N_lmDT

_ 3 M, Im(my'm,m,*),, :O[erﬁv }
167 v° (mDTmD)ll

&1

Assuming mass hierarchy for 3 R-Majoranas N

_ (hh™)y, v2 — (mDmD+)11 )1, o
Y M, M, N, = Eg

™ — W
H
O =CP phase lg

m




Prejudices for simplification

Completely general analysis meaningless due to many (18)
parameters of m , M, matrices

Constraints: known quantﬁles
SM’23,6M°12, 0,5, 0,,,—2
Some sort of mass hierarchy for heavy Majorana particles
hierarchy for Dirac masses ?
Symmetry
GUT or flavor symmetry for Dirac term

Effective parameters &, M, m,
relation to theoretical models remote



Great iImpacts on neutrino masses
and thermal history of universe

With hierarchy of masses, dependence on 3 parameters Giudice et al

—~

L Ter ranpes
4 =)
= i
. e 1t
S T
a ST
€1, M, =
A e i
( i RE T
fasv |25t v e S

v

Firure 1ir  Leptogenesis bound on neutrino masses,  The plot shows the mensar
baryen asymimelry fhorizoniel ling) compared woith e meximal leptogenesis value as fn

* ConneCtlon to nEUtran IMASSES  tion of the heavicst neitrine mass i, renormatised at fow enervy. Frvor bars or s fo
m, <0.13eV heaviest neutrino (WMAP,LSS 0.7eV)
M. >5.108GeV lightest R-neutrino
1

« Reheat temperature TRH > M .






Gravitino problem: a possible nightmare
both for GUT B- and L-genesis

o Superpartner of graviton
mass m,,, =O[TeV]
3

|Ifetlme I = O[ms_/zz] — O[(105 SeC)—l(

pl

m3/2 3
TeV) ]

« Usual estimate of gravitino abundance and constraint
from nucleosynthesis

Najp _ 0[10—2]1-&
S m,

T., <10°-10"GeV
Possible to produce GUT ~ H



A possible resolution, using
preheating after inflation

* Important new element for particle production
and B-genesis after inflation

Non-perturbative effect of parametric resonance,
leading to

Complicated high energy phase of reheating, I.e.
preheating

Including dilution of gravitino abundance

Common to copious non-thermal production of R-
Majorana neutrino for L-genesis and GUT Higgs



0.1MeV

10~ GeV

10 GeV



CP



Theory of particle production with chaotic
potential

 Inflaton field oscillation given by
&(t) = &, cos(m gt) (spatially homogeneous, periodic)
S >>mMy m, ~10°GeV
Interaction b 2
Y 9s ¢

Producing a pair of ¢ particles
For each momentum mode of massive particle

¢k+35¢k+ (k?+m,” +g&, cos(m.t))g, =0

2
h:k +§2"§° «9:9—52>>1

mg m

S



Model of inflation: Chaotic inflation

« Damped inflaton oscillation wth its mass
m. =0

and Initial dimensionless amplitude E =0

FLAT PoTEwTIAL

DAMTED INFLATON OSCILLATION

———

PARTILE PRoPUCTION




Theory of reheating

e Old view

Coherent inflaton oscillation = aggregate of 0O-momentum
particles

Independent particle decay & — @@

U

Instantaneous4thermalization due to fast interaction

Ten = p;
leading to reheat temperature Ten z\/l“gmpl

with T, Born decay rate

S



Non-perturbative effect of parametric
resonance, producing large mass particles

n-th band contribution like

n ¥
G —> PP g T
e Large mass production possible if ( %

with large n

"T'l"'TH- Bm 100
mé n B0
—<m, <—m

2 7 2°F )
40

: m £
 Perturbative Born decay; m ’ < —= . :
from E-conservation 2 00 10 20 30 40 50



Problem of  parametric resonance

for large amplitude oscillation

How to swing Need to vary center of your body periodically

..l

i}



Integration, with back-reaction and
Einstein equation

MoepeE — SvkHHMEP METHoD

1e+08
1e+07 |
1e+06 |
100000 |
10000 ¢
1 OO
100

Py (']

mt

6000 } l'
4000 |
2000

o[m]

~8000 j
40 60 80 100 120 140 160
mit

F W aE Rk + & ARM & K



Temperature / m;

Preheating stage and gravitino abundance

g=1 o o SRS S I

- — i — i —— —

10'3 T T L (T PP LR [N S MRy S| i j -=" Gravitino abundanc,e
109 10° 107 167 N W i i i
Time / sotw uUFeETIME 10 10 10 10 10
Time

* e.9. B-generation during preheating and
gravitino abundance lowed by perturbative estimate is possible



New features : preheating

Violent process of particle production
after O[10-100]oscillations

Initially highly non-thermal
Possibility of producing high mass GUT particles

Gravitino and B or L abundance to be comuted
simultaneously, considering preheating







Conclusion on baryogenesis

(B-L) genesis Is a great hint on physics beyond
the standard model, linking the micro and the
macro worlds

B-genesis still alive, waiting for nucleon decay

L_-genesis interesting due to Its possible
connection to the neutrino sector and lepton
flavor violation

Watch out gravitino overproduction

Some new Idea necessary for relation to low
energy CP violation in K and B systems
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Our life 1s finite.

« Should we explain everything now ?
* Richness of physics is fully explored ?

* \What Is interesting to me is useful to many others ?



on-shell S-

Boltzmann

off-shell



Dark matter



Off shell effects on B-asymmetry

PHYSICAL REVIEW D, VOLLIME 38 (43307

Prolonged decay and CP asymmetry

L Joichi, Sh. Marsumodo, and M. Yoshimuora
I il of Pl Tohols Dniaeily, Seadal’ SEOOERITE, dapas
(Resedwed 2 March 1998: published 22 July 19904)

The s evolation of samable paricles thal eoosr in the =T i fs ivenipmed. The off-sbell
elfcct mot inchadcd in the Bl likz ion is i
Becamen el helow the maws of unsable pandsles When the nfi-sheT efaes i raken Sun seceurs, the thermal
stundmcs of wslable paecls B ow lemperaderes ha g power liw behaviee of lempersuee T.
(Tt ) TAM)" ! mmlilce the Bolremaren suppretasd o ™7 with the power o reluted Lo the gpeceral rise near
the threshold of the decay mad with I the docay rae. b . e mime the thermal value
i ot poverned by the exponcrtial law: isstead it i (he power law of lime, The cvolotion cquation for the
ocrupaiion memher snd the sumber desaity of the usnable paricls 1 derived, when hoeh of these fTects, sliong
with the coumnic rapasiion, aw @ We alsn Ay ine how the g ol fherrmal pasticles.
may aflesl the off-shell effect to the usslshle panticle. As &= appli the ol the
uﬂ-ﬂu“#hnwmﬂm&h:tﬂﬂuﬂﬁmmmmmmwhmxm
decay. It i5 shows that the rutof cqullibrivm kizemarics previously disceased §s chasged; This change beoorses.
comiderable for krpe values of TR0 where J 6s ibe Hubble mie ol the iemperniure egaal io the X -boson

mase, while we confirm the prewioed resolt Tor creall valoss of TS | [SOSS6-2R21 (98025 | 6-5]

PACS ramber(i) PRE0Cg. 05, 700Ln, 11.M0E:

L INTROIFUCTION

There ane many shom-Hved pamicles thar have existod in

decreases with a power of decreasing lemperature a8 the uni-
werie expands, Physdcal processes that follow afier the decay
ac then probonged. The off-shall effect mums cut 1o be mone

aieadance im the carly usiversc whose poray p

did not leave Behisd any sneasurable effcol. Impomast excep-
lioas 1o this exist, such as the neulron which certainly & the
key for the explination of the clemem sbundsnce of the
Muﬂim.

prami for a larger decay ranc.

Wi next coagider a3 an illostrative applicatioa of this gen-
unlmul.lﬂ-hrpulhul]x boson decay that may Bave
created the ary when they decay
ISAlw:ﬂdhmmmﬂ&:m

ol the adwand o these il
mhm:hmwm&lwhm
af the f b

evebstion. Mmmbuﬂwpu[l]mhuﬂmﬂw
Boltzmann cquaisom that takes inbo account relevanl noace
ticad &0 the cxpandisg univenis. The use of Uw Boltensasa
equatica has however been d [2] & more

i ipion of the decay process
:nahnmdm-dnmmnmmnmnﬁ-mum
tributions not properly trcaied in the Boltzmann approach.
These odl-shell effects are eminens im ihe bow icsrpernune
mlmmmmtﬂuuncmmunWs
probdan, gi

- : gencrnl
al ing lhe l=me evolulion of the nal ber dersily al
uneishle pamicles and clarfy the off-shell effect. The odf.
ahell effeen appears ia rwo wayi: frm, i= s slower relaxation
inwards the cquilibrium abundance and second, in a Larger
eqpalibium value nol suppressed by the Boltzmann Tacoor
such as ¢ *™7 where AM s the mass dilference of the
parert and the daughier pamicles. 11 iz chown helow that the
off-shell effect becomes dominzas below soms:

meiry is wlndlh:mmlmbmnd-u{
Hn:bmmum“ﬂ;mhmh,ﬂuﬂlﬂ:ﬂ
elfect. For the fisst time we Bnd (hal some mode of the X
‘boson decay for baryogenesis is excluded due 1o the odff-shell
cffect. This is the S.wave decay mode inlo & bosca-pair,
Thas paper is arganized as foflows. In Sec. IT the theeeei-
ical meodel of anstable panticle dccay is explained. This is a
I'In:htdwmdﬂ.l :m.nmim of the hrru.ndenudc:l for the

i in [2] We
firss present and :‘n-mnlhy sdve the quanium me-:hnnu:.-]
maodel of the decay of d levels in th | A

grenl vbere of this model s that ils integrabality lends
explical formulas fof many quantitses of dnlesesl. One can
clearly see borw the ofT-shell efficcr arises in these fommvalas.
Exication to the unstable panicle decay in fedd theory mod-
els cem he maide, bot & #5 in geneml commlicated gnd ot
readily solvable. Bud forfunately, im a thermal mediom lar
amay from the degeneracy limit which i relevan in the carly
universe the decay process is sppromimasely described by
this class of golvable quanm mechasical models extended
Iy infinstely many decay channcls. In Sec. I the ocowpaiion
number sad the numiber density of a spociet of unstable par-
licles i caleul and B4 time evolulion equation @ derived

rq_mmmﬂummmmmmmm
power law: ST = (T TIM Y where o i is 3 parameicr
nelated ta the threshald behavior ol the =p l ) For
the decay and T i the decay rase. Theas, unstable particles do
nol disappear suddenly. |asiead, their abundasce gradually

DEEE- A2 LORSE[4LISIT I TWEL 5.00

28 043800-1

in the cxpanding uaiverse, The stalicsary abundasce when
the cosmic expansion is swirched off is worked cul, and ics
behasior &l both high and low temperalures 15 sbached
detsal, In Sec. TV we pay fpﬁ:ll] attention to the off-shell
elfect and its rode in 2y We alwo di a ihl
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PROLOMGED DECAY AND CP ASYMMETRY
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FIf. f Comparison of e L=e evolvicg baryon siymmeiry.
The case of or= () SR By iae wlid line and enlarged o the insc
gives the visishing value for the foal symmeiry. unlike e =
=32 case shown by the dosied Bae.

oL

PHYSICAL REVIEW D 58 043507

B 1] i 0.l oo
Rt
FIG. 7. Thme cvolution of the baryon mymmetry. Twe cases of
diffezem decay rates, UM =(L10U)], e compartd 30 fhe svni-
tital piven by the ooushell contritution slone (the teoken lisc). In
he irct detalled bebavios aee sereised.

(2 +3) M+ DN Za+3) L{lrﬂ =
o .

5;-5“2111--'3'141— Tlo+B)
J #zt?-u!* 1 )
¥ij=— = {534
Ak U ERE pEar

The low lemperalune appooximation was nol assumed here

fowr ™), hence

1 o it
¥o= gk . (3.35)
= agirtdo E;I:: O

T can be peadily proved by n resenling argument that both
¥_ amd the heryom asymmetry ¥y is in Jirect propodtion 1o
the Jumk el TF & We that r=l a

ired for amy decay i

Some: resulis of numerical inpcgration of the time ewola-
tion cqaition are peesemied in Fag. 6 and Fig. 7. The time
evelmtion for a=0 mnd a=2 is cvidently different. as soca
:n Fix. ﬁ.HM}.ﬂ!ﬂﬂlY{ﬂﬂmrﬂfﬂ‘ﬂ This alif-

will be dable analytically, s will be dis-

FINAL ASYMMETRY

FI. 8, Piral amoont of the baryen asymsestry plotcd agrine 5
{= decay ranHubble rae ot T=M). For oomparison the pesull
bascd om the on-abell contribution alas it showa By the deshed
Tine., Thowe marked by open bases and circles ave revalis Jor smalles
Fr——Th
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Dark matter pair annihilation

M=100 GeV

A=0.05 (OLD & NEW)
3

M/T




Towards dynamical theory of 1st order
phase transition

Real-time description of qguantum tunneling
with effects of cosmological environment

New time scale caused by resonant enhanced
tunneling



Semiclassical plus quantum
picture

« Semiclassical approximation for metastable potential well,
combined with quantum penetration formula beyond the barrier




Resonant enhanced tunneling

During semiclassical motion,
jump to higher levels by environment Interaction




2 %10

(units of g )

—h
- I

b

Lo
T T

F(” g =0.01
N =00050 1
T =040
I Harmonic
i 500 1000 1500 2000

t {units of @p )



Usual picture of potential change

HuBBLE T(ME H
N (*- (%] )




Time scale of resonant enhanced
tunneling

P %ﬂ'

,
% V9
friction from enviroment

N/
"~/

much shorter 1/Hubble time

"hus,
nossibility of changing picture of 15t order PT
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‘Science without religion is lame, religion without science is

blind.” So Einstein once wrote o explain his personal creed: ‘A

religious person is devout in the sense that he has no doubt of the
significance of those super-personal objects and goals which nel-
ther require nor are capable of rational foundation.’ His was not
a life of prayer and worship. Ye he lived by a deep faith—a faith
not capable of rational foundation—that there are laws of Nature
1o be discovered. His lifelong pursuit was to discover them. His
realism and his optimism are illuminated by his remark: ‘Subtle
is the Lord, but malicious He is not’ (‘Raffiniert ist der Herrgotl
aber boshalt ist er nicht.”). When asked by a colleague what he
meant by that, he replied: ‘Nature hides her secrel because of her
essential loftiness but not by means of ruse’ (‘Die Natur verbirgt

ihr Geheimnis durch die Erhabenheit thres Wesens, aber nicht

durch List.").
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