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ABSTRACT
We review the basiec thecry of symmetry restorstion - particularly

in reiation to s possibie vanishing of the Cabibbo angle in the presence

of externsl electromagnetic fields. It ic emphasised that the eritleel
guantities are invariants like <H2> - <E?> . This one, in particular,
must exceed (10:"5 ga.uss)2 since Qc % 0 for hyperoms. In some nuclei,
internal fields exceed this critical quantity, lending c¢redence to

the arguments by Hardy and Towner and by Watson that Bc has made e transition
to sn anomalously small velue for nuclei like ArBD and Nb93 .
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I. INTRODUCTIONR

The concept of SYMMETRY entered particle physics at en early date.
However, the related concept of ORDER (i.e. the act of choice anong sets of
states with equivalent degrees of symmetry) — formalized es early aa 1937 by
Landaul) in condensed matter physics - ceme into prominence in particle
physics only in the decade of the Sixties, under the unfortunste nams
"spontenecus breaking of metry".z)_ The importance of the third related
ides - SYMMETRY RESTORATION (i.e. transition from an ordered to an unordered
state in & suiteble externsl environment) - once again recognized in condemsed
matter theory with the Ginz'burg—LundauSJ description of the tranaition of the

)
superconductor to & normal phase at high temperatures or in a strong megnetic
field - hes only just begun to be appreciated in particle physics.h)'s),s)
types of external enviromnment for such symmetry-restoring transitions may be
envissged: (1) high tempersture, {2) high demsity, (3) high gravitational or
(k) high E and/or H environments. It is the purpose of this review to

deseribe recent work relating in particular to the restoration of Cabibho

symmetry - l.e, sirangeness conservation in weak interactions.

To distinguish SYMMETRY versus ORDER (in the context used in thie
review), consider two potemtials pletured in Fig.l, the Begging Bowl and the

Dimpled Cup Potentials,
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For the Begging Bowl, there is a unique minimurm end it is also the maximally
SYMMETRIC position at the bottom of the bowl. A bead would come to rest at
this unique position.For the Dimpled Cup there is an infinity of minima, all
equivalent, strung &long & circle at the bottom of the dimple. A besd may
come to rest anywhere along the azimuth. Tha sct of choieve which fixes on one
the establishing of
of these infinitely many minime as describing the physical state isKORDER.
To appreciate the nuances of terminclogy, consider the example of an un-
sophisticated country, where teble-menners have not been universelly egreed
upon, with guests crowded round a circuler teble, with a napkin on one side
and & piece of bread on the cother, in front of eech guest. This is a sym-
metrical situation but intrinsically wmstable, since each guest is eyeing his
neighbour to decide which is his bread and which his napkin - the one to his
right, or the one to his left. One bold spirit, &t long last, makes up his (er)
mind and ehoeses - and instantly the cholce is defined for everyone on the

table, A state of ORDER setz in instantsnecusly *)vith this set of choice.*@

To understand the third idea - restofation of symmetries ~ let us go
back to the dimpled cup potential, A hemmering, administered by & genie, which
converts the @impled cup into the Begging Bowl would limit the choices along
the azimuth +to the unigque choice at the bottom of the bowl. The state

changes from non-zerc to zero-ORDER or SYMMETRY. The genie who converts one

D} The "instentaneity" in a relativistic thecry would be the appearance
of a massless Goldstone boson, travelling with the velocity of light and
signatling the onset of ORDER.

T)

*’9 A philoscphicel opinion on this phencmenon has been noted by Fubini
in the problem of Buridan's ass, who finds himself in the centre of a field
around the border of which is piled his fodder. Presented with a set of

equally ettractive alternatives, he loses the freedem to choose and starves.
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potential (Begging Bowl) to the other (Dimpled Cup) must supply energy —

this could for example be energy from en external electric or magnetic sBource.

In this paper we review the situation of theory and experiment relating

to symmetry restoration in perticle physics, using electric and megnetic fields.,
recapitulsting the given in Refs.5 anda 6,
In Ref'. 5 we the ideas of Ginzburg snd Landau for

development
followed

superconductivity theory - the prototype theory of ORDER and symmetry res-—
toration - to obtain estimates of critical (constant) magnetic field strengths

which may switch off the Cabibbo angle, In  Ref.§ we emphasised

the differences of the particle physics situstion from that' obtaining in super-
conductivity theory. The crucial difference lies in the faect that in super-—
conduetivity theory the ORDER fume¢tion is the expectation value of the Cooper

pair field. The Cocper peir is_cherged (two electrons bound loosely together

through a phonon-interaction, with their spins esnti-aligned: +the pair making

up a spin-zero bound state). The external magnetic field interacts directly

with the Cooper pair end disrupts it - thereby

destroying CRDER, and restoring the superconductor to the normal {unordered}
state. In particle physies, in contrast, the order function is the expect-~
ation value of a neutrel field. Thus, the ﬁagnetic end electric fields act

on this uncharged substrate radistively - i.e. through the cherged virtual
constituents of which this neutrel field may be considered to be composed.

This mekes the size of the composite an important peremeter in the theory

since it determines how much external electromagnetic ener;;i%e absorbedt'gybe
the substrate.The chief difference.from superconductivity, however, appears}‘that

phase
it is not only external magnetic fields which bring about theAtransiticm; the trans-

ition can be caused by electric fields too, except that the two types of field

act oppositely, Thet is to say, if magnetic fields bring sbout transitions

of non-zero to zero ORDER, electric fields would, on the contrary, increase
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ORDER, and vice verss., One of the critical quantities is the gauge &nd Lorentz
invarient l(FwFW)ci =l E2|,)c so that E and H act oppositely, Which
field it is that acts to restore symmetry (and switch off Cabitbe angle) is,

as we show, model dependent.

So wuch for theory. Ehnyiricallys )‘lo)it appears that possibly magnetic

(or electric) fields inside some nuclei are elready so strong &s to switch off
Gc . We shall review this evidence, There are uncertainties, and the
situation seems toczli:‘tor a systematic set of experiments to measure lifetimes
{and thus Bc) for hyperons produced inside nuclei, on the one hand, and a

systematic theoretical evalustion of average magnetic and electric fields

obtaining therein, on the other.

Qualitative aspects of the ordered state are reviewed in Sec.II.
Thermodynamic estimetes of the criticel field for destabilizing such & state
and, ir particuler, for the restorstion of CP and strangeness conservation
are given in Sec.III. Sec.IV is devoted to & discussion in general terms
of phese transitions in relstivistie theories, and s simplified field-
thecoretic model 1s treated in Sec.V. The fields to he expected in medium
sized nuclei are derived in Bec.VI, &nd anomalies in the Cebibbo factor
vwhieh might indicete trensition phenomena in nuclear physics are reviewed

in Sec.VII. The experimentally inclined reader can skip Se=s.II, IV and V.

II. THE CRDERED GROUND STATE

The nature of an ordered grownd state 1s clearly apprehended in the
ferromsgnet ideelized &s an arrey of independently orlentsble dipcles.
Because of the interaction between neighbouring dipoles, the energy tekes its
minimum velue when all dipoles are orlented in the same direction, Thus, in
spite of the rotationel symmetry of Iinteractions, the ground state will have
B sense (reveaied inm its magnetization) and the rotational symmetry t-rj.il be
masked {or, in the unhappy phrase of the particle physieist, spontaneously
broken). No particular direction is preferred, sll are equivalent if no
external influence is brought to besr. The spontapeously chosen Qirection
for the ground state magnetizetion is not predictable: it is, so to speaX,
an "act of choice" on the part of the system (i.e, it is determined by scme
fluctuation in the history of the system). Convers;aly, the crdered state
becomes unstable if the tempefature of the system is raised. Thermal
fluctuations eventrvally dominate the megnetic interactions and the orientations
of the individual dipoles beceme randomly distributed. The magnetization

vanishes and rotationel symmetry is restored.

A second exemple of the nrd;ared ground state is provided by the super-
conductor, The illustration is more sbstrect now in that the apparently
lost symmetry is associated with rotations in a E-dimcnsion-a.l charge space
rather than 1n 3-dimensicnal physica.l.space as gbove, VWhet seems to happen
is that, owing to phonon interactions, there arises a weak attraction between
electrons near the Fermi surface and a proportion of them is caused to form
into loosely bound Cooper pairs. .These doubly-charged "boscns" drop into
a Bose-Einstein phase, A phenomenclogical description of this state of

)

affairs is provided by the Ginzbuwrg-Lendau theory.n Here the Cocper pairs

are represented by an effective scalar field or order parameter 0- s 1n

terms of wvhich the free energy can be expreseed as

-5
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F(T) = F(T) 4 am 19" 4 800 (g9 J#\(G-JZA)H ,
2 2

(2.1)
where Fn denotes ithe free energy density of the normal state. The pars-—
meters o , B , o* , e* are ell in principle computable in a microscopic
theory. Thus, m* and e* represent the effective mess and cherge of the
Cooper pair so that m¥*~ 2m end e* m~2e¢ , where m &nd e denote the
mass and charge of a single electron. The expression (2.1) is valid only for

small |¢i , 1.e. near the symmetric value ¢ =0

The mark of genius on the part of Lendau and Ginzburg was the recognition
that for a phase transition to occur, of{T) must change sign while RB{T)
remains positive, i,e. a(T) vanishes for some criticasl temperature, Tc s

and is negative for T < 'I‘c . This is implied by the statement that F(T)

is mirimized for a non-venishing order parameter ¢ , |¢“{T)[2 = - gg
for o{T) <0,and ¢ (T) =0 for afT) >0 . These two situations

obtain for T < 'I‘c and T > Tc s respectively, Notice +that

the minimization of the <free  energy fixes only the

megnitude of ¢ , not itas phase. Like the direction of magnetization in
the ferrcmagnet, the phase of the Cooper field in the ground state cof the

superconductor i a matter cf cheice.

One aspect of the existence of ORDER, such as occurs in superconductors,
i{s the Meissner effect. Magnetic flux (below & critical value) is expelled
from the body of the supercenductor ‘which behaves as a perfect diamagnet.
Equivalently, and more generally, the vector forces asscciamted with the lecal
symmetry become of finite range in the ordered state, In superconductor

.

theory this renge is known ms the pemetration depth, )«P . A typical depth,
AP ~ 10-6 em corresponds to the effective photon "mamss™ A20 eV. When the
external magnetic field exceeds the critiecal value, the order parameter

vanlshes, as for the case of high temperature. {For an estimate of Hc gee

Sec.III.})

To compute non-zero order, in relativistic theories in which elementary
scaelar fields ere invelved, it is natural to replace the free emergy (2.1)
by an effective potentisl which is Just the vecuum energy density expressed
as a function of the scalar field expectsation values. Witk this lenguage it
15 o relatively simple matter to compute the effect of radiative corrections
at least in lowest order. If elementary (Higgs) scalars are not present in
the original Lagrnagian then the problem is sltogether more difficult: it is
necessary to construct effective scalars like the Cooper composite by solving

12)

a bound state type of problem.

The ordered ground state ip relativistic ceses can be destabilized by
raising the temperature as well as by applying sufficiently strong external
electromagnetic (or gravitational) fields, or by increasing the number
density of fermioms. We shall return to the problem of estimating critical

values for the external magnetic field in the following.

We conclude this section by listing some of the ways in which an

ordered vacuum might be expected to manifest itself.

(1) The breaking of strong interaction symmetries, e.g. SU(4} + SU(3)
+ BU(2). 1If the breaking were strirctly spentaneous then the theory would
Have to inelude either massless scslers (Goldstone theorem) or messive
vectors {Higgs mechanism) corresponding te each broken symuetry. These

obligatory particles are assoclated with the pheses of the order parameters.

[P
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(2) Chira) symmetry bresking and the acquiasition ofr rest msss by
fermions. For chiral SU1(2) x 5U(2) in the ¢ model, for example, the
nucleon interaction teskes the form giL(o‘ + injn)NR + h.c. and the nueleon
mass is given by g0 1in the ordered vacmm. A large concentration of

nucleons may perhaps shed their msss by destabilizing the crdered vecuum

locally and so csusing <0 +to vanish., {Archimedes effect.)

(3} Unified wesk and electromagnetic interactions. If the electro-.

magnetic field belongs to a mizltip].ei of vectors which realize a non-Abelian
of these mult

local symmetry, then the other mexbers | must acqui?%e%r@ry large masses 1f

they are to be essociated with the charged &nd neutral currents of weak

value
interactions. This could be brought about by & very la.rge‘(( ~+ 300 GeV) for the

order parameter representing the vacuum expectation vaine of some weakly

interacting neutral scalar.

) Violation of CP and strangenegs. These symmetrles are violated
weakly and it may be possidle to associamte this breaking with the presence
of reletively smell non-venishing order parameters in off-diagonsl positions
in the quark mass matrix. If the greater paz;t of the violetiors come from
such mass terms it may be possible to switch them off by causing the relevant
order parameters to vanish through the action of an external agency (such_
as & magnetic or electric frie1d) , without the quark or W-meson masses

{¥hich come frow diegonal matrix elements} vanishing at the same time.

II1, CRITICAL FIELDS: ORDER OF MAGNITUDE ESTIMATES
The purpose of this section is to sketch some order of magnitude
astimates for externsl (uniform) magnetic fields which could destebilize

an ordered ground state.

Firstly, there is the so—called "thermodynemic” critical field Hc

defined by

-Ba

L2
He

F.n(.T) - FS(T) = f'ﬂ' ! (3’1)

where Fn and FB denote the densitles of free energy in the normal and

superconducting states, respectively. TIf the Ginzburg-Landau expression

{2.1) 15 valid, then

H?
T oo _ P Bcas)?
i) 2
= £ :
2
= £t .
2 {3.2)
For the models of wesk end electromagnetic interactidns, {4 ~ 300 GeV. With
1(Me\')2 = 1.hb x 101'3 gauss , we find
Me = darp (<
~ VAR x107° Gouss
‘ (3.3}

Such numbers are far too large to be interesting in the laboratory and so
we pust look for situstions where the relevant order parmmeter (¢ is
much smeller, For this we turn to the problems of CP violetion and Cabibbo
suppression in strangeness changing wesk interactions which, in a simplified

yersion of the theory,may'"be described by a complex (n,)} mass matrix.

Suppose that the gquarks acquire their masses through the spontaneous
violation of a chirael type symmetry. In the Lagrengian there will be

& Yukawa term,
¢ (r_\ P )L Gan by \[ M + he,
e o /A

{3.4)




=nd the quark mesee: will be detercived by the expectetiocn values of the seelar

Tields g<¢m> .« ete. - Thus

(3.’“) < 4’1\,\)

- m O
y RO UL
Gy A o My v 35
where UL and UR ere unitery metrices
&
U - tes QL,:{ - R f,w,SL‘Rw

LR

N ) « (3.6)
é-l LR S'“BL,R U./SBI_ &

-

vhere BL ' BH are Cebibbe rotetions and 6L.R give & description of CP

viclation. In particular, the off-disgonel terns are given by
™ L
rj{ha) = -, e 0SB SWMB 4 My e Sp i,

) = L : ~ite

%. 7L -—.-‘n'-ne ied GSRy m;;l 6B, W -
| o o : (3.7}
. ¥or simplici;y, su.lépose N = 6, {xl-so} and 61;' -5 s tpat
¥ {3.7) reduces to :
m)\ ~m,
3

Im <ty = Mt o en9o smb - )

_ 29 _ _ o o (3.8)

With g% 1 and m - xnn % 175 MeV_ one obtains the resal part of the order

S8 b

#

Re {bh

parazeter, related to the Ceabibbo rotation of m snd A é‘ua:ks,
Re Cbp) o~ 45 MY - {3.9)

The correspending thermodynamie critical field is given by

-10=

T W RIS RN T T T T W T T

——

Ho(Re#) ~ Jap 1R Gl

_ @ A {2.10)

~ Q&‘K(y x 2.5 »10 9W5.
This estimete refers to the type of field strengih necessery to suppress the
off-Gisgonel term in ihe guerk mess matrix ard, 1hreugh this, tbe strangeness

violating wesk proceeses.

: oK
Te estimate tbe CP restoring criticel field, we trke & milliweak ?WPE

of model with 61, o -GR % 10—3 . Dne glso peeds n +m . There are tve

=

possibilities. Firstly, with m, + m, ~ 200 MeV {1ight qusrks) one finds
T2 W0 '
, . {3.11}
H, (9red) o V4Tl’(5 35 x |0 Goum

Alternetively, with m +m o ) GeV (heavy querks) ene finds

. s {3.22)
He (9 4’) ~ VE-TT ;3,3;‘0{ Gamss -

ObJections cen be raised pgeinst these estimetes. .Quite spart from
the model dependernt uncertainties ‘embodied in coupling p&metus such ns

B eﬁd E and Tass parameters m'n_ end my ,.11, 15 argueblie that the

L e e ==

thermodynanic estimete - coupled with the Ginzburg-Lendeu expression for

the free energy - may be misleading. . This ie becmuse we are desling

with ﬁ neatrel] condensate, ¢nn' ¢d, etc., rather than s charged cne &s

ip supercenductors. The external magnetic fiedd does uot  ect

directly on our condensate but only on the charged fluetuations (lccp

effects).

The quaniity wbich repleces the Ginrburg-Lenden expretsion for the

free energy density in the relativistic caese is the vacrum energy density

=T

or effective potentiel, v(¢,H,E,). Because of gauge inveriance,it can depend

*) A preliminary and perhaps unrealistic model for spontaneous superweak CP
breaking seems to give a value around 3 x 10™ gauss for the critical field surepgth.
This is Jikely 10 be a very gross underestimate from the experinenial pojnt of

view, however. U
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énly on the field strengthe H,E (end their derivatives) in eddition to the
neutral fields ¢ . Becsuse it must be & Lorentz scalar, the field strengths

. 2.2 4 2 .
must sppear in the combinations ®» e (E -F%) and e (K.E)2 . The leading terms

ia the effective potential should take the form

vV = (“ + a(HﬁE‘))W + (% v b)) 19 4 e
{3.13)
where the parameter a is derived from a loop Integration involving those

charged particles which couple to ¢ : it messures the charged fluctuaticns (ef)

2
lal ¢ ‘
~ - ' (3.14)
Mes
where Mc £ is a mass wvhich characterizes the size of the charged loop.

2 4
{Likevise, BV & /"cr‘)

If the parameter o is negative, then the ground state value {9
will be non-venishing provided }I2-E2 is swall enough. To destabilize this
ordered state it 1s clearly necessary to raise the value of ]Hz -Ea| until

the coefficient of 4’2 vanishes in (3.13), i.e,

(€ - E%) (3.15)

]
t
L 1]

and this must be positive. (In this estimate we have neglected b .} On

compering with (3.2), this can be expressed in the form

') Eince B.B iz a pseudoscalar it could eppear only emong the parity
violating terms which sre presumably proportiocnal to the Fermi coupling GF N

end thus give a relatively smell contribution to the effective potential.

«l2-

‘ M
1H2-E2\c R i? ]« {Ginzburg~Landsu estimate)
0 (3.16)

where <d>>B minimizes V vhen E=E = 0 and equals V-a/E . Por the

off-dingonal cases considered sbove it is 1ikely that e<¢>ﬂ <M (~m)

and so the previous estimates {3.10}~(3.12) of critical fields may need enhgncing.

An interesting question arises now ms to whether an ordered state cen

be destabilized by the action of an electric field. Sinee the ground state

is supposed to be relstivistieslly invariant, it follows that E and X

must appear in the combination, R » end 50, 1f the parsmeter a in (3.13)
should turn out to be nmegative, then & magnetic fleld would act to increase
the stability of the ordered state while an electric’field would duta.bilize_.‘)

In Bec.V it will be shown in & model calculation that the parameter a in

{3.13) could indeed be negative.

'> In superconductors vwhere t};e condensate im charged there are of course
good phys:lcal_ reasons why slectric fields 4o not produce critical effects.
An electric field accelerates the Cooper pairs, without brei.kd.ng 1t up,
while the magnetic field acting on the oppositely aligned epins of the

two electrons forming the peir tends to dierupt it.

=] 3~




Iv. FIELD-THEORETIC MODELS *

A. Effective potentials

The treatment of phase transitions in relativistic theciies is in cne
respect si.mpler thar in condensed metter yhysics. This is because the ground
state, or vacuum,ls Lorentz invariant, i.e. it haes a greater degree of
symmetry ther obtains in non-relativistic situmtions. Relastivistic theories

are usually defined by & lLagrangian density which is a local scalar guantity,

being made out of scalar, spinor and vector fields .{at least for renormalizable

models, ctherwise higher spin fields could be used). The scalar (Higgs) fields
are optional. If they are included as elementary fields then the theory will
contain more parameters but perturbation computations sre relatively straight—
forward. On the other hand,cne may attempt to obtain the scalar fields as
cmpos%tesof spinors and to compute their mass and coupling perameters in
terms of more "fundamental® q_uantities.l ) This more ambitious programme 9

has yet tc be realized and we shall proceed with the standsrd rencrmalizsble

gauge models. These contain the following fields:

1) Scalars ¢y(x] . There can be a mmber of these, botk charged and
neutral, belonging to some represeptation of the internal symmetry group.
(Some of these scalar fields may be associated with gauge degrees of freedom
and 80 do not correspond to physical excitations. The rest will be a.ssocis;ted
with spin-zero massive pmicles.} + Their static interactions are governed
by a {elassicel) potential function V(D)(é) whose minimm point <¢i>

determines the residual symmetry, I.e. the symmetry which remains in the

9

In condensed matter physics the mnalogous type of model is the BCS theory
of superconductivity where the Cooper pairs ere ecalar composites made out

of weakly interacting electrons.

wllm

ordered vacuum state. The excitation mmsses are given by the eigenvalues

of the matrix of second derivetives, 3%/31}13% » evaluated at the minimm.

2) Fermions y(x). These flelds must belong to Some representaticn of
the gauge symmetry. Their mase terms are given by V(M + gi<¢i))w , where
the types of Yukawa couplings 8 and messes M are restricted by the gauge

symmetry.

3) Vectors Vu(x). The gauge vectors are necessary for the comstruction
of invariant kinetic terms in the Lagrangian. Their self-interactions end
couplings to the scalars and spinors are governed entireﬁ br the gauge
{(minimal coupling} principle.

Using stendard field-theoretic methods one can compute a modified
petentisl, V{¢), vhich incorporates the guantum corrections to the classical

term,

VIP) = VOP) & V) 4+ RVEW 4

One ¢an go furtrer end compute quentum corrections to the Lagrangian as a
whele. OFf perticular interest to ue are the terms which contain the elsctro—

magnetic term (-1/4} F].N F].l\) . These corrections cen be taken intc sccount

by gdding te veff the terms

3 Fe P (zstw - |) =
= % Frv Py (a Z7) h’z;”(qa)h.) .

(.2}

(1)

Gl and 23‘

The first-order corrections V can be expressed gquite generally
in terms of the masses M (), "1/2(‘” and M1(¢) of the phunaicq

-15-
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excitations * of spins 0, 1/2, and 1, respectively. Thus

RO e [Mflwmf — M Gy M b |
™

sum. By actual computation, we also find thet

Z?(Q} - £ z[—lnM: -'43“?‘4.‘,; + 21 (MMT ,

450"

where the sum ineludes the charged particles {but not their antiparticlee).

Rotice here that the vector comtribution has the opposite sign to the scalar

»)
and spinor contributicns.

We are ipterested now in the "effective" potential |

"

Vep @) V) + k FuT (2,06 1)

r

% In the unitary gauge. Cther gauges cen bring in unphysical excitations

as well. Structures like Ve and-. Z, are not generally gsuge independent.

F$4 3

typical forn M'(log ¥)° ana zg")w) x (log ¥)°

16~

where each particle and antiparticle (where distinct) must be included in the

Vo)« AV« ATLE, RZTW) 4

0 Note that higher orders for the effective potentiaml V(n)(¢) have the

wvhere the ‘elect.rcmagnetic iovarisnt

4 =

L (.6)

is regarded as fixed by the external envircmment. The rinimm of Ve“(ﬂ
will depend on the value of 4 and it can happen that the symmetry type of
this quantity, <d>i>s‘ , will very discontinuously with ¥ s corresponding

to a phase transition.

.

Suppoee, for example, that the gauge symmetry is SU(2) end the
scelars comprise & resl singlet £ and a real tripiet ¥ . In eddition let
there be a discrete {reflection] symmetry under which 2 is even and ¥

is odd. The potentisel Vo is therefore a function of 2'2 and )(2 . Itse.

1
minimum could fall anywhere in the plane of 22 and xz - TNow,these
quantities ‘carmot be negative and so only the quadrant 22 2 0, xz 20 s

accessible. Hence the minimm allowsble value of ve muet lie in one of

7
fourdam.insza 2

1) ¢°>0 , x>0

2) 32>0 . xazo

3 20 , >0

B ¢Beo , X¥wo .

In tﬁe first two pheses the continuous symmetry is reduced from SU{2} to
U{1). In the 1a.tt.er two it remeins SU(2). The reflecticn symmetry is
preserved in phases 2) and 4) but broken in pheses 1) and 3}.  Suppose

the system resides in phase 1) when 3‘ =0, As .'f' is increased the
minimm will trace & trajectory like that illustrsted in Fig.2, The point
A designetes the minimm for F = 0 . As 7 1increases the minimm moves
dewn to the point B,which it reeches when :?‘: ';f'c . At this point there
is a phase tramsition 1) + 2}. As % inereases beyond ﬂ'cl , the sbsolute

-17-




minimum proceeds to negative values of )(2 . This means that the sccessible
minimum moves along the line, )(2 =0, from B towards the origin, C.

It reasches the origin when the sbsolute minimm reaches the point €
corresponding to some value F= 3'“2 > ?":1 . At this point there is &
phase’ transition 2) = 4). The new pamse persists for F > ?c . In the
other direction we might have decreased ‘3" through negative 5-a.1ues until
at F = ?;3 < 0 the minimum meets the )(2 exis at the point D
corresponding to the transition 1) = 3), As P is Pfurther decressed
towards the value J- = ?ch < ?'CB y the accessible minipum moves down the

axis fraw D towards the origin et which there is & transitiom 3)— k).

B) Upgertainties in the computation

The scenario deseribed above is somewhst idealized in that we have
neglected to mention sr.::me features which may be significant., Firstly, in
the neighbourhocd of the transition peints B and D one or other of the
sealar masses goes to zerc and this could give rise to infra-red effects
which mey invalidate the perturbation expansion. Secondly, the retaining
of only & iinear term in '}- in the effective potentiel may be & bad
approximation if the eritical values iS‘cJ ,l’}czlilt ete., turn out to be
comparasble to typical particle masses {squared). (Presumably such a short-
coming could be rectified by including higher powers of 3 in veff')
Thirdly, and perhaps most importantly, the neglect of gradient terms in

the effective Lagrangisn may be unjunstified.

Another source of unrelisbility in the critieal fielé estimste is
the gauge dependence of the effective potential., We have used unitary
gauge here because it is the simplest and poses no problems with spuriocus
zero-mass scalars in the computation of effective poientials. To cur
knowledge these -pmblems have not been resclved in any other except the

<18~

. . 13] argued -
unitary geuge. Kirzhnits and Linde ~ ,on the other hand, have[that the unitary

gauge should not be trusted in perturbative computations. We do not believe

)

that this kind of ambiguity could affect the order of magnitude of the result.

c) Space-dependenge of the order parameter

In the Ginzburg-Landau theory of superconductors the scalar field

kinetic terms are retained and, in some situations, they play a declsive
role. There is the parameter Y2 Kk {= Micalarmwzrector}’ which is larger

'D
than uwnity in Type II superconductors. In such cases the.kipetic term )
is important and the superconducting state becomes unstable against the

formation of vortices (the surface energy sssocisted with a boundary between

.

)

A remark which is relevant to the controversy over which gauge to work
in for practical computations 1 the following. In superconductivity theory
the expectation value of the charged Cooper pair rield is a slowly varying
Tunction of space. A constant value {over allspace) would imply the breakdown
of charge conservation (and gauge inveriance) of the theory. As is well
known, in the simple versions of Ginzburg-Landau thecu;y, wvhere as an
approximation the order parsmeter is set equel to a cqustm-:t. one must
check that the superficisl violetion of gauge invariance does not affect the
estimetes of physically measured quantities unduly. This ha..s been confirmed

1k}

by numerous investigations .

L1) '
In a typical nuelear environment the electromagnetic term 3‘ can vary

considerably over distances of order m;l . ©Sinee the underlying virtual
structure on which the effective Lagrangien is based may involve charged
particles as light as Dy e it mey not be permissible to neglect terms like
(BA 1“1]\,)2 in the effective Lagrangian., The same is true of the scalar

2
field derivatives, 22(45) (3u¢) » etc.
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normal and supex-conducting reéions is negative) if the impressed magnetle
field exceeds 8 critical-value H"'l (see.Fig.E'). In the figure there are
three distinct regions in the «-H plane. In region I the Meimsner effect is
complete snd magnetic flux is excluded. In region II flux vortlees penetrate

the superconductor. Thelr number is proportional to the excess H-—Hc B

1
When E—oHc the density of vortices Increases until at H = Hc the supear-
2 2
econdueting remainder is sgueezed to nothing. In . -region N tihe neormal

state prevails.

Analogous phenomens may occur in particle physics. D If the kinetic
terms are notnegligible,then zores could occur inside the nucleus - cr inside
a nucleon - over which the scalar fields vary significantly. Such varistions
would manifest themselves through ancmalcus behaviour in, for example,
the Cabibbo angle although, at present, it is not clear what parameter should

play the role of K in considerstions involving "off-diagonal”™ mass terms.

Regardless of the Type II subtletiesit is clear that space dependence
of the order parameters must be eignificent in the puclear domain owing to
the space dependence of '} referred to sbove. To illustrate how this might
be taken into account, consider the model-effective Lagrangian

3 . HS
L = %Z;‘?}(ar‘f) - -}iza(‘f’)‘;v - Vig) (.7}

woere ¢ is a neutral scalar. The squntiona of motion are

)

J The contept of the dual atring as e vortex in a superconducting vacuum
was proposed by Nielsen and Olesen and further developed by
Nambu who interpreted the universal Regge slope in terms of the scalar

and vector masses,

4 (23 Fu) = a4y

‘Dr(zlbrq’) +$ é—?-s F!,.ly + é.\.]_ .= 0,
d dy
(L.8)

where Jv is an external current. For practical purposes such equations are
rather intracteble, It is therefore worthwhile to set up & Hemilton.

functional whose terms are positive., One finds

Wi

£ = for ('§+z,(3=e)‘ + Vi)

Z,
z Z.'} .
. (L.9)

: —p

vhere ﬂv and H  are momenta cenonically conjugste to (p and the vector
-—

potential I , respectively, The 3vector I is actually the electric

displecement and satisfies the constreint

-

divT = 4, ‘ © o (h.10)

independently of @ . In a sesrch for static (soliton) sclutions we can

set the transverse components of T equal to zerc along with I!q, . For
example, consider the spherically symmetric solutions corresponding to a
wnlform distribution of charge
@ . :
g, = ~a e(R—T) ’
2R

where Q is the totsl charge of the nucleus.
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Taking Hi = (xi/r) ﬁ(r) one ﬁn‘ds {see Fig.k) )

o <r <R

LLES -

110 =%

R cr €0

trans
With H“P' Ei . Ai set equal to zero the emergy reduces to

ot

H = 4wjdﬁr‘ 'Z:(;g_)‘_ + V(CP) 4

12l

n,
==

(4.11})

In & reascnadble theory 22 and 2.3 will be positive and ¥ will have an
absolute minimum at some point ¢y such that v(po) =0. With H{r} given
as in Fig.k we may expect the order parameter Q(r) to look something like
Pig.5, _although the détailed shape would be difficult to obtain. The case
of smell Q could be solved more fully by expanding about = @0 and
treating the deviation &8 = small quantity. For small Q » the order parameter

@lr) is essentially a canstant, es has been assumed in the rest of this review,®

. .
') It is noteworthy that Type IT superconductors cen display e variety of

. eriticel fielde Ec’ Hc N Hc N Hc and & corresponding variety of physical
1 2 3
{vorticity) characteristies. For V3Ga, for example, there sre three widely

different criticsel fields, LS (T = 0) ¥ 200 gauss, H (T = 0) ~ 6,000 gauss,
snd H, (T ~ 0) a 300,000 ga.u&s. A similar situstion may prevail in particle
physicsavith @ number of critical fields differing from each other by memy

orders of magnitude. )

To highlight the uncertainties in the computation of the magnitudes
of critieal quentities, another instructive — though, for theoreticians, sad -
example is that of phase transitions in He3 where the cmputefl and meagured
eritical temperatures differ by factors of 103-

22
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V. A FIELD-THEORETIC EXAMPLE

In this section we comstruct & model to {ilustrate the epplication of
field thecretic technigues and to show that transitions can be brought ebout
by either magnetic or electrie fields ,depenaing on the parameters of the

mogdel,

Consider the SU(2) symmetric system of fields comprising two real
scalar miltiplets, & singlet ¥ and & triplet i 3+ two fermiopic doublets,

Fl and T-‘2 , and the vector triplet '?ﬂ-l . The Lagranglen is

L = - \aw:., - -'i(th)' + {(Br'x)’ - V(an)

+ RUR-m)F ¢ FUT-mO 24y (Rg <RF) -

{5.1)
where the potential is given by .
L R - N O -} R
v : X : ¢ 7' 4 2 % (5.2)
and the covariant derivatives mre defined in the usuel wey,
!jw = BW, -'3.,\‘@', + ¢ Wyrw,
Vb = 29 +'£!\3er
o F.= BF, -ieW IF
Fw ™ Opha - a8 D3 Fha -
. {5.3)
Other couplings are forbidden by the discrete symmetries,
% ReF . Rk ottt Ra
2, R+F , Re-F , $->¢ X -X
(5.4)
-23-
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These somewhat ertificial smetriesareprcnght in to restrict the fermion
couplings (and, of course, their renarmaliza.tions).‘ Thus, for example,
there is no mass-like term, ’“12?13‘2 » because of the symmetry D2 . To
the extent thet the coupling LXF,F, can be ignored, the numbers N(F)

and N(F2) of the two fermion types will be separately conserved. This would
be true to zeroth order in the Yukawa coupling, h, provided that the ground
state expectation value <x_> could be shown to vanish in zeroth order.

If the coupling h is small thea the gquestion as to whether or not (7(_)

*
vanishes becomes of some interest. ) We shall therefore estimate the

strength of externsl fields needed to force the phase transition{x) + 0 .

There is an analogue of the electromagnetic field in this simple
model: the local SU{2) symmetry can be made to bresk sponteneously to
local U{1l), i.e. two of the vectors scquire mass while the third does not.
This is determined by minimizing the classieml potentisl '(5.2) in order

to fix the zeroth order approximation,

o X (re i ng) oo
WO ¢ (—u' Y ng‘) = 0
¢ _ (5.5)

¥e shall assume that the (renormalized) parameters have been chosen such
that the global minimum occurs for bath ?’2 and x‘? nen~venishing.

The zeroth order solution cen be taken in the form

{5.6)
&> = g by 7 x> =X

') The conservation of the two fermion types is intended here as & simple
snalogue of strangeness conservetion in realistic theories. Thus,
comparing with (3.8}, By} ~ 5<¢)m> - (mA-mn) sin 28 ,

-2h-

with real  sad X, &lven by
% = N N |

Wy - 2 (5.7)
LI )'f" - Dkt

My~ 23
Correspondingly, the zeroth order scalar masses are obtained by diagonalizing

the matrix of second derivatives of V. The charged scalar is massless

while the two newtral scalars have masses
MEX) = AQI0E o G@asel + a5 ?

M:(Ef:,x,) - 2(?2*1‘1‘-— mtf‘-kxt)‘+4l:'?’l"

(5.8)
(evaluated at Cp2 = q7§ s xz = xg). Notice that M, vanishes in the limit
xXr0. We shall assume that Xg i1s smell relative to other messes in the

system so that

M, %(ﬂ.%—%:)x: + OB - s
I

In witary gesuge the charged scalar ¢+ = {1/V2) (¢1 - “’2) is mbsorbed
by & g'auge transformation - its absence being compensated for by e
longitudinal vector mode. The charged vector Woe (1) Wl - i‘\’a)

acquires the zeroth order mass
H" 2, } 3 B
w(qa) - ' (5.10)

(evaluated at <92 =tPg). The third vector W remains massless {in all

o_rders) and plays the role of the photon field.

The spectrum of charged boscon states, scalar and vector, 1s geauge
dependent. Only physical stetes appear 'in the unitary gauge,and in some
others such as the Coulomb end axial gauges. In yet other gauges,such as

the Feynmen or Landau gauges,there appear massless charged particles in

-25-




intermediste stmtes. These have no physical significance and cannot appear

in the msymptotic sta.tes.. However, they can disrupt approximetion schemes
for the computation of gauge dependent quentities like the effective
potential, and for this reason we believe these gauges should be eschewed

in problems involving an external megnetic rield where they manifest

spurious infra-red divergences.

The fermien mass matrix is

~, L A
(5.11)
hxo m!.
in zeroth order and has the eigenvalues
\L
Mi - 4+ " {( m, —W;) . Aaxoa + {5.12}
2 2

The transiticn XO + 0 will be marked by the appearance of & new approximately
conserved quantum number, N(Fl)-N(FE) , the difference between numbers of

fermions of types 1 and 2 .

To summarize, in zeroth order we have the following vhysical (i.e.
unitary geuge) states:
+
(1) Vector: Wu , 3 states with charge +} mnd mass Py s

A . 3 states with charge -1 and mass eq:o .

wT

L s 2 states with charge 0 and mess O .,

=

{For W‘a it is necessary to choose the gauge differently since the symmetry
is not broken. Depending on the choice, there may be unphysical states

associated with Wﬁ .

{2) BSpinor:
Fl cosf + F2 sinf , 2 states with charge + % and fermion number +1 ,
' 2 gtates with charge - %and fermion number +1 .

~26-
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These four states have mass
-\ 3
LR TN ('ﬂ.z ;) + ,&'K;
2

Another four states with the same guantum numbers are associated with the ortho—

gonal combination —Fl ginf + F2 cosB . They have the mass
v
™ _m +
"y V ( \ ‘-) PUAT AR
2 e

Another eight states are comprised of the antiparticles of these. The sngle

g eppears in the disgonalization of (5.11),

1hX, o

™M,

‘I‘RI‘L?P =

{3} Secalar:

Two neutral states with mass M, and M, given by (5.8).

In order to estimate the tritical magnitude for an external field at
which the expectation value <x> is folrced to vanish, we shall examine the
one-loop contributions to the effective potential. The leading terms ip the
potential considered as & function of the neutral scaelars, ¥ (P(E ¢3) and

the electromagnetic imvariant, 3‘ = 32-E2 s 8re given by

V - vl.’ . ‘:\ th) ’| ,t\' Ij Z;I]
? {(5.13)
where V(o) denctes the zeroth order part,
v R K1 A ! U A Ayt .
V-—EZ—EC{?+4(P+3X+£T7C (5.14)
and V(l) is the Ftindependent part of the one-loop cont.ribn-xtion.
{12 | z ] 4 L%
- - -J? {2341 4 =
V 64':‘ " f (: ) M?'\ w Mr.
-2T-
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-8 ('!‘L:_’*' - Hh%m)‘4 A'X') An
+ (M" +07 4 ﬁ?\rfu).,x')’u NG X )2
N (Mﬁ‘ﬂj‘ V(-}"fm* 'A,x‘)’m);cf"x'j L

{5.15)
(The argumentz of the logarithms are the seme as the expressions appearing in
front of them.) The scales in the various logarithms can be set independently
for the vec¢tor, spinor mnd sealar contributions. The first :f'—ccmtaining
term in the expansion (in povers of 3‘) of the one-loop potential is

132;0 = 21 3 (znhw,:. - Ay, - 1,“[4,;)

B> n

fl

‘-’%& [m&(&‘qf’) - ¥fw(’m,m1—ﬂ'l') ,
a9l w'
(5.16)

where the sum is restricted to charge-carrying particles and, in this
model, the fermicnic contributions are suppresged relative to the vector
By the factor 1/4 because they carry only s half-umit of charge, Again

the scales mre arbitrary.

We started with the assumption that Xy is small but oot zero.
Tuis means that the classical potentiel V' ') , viewed as a function of ¢°
mad. x° bms a minfmum Just above the axis X = 0. The modifications {5.15)
ana (5.16) will cause this minimm to be displaced by & small amount. Whet
we wish to show 1s that' the eﬁ‘ect of W(}) is to Bhift the minimum

2
to & amaller value of X + To the extent that lowest order Perturbetion

—28-

calculations can be trusted, we obtain an estimate of the critical field

'&"c as the value which causes the minimum to be displaced to )(2 =0,

To find the dlspleced minimum, it is sufficlient to solve the

linearized equations

2 2 s av(n Bzfﬂ
Oc—f\. +‘11x423‘f -F'l(a-—; - ﬁ.l

f‘%n . ? ?-Z-ﬂ)
( a?’ af'b) »

0 = _,K"-f:\,x-‘-!- ).lcr"’
(5.17)

2
where the derivativers are evaluated at the zeroth order minioum, ¢ = q’g N

x2 = )(g . Bolving for )(2 » one finds

o= ('/\"‘z %Y [ (p vy -9?’%—2;:?)‘

R '—1 (K_’aq!u _ quﬂf))

s (Xl
(5.18)
(1), 2 (1), 2 .
The zero field corrections V'~ /3y eand V 7'/ are not very interesting:
they can be gbeorbed in & redefinition of the parameters u2 end K2 . Hence

on setting the displaced 'x2 equal tc zerc one cbtains
.chl) (azt\)
?; (22| — - 23, = -
Y o 'acp
= M - dynt”
= (A ‘2; ) ;: .
{5.19)

From the explicit form of Zu) given by (‘5116). therefore,
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H 2 1y n?
P R Tk
N e M

(5.20)

If the fermions are much lighter than the vector particle then, approximately,

7 1

b~ R g x
zﬁg ] k3
€ }l

A small generslization of the model consists in the introduction of a

. (5.21)

triplet of scalars, T . The charged members could then play & dominant role

in determining the critical field. The new terms in the zeroth order

potentisl take the form ®

T v
VARSI R S () +% ¢ 2% (ng) +P X"
3 ) - ~ - T - T -

v

(5.'22)

and we shall assume that the minimum occeurs at m=0 , i.e. thaet the matrix

7V : > om 3 v g
{ — s 5;3' (" < Ap g+ A4X, + X% 6y 5;3
By- 9T
L) (5.23)
is positive definite. The masses of the new states are given by
2 !
Mgs = M+ Arp ?’: -+ 27 xb
LS . g (5.21l)
Mp = o +0g0 00 +2,%
L 0déd terms like (I-g)ﬁe or Eo¢x2 , which would give rise to zercth

order mixing, and thereby complicate the problem, may be excluded by means

of a discrete symmetry, s
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and they make the following contributions tc the correction terme {5.15) and
(5.16):

vt e ) [ 2 (ruu';sq“..),x’f n ( )

- 1)
At .
&
v L
H
[{¥14 3 ( '3
= ) ~ 5.16')
S AR [-!n, (m n,cfn,x*)] :
1
Gom .
The latter mekes & contribution to the left-hend side of (5.1%), viz.
(Y119 T
‘a 0N
?G(zﬂ\ E’ - 2k 'a_z_‘ s
X YT y
¢ 1
I
T
= E.j" Askg = A2
v : Y g
L1 A Mo
{5.25)
This could be either positive or negative. If we mssume that this comtribution
is dominent then {6.21) is replaced by
2 k]
5o~ 4t XAy = u? xz i {5.26)
t Y —t——— LA )
G ?“as '2[27 N
It 3"3 is negative [positive) then the transition will be brought on by sieetrie '
\
(megnetic) fields. To estimate the megnitude of the criticel quentity, note its 4
direct dependence on xo s M?r {the size of the charged leop) and the combination
of eoupling parameters,
2
35~ "
This combination could be positive or negative and have any megnitude, making
4 highly model dependent. Assuming X, ™ 45 MeV , m = 1h0 MeV , one finds
(4
2 112 !
A, - AL |1 \
531 |1/2 = r-lrz—rg— X P4 % 1019 gauss . \
¢ B T A
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VIi. RUCLEAR MAGRETIC AND ELECTRIC FIELDS

(A) In the laboratory it is possible at present to creste magnetic

fields no stronger than ~106 geuss. If the estimated critical fields of

Sec.III have any significance they are certainly guite beyond the range
of artificially produced fields. One must leck elsewhere for confirmstion

of these idesas. An interesting suggestion is thet the atomic nucleus

might provide a region of exceptionelly strong electric and magnetic fields.

It was pointed out by Suranyi and Hedinger that the most intense
magnetic fields are to be expected in the cores of odd~proton miclei. In
such e nueleus, viewed as a closed shell core with & single proton orbiting

outside,the field at the centre should be of order

L+ u)

e
gNMP pRB’

where Mp’ 2 and up denote the mass, angular momentum and magnetic
moment (in nucleer magnetons) of the orbiting proton. The radius of the

nucleus ie given sapproximetely by

Rtvm;l IeCEE (6.1)

if the atomie number, A, is nct too smsll. Thus
H ~ e_m:r LA L+po

Mg A

~ J«_‘L"‘Px 5,‘|o'5 WJ .
A )
(6.2)

For example, the nucleus 1‘:Lill'ng has £ = L4 50 that

-0

H-2_8101"9auss . -

Such semiclaessical estimates are crude and a proper guantum-mechanical

®
trestment ie peeded before credence can be given them.

In the nucleus there is of course a large concentration of positive
charge and the electric fields must therefore be at least comperabie to
the megnetic. If our arguments of Sec.III, based on the Poincaré
invariance of the ground state, are valid then the quantity which governs

%) s
any transitions must be the difference 1 = E2 .

The nuclear electric field is given (for = medium %o heavy nucleus)

very spproximately by. -
E(r) «~ %(am: Imet 0 grg my A
Ze M A Lr e
IZ
{6.3)

where we are treating the pucleus as & uniform spherical charge aistribution

16 gause is useful

-1 ,1/3 ) 2 0
of redfus, Rem ™ A . (The unit em = 2.4 x 1
for these considerations. Distances from the core centre can be measured

-1 13, lectric
in upits of the piocn Compton wevelength m - = 1.h x 107" cm.) The e

9 I+ was srgued by Watson 9) that this estimate is too lo-w. in that it.neglects
the reciprocal motion of the core. Idenlizing this efffect as a dimb-hell
with the heavy core at one end and the orbiting proton at the other, he
arr;i.ved at the estimate H~ 1017 gauss in u swall region [~ 0.1 Fermi}.

nesr the centre of the core. We think this estimate 1is probably optimistic.

"

There are of course other invarlents like (B-E)_e, as well as gauge and
lorentz-invariants made from the parameters of the nucleus, 1like its spin end

the external fields.In the fcllowing discuesion we ignore these.
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field {6.3) dominates the magnetic field (6.2] everywhere ocutside a

- o
spherical region of radius R' given by )

My R’ ~ l:_f'p 1:'-1-': ~ ‘t}_‘?
A ™M, 7Z

The situstion is summarized in Fig.6 where E and H are plotted sgainst
radius for medium or heavy muclel - idealized by uniform spherical distri-

buticns of charge and mn@etization.

(B) We should slso meske estimates of megnetic and electriec fields
inaide hyperons. As enphasisedby Van Hm'e,“) here 8, $ 0 and does not vary
greatly between one hyperon snd snother. Since no transition effects are
in evidence for these particles, one would obtain a minimm valuve for

<ﬁerit> by considering these mtructures.

Row, in thelr guark structure the hyperons pmuﬁnhly resexble very
light nuelei excert for thelr much stronger binding. A wvery crude approach
to the hyperon I+, for exemple, would be to consider the influence of two
p—querks on the A—quark. But suclh an approech would be ilneppropriste since

we are interested in the trensition amplitude X + n, and it is not just

~

»
) For comparison, notice that the electrie and magnetic fields of a point

charge e , carrylng the Dirac megnetlc moment ew - (i.e. g = 2), balance

{on the equator) at a radius of cne Compton wavelength, r = m’l . For an electrnu
|B| = |B| %3 x 104t gauss. : e
%) Private commmication.
. Y.
o v i TS D - : . e

the enviromment of the strange guark vhich counts for off-disgonsl matrix
elements but a correlation between % and n quarka, Clearly what is
needed here 15 a proper field-theoretic calculation in a fully quantum frome-—
work. In such an undertaking the fields E' and E would no longer be
treated as externsl but would be inciuded among the dynamical variables.

A rough approximation mey be to ' eonsider the hyperamns

a4 made up of & nucleon plus & (WA) neuwtral (Higgs) composite - w‘hiéh ve

call Kn - which is mnalogous to the Cooper pailr in superconductivity snd

whose expectation value is of interest for the Cabibbo angle.

In the picture above, we may estimate the fields experiepced by the
composite KO s a8 follows, A hyperon muet spend & fraction of time in one

or other of a mumber of disscciated states. For example,

A - ‘—f‘n

1)
Y

&l
>

M

MM
V
%

Many other virtual states occur but we have singled out those which contain
the mﬁrﬂ strangeness carrying Higgs composlte lco . For an order of
magnitude estimate of the electromagnetic fields in which |c° lives, one

may consider the fields produced by the electric charge and magnetic dipole
density dietributions of P, N, E+,... ete. given by the maual SU(33 functions

GE and E‘rM , which over the region 1/m 0 (where l(o smplitude ig large)
K
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may be well approximated by unlform distributions of charge and megnetizaticn.

Using quark model values for the nucleon-cctet megnetic moments, n

Fl(l\ﬂ) = ~P(7") - },f‘(") - ;ILIA(ED) -

We estimate <E) ~p/nucleon volume, <EY £ em;l/nucleon volume for

P, =, = (ana {EY» ~0 for W, AD, EO) so thsat

<z> 2/, for =7, I

<Hy ~

Assuming that Ko is & lcosely bound Higgs structure - not unlike the

Cooper pair — we may expect =n ~ mn + my - ZMP . Supporting evidence

)
K 16) 1)

for such an estimate is given by Linde end Weinberg who show that
Higgs masses in gauge theories should be greater than a Tew GeV,

0 _- +
Thus, not only for A" but else for = end I” , it is likely that
<E? dominstes over <E so that, for all hyperons, % is positive

and, in magnitude

2
5'1/ ~ ﬁ-— x typiesl hyperon volume
P
e . 3
~ (0.7 =)
P
~ 10 - geuss .

To summarize, these very crude and elassical arguments appesar to

suggest thet if these average fields ('Ez} . (H‘?> make any sense,then

-36-

1] {F>= <EZ—32> s negative 'in medium and heevy nucled.
2] {3 ie positive in hyperons and possibly zlso in light muclel.

1t {F" is indeed positive for hyperons, then the fect that 8,

is mon-vanishing for hyperons and tekes roughly the game numerical vslue

for each of them mey imply either (1) that 3 is megative (from the

erltical
preceding discussion e situstion unlikely inside hyperons) or {2) that it is

positive but greater in magnitude than the typicel hyperon valus.

w1087 gauss)z. If situation (1) holds ({.e. {F>

ritical < 0)ythen simce

{ F)appears to be negative for most nuclel, for most of the nuclear
volume, it could be that in some nuciel electric fields will be sufficlently

intense to cause n transition, i.s, -(:{-}nuc> =P (One must emphasise

erit’
that conrcepis like avefage values of fielde, etc. are here being used
in their crudest clessical sense, the assumption being that the sbsorption

rate of electromegnetic energy by the cowposite KO inside hyperons is
. . ) .)
much faster than the fluctuations of these rields Inside nuclei. )

* U

) Qur point of view is thet a parameter such as the Cabibbo angle mespures

8 property of the vecuum end should therefore be Lorentz inveriant. Electric
end magnetic fields should emter only in the invariant combinations.like EZ-EE:

there should be no frame dependencé in the leading approximation. (There may be

invariants dependent on the nuelear envircomment but their ef;ect on composite
fields like KO should be felt in higher orders. That is to sey, wve are
neglecting the influence of the nuclear environment on KO when it ie virtually
produced in & collision like A+ ¥ > F + N + nco.) This was emphasised in
Ref.5, ».211. However, in Refs.8-10, only magretic fields inside nuclei were

emphasised. Lee mnd Khanne have criticized this (Chalk River preprint, 1975);
they argue that the relevant varieble is the magnetic field In the rest frame

of the gecaying nucleon. For a nucleus with E +0 +» they therefore buggest
v
= - t: I
using Heffec tive HSuranyi—Hedinger P E where ¥ 1s the velocity o
the decaying nucleon. They show that this field, dus to the currents and
intrinsic moments of the rest of the nucleus, is given to a good approximation
bty the formula )

7). ~ 2.5 & % 10°7 gauss

eft .
where £ denotes the orbital angulsr momentum of the decsying nuclecn. Ip
the context in which Lee and Khanna have argued,we disagree with them and

wish to emphbasise once again the role of invariants like 32—E2 and (B.E)E, ete.

3=




. VII.  ANOMALIES IN Bc IN RUCLEAR PE[SICS

Are there any snomalies in the Cabibbo facto} cosaec in nuclear
rhysics, which might indicate the eximtence of transitien phenomena in
particle phyics? Hardy end Towner have noted, in this context, that in the

decay of Ar35

» there ie & long-standing discrepancy which seemg to point
to an anomalously small Bc for this nucleus, while Watson has suggested
that snomalously large values for p—cepture rates for some high-gpin even-odd
nuclei '(l’;iﬂ'b, J‘;‘;gIn) may accord better with Primakoff's thecry, providea

Bc 7 0 . We summarize here the evidence adduced by these authors.

35 10}

(1} Decay of Ar Hardy and Towner
The study of superallowed 0+-* 0+ B-transitions between T =1

ststes has apparently reached a stage such that, comsistently with conserved

vector current hypothesis (CVC)}, the corrected Ft values for the 1l known

10 5h

trangitions involving ruciei ranging from c to Co -are the same to

within -2-parte in 3000.

The average 1t value ig relsted to the vector cowpling constant

Gy br

Yt = . K s
&b ¥ (iep N 1vag) (7.1)

where K = 1.23062 x 10" egr? end sec; <13 1s the vector matrix element;
AR represents thaet part of the radiative corrections to order o which
depende on fundamentel B-decay thegry and which 1s the ssme for all nuclel;

p denctes the ratio of axial-wvector to vector contributions - its vaiue

cen be sxtracted from asymmeiry date on polerized nuclei.

1/2 can be measured in superallowed 0+ g 0+

+*

The product Gv(l ﬁnl
B tremsitions between I = 1 states. In theme cages the axial vector does
pot coptribute and the wector matrix element is predicted by CVC theory.

This yields

xig™ g e -

Va
s = {14124 £ 00008
Gv (14' R) ( l‘-ﬂ ) {7.2)

There appear to be no snomalles for these 0+"‘> 0+ transiticns where
only vector mstrix elements are involved. However, when one considers
muciel where axial vector matrix elements. are alsc present, the picture

19 35

changes. There are three nuclel, n, Ne™” and Ar~,where detailed study cam

be made. For this Hardy and Towner assume:

(a The radistive correction, AR , to fundemental 8-decay procesges is

the same for vector and axial vector metrix elements.

(v) The Cabibbo thecry can be used to relate the vector coupling constant
GV to the muoa coupling Gu through the relatien
G‘V = Gy sy (1.3}

With 8, =0.232 ¢ 0.003 (from hypercn 8 decays)] and the best current

value for Glt ;one would then derive for Gy and AH the values

= (1.396k 2 0.0010] x 107 erg om’ (7.4}
&,
A, = 0.0237%.0.0017 - {7.51

Using this value of 4, in (7.1} togetber with the messured <%t valuss in

nl, ¥el? apd ar®’ and estimstes for p deduced from asymuetry data from
.18}

polarlzed nuelel | the coupling GV and effective ev ‘may be computed,

The .resulis are:
-39-
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1l 35

n Ar

x 10" (erg em®) | 1.383 + 0.018 | 1.3972 + 0.008k | 1.3351 * 0.0053
GV

sin 6, 0.27 % 0.05 | 0.230 % 0,01k £.03 % 0.09

In the caseg of the neutron and Ne19

decays the values cbitained for GV are
»
ccnaistent with the "normel" Cabibbo value. )In the cese of Ar35,the velue
of 9v is consistent with zero. Hardy and Towner emphesise that the ancmalous

35

bekeviour of Ar”” has been noted before but' no other explanation has ever

been offered.

9)
(2] Muon capiure rate (Watson ~ )

Muons are capiured in ruclel by the inverse B-decay process
W+p + v+,

end excellent messurements of the rate exist. The capture (in all but heavy
nuclei) sppears to take place frem the S-state onto protons in & low enguler
momentum state. Watson hes noted thet for ijs_N'b ~ & muecleus with spin 9/2 -
the capture rate is enomalously high compared With Primekoff's formula
{predicted rate 9.35 x 106 sec-l. meesured value 10.40 £ 0.1k x 106 sac"l).
If the Primakoff value is rescaled by J./cosEGC , the theoretical value
becomes 9.94 x 106 sec—l, in conaidersbly better asgreement with messurement.

Watson considers such e rescaling {corresponding to Bc having made &

transition to the value zerc in the high spin nucleer enviromment of n'bgB)

Justified since in the neighbouring 2.’.r92

6

nucleus, there appears to be no

anomaly (prediectonB8.2L x 10 sec_l,' experiment 8.59 x .106 secl). A

%)

del IFN Mexico vprerrint, June 1976} who shows that Gc for the neutron is

A different view has been expressed by A. Garcla (Centre de Investigacion

gmaller than 0.23 and even consistent with zero. He bases his srguments oz
constructing specific combinatioms of the rate and angular coefficients in
peutron decay, which permit him to extract GV and P from the data, free of
thecretical ambiguities.

=L0-

vy [hl -
similar situation appears to exist for hgrn 2 {epin 9/2] compared with

1te neighhours ,qCd and SOSn (though the memsuremente have mot been carried

116 2
out for isotopically pure 50Sn or for pure and spinless LOng }. To

test this further,Watson hes proposed the formation and meagurement of the

93 .
lifetime of the thDA hypernucleus, made in-ibe reaction
- ag a3
K™+ Mo iy Nb + T
4“2 4 A

The lifetime of a A born in the hlm:” core, may be considersbly enhanced

ir ec ie indeed smell. A siniisr experiment may be envissged for the AIBSenviron-

0 36 35 0 36 35 o
ment (e.g. pessibly A + 16RTT % jgAry” +mor K o+ 1ghrT > ghry” 4w }. The
question arises whether the traneiticn %o Bc 20 - if real ~ in A1'35 and in

93‘ 1ot

the high-spin odd-even maclel b 15 15 magnetic or electric [i.e.

whether <d'crit> = <H2 - E2>cr:1t is positive or'negative). Einee for
most nuclei our rough cla.saic.:a.l estimates glve <','r’> = <E2 - Ez> <0 .
everywhere in nuclear volume except within & small region r < R' % L &%i *
it would be tempiing to believe that the Cabibbo-restoring transition is
electric, i.e. <3a>crit < 0 . This may alsc explain why for hyperons

9c f= 0 , since crude estimates indlcated thet the fields inside them satisfy
¢ elre
< j>] rops >0 . But auch & hypothesis would lesve unexpleined the Un-

stance that &, # 0 for ot + 0" nuclei as well s for spinless nuclei Zr,

Cd and Sn (though,as stated earlier, hodata exists for pure 5051:1”‘6

or honge) .

The contrary hypothesis would be thet <'31>c ias positive, 1.e.

rit
the transition fields ere megnetic, and that (I, > {FX

1 (1015 gﬂu:ss-]2 . Since on the basis of Suranyi-Hedinger estimates,.

<?) for Aras, 17> ang 1oL s positive only inside core regions of

radii R' £ ﬁ and since its megunitude does not exceed (3 x J.Oll\t
'n'

we would have to assume that our theoretical estimates of the fields -~

gauss)a

particularly the magnetic fields - obtaining inside these nuclel are too low,

through the neglect of fluctuations. As mentioned before, Watson, pleturing
92
oZr

i1~

the nucleus thb93 as mede up of a b




core with a circulating (£ =4)] proton round it, hes advanced arguments
(based on the centre—of-mmss motion of the nucleons 6onstituting hoZr92) for

93 T

the view thatmagnetic fields inside Nb” - may be as high as 101 gauss in a

region of radius i—o Fermi. - Zven if his estimste of the magnetic field
d¢an be upheld, one must contend againet the fact thet s for the experiment

proposed by him (K~ + Mo7? — Nb9A3 + n), the averaged effect cn A lifetime
{averaged over the small core reglon {radius 1/10 Fermi) and the much larger
region outgide in which £ may move] mey not be experimentally significant.

VIII. CONCLUDING REMARKS

(1) 8inee it is electrically neytral,the particle physics vacuum
msy he made-  to suffer a phase transition by the application of
a sufficiently strong external fileld which is either electric or megnetic.

By this we mean that the critical quantity, 'j‘ = H2 - E‘2 s 12 elther negative

or positive. Theoretically, one cannot decide between these two possibilities

until a reliable basic model for the Cebibbo angle beromes available, nor can

we decide whether there are other invarients like "‘f‘ in a nuclear environ-
ment which are equally importent.

(2) If the relevant field is magnetic,then a lower limit for j::rit is

provided by <g'h3rperon> which mey be in the neighbourhood of (107° gal_l.E-s)z.

35

(3) There i& some evidence from the B decay of Ar®’ and from messurements

93 5

of the p—capture rates of Nb°> and In-—

thet Bc is anomalcusly smell for
these nuclel. If conclusicns about {small) 80 are substantisted, then
this would eonfirm that the eritiesl fields - whether electric or megnetic -

for the restoraticn of strangeness conservation are comparsble to the flelds

found in nuclei. This is perhaps the most exciting feature of the situation.

() There are no reliable estimates of (’})in miclear systemsS.

For mst. nuclel, classical

~hoo

i
estimates would suggest that %% is negative (and || 1/2.5 1016 A1/3
gauss}- except within a =mal) region of radius R' L/me . Inside this
ccrreek_g*lc.uﬁa likely thet {#% i pcsitive for odd nuclei. -
(5} In view of these unecertainties what is needed is, on the one hand,
& systematic theoretical investigation of eiectromagnetic (sverage) fielas
inside nuclei and, on the other, m systematie experimental investigation of
ancmelies in Bc - particularly for bypernuclel and,‘vith the newly projected
hyperon beams, with these hyperons captured inside nuclei.  ©Only through this

close interplay of theory and experiment will a true understanding of

symmetry restoration phenomens emerge in particle physics.
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cf HojJa Nasr-ud-din's immortal wiedom.

One merning & woodcutter saw HoJe by the edge of a lake, throwing
quantities of yeast into the weter. "“What the devil sre you doing, Hojla?™
he asked. HoJa looked up sheepishly and replied, "I am trying to meke all
the leke into yogurt". The woodeutier laughed ans said, "Fool, such s
plan will never succeed". HoJa remained silent for a while, and stroked

his beard. Then he replied, "But Just imegine if it should work!"
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Fig.2

Tranctoriea followed by the min:l.mm of an effective potential

efr(-?. . )( &) as the electromegnetic enviromment o= Ea B
is chmaed

—hE—

Fig.3

Bchematic representation of the different phases of a Type IT

Superconductor in the plane of § and 12x = Mzcal /M2 "
ar

(B.7. Harrington and H.K, Shepard, Univ. of New H . pren

1975},
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Rig.k Electric displacement due to & uniform charge distriticm in . -1
sphere of radius R . (‘h)u””l’)A
r
Fig.6 Radial dependence of electric and magnetic field atrengths due

to uniform charge and magnetization distributions in a sphere of
radiug R . The flelds are measured in umite of em: * 2.k x 1016
gauss. For a typicel pucleus, R ~ m;l A3 ana g ~n;1 (L + up)
(TZ)"]' provided A is not too small, The range of values of
3'-52-1‘.2 is given by

B - (g <o

in units of (qﬁ)a . Note thet F is positive for r < R' and
pegative for r > R' .

-
r

Pig.5 Radial dependence of the order parameter corresponding to the
electric displacement of Fig.L. The curves {1) and {2) refer
to small and large total charge Q, respectively.
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