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super—Higss need not necessnrily arise at the tres {evel ("tred bresking (1.8)
models"). The S‘U(Z)Xﬂ(l) preaking ©8% also arise dy-namicsny from
tonomnlization group 10°P corrections [DS.DE.DlE—DlS] (":cnormalization group
(B.G.) models") - The essentinl difference structurally petween the T.B-
models and the R.G. models 18 the following: 1n the T.B. models. the low
enetgy effective potentinl llM.DIO.Dlll. in the Biggs' sector contains 2 pair
of Higss doublets g% and Wy &7 1,2 snd & singlet giold U. TR singlet
plays & crucial role in svmxuu) breaking in the T.B. models. For the ¢asf
of the p.6. models one discards the singlet and retains only the pair of Higss
doublets. SU(Z)IU(J.) is broken in the R.G. models due to the 1arge Yukave
couplings of s heavy top guatk. Typically one mneeds mt2100—200 GgsV. More
recently model 1ndopendent analyses of the lo¥ energy domein heve peen given
which san agcomodate the T.B. and the R.G- models 83 well as ® whole clsss of
other yariations in hetweed (R7-E91.

At the phenomenologlcal 1evel, Snpergtwity unified theories make some
aniqee p:adictions and B3re groe from the ususl defeocts of the cotresponding
globel SUSY theories. Thus f£o0r example s pnlike the global snpe:symnetq'
theor¥ {B4) there axe 0O 1ight gcalar DosoDs ip these theories. Indeed iz the
low eneTEY domain the gcplar bosons (thet do not become snpe:heavy) acguire *
characte:istic mass o(ms) [ElO.Ell. Uniike the case of tbe gUSY theories: in
superg:avity theories, cne cal st least gliminate the cosmologlcal sonstent by

utar (fine toning} in the snpe:potential (see Sec- 11t

——mmression of the

not arranged by pand B% in llo'bal theories put sxise aaturally as 8
consequence of the supergtavity models.

The fermionic partners of the photen and the gluoas» 1,8. the photino and
the gluinoss are massless at the tree level. However, the photino and the

gluinos grov¥ passess 3t the looP 1evel [ES.‘Dl’J‘].

a
m_'s-g-%;ﬁm‘;ﬁ‘-si%ﬁm‘=sﬁ? ) (1.3
whers © is pxopottional to tke CasimiT of the {heavy) pultiplet exchanged in
the looP (See Eq- 5.13). Fer aormal size hesvy multiplets: one cspects iy to
1ie im the range of {(1-10) Ggev and the gluin® mass 1B the Tange {5-80) GeV
from Ed. {1.3). l
The iermionic partners of the ¥ and 7. bosons also grov nassos at the (31 1]
level. In fact o% aiscassed py Weinbers (E4} and the suthoxs (B3] thexe
sppeal in theories of the type discussed abover :alntively 1ight gavnge
fermions. Thus in the charged sector o1 has & Wine (Supe:symmetrie partner
of the ¥ poson), thbe ﬁ(_.), jying belo® the W basot and in the peuntral sector
one has B Zino (Snpe:sg-mmet:ic partneT of the Z posonl}s the i{,). 1ying below
the Z bosom- in each of theose sectors thexe also exist addi.tional
supersymmetric putn.e:s. 1,8, B Wino. ﬁ(ﬂ. 1ying above the ¥ l?oson and &
Zino, Z(+)* 1ying gbove the 7 bosoR» in Snpe:gravity models {E51 as well as
othet peutrel Zinos [ET-E91-
The existence of ﬁ(..) and i(._) are clearly very exciting from &N
v mnint  sine® one h&s the possiblity of detecting these

« .om mow beel expetimentally



confisued [F2,F3]. 1be desaye of the W and Z which are universal are for the

¥ {(E4]

+ P +
¥ Wym+ ¥ (1.4)
and for the Z [ES]
A LR (1.5}

-since they occur in both the T.B. and the B.G. models. A remarkable feature
of the decay of Eq. (1.5) is that it is of "Industrial Strength” i.e. the
branching ratio of Z - W' + § relative to Z = ote” is characteristically of
size 0(5). The T.B. and the R.G. models each possess additional decays which

are wnique to them. Tkus in the T,B. mode! one has the decay [E3,E9]
+
o '(_)_ + Z(_) {1.6)

tf My > Giy + ). In R.G. models, the process of Eq. (1.6) is kinematically

disallowed. However, in the R.G. models there exists 2 new light neutral
Higgsino 2(3) (we call it the "Twilight Zino® due to its very weak coupling
with ordinary matter) which couples with normal strength with the Z allowing

for the following decay [ES,E9)

2 2y +Eg - (1.7

Eack of the decays of Egs. (1.4)-{1.7) have their own characteristic signal.

Thus the decay of Eq. (1.4) wonld lead to jets in ope direction balanced by an

Usidentified Fermionic Object (UFD), the photiano, in the opposite direction.

These UFQ events would each consist of a single jet with unbalanced momentom.

There are similar characteristic UKO sigpels for other processes of Fgs.
(1.5)-(1.7). Further, there exists the possibility of testing the T.B. vs the
R.G. models throogh Egs. (1.6) and (1.7) in the decays of the W and Z, The ¥
and Z decays thus provide a possible test of supersymmetry at the Pp collider.
A search for gluinos ¢an alse be carried ont at the Tp collider [E11,ES5).

+

Other possible tests of supersymmetry could come thromgh e'e~ collisioms in

the processes ete™ -3 T7r [E13,E14). (See Fig., (1)) This experiment can be
carried out at the current enmergies at PEP and PETRA. In most models the
production of the selectron (the supersymmetric partner of the electron) wonld
require larger energies such as those cortemplated at LEP (though the model of
[E14) c¢an accomodate m light seiectron). The process ete™ -3 tyete” [E15]
offers another possibility, thomgh its cross—section is expected to be guite
small {see Fig. (2)).

There zre cosmological constraints on some of the "ino” masses [E16,E17]

though in these lectures we shall not discuss these here in any detail,

10



LE.  BUPERGRAYITY MATTLN OOUPLINGS AN EFFEULFVE DOTEMTTAL

In.on: analysis we sksll uwse N=1 Supergsvity with the minimal set o
anxiliary fields [C1-C4]. Here the field content consists of the aspin2,
spin3/2’ fields ®ap” 'Pu and the wuxilisry fields S,P.Ap. The Supergravity
Lagrangien dinvarient (np to s total divergence} wunnder looal supersymmetry

transformations is then [C1,C2]

Ly o = - z—zin(e,m) -3 lal? + ;A“A“ - ; 6un“ (2.1)
where

u=§— ip {2,2)
nw" = aum‘,“ + mkfpmm‘ -n Oy (2.3)
BF = guwc“.mnp(m)vq {2.4)
R = et o iR, (2.5)
By =3, + (1/2) m"“a’s (2.6
uzs = Vyrs (8) * Kypg (2,9)) (2.7
Kyes(0.2,) = G214 (B v, 9 - Byvs¥e * By, 0,) (2.8)

H

ind ¢ is the determinan: af tho vierbein.
In the construction of the GUT models one needs coeplings of N=2
Supexgravity with matter. Matter consists of 1eft-handed chiral (F-type)

multiplets

™= @Y > (2.9

where Z% = A® + iB® are cowplex scalar fields, X'p &re left-handed Weyl

spinors and b2 gre complex auxiliary fields, The index a in 3% 1s &n internal

symuetry index such that E“ belongs to a reducible represeontation of a gauge
1

group 6. In addition, matter contains a vector (D-type) multiplet V(V=V )

which has components

Vo= (C.E,H,K,V#.I,D) (2.10)

and is in the adjoint representation of the gamge gromp G. Im (2.9) ¥,% ere
Mzjorana spinors, C,H,K are scalars while D is an auxilizry scalar field. The
vector multiplet is reduced significantly in the Wess-Zumino guage [Al] and

ore has

V= (V,.am . (z.11}

The rules of cowpling & siegle F-iype mnltiplet and a single Dntypé
nultiplet with Supergrvity are known, For the F-type multiplet one has

[c2,c3]

12



¢ lip = Relh + oZ + ByiX + T ohbe, 7] (2,12}

and for the D~type multiplet cne has [C2]

-1 iky Sp 4
elnan--—iqfu-rl-—g(sx PH)

2 n 3, -1 ppav -
+ ‘5“"., A" + gle T @p 2
E -1 w, i app
—1_ o _
+ i-s-a ;Ysypn + —-8—3 Wpyy@pﬁ@a

2.2, -1
-kt L o . (2.17)

Oce way ventrast the reselts om Egs. {2,12) and {2.%3) with the corresponding
sitution for global sopersymmetry where only the F and D terms are admissible
in the Lagrangian. For the caso of supergravity all elements of the F and D
moltiplets enter the Lagramgian to preserve the 1local supersymmetry gauge
invariance,

Cremmer et. al [C7] have given the most general coopling of a single
chiral multiplet with supergravity. Tkis scheme exhibits the possibility of
spontanecus breakdown of the Supergravity gauge invariance and a mass growth
for the gravitino through & mipimization of its irne effective potential.
However, the eoxistence of only a single chiral multiplet in the coupling
scheme does not allow one to formulate supergravity GUT theories. This led
the suthors to a generalization of these results to couple N=1 Superpravity to

an arbitrary onumber of chiral  wultiplets ‘belonging to a reducible

13

representation of a grand unified gamge group G and simpltancomsly to & gruge
pultiplet belenging to the adjoint representation of the gauge group [C8).
Equivalent formalaticns have besn given by other authors [C9-C13). The
details of construction are presented im Appendix A and in this section we
skall only outline the general procedure and state results for the reslevant
parts of the Legrangian we need.

The procedure consists in forming the most general F and D multiplets out

of Eqs. (2.9) and (2.11) evsing the roles of tensor czleulus and maintaining

the jnvarisnce under thke gauge gromp G. Next one couples these F and D
multiplets to supergravity wusing Eqs. (2,127 and (2.13). The resulting
Lagrangiac is expressed most conveniently in terms of fenctions g(Z"),
¢(Za,za) and fup(zn)-g(z) is the familiar superpotential which is the lowest
element of the most gerersl gange singlet P-multiplet formed out of the chiral

maltiplets of Bg, (2.9) i.e.

a 1 "
glz ) = B, .. E ..2 {(2.14)
1 m
$(z%,2,) represents the lowest element of the most gemeral gauge singlet D

maltiplet formed out of the chiral multiplet 32 of Eq. {2.%) and its hermitian

conjugate, il.e.,

2 *1...% L
$(Z .ZB } =S5 A b....b 2y T, I .2 - {2.15)
n 1 m
ByeesBy al...bn
Tie co—ef Ticients E and A in Egs. {2.¥4} and {2.15) zre
i4



arbitrary parameters oxcept that they are chosen to meintain imvariance under
G. A convenient procedure in implmenting the coupling scheme is to first
couple the gauge multiplet V of Eqg. (2.11) to the chiral multiplets 3* l.and
next couple the resultent structunre to supergravity. ‘

To obtain the Lagrengian in a usefal form one mn;t first carry out an
¢linination of all the auxiliary fields in the theory (both in the matter and
the supergrvity sector). In addition one neteds to make point transfommstions
to put thg kinetic energy of the dynamical fields into camonical form. The
dotails of the resulting Lagrangian are given in Appendix A.

The Lagrangian is determined in terms of two arbitrary f'l;.nct'lons
3(2‘,2.) and taﬁ(z’) The frnction s(Zn,Za) is & special combination of ¢ &nd

2 (1
a k T k a 2
§z°z ) =~ 5 az.2) - g @H 1Y) {2.16)
and exhibits the invariance
g8 n“ﬂ (.17
2 U
d - d- —z(f(z) + £ (z)) (2.1.8)
k .
where
2 kz
d =~ (6/5 )In{- 3—16) . (2.19)

Egs. (2.17) and (2.18) along with the fact that the kinectic energies of the
scalar fields are propertional to s,‘b = azglaz"az‘ makes S,“b as the metric

in the Efhler manifold [C14] defined by coordinates Za_zb.
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The arbitrery function faﬁ(z) enters in the Yang-Mills sector [C9]

-1 =1 _ 1. pif _ 1ra ﬁ+}ﬂﬂnﬂ
e L(Faﬂ) zfuﬁ( ;FM}? 2x,m %
1o =B 1 —apn B
+ - )J) + h.c. {(2.20)
Flfuy TN e
There is no theory to determine f p(z) in the current framework. However, we

know that in the absence of gravitational interactions renormalizability

requires that one have faB = Buﬂ' Thus if the guantum supergravity theory was

appropriately controlled in the wnltra-violet domain such as through the

phenomena of "asymptotic safety” [F4l, the deviations of f,g from the global
limit should be only dne to gravitational loop effects. Weinberg [E4] has
argued that these loops obey to a good approximation, a U(n) symmetry among
the n chira]l multiplets, and as a cénseqnence, deviations of fuﬂ from Baﬁ

should be wory small. We shall thus assume in our analysis
= (2.21)
faB(Z) Bnﬂ .

Under the assumption of Eq. (2.21) the Bose part of the Lagrangian then tekos

the form
Ly = —{e/2tM)R(e,0) + (e/xhrg. :ppz‘n#z"

+ (/) exp-§ 13 + (§H2, 6., 5.1



it iz =mseful to express Hy, {Z.22) in na alternaic Foen vsiag the functricn

T .
d4(Z,2°) of Eq. (2.19}). One¢ has then Ly in the form

-l L e _1.,a b _ da ppe -1
Ly = = S5RGG) - 70" 920z :Fp e v (2.23)
v
where V is the potential of the scalar fields and is given by
2
ek ~la _ b 3.2 ,2
V= gexpG-a)[(a ) LI S Y (2.24)
wkere Ga is defined by
2
3g k
G. = ;.;a_ + Td,ag (2.2%)

and (@135 is the inverse of the matriz (4),% = azd/azaazb.

In our mnew mnotation, d(Z,Zf) acts as the potential in the K¥hler

manifold, The choice
4 =2 7" (2.26)

corresponds to & flat E¥hler manifold with the matrix d,ab = Bnh and leads to
a8 normalized kinetic energy for the scalar fields inm Bqg. (2.23). The choice
of Eq. (2.24) may be too restrictive and the gravitational loop corrections
may possibly modify Eq. (2.24). However, the gravitationsl loop corrections

to a good approximation are still expected to preserve the U{n) symmetry among

the n-—chiral ficlds and & more general choice for am effective Kahler

potential d should be a genmeral function of ana-r For simplicity. however, we
shall carry out most of the analysis in the fellowing sections under the

sssumption of a flat KEkler manifold, Eq. (2.26).
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III. SPONTANLEOUS SYMMETRY BREAKING. AND SUPEw-HIGOS E¥FECT

For the flat Kfhler manifold the extrema equations arlsing from Eq.

(2.24) have the form

a6 2

x b2 B
(52—:—' + 2—-2 Gb 16 kg G =0 . (3.1)

"On the real manifold of VEVS, Eq. (3.1) reduces dowe to

= : 3.
T:b Gb 0 {3.2a)
where Gb is given by Eq. (2.25) .and Tnb is defiped by
2 4
g ag k 2
- __{z “,ﬂ ¥ ) +—Z Zaz- k'8 BB (3.2b)
b azt az" Zb 4 azh a

Eq. (3.2) may be satisfied through the vanishing of all fhe Gy i,e.
G, =0 ’ {3.3)

Under this circumstance one has that supersymmetry is unbrokenm thongh the
gauge symmetry of the theory may be broken. An example of such a breaking is

provided by the supexpotential

2
8= G’ + hresh (3.4)

Vhere Ey *is the adjoint representation 24 of SU(5). Satisfaction of Eg. (3.3)

s x
shows that a minimum of the potential exists when (Zy } possesses one of

diag

18



the following vacusm expoctation values:

1
(1) 0 (11) 3M(1,1,1,1,-4)  (143) N(2,2,2,-3,-3) {3 5a)

and the VEVS of =ll other components of Zy‘ are zero. Solution in Eq. (3.5a)
does not break supersymmetry. HNowever, solutions (31) and (iii) of Eq. (3.5a)
break the gauge group. Thus solution (ii) breaks SU(5) into SU{4)XU(1) while
solution (iii) bresks SU(5)} into SU(3)XSU(2)X0{1}. A sccond ezsmple is

provided by the scperpotential [B2]
- 2 2
B = AX(ME-Tr3?) + A Te324 + A’ ¥T:3A : {3.50)

Eexe Ayx is a second 24 representation of SU(5). Satisfaction of Eg. (3.3)
shows that & minimum exists when § = Ayx = { and ny and ¥ bave one of the

following two solutions:

(i) x_ ¥ oz x 5 L
D= gty ~ 5 858, Y= iy ) {3.6)
(i1) o dan 125 %5508, %5_ *e 5 %5 5 Ll

%y = {56 128, LI sy)], Y=mi_’1 : 3.7

Again selutions cf Egs. (3.6) and (3.7) preserve supersymmetry but the gauge
symmetry is brokem. Solution (il) ocorresponds to a residual symmetry Ef
SU(4)30(1) whkile (iii) corresponds to the residual symmetry SU(3)XSU{2)30(1).

The symmetry bresking solotions of the type Eq. (3.5} which preserve

19

supersymmetry exhibit an interesting phenomens. Substitntion of Eg. {3.3) im

the tree effective potential glves

2

VB, ) - Rz Sl expa’z 2 3.8
Eq. (3.8) implies that the degeneracy of the vacnum solutions encountered in
glohal supersymmetry is removed due to the O(kz) corrections to the vacuom
energy (D1,D22,D231. From Eg. (3.8) one finds that if any one of the minimom
solutions is chosen to be Minkowskian by the sdjustment of an additive
constant to the superpotential, then all other solntions would necessarily be
of anti-deSitter mature and woeld have vacuun energies which are megstive.
Normally a sitmation where the Minkowskian vacumm arises in &ssociation with
anti~deSitter vacuum would seem to require that ¥inkowskian vacuum would be
unstable., However, the presence of gravitation canm kelp restore stability
[D24]. In fact for situations where supersymmetry 1is preserved, Weinberg
[D22] has argned that the Minkowskian vacuum would actually be stable for any
finite size perturbation even thougk it does not have the lowest ensrgy.

One may notice that for the potential of Eg. (3.5b), both solutions (3.6)
and {3.7) give a vanishing g(Zoa) which implies that for this case gravitation
does pot 1ift the decgeneracy of models of the type Eg. (3.5b) [D2l. Thus
there exists the possibility in these models of realizing a vacuom structure
where the Minkowskian vacunux is the lowest state of enerpy when supersymmetz:y
is broken [D2].

We consider pext the case of broken supersymmetry. On the mess—sholl

20



supersymmetry trassformations for the spin 3/2 and spin 1/2 Weyl fields are

isee Appundix A)

B 5 1.
_3 i - . N
Ao b s
=k Texpi- ZA{gL 27 4 T 2.9
R ERL BN S5 (2.9]
. . . £
" i T N L2 T T -
bﬁ}i = B Dptey?y;ag =k expl- vt *EM{a;ﬂL/. . E ?)?pl
-1 £8 g kb ko ¥ 4 a k—l D &
S P R I SO VI S R N L o B .
Wiy T FAMRIE AR =6 AL € H e (300

the vacumy erpuctobicn valwes (feor w

flot Euhler manifeld)

2

o - - exp (g2, "2 MG (2 Ve, (z.in

B0 Ly =k -(h‘?"‘z Sg(Z Yy e, + 2k 3 {2.,12)
phis T SXRATTAL L GE o Tufr T «fL -

Thas a necessary requirement for the bresking of supersymmetry is that at
lezst ons G, is nop-zerc. In the represontztion where Tpp is diagonal this
implies at least one non-vanishing eigenvalue for Tah' In the enitary gauge
where the spinl/2 Goldstiro is mbsorbed by the gzravitino, the gravitino mass

is given by [C7]

2 ? 4
X k .
mg - 5 g(zﬁ)EXermzozw; 13.13)

The siwplest example of the super-Higgs #ffect oceurs wher ons couples &

2ingle chiral multiplet § = {2.G,.8) with Sapergravity and the superpotential

is of the form (06D
25121 = p*(Z + B) (3.14)

where W' and B are constsnts. Heww G{Z) # 9, wu! hesoe Eq. (3.2) requires T,

= fi. Una fipds [C6.CT]

Zegy =ade - my = caid o A@y s =21 (3.15)

whers the spndition ow i1y dis chosen se that Viig = 0. From Eg. {3.13) we
note that fue supes-Higgs field 7 hes VEY ~ 05 %. #q. (3.14) represents the

simplest possikilit and ous =mry comslder the more general cass of an
P ¥ ¥ ¥

arbitrary supcr-Biggs potewtial of the Form
g,(2) = 2% e, 6T (3.16)
where fz(kZ) is an arbitrary dimensionless function of kZ with the expansion

[ 1
£,(kZ) = f5° + KZfy~ + ... (3.17)

The T,, = 0 condition for supecpokeantials of type in Bq. (3.16) would yiclﬁ

supersymose try bresking selotions which are cheracteristically of thke form



@ ~ oty gy ~0xla (3.18)

Eq. (3.18) together with Eq. (3.13) then implies

2 2
X 1 2
B, " 3R (D) GHT D) ~ =R (3.19)

In Sec¢. V we shall identify the gravitino ma&ss as characteristically of the
size of the weak interaction scale i.e. m, ~ o{Mg) [Dp1]. Using this
correspondence we can identify the mass scale m e¢ntering Eq. {3.14)} of the

super—Higgs potential, Ome finds from Eq. (3.1%) thet
B~ O, Hpyane) M2 ~ 1010667 (3.20)

This means that the mass scale entering the super-Higgs effect is an
intermediate mass scale and is releted by » geometric heirarchy to the weak
interaction mass scsle and the Planck mass.

We note in passing that thers are additionz] comstraints which a super-
Higgs potential must satisfy in oxder that it be an admissible potential for
realistic model building. For example, an important reqnirement is that the
particle spoctrum of thke theery sfter spontaneons breskdown contains no
tacheonic modes. A quadratic form for the superpotential g,(z) = m(zz + B)

oan be excluded on this basis,
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Iy. SUPERGRAVITY MODELS

In setting up realistic supergravity models we shgll find it convenlent
to classify the full set of fields zh in the matter sector into twe
categories: the field Z in the super—Higgs sector and the remaining matter

fields Z®. 7Thns we write
A . (Z8.D) ‘ 4.1)
Our basic supergravity model is then defined by the superpotential [pi]

g(Z) = g (2%) + (D) . (4.2)
¥n the iimit k=0, the dynamics of the fields Z® and the field Z are completely
disjoint. However, for k non-zero, the two sectors interact through
supergravitational interactions, and the dynamics of each sector 1s affected.

The most dramatic effect occcurs im the sector of the fields Z%® dge to the

influence of the field Z in that one firds the appearsnce of soft—breaklsng in

a

the Z%-sector dus to the soper—Higgs effect [D1,D4]. We shall jillustrate the

soft-breaking phenomena by the very simple example where

g1(2%) = 0 ' 4.9)

For the case of Eq. (4.3) one finds that the potentizl
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= . fees 4 5 . _ b k
V= gexply 7, ZA)[GAG sxlgl™) + gyle (20T ) (4.4}

. 12 a
givea the mass term 3 . Er Z to scalar fields ¥ while for the corresponding

fermionic wuss matrix (sce Appendiz Aj

2 3 2

¥, .ea.. 8 F 3 53 g

m_ o= explz—2 4 [—— 3 +5(Z oy * 5

ab 4 n azaa:p 2 2 sz Zb aza

4
23 2 -1
* fiz“zhz Y —Ez fgig J4n.6. {4.5)
. ™ 4" 2L
sme finds for Bg. 15.3) the vusult myy = O Thes the dugenesany belwszn the

bosons and tie Furmions is 1iFted and the mass of the gravitinog chavecheraunes
the senle oy whick the degenevany is broken.  Inderd orne nptices that the
super-dipgs effect geurrates a common mess whickh i gyue! to the grovitino
mass in this spproximation,

In the geussal ana'ysis one has 5,70 which wshen the gescval analysis for

the computatisn eof soff brenlipg movs ronpley.  Opsowf cazons tox thrs

camplexity is that in seravel sone of phe firids in AP sy be super-lienvy

involying the GUY mass scale M which is close to tke Planck wass xrt . Fora

SUSY theory M~351016 Gev gnd so one hac

¢ = KM ~ 1072 . (4.4)

This means that in the solution to the minimizatios equations for the

deternination of VEVS, hipher order k corrections of size

(0, el ... 0 4.7
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must be controlled in oxder thst the low energy theory be protected from the
GUT mass scale M. This 1is & mnew heirarchy problem arising only iu
sepergravity models and has ao dirgct naslogue ir the corresponding global
theories. To accauat for these mew complexitics of the light and the keavy

fields in the maiter sector Z* wo classify onr fields as follows:

Z, = ((z;117,70.07, 10 . (4.8}

The Z; ate finlds with VEYS of ¢} «nd zlso of masses of O(M). The Z;’ have
cenlshing nr smell O(Ng} YiVs bot huve masses o7 0{M), The fields Z, are light
fields with ViVs and waczs of O{m }. Our peoycse next is to examine the
winipization eonditicas and esiablish criteria which wonld gencrate the above
ggugs neirvarchy al tbe tree levsl. foueratici of such a psttern of gauge
sedragvhy és motivated by omr desire for develsping GUT models where ome nesds
gavge heirzrchics of type Eg. {4.%].

in crder to =xawine the frit keiraroly prouiem at the tree level we

gevaltp sn evponsion solution fox tle YE¥s $u powwers of k:

2, =7, 0 w2 g e 0 (4.9)
z;040) = o, 72, < 1 (4.10)
B o VI () . (4.11)

where we have that ZA(“) ~ 0(x%¥. It is uscfrl to zescale the fields,



-t -
2 =02, 2z e w2, 2y , (4.12a)

where

2
|y = ko (4.12p)

..o that Zis Zgr 2 8tc. pre dimensionless and have expansions similar to Eqas.
(4.9) - (4.11) but beginning at zeroth order in k. It is also useful to
define tho dimensionless guantities g, G, and G, as follows:
- 2 G - 2 = -

8= (/0% G = w6, G =n, 26, - (4.13)
Now from the extrema equations that determine the VEVs, ome can show [D10]
thet the desired tree gange heirarchy wenld be destroyed if Ea cantained terms
of gize M/m‘ or k_llm. Indeed cne can establish that for a wide class of

theories which obey the restriction
Bogy ™ O(ms) - (4.14)

Bagp ~ Olmg) ” (4.15)

one has G, 6, and G, sre of order unity so that generally one has at the

minimom of the effective potential
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G, ~ n(msﬁ) (4.16)

with corrections to the leading oxder term which are very small i.o. ed, and

552 where ¢ is defined by Eq. (4.6) and
- -16 .
55 = km. ~ 10 (4.17)

Normally one wounld expect G; ~ ¥2 on dimensional grounds and so the resuolt of
Eq. (4.16) is quite remarkable. Yt is Eg. (4.16) which plays the central role
in guaranteeing protection of VEVS in the tree level minimization egunations.
The essentiasl meaning of Eqs., (4.16) is that the effects of the GOl sector
characterized by the GUT mass M and of the super Higgs sector characterized by
the Planck mass on the low mass sectors is oaly of size O(ms) which maintains
the mass heirarchy. Thus typically in the low mass sectors the ful!l solution
of the extrema equatioms taking account of the GUT and super Higps sector

would generte the following type series expansion for the light field VEVS:

Z, = myzy = 0,2, 0 4 An () (kmy) + Bm w2 4 ..., (4.18)

where zu(O)'Aa'Ba"" tre dimensionless numbers of order unity. This tree

level protection holds to arbitrary orders in X,

Egs. (4.14) end (4.15) act as essential constrazints necessary to achieve
the tree level gauge heirarchy in the construction of realistic supergravity
GUT models, Thus certain types of couplings must either be eliminated or

uanaturally suppressed in the supexpotential. Thus for example the coupling

28



provided ) - »_ /M whiie gho

in the superp.
conpling R'E. 2.7 cou aprear provided A - Ew

=r-Hizys and

"
]
=]
=
s
©
™+
jan

»
t

For model dmildiapg i i+t found useful to 213

the heavy ficlids sotive potenticzl [Dd DIG,0015.

TR,

abeys the extrema egquac

- (4.1%)

Z =202 ) 7, = 2,02 ] 16,20

% a

Yn prastise Eas. {4.23) weoeld Be exhibited in o 1oy
1 i

ereryy dorgin ve sre

riez¥eriag operatons 0 Jdicensionat ity

Diek tiiew gut fo

entrgy effective poltontial

of Fg. {(4.20) mead oot ao seyord —ode. Passl. insori.un of

ive potembial U{,)

o

Iq.

Ti7_)

a
T UL Ll (il i et gy
e B s B
PR A canv: . [DLLE, R R

presedue is to elimivate the heavy fields wnd soper Higgs fields in the

3

in the extrema equations,

e
=]
o

extrema 2guutions of the light :zicier.

grotectiou of the low evergy mass scnle bes alresdy beea achieved, tlhe

istegration of theuve eyuwe licus ar effective potential which Ras

ths  low  ensrgy proirctiosn i The reievant equaticuns to
integratr sre Bgs. (3 1) ooy Gew Fiedls [DL0]
oo & R 1
Wz ,Z) = w, &4
a ik
T P T Y (4.22)
‘ RS PR 1 ’

shere

0 = (4.23)
ard

i (4.243
In the sugtiocn of £4.210 we Ravs wseld the Bgq. {4.2) for the

supsrgntariiel, The three mass prre e .M, zid mo Tefnce to Lwo when the
% ki

i. ‘Tho

coaditven o wwoend Linza tlen  my
i

Gonihant SEE



2 - — * -
Z - ;mfrsz“”sz“” . iz(mi ;o) ] ) (4.25)
m, = %ms[z(o)ax(O) - 352(0)] ? (4.26)
m, = tm g (00 m = lm,) ) (4.27)
LI A | 3 .

In Eq. (4.24}, the Zi appearing are evaloated using the extrema equations

for the heavy sectors to zeroth and first oxder:
- 3n wh,z Oz, (4.28)
i “ Med2 1% =% i . :

¥hen one imposes the vanishing of the cosmological comstant condition,

Eq. (4.22) reduces to the following:

T 1 ¥% t 2
i~ L)}
U(Za.zu ) = Eexp(iulzol )[El’ug 1,0 W Z az

+ (ng'l + mﬂzuﬁl.a + h.e.)] 3 (4.29)
where

M w {0) (1) & (1) (0) (1) _a
By = Eq(2y ¢ Zy .20 - Zp R 22,20

The results of Eg. (4.29) are equivalent to the amalysis of [D11], The
analysis of [D11] is carried out for a gepmeral Kithler manifold obeying the
U{n} symmetry and involves two additional mass parameters. The analysis of
[D4] is liﬁited only to the elimination of the svper—Higgs fields and the

heavy fields are not integrated out.
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V. SB{(2)Xy{1) BREAKING BY SUPERGRAVITY

A remarkable aspect of supergravity models is that one may induce the
breakdown of  SU(2)X0{1) gauge invariance throngh supergravitational
interactions [D1] and there exist now many models which contain reslization of
such a breskdown [ses Sec. D of References]. We shall illustrate this aspect
of supergravity unified theories in a tree model, We choose for our

saperpotential gj the following form

1, 3 M 2
8y = II(ETIE + ETIZ )
x

¥ ¥
X ' » L]
+ R BER(g, + 3M'EL VB + 3, 0B A

+8 K M + K WO M+ B (s.1)
uvwxy 1 x 2" ¥ 1

Here Sxy.ﬂx, H*; are left—handed chiral fields in the 24, 5 and 5
representations. M';, and M are the matter (quark-lepton) 5 and 10
superfields and f; and fj are Yokawa coupling constant matrices in the
generation space. The superpotential of Eq. (5.1) has the structure of Eq.
{3.4) in the GUT sector. In Sec. IIT we found that in the scheme of Eq.
{3.4), one bkad three inequivalent minima after spontaneous breaking with
residual symmetries of (i) SU(5), (ii) S5U(4)xU(1} and {iii) SU{3)}XS0(2)XU(1)
corresponding to the three solutions of Eq. (3.5a). Of course the physically
interesting vacua are those corresponding to the case (iii) im Eq. (3.5e)} and
this is the solution we choose for our analysis. Further to guarentee that

the dowblets of Eilgg: ave light we must impose the condition M'=M. On using



Eq. (4.22) one then has the effective potentisl in the low emergy domain in

tke form [D10]

1 2 2 2 2. . . a R}
U= E-Eoima iul”™ + m, " (1492 )(uun +a R

2 e = z.e 3 (0)
- ' Fhl R
Glma (H uH + HQE ) n$5m31 ls.
(O H® + T EA'C) — Smah AU+ (E B + B §'%) + )2 Ul 2(Ea® + 8 7'™)
a a 343 a @ 3 a o
+ ()2 (E’ go)E g P sa _yual ‘s
3) BN EQH'FY] + Uy B* =H® ete. - (5.2)

where E, = exp (4-2Y3). In Eq. (5.2), Uy is the part which imnvolves the

Yokawa interactions of the squark and the slepton fields. In the following
analysis we shall examine only the minima arising from the Higgs part of the
potential in Eq. (5.2) so that the VEVS of the squarks and the slepton fields
are assumed to be zero. Im the analysis of the extrems equvations that govern
the VEVs of the Higgs fields eppearicg in Bgq., (5.2}, 1t is convenient te

introduce dimensionless parametars x and v defined by

U= am /(20501 B = 85%m /({20y) - (5.3)

One finds for the extrema equations then the following

Eiy? + 22y + 2 =0 (5.4)
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S I e T I (5.5)

where
Mo hgigs &y = 343 - 6ar gy = B (5.6)
An examication of Egs. (5.4) — (5.5) show that solutions exist on twe branches
es shown b.elow:
(i} » 2 1.05: 8B{5) —» SO(3}xSU(2)XU(1)} = SU(B)CXUY(l) (5.7

(ii) » - %(1.05): SU(5) —SU{3)XSU(2)X10{1}

5 suef asm@xin . (5.8)

On branch {i), one finds that for a range of values of the parameter A,
SU(2)X0{1} can break spontancously to UY(I}' On  this branch SU(3)¢ is
preserved to all orders in k. On brench (ii), for a range of valuas of A,
SU{2)}XU{1) is exactly preserved but SU{3)¢ is broken. The physically
interesting branmch is, of course, given by {(i). The scale of breakdown of

50{2}XU{1) is given by m_ of Eg. (4.12b). Thus m; most be the size of

s
electro—weak mass scale i.e. O(my), From Eq. (5.3) one finds on usipg the

experimental walone for the Higgs VEV, the result

A
n_ = E(246)60V; £ = ?E ~o(1) - (5.9)
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Additional theoretical input is needed to determinc § which wonld help define
the gravitino mass unigrely. Further, the inelusion of squark and sclepton
fields into the analysis may generate new minima which may lie lower {D211.
Bowever, from the viewpoint of constructing realistic models what is required
is mot that our Minkowskianm vacuum be the lowest in emergy but rather that it
be stnblé against decay into the lower mipima or at least its decay life be
much larger than the observed life of the npiverse. Farther in certaim models
of SU(2)XU{1) breaking it is possible to constroct vacua where the pathkologies
discussed above may be circumvented., Thus in Ref. {D2} T.B. models were
exhibited where the Minkowskian vacnum may 2lso be meade the lowest gtate of
energy and in Ref, [D17] R.G. models ars constructed where rhe inclusjioa of
non-vanishing VEVs of the squark and selectrorn fields de not generate new
minima which lie lowex.

The breakdown of SBU(2)XU{1) discussed sbove is truly indmced by
supergravitational interactionms. Thus the VEVs of the Higgs fields in Eq.
(5.3) eare mnon—zero for case (i)  which breaks SU(2)X0{1)}) dpe to
sepergravitational interactions proporticnal to k. Thus a&s k - o, o,
vanishes and the SU(2)X0U(1) symmetry is restored. We note in passing that the
model of SU(2)XU{1) breaking proposed in [D4] does not satisfy this criteriom
i.e. the breakdewn of SU(2)XIG{1) does not require supergravitationsl
interactions since evem as k -3 0 one has a breakdown of SU(Z)XU{(1} in the
underlying global thsory.

The model of Eq. (5.1) possesses the gavge heirsrchy at the tree level to

all orders in k. At the one-loop level additional comstrsints are needed to
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guarantee the gauge heirarchy [D3,bB7,D26]. As first noted in [D7] the iscop
gauge heirarchy is destroyed in the model of Eq. (5.1) duve to the coupling
strocture AJUH'H [D27). However, one loop stability criteria may be satisficd
by the introduction of =additional multiplets as recently discussed in
[D20,D19].

Next we turn to the stracture of sopergravity GOUIS. The full anslysis of
the particle spectrum of sopergravity GUIS shall be discassed later in a model
independent framework. Here the only mass spectra we shall discuss are those

’

of the phoéino and the gluinos.
(=) :Dizect' Gaugino Masses

The photinc and the gluincos are massless at the trea level. It has been
suggested {D25] that the gravitational radiative corsrections may generate

massess for the gininos due to a term in the supergravity-matter Lagrangian of

the type
g ¥ooiip (5.10)
=X i 4 A .
8 lyna o'

Such 2 term would generate a one loop mass to the gaungines of order

Qlm )A?lﬂpz where A is the unltra—vioclet cut—off i.e. /FMP (see Fig. (3a)}.
4

However, there exists another part of the Lagrangian which is of the form
iy ofP {5.11)
= ¢'F
4A7u° ¥
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gnd its loop contribution {(see Fig. {3b)} camcels the leading O(mg)n?lupz tert
arisipg from Eq. (5.0}, Thes the gravitztional loop corrections do not
appear to generate significant loop gaugino masses. (A similar conclusicn
apperrs in Ref. {E187}. Actually a source of significant "direct” gaugine
masses 1s due to the exchange of heavy fields of the GUT sector (see Fig.
(4)). “The relevant interasctions thus involve the conplings of the gamgipos

with GUT chiral multipfets, The basic isterastica is

° a
o -a T .a _b.a _ e, T ,a
Lige = 181X (g1 20 - VT, (37 X (5.12)

The gaugino mess matrizx (for the exchange «f real representations) is

determived by

E -
B o= —2m © (5.13)

16ﬂ2 g
ebere © = CD{E}/D(A), C is the Casimir, D{R)} the dimensionality of ibe

representation exchanged and pla) is the dimensionality of the sadicint

representation. (Whesn the exchanged representation is also adjoint e.g. Ayx

is & 24 of SU(5) ome has T = €). Eq. {1.3) follews ifrom Eg. {5.13)
{E6.D19.D17). The exchange of quark and lepton multipists do not generate any
significant cantribntions to the gaungine masses. Theix combizned
contribuitions sre typically less thaa a GeV [EG,. L1817,

Photino masses Enter smperisntly in cosmological soasideriions.  Thr mass

Jarsite of the unioerne B0 v TDRRS PR T A S S

A lower bound on stzble heavy—npeutral lepton masses arises becauie the cosmic—
density arising from these particles cannct erceed the current mass demsity of
the universs [E19]. It has recently been reinted out [ELT7} that Hlj;rana
fermion anpibiletion rate is P-wave suppressed. This affect tends to increase

the lower bonnd on the cosmologically allowed phorino masses compare& to the

‘conventional lower bounds of 1-2GeV. Ths lowsr bound of ﬁT of 7 GoV was found

in [E17]. Similar cosmological comsiderations can also be carried out for the
Twilight Zino showing that it cannot be the lowest Iying odd R-parity fermiom.
(b) .The p Parameter

In the electrowsak theory the parameter g is defined as the ratio of the
peutral current to the charge curzent Fermi couplings. In the SU(2)XU(1}
theory with doublets of Higgs p=1 at the tree level. However, deviations from
writy erise dme to the clectruweak locp corrsctions. A significant source of
contribution to the p—parameter was pointed ovt by Veltman [E20] &5 arising

from the mass—splittings of the third gemezatiom (t,b)} guark doublet.

? {(5.14)

G
3 G
Ap = Fa
e = {3 on? B

which mppears toc set an opper bound on thke top goutk mass of ~0(400) GeV dne

to the experimental bound on p [E21]

p = 1.01 + 0% [Ssperiment] - (§5.15)
T 3. ilws imfescibirg L7 fmveeiignte what Pl osiaiwe Gf tre p oparameier iz In
supargryvity GUT thaories. A4 full apaly:? et p for T.B. BSupergravity



In order to get a rough idea of what these ecquations imply we oLt
neglect the gauge coupling terms of Eq. (6.7). Then Egs. {6.5)-(6.7) can be

solved analytically. Thus Eqs, (6.7) and (6.8} yield

=]
-

L = g A = I%— i Elt) = 3 t/n

T (6.9}

E

where a,, A

o 4%¥e the top coupling constamts at the GUT mass M. (A, is

o

determined by the choice of super Higgs potential e.3. A°=3~q3 for the Polony
model) To solve Eq. (6.5), it is convenient to expand ¢ in terms of the

cigenvectors of M i,e. ¥ = cq¥y + Ca¥%y + C3¥3 where

Mpy = 69y Mpy = 0 = MP3r @5 = {1,-2,1), 93 = (L.0.-1) - {6.10)

2 2
Since at the GUT masses the tree boumdary conditons hold, my eI and my

t t
2 R L

sll equal mI there and hence one finds

cw =2 ? By e =05 g = - 3m (6.4

1 7z 1% 3% 177 2 L 77
which yields

2 12 2 o 12
my =3¢ 7ug ! m;R = 2€;3 m;L =€+ gy (6.12)

we see that for the physical zange of & (-« ¢ & £ 0) if Cy(E) > O (li.e. Aoz

vy el tov lezse)  The sgussd macser wo N T can wever URLG negative.
TR L.

Lnwever, the Hiegs rass movscly esn ftor & suffiziently megeiive) signailiog
the breaking of SU(ZIAU{1). Using ¥us. (6.47, (6.11), (6.12, and the fact
that at the minimum of the effective potential ht = mtfv' one fimds the

condition on the top guark mass my to be:

- t 4ﬂ2 1 2B

R SR f1 - . = , 1 4 (6.13)
[(A, +2B-3) +4B(3»B)]E+3~A02

where v = 177 GeV, B = 1-—sz/mg2 and t, = In{p,/ M). {Ome has p, = My and M~
3x1016 gov.)

It is interesting to trace the origin of the abovse spontaneous breaking.
From Fqs. (6.6) and (6.12) one sees that it is the mixing of the Eiggs mass
with the squark masses in the P—function matrix M combined with the boundary
conditions st the GUT mass that allows mnz to turn negative. These boundary
conditions are wnigue to Sopergravity GUT theories and kave no known znalogue
in global SUSY thecries. {The boovndary conditions relate the gravitine mass
to SU(2)XU(1) phenomena. The additional soft breaking term proportional to
Atz (also unique to Supergravity GUTS) aids the SG(2)XU(1} breaking, but is
not the dominant effect .) [In fact, if A, is too large ﬁtgz turns negative
destabilizing the physical vacuum as can be seen from Egs. (6.11), {(6.12}].
We also note from Eq. (6.9), Ay is reduced at the low energy regime from its
GUT value A,, though not dramatically so, amd so t—squark soft breaking terms

may have interesting physical consequences at low energles.

For the Polony choice A, = 3 - {3, Eq. {6.13) requires that 80GeV £ my £
115 GaV. The gauge couplings of Eq. (6.7} temd to inhibit the spoataneous
breaking and if these sre included ome finds [P17,D18] (for general A,) that
100 GeV & my £ 195 GeV. Finelly, if one includes the direct gavgino mass
torms #, they tend to aid the bresking of 5U(2)XU(1) and ome has the lower

bound [D16-D18] m, 2 55GeV (in the limit B, > =).
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while for the renormalization group models of Sec. VI, @ ~(u/ms) iz small and

™0
' and A" do not eneter i,e. Bga iz,7%, (2_') a 7.8

T% are the group penerators and Z® are the scalar chiral partners of the »,

and {tii) the direct gangino masses of Eqg. (5.13):
{R.G.) a ~ 10°-259; plmg (< 13 2% = 0 = A" (7.5)

_ L, =- %i“ﬂq;,“ ; (7.9
{though recently an R.G. model has been proposed [D26] with a = 45°, p ~ ng

and A' = @ = A*). Thus the formalism is broad enovgh to desl with all cases.

We consider first the fermion mass matrices. In the low energy sector, {a)} Charsed Gaygino-Higgsino Fermion States
the fermion fields sre (a) the SU(3)XSU{2)XU0(1) Majorana gauginos The charged fermion fields, A =(A'-i xzwlz aud the charged HMiggsinos i,
{r () (r=1...8), al(x)(i=1.2,3), and A%(x)I, (b) the 1.h. Weyl Eiggsinos ﬂ'l can conveniently be re—expressed in terms of two Dirac fields

[Ea(x),ﬁ'n(x), e=1,2] and (¢} the nentral Weyl spinor of the T multiplet
[(x)). Fermi mass terms arisc from three possible sources: (i) From the Py = Ap + 15t Py = A, ¥ iﬁ'lc (7.10}
superpotential [see Eq. 4.5)):

where l‘R L are the z.h., 1.h. components of A. In the two component space
,

L =- Y(a-geff' ab 3 4 (7.6} lagbeled by ¥, = (9,99}, the charged mass matrix is

where »® are the Weyl spinor compoments of the chiral multiplets, {ii) From

' 1
the gaugine gauge interactionm: Mo~ g, + KTy - %(u + ﬁz)rl + iTZYj f(” - mz) R (7.11)
= _ 3@ - where T, are Paunli matrices in @ space,
L Mom Xt + Rue. 3 (1.7 &
where wlzyf,_ = Mylcosa * sina) {7.12)
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and B, ?Hylfﬁsinzuv) whore 5Y is given oy Fys. (1.3 ane (5.137.
One may earily diagoualize Eq. (7.11) by an *isctopic” and y5

transformation yielding the following mass eigenvalumes and physical fields

[E9.E7,E8]
1 2 2.1/2
B = glan” o - mpP Y e s quaph V2 (7.13)
and
¥, = icosy_ N sisiny, ﬁ'ic = simp Ay + cosyhp
V_ = —ininy_ﬁl - dcosy, ﬁ'lc - cosy_Ap + siny Ap (7.14)
whera
tan2P = (pFHy)/(2¢+}: v+ = B, * B (7.15)
i ' ~
e equation for a_ holds for sinlu z_pgzlﬂwz. For sin 2a < pmlewz,
'} is replaced by YSW_.
Note that Eq. (7.13) implies
8,8 = |sinzag® - piy (7.16)

-
and thus except when Py is large, there is always one Wino, W_ with mass m_

{My. Such a particle may be considerably below the W.
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{b) Neutral Geuging-Figgsine Fermioy Siate®

In deeling with the neutzal gauvgino and HiggsinSu la, 7, ﬁl' ﬁ’z, 0 it

is convenient to introduce the following Majorans combinations:

AT = sing, L cos0,2°

2P o= singy, A0 - cosGwls

L= i[cosalilZ — f2¢) - sina(ﬁ'z - ﬁ'lc)]

n = -i[sine(i2 ~fr,°) + cosalllry - i,

w= il - . (7.11m
For this repressntation the direct geugine masses are

#, = cos?0 %, + sin’e @ = 1.5&

ﬁyz = cosewsinew(ﬂi—ﬁz) ~ ~0.4OEY . (7.18)

The neutral mass matrix [E7-E9] is in general 5x5 for T.B. models and 4x4 for
the R.G. models [which contains no singlet field f(x)]. In the basis ¢ =

(xY,2%,E.n.u) one has
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&l &, 0 0 ]

b ¥z
ﬂyz i, M, 0 0
"= 0 M, psin2a pcosla 0

[} 0 pcos?a -psin2a p'

6 0 0 u' n* . (7.19)

where [from Eq. (7.2)) p" = A7 (v2 + ‘2)112 and p* = A"(O>.

One may of course diagonalize Eq. (7.1%) numerically. However, from Eq.
(7.18) onefsees that the gaugine mixing term ﬁvz is small, and neglecting this
effcc% allows cme to separate out the photino eigenfield Ay with eigenvalmue

e

# . Fuorther, in currently interesting models,
i

12 cos’za << M,? {7.20
(e.g. for T.B. models p ~ M, but o = 45° while in R.G. models g ~ 157 but p ~

M./5). In these approximations, Eq. (7.1%) has the esigenvalues H; and [E9]

2 1 2.1/2 1 .
Fpo =M+ E(psin2a -%)7] E ~ i(psznla + 8 ) (7.21a)

1 . 2 2.1/2 1 R
By 4 ¥ [I(ps1n2a +p*)" o+ 7] 2+ zlusinZa - p") {7.21b)

(Detailed numerical analysis shows that the esbove approximations are quite
good except in the R.G. model when there is an accidental degeneracy of light

masses i.e. when psinle = -f,.}) The coxresponding eigenfields (neglecting 511

bot mot peos2a) sre AV and Z(yy (k =+, -, 3,4,) where ¥, = (3*.{,n,0) and
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2
Z(k) = (iyg) x Z?iNika—l: 8, =0 =2y, 8_=1=aq T (7.22)

Here
Bix = My Bp Nox = Oy - @)
Ngy = pcos2afiy - ,)1 kg = Mg + psin2a - u'zf(lk - u*)
Ngx = ncosle(ay -8 )pn '/ (Ap—p"}
222 2.2 , 2 2 2
D=l X"+ G - w) R+ wTos 2a(t + b 1}
z k -3 k .
(lk'-p )
and
Ar o= Ay, Ay = -fiz. Ay =g (7.23)

The elgenstates have different properties in the different models., In

the T.B. model one sees from Bg. (7.21a) that agein ore genmerally has one Zino
state, Z(_), lying below the Z boson i.e. f_ { M, and indeed can lie
considerably below the Z. Note that this value of {i. 1s indepdendent of the
details of model i.e. of p* and p®, In general F3 4 are relatively heavy. In

contrast, in the R.G, models (where p' =0 = p") p and e are small e.g. psinlea

= 10GoV so both ji+ are relatively large and cluster very nesr (one zbove, one
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bolow) the Z. Fowover, W3 = |usin2al is quite light and well below the Z. We
will refer to 5(3) s the *Twilight Zino®, as it couplas strougly to the Z

boson but very weakly to ail other matter

{c) BSquark and Slepton States

Associpted with each Weyl fermion is a cemplexr scalar field e.g. for the
first fmi.ly of guarks and leptons, HL» Hps dL' dR' ej, ep. ¥y, wTe the scalar
fields v, %y, &, dp. L. ¥R P- Neglecting the small Yukawa interactions,
these fields are in fact eigenstates of the squark and slapton mass matrices,

and one finds for the mass eigenvalues [F9,E12]

am 1 2
"’F m 'i-canuMz

1 2 2
By =n + (E sin ()',)r.:osz::r.Mz

L 8

m =m 2 + -1n?’e cos2gM 2
B w z

2 2 1 2. 2 2
muL = mg - (f - -3-3111 L] JcosZaMz

z 2 1 1.2 2
ma-L “m o+ (3 - gtin 6‘)c032qﬂz

2
n = m L. %sinzo cosleM,
w z

n ? mm? 4 2sin?e coszam 2 (7.24)
d g 3 w z
R
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which reduce to the results of [D17! for small . In the E.G. models a ~ 10°-
259, and so the factor cosla makes some correction.

In the T.B. models with a=45% the D term contributions proportional to
Mzz vauish. If ome includes the Yukawa interactions, they produce a 45°
rotation in the squark =znd selectron states i.e., the eigenstates become gy =

(o £ ER)NZ etc, The squark and selectron messes then become [EL,ES5,D11,D15]
wEn? - aly 4wl 2 pupg

M(!'_-'_-)z = m(ai)z: mz-p = mgz . (7.25)
where Mg is the quark mass and B is & model dependent parameter of O(1). Thaus
there is & small splitting of squark masses between generations produced by
the Yokawa interactions proportional to the quark masses giving zise to a
netural suppression of flavor changing neutral currents. All the squarks and

selectrons are nearly degenorate with mass ~ mg = D(MW)‘

(d) Biggs Bosons

All models contain one pair of Higgs doublets and hence 4 complex or 8
real scalar fields. (The 7T.B, models contain two additionsal real scalar
fields from the ﬁ moltiplet.) Three of these states are massless Goldstone

+ and 2° bosons, leaving 5 (or 5+2) massive real

bosons absorbed by the W
modes. ‘The general anslysis iz somewhat complex, and we summarize here some

of the moro important features.
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(1) T.B. Models

The 7 modes rearrange into one charged state of mass
nge? = Wy? + 200+p30a? (7.26)

one noutral state of mass

2,42 2, 2
mgo” = My~ + 2(1+B3")m, (7.2m

L]

»

and four additional neutral modes mixed by the couvplings A' and A* of Eq.
(7.2) [E5,D11]. Im Eqs. (7.26), (7.27) By is s model dependent parameter of
0(1), and so these Higgs bosons lie above the W and Z bosons [and probably

considerably so for m, ~ O(Hw)].

(i1) R.G. Models
Here the couplings A’ and A" of Bq., (7.2) are zerc, and the 5
massive modes arrangs themselves into three neutral Higgs mesoas E°, B°(1 2}

and one charged meson Bi with masses givea by [El]

" 2
2 _ mog 1 z
B - o= z[mﬂz- 500520.—2] (7.28)
H cos a M n
g
2 1 2 2 2.2 2 22 1f2
l!uo = f[(mz tm ) & [(Mz tmo ). !.(cos').u)mﬂo L 1 (71.29)
{1,2)

AR

= u ‘“nuz (7.30)
{These expressions reduce to the results in [D17] in the limit a -> 0.} We
note that Bg. (7.28) requires
2

= > -]i' eosla sz % 60 GeV )2 (7.31}

to prevent the HY mode from becoming tachyonric. However, if L is not large,
,
it is possible for H® and also EO(Z) to be quite lowlying. Such peutral Higgs
L3
bosons if prodmced would decay into hadron apd lepton pairs and hence might be

detectable st current accellexators. The remaining two Higgs bosonms, g% and

H"u) lie above the W end Z bosons respectively.
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4
VIif. SUPRRSYMMETRIC SECAY OF % anp v Bosovs

The Wt and Z° bosons interact with the gauginos ard Higgsives by stantarzd
SU{2)X0(1} gange interactions, Having found the fields Tepresenting the
physical particles of the theory inm Sec. VII, one nay eliminate the elemcntary
fields 1n.terms of them and calculate the vertices for the physical decays of
the Wi and Z° particles. There sre four interesting supersymmetric decays of

these voctor bosons,
' ’

. + -t
(1} ¥ -» ¥ + ¥ [E4,ES,ES].
This decay is energetically pessible provided

8_ + i ¢ {8.1)
_ + o, < My

and as we have scen from Egq. (7.16) the lower Wino mass H_ obeys #, ¢ My
almost always, and so this decay can occer ir almost all models. The

interaction governing the decay is
- « 1 )
wa? = - g 171"[sin1+P+ - cosT_P_]W_Wil + h.c. (8.2}

whers Py = (1/2}(1%y,) and ys is given in Eq. {7.15)

(ii) z° = ¥'_ + ¥_ [B5.F9,E12]

&7

This mode requires

2. < My (8.3)

and since a light Wino is expected in all models, it is energetically feasible

iz all models. The vertex interaction governing the decay is

. Lzwg = — ¢ Wabla,p, + AP )W 2, . (8.4)
where
A, = cotewsin27+ + cotl0y cosly,
A = cotewcoszv_ + cotlewsinzy_ . {8.5)

(1ii) ¥ - ¥+ 22 [m9,m12)
This mode requires
B+ My (8.5)
where the Vino and Zino masses &, fi- are given in Egs. (7.13) and (7.21a).

The mode is feasible only in the T.B. model, for as discussed in Sec. VII onl}

there can the Z_ be tight. For o = 45°, the decay vertex is given by
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= ie N gj Ten +
Leiz = :;il':tﬁ‘v Y W—Wp + h.c. h (8.7}
where
A = cosysin(p, + 2)0 L% 8
= cosBysin(p, + 7)0,, *2“ sin (B, - 00,, (8.8)
and Oik = Niklnk is given in Eq. (7.23).
(iv) 2° 3 Z(qy + Ip3) [E9,E12]
Here one requires a light Twilight Zino with mass
23 < M, (8.9)

and hence this mode occumrs in almost all R.G. models {(but is energstically

forbidden in T.B. models), The decay vertex here is

e W2 2
172323 - - m[cusln{ (023) - (033) }
-2sinZe0,.0..1Z (37 ysz z . (8.10)

The above decay interactions depend only onm the mixzing angle a of Eg.
(7.3), the parzmster p of Eq. (7.2) and the photiro mass M. For the R.G,
model, & and |.|l determine the Wine and Twilight masses (2 and f3) while in the
T.B. model o = 45° and p determines @_. Thus for fized choices of @, §3 and

ﬂ.! one obtains umique predictions for the decay rates. Cheracteristic results
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are given in Table 1. The remarkable feature is the largensss of the
supersymmetric brauching ratios, particularly the Z° - #* + W which are of
*indus*cial strongth® size in all models! Tn ordex to sce what experimental
signals these decays give, it is necessaxry first, however, to examine the Wino
and Zino decay modes.

The ¥_ decays proceed throcgh intermediste squark, selectron and ¥
states. The diagrams governing W_ decays are shown in Fig. § with the

following decay pxocesses possible [E9,E12]:
1

o}

LA T T

7_"--—)1]1 +Ei+

-2}

Vro vy (8.11)

2

Here § = gluino, l,+ = lepton and u; and d; stand for uwp and down type quark (i
1s a generation’ index.) The interactions governing the vertices can be

calculated nsing Eqs. (7.7} and (7.8). Thus the VWino-quark—squark vertex

—1i0 e o= — ac
W {-siny GP W d, + cosy dP.¥_ ¥, 1 + h.e. {8.12)

and the gluino—quark-squark vertex is

r
t _ -~ -
quq = igS(T}ij [uiP+lIﬁJL + diP_'_lrdjL]
+ 133( ) [P, u &P xrﬁjl] + h.c. (8.13)

where J\r(x) is the Majecrana gluino field and t¥ the SU(3) matrices. In
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gencral there is 2 significant amount of interference between the ¥ and squark
(end W and selectron) poles which must be taken into acconut, and the glwino
modes are strongly reduced due to the gluwino mass in the three -body phase
space.
A similer set of sgexvk and selestren peles lesd to the following Zine

decey modes {Sce Fig. 6):

Z 5 ugtap) ¢ oa3d) 4

2.5 np{dy) ¢ udy) + 7

FARECEE A A : (8.142)

- + ~t ~
In addition, the W pole dizgrams can lead to W fimal states, since the V. is

lighter than the Z_:

Z 5 oudH +d ) + T L

25 5,047 + a3 + BT . (8.14b)

Finally we note that the Twilight zino decay is via the squark and selectron

intermediate states:

Zigy 2 npap + ;@) + 7
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=3t

2(3) 5 1t 4+ 17 4 (8.15}

The decay branching ratios for the i‘;‘_, Z_ and is dre given in Tables 2
and 3 for two velunes of photinu mass !U_Y = 2 ana E«i = 7 Gs¥. From Eq. (1.3}
one sees that the glunino finei states zre energe tically forbidden for the
heavier photino cheice, reducing some of the had-onic branching ratios,

Combining Tabie 1 with Tahles 2 and 3 leads io ths branching ratios given
in Tables 4 and 5 for varioms final states in the supersymme tric decays of the
Wi and Z° bosons. Agzin we note the largencss of some of the decav modes,
particuleriy in the Z° decays. Theic are a number of significant exerimental
signals, some of which may be detectable now at the CERN jp Collider or st the
e¥e” SLC and LEP machines. These fall inte the fcllowing general catagories

{a) U¥O Events

These are W gnd 70 decays into 1 or 2 jets with umbalapced high Pl

where "unidentified fermionic objects” (UFOs), i.s, the rhotisos, take away
missing P with no additional leptons present. Events of this type with one
relatively broad jet Fig. 4a (arising from two quarks in a relatively slow ¥
and Z hzdronic decay) come from W = (¥ — jet + ¥) + §. [E4,E8,E9] while
events with two broad jets Fig. 4b in opposite hemispheres come from W — W+7F
and Z — ¥+W decays where the Winos snd Zinos decay hadronically [E9]. One
expects that most of these events will have a large missing ?- ¥e sz2e from

Tables 4 and 5 that UFO events occur with sizable probability even at the CERN

Pp Collider in all models and will be particularly prominant at LEP and SLC.
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The two jet UFQ events given the stroanger of the twe signals (particularly for
the T.B. models). At the Fp Collider 2 jet events possess one possible
background, i.e, gluino pair production p+y - §F+f. though this process
becomes negligible at CERN for gluino masses greater than about 70-80 GeV, Sce
e.g. IF5] pg. 252. (In any cvent the discovery of a gluino or Wino would be

equally exciting!)

(b) Lepton-Jot Events With Missing p]

.These events arise from W = ¥ + Z or Z ¥ + ¥ where ono "ino*
decays hadronically and ome leptonically. [ES]. One expects, therefore a
lepton in one hemisphere, and a broad jet inm the other with missing B} {Fig.
8). Ve estimate that 30-40% of these events will satisfy the experimental
Pleice > 15 GeV out, and in the T.B. medel romghly &t = rate 15% of the W
ep events at CERN. A possible background for this process would bte heavy
flavor prodnction e.g. top guark pairs [F6). However, Fig. B differs from the
t—quark signature in that there will be mno b guark decay debris, snd there

~

shonld be additional missing r} from the 7 arising in the badromic decay. We
pote alsc that the appearance of events such as Fig. 8 at the pp Cellider
would argune in favor of the T.B. models, though lepton—jet events should occur

in 81l models at SLC and LEP from Z° decays.

(¢) Exotic Leptonic Decays With Missing p]

As can be seen from Tables 4 and 5, supersymmetry predicts a number
of purely leptonic exotic W snd Z decays with small but mnon-negligible

branching ratios [E9}. Thus zl1 models predict a sizable deczv wate for Z =

f+1 + f—z + neutrals (where fl and fz may be in differont familles). The R.G.
models predict Z =¥ !+1 + f"i + f+2 + t‘z + neutrals {from the Twilight
decays) while the T.B. models predict w3 f+1 + #2 + 5 + neutrsls. If
exotic decays such as these exlst, they could presumably be observed at LEP or

SLC.

{d) The low energy effective Lagrangian contsins interactions of W and Z
with sleptons, Whether or not the corresponding decays of the W and Z occnr

depends on the slepton mass spectra [E25,E26] .,

Branching Ratio (fraction)

Tree Breaking Renormalization
Group
Dacay ﬁi.v = 2GeV ﬁ.y = TGe¥ E.! = 2GeV E.y = 7Ge¥
v ¥W+7 .51 48 .35 .32
"o W+ Z 1.88 1.63 (] 0
° 5§+ 7.14 6.47 4.53 4.45
o -~ ~
z"% = Z(B) + z(3) 0 0 1,31 1.32

Table 1, Branching ratios for the superszmmct:ic decays of the W and Z
bosons (relstive to W — ey apnd Z - e € respectively) for the tree
breaking model and rencormalizationm gxoup model. Values gquoted are for
¥Wino mass of 30 GeV, m :-ﬁﬂw and Zy3) mass — 9.5 GeV for two values of
the photino mass . ﬁesnlts of this table and of the following tables
are taken from Ref. [E9].



Branching Ratio (%)

B, = 2 GeV @, = 7 GeV T
—— — S Branching Ratio (%)
14 "ty 21.8 26.2 Decay " - 2 GeV VE;’:‘E;,
Fon- ¥ 78,2 73.8 - A
- W - '1‘;1&(%?_) h + §) 44.6 35.1
Z-)1+y1+w 0.4 11.5
- W 5+ (W 14 + ) 12.5 12.5
ZomeW 1.2 33.0 ¥ Py
- w—)ﬁ+f—)(1+y1+7)+
Zs1+1+y 1.9 16.0 (b + %) 41.2 50.6
Zo n+y 96.0 36.1 w«)(W—)11+g1+7}+
= 15+1; +9 0.8 8.2
Table 2, Branching ratios for Wino and Zino decays for tha tree breasking W (W h o+ ¥+
model for two photine masses. 1 means ¢ or g leptons and h means (Z > 1+1+ 7) 2.9 19.3
hadrons. The znalysis is for mp = My,
W+ 9+
Zsn+p 14%.1 72.8
Branching Ratio (%) Z- (W> 1+ bt o+
(W = b+ 73 243.7 250.6
£, =2 GeV EY:TGGV
" ze(ﬁ—>11+yl+~,)+
F > 1, + + 34.0 44 .6
Vo 1vy +5 17.6 20.9 2t h
§ 2 W h+q)+
> b+ 82.4 79.1 (Fon+p 436.4 352.2
Zigy > 1t e 14y 21.6 34.7 _
. Table 4. Branching ratios for ¥ decays relative to W > e + § and Z
2(3) -~ h+ ¥ 73.8 65.3 decays relative to Z = e¥ + ¢~ for the troe bresking model. 1, 1,, 1,
stand for e or y leptons and b for Thadrons. The znalysis is for
2(3)—)h+1+y1+i‘r’ 4.6 0 mg:w‘zmw_

Table 3, Branching ratios for Wino asd "Tilight Zino" (Z(3)) for
renormalization groop model for two prhotino masses. 1 means e or n
leptons and h means hadrgns. Wino decays are for mg = 150 GeV and the
Zy3) decays #re for my = Y2My.
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Branching Ratio (%)

Decay iy = 2 Ge¥ H, = 7 GeV
¥y ({F=2n+m 29.1 26.2
¥ ya (W= 1+ + 9 6.2 6.9
Z 1+ +9 4

(F 5 n+ 7} 131.0 147.0
Z Ty +p 7T

(g + 4y + ) 13.9 19.4
Z @oan+y) +

(F > n+9) 307.6 278.4
25 gy >yt

ZGy 2 13+ I3 + ) 6.1 15.8
23 2y 2 1+1+1 4+

(2(3) = h + F) 41.9 59,6
Z (Z3 > b+

(Z(3) 2 b+ 7} 71.5 56.2
Z—)(Zta) - h+"-i) +

(Zy3y 2 b+ 1+ g+ ¥} 8.8 0

Table 5, Branching ratios for W decays relative te W — & + ¥ and Z
decays relative to Z -3 et + ¢ for renormalization group model. I, 13
1, stand for e or p leptons and h for hadrons. Braaching ratios through
the w:]m’ poles are for my = 150 GeV and thromgh the Z 3y poles are for
m =

B

My
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IX, CONCLUSION

%1 Sppergrevity wunified models gencrate 2 dynamical unifileation of
electro-weak and supergravitational interactions. There sre a large number of
predictions of such & pnification at low energy. The theory predicts an array
of new particles, photino, gluimo, winos, Zinos, Higgsimos, sleptons, and
squarks, with characteristic mass scales governed by the gravitino mass mg -~
0(“?1)' Of these the lighest particles are expected to be the photinmo, the
wine below the W boson and the Zino below the Z boson and hence they represent
the best chance of being discovered at current emergies at the PP collider.
The best chance for discovering the selectron and the snentrine would be at
LEP or SLC.

A number of other theoretical comsequences of N=1 Supergrevity unified
models hsve slso been investigated recently. These models suggest possible
additional sources of CP violation and could generate contributions to the
electric dipole moment of the neutron and the electron which are clese to the
current exzperimental upper bounds [E27]. VFurther, the zocent experimental
lower limits onr the proton decay [F7] require an assessment of the
conventional grend unification program [F7], while further theoretical"
analysis of Supergravity GUT predictions for the strange decay modes is
needed. Finelly N=1 supergravity models appear to fare better than the
ordinary GUT or globally supersymmetric models in allowing for acceptable

inflationary scemarios of the early universe [E28].
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NOTATION

Secs.+ VIT and VIII use the Lorentz metric diag nnu = (-1,+1,+1,+1) and standard

left handed Weyl spinors (projected by 2= (1 - YS)/Z,Y5+ = VS). The discussion

of the supergravity - matter couplings, Sec. II and App. 4, are in notation of [C4]

and [C7].
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APPENDIX A

In this appendix we shall explain in detail the steps needed to construct
the Lagrangian of locally supersymmetric grand unified theories {C8].

We comsider the coupling of supergravity with the minimai set of auxiliary
fields to the gauge vector multiplet and to an arbitrary number of scalar
multiplets, (which are representations of the gavge group) and where the full
Langramgian must be locally supersymmetric, and locally gauge invariant. For
simpliclty we assume Eq. (2.21) to hold. The final result can be obtained by
different<aquivalentrmethods. "Qur amalysis here will be carried im terms of
the component fields of the supermultiplets, using the rules of tensor
caleulus for chiral [C3] and vector multiplets [C2]. The supergravity Lagrangian
[C1] is given in Eq. (2.1) where the fialds Au and u are auxiliary.

This Lagrangian is invarient under the follewing supérsymmetry transforma-—
tions:

r 3

= KeY lbu

-1 AV 1 X
2¢ Dp[m(e,w)]e + iYS(cSu - gvuy )EAV + SYM(S - 1Y5P)€

=23
=
i

_ 1 -I— . u K- VoK in H
SSS =3e cYuR + 125y5wvA Ee(s + 1}5P}Y wu

- _ i -1- H K= v Ko, s N
8P = -3¢ EYgY R ¥ eb A’ + ZEYL S + iy Py Y ‘(A.l)
. _ ai -1 v 1w Y 1
OSAU = 33e EY5(5U EL )Rv + Kev (buAv vaAu)

- el PRUrLRR RO R o Byl
L L-‘\'DUQYS* YA 4+ 13{_*,5(5 1'-3E‘-



where £(x) is the supergravity parameter. The Lagrangian for the vector
multiplet (defined in Eq. (2.10))} in the Wess~Zumino gauge, and with a normalized
kinetic energy, when coupled to supergravity is given in Eq. (2.20}. The

expresslon appearing in Eq. (2.20) are defined by
v = V% (0%, 0%

%, 18] = 248%8YpY
(4.2)
- o

CL
F‘LN = EHV\, - avv

23

+ g fBYgBYY
" o uv

DURG - Buka + gafaBYvﬁkY + %wurstSAa + igAuYSAa X

CRAE RN
where By is the gauge group coupling constant, and TGIZ are the gauge group
generators (The TCL here is normalized, similarly to Pauli-matrices). The

Lagrangian of Eq. (2.20) is invariant under the supersymmetry transformations:

o = a0
= X
Gsvu EYu
o _ Mv=mo 0
dsl a3 eFuv 1Y55D (A.3)
A N
GSD‘ = uieY5ﬁ)

The supercovarlent quantities Fudland Dpku that appears in {(A.3) are related

to Fuva and Dula defined in (A.2) by

O o K, o -
Fo = Fuy - z(buvvk -y

"
‘\./1
3%

L

] o, K, BV, @ a . (A.4)
= L D
Duh Duk +5(a Fuu + 1vg )lIJu

The lefr-handed chiral multiplets 1? are defined in Eq. (2.9), and under

supersymmetry transformations the component fields transform as follows:

a - a
652 = ZERX
a a s.a
65x = ne + Pz €2
s p = 2E 5 - 2’ s (A.5)

where
= l'(u*e: - ife )
I ER 2

% = 3 z% - a
%y " KX

N
Dx® = IDle,d) - $58 Ix* - 502 - G0

IS WL

From the multiplet I% we can conmstruct a multiplet of oppesite chirality,

denoted by

= iyt L ) {4.7)
L, = (D (Z_s%y00,)

where

z =737 = a® - B (4.8)

(Aa.6)



ay =F o-ic . (A.10)

In (A.9), C is the charge conjugation matrix, and in what follows uppe: und

lower indices will be used with left- and right-handed multiplets respectively,

To construct a 8auge invariant interaction we need the rules of multiplers
multiplication, which are
1) Two multiplets of the game chirality when multiplied form a multi-

plet of the same chirality;

zl . zz = (zl,xl,hl) . (zrxz’hz) = (2122, 21)‘2 + zle, zlh2

=C
+ zzhl = 2X1X2) 4 (rA-].}.)

This rule, for chiral multiplets with Weyl-spinors, can be obtained directly from
superfield multiplication as given by Salam and S$trathdee [A2], or indirectly by
using the Wess-Zumino rules for multiplets wirh Majorana spinors [Al]l. 1In the
later case we first write the rule for multiplying multiplets with left-handed
Majorara spinors (which reads exactly as in (A.ll}bufummiixz replaced by §1X2L)9

then from each two independent multiplers with Majorana spiners, one multiplet

with a Weyl-spinor is formed and rule (A.11) is deduced.

{(2) Two multiplets of opposite chiralities, when multipleid symmet%ically,

Blve rise to a vector multiplet:

o ot
El % Ez = 2(2122 + 9221)
o (L% B B e _ kg E. a ¥ -
GR2p M, - 26D, - b2, 70,2, - 4,57, - Y X

73

%* PR = .
hlhz - zD 7 - xlmz) + 12 (A.12}

Hote that the spinor components & and * of the multiplet in (A.17) are both

Majorana as is required for vector multiplets, To derive Fn. (A.12) we start with
the symmetric product rule for multiplets with Majorana spinors as given by Stelle
and West [C2] (this reads exactly as KEq. {A.12) but with XC replaced with ¥), then
as before, from each two independent multiplets with left-handed Majorana spinors,
one multiplet with a Weyl spinor is formed. However, in this case the anti-

symietric product rule for two multiplets of opposite chiralities, with

Majorana spinors, is alse needed. To see this let A, A, A’

10 Ay A Aé be the lefe-

handed Majforana multiplets, and

.= A+ 1A

1
3

o + by (4.13)
then

1 1‘ _r -~ L] T _ , T B 1
E{Zliz + 2221) = (A1A1 + A2A2) 1(A1A2 Alhz)

The antisymmetric product rule for multiplets with Majorana spinors reads -

= _ At _a at
by oa by B30, ALY
i % * T * -
T GRTp T Xy F P TRy g2 0T, + 2D 2, X1L¥uXon?»
* Nk * TR - .
i - D Z.DZ,~ ¥,b -1+ 2 (A.14}
BaXyy, + BeoXypa il by - D 2D 7, - X8 ))

14



(3) The product of two vector multiplets is a vector multiplet: Equation (A.17} simplifties greatly in the Weos duming gauge (C = & = v = 0):

2
. = . o
vyt v, (Cl,El,vl,Vul,xl,nl) (cz,gz,vz,vuz,xz,nz) exp(ga\i') = (1,0,0,gavu,gu7\,gaD - Tvuvu) . (A.18})
= e, cE,,cv, - 2E £ cv -3 ided by th 1 ling of global £
2°1°2,"1%2°%1 V2 251R° 2L C1Vp2 T 1YUY5£2 N Guide y the vectar-scalar coupling of globa supersymmetry, we form the
(A.15) gauge invariant interaction
_L 1% 1
Cyrg = FBCE, + g8y + ¥y ey,
1 a b
- - z{zla exp (guV) bZZ + 1+ 2) (A.19)
1 Mo, L*x =z 1
c - - = —_ - st
s 122 EDuClDuCZ 2Y¥2 Y 3V2 E14; - 252%51) +1le2
the zbove expression is gauge invariant because under group transformations
where we have:
v =K+ iYSH 2 Qabib
. K
= b
DC = 30+ T vl (A.16) £, > 0™ (A.20)
~ ~ ~ a -1,%a ¢ =14
DE=D .k s L expleg V)° + (@ ) ¢ explg V) (0 )
)5 u(us(e,lb))i 5{V + 1y BC g, - A YE . @’ b a4 b

) where 2 is a chiral left-handed multiplet whose components are parameters
By applying rule (A.13) we can evaluate the component ferm of the multiplet b

for the roup transformations.
exp (g,V) [c21: group

The Lagrangian for the gauge invariant and locally supersymmetric

g2 gz - interacticn of supergravity to the scalar multiplet, can be obtained by applying
- . 0= e
exp(g V) = exp(g O (L.g Lr8 V- 5 Ep8ys 8V, - 375¥sY, 6

Eq. (2.13) to the components of the vector multiplet resulting from Eq. (A.19),
2

2
gaﬁ A gi o after setting Zg to be equal to xi. However, because LS .(;appears in the last
g - FOCE + (v + iy e - DL,

(4.17) term of Eq. (2.13), a Weyl-scaling will be needed and that changes the kinetic

2 2 .
8yn {nteractions to non-normalized form., To have at least the choice of normalized

~ 4 A
Sa, W, Zo o2 2% 1 2¢
2,0 - 5D,00VC - ;vuv o S A AN 32
kinetic energiecs we generalize Eq. {A.19) to:
ﬂz 22
- E R _ oy ?
2EG 4 hE - 1 ED D _
75 16



~80-

Lo, s ey VT
5 al... a xp (g, 1+ by <) {A.21)
a)-.ea
where A bl...bn are the arbitrary coupling constants that appears in
a a

Eq. (2.15). The components of I l...Z ™ can be obtained by repeated applica-

tion of (A.11):

a a (a a a} (a a a ) (a a a )
- -1 P e
(zl..z%m Y . z® Low az 2 "N ez l...zmzx x ™
I -1
P a, a b1 b (4.22)
(M@‘form gbe symmetric product of £ ._..f ™ apd T ) n: ther multiply the
: 8,...a
resultant vector multiplet with the vector multiplet (& exp(gaV)) 1 m bl“ by

The component form of (4.21) is

o
"
ﬁ&#

oy
[

=il 7 - 0.5

4
n

- b
-4, 0% - 6, X X))
1 a _ _ a_auhb
= 227 - 0.0, - 26,7 D)
“a b
A= —i¢,abhaxb + i¢,abc(xaxb)xc + i¢,abh X,

¢, — b as. b . alb
10y XX, = 10,5z 00 + 19,° 28 7x

g
o, o a8 b
T e, ()2

a b ab "a e c— b
L O R e

ed— b "% a’” _ubp
Fhgp XXXy -6 ¥R 2R 2

-
aa"b a a, b ¢
0 RC - 0.5 iz

be— - By a,a _b
¢,a XaY“XhJLZC 3D ¢,a(T ) bZ

16,9,% 0% ("), - A% - (4.23)

where the function ¢ has been defined in Eq. (2.15) and all script derivatives

are the gauge covariant form of the latin ones, e.g.

~

~ g
a a o0 0a b .
;LZ = nuz - i3 u(T ) b (A.24)

In the above formulas we have distinguished between up and down indices, and

the derivatives of ¢ are denoted by:
o 30 , 0,2 = D9 - (A.25)
a

aZ
a

¢I

a

We now apply Eq (2.12) to the multiplet {(A-23) to obtain the most general

tocally supersymmetric gauge invariant Lagrangian (without higher derivatives):

-1 a b ab _a ¢ c — b
e LD = ¢, bhah - ¢ CX th - ¢’ab ,\a)( hC

cd— E¥'_ ~ a ~u.b
+ [D’ab XXX Xy P, b;D“Z._}l A



<

! b - Taub,, a ac.
e Tl S CH - A Rt N30

ot b0

—
- 15,0, % GNP, - X% @)

8
0.0t O,a , K, &7 b b,
+ D79, (T2 + 38,7 ¥y b X + o))

_ Kz ¢ a ab - _E‘u —. b c
FPTINCN T e XY 0 )

K, a ,- 1V b BV H O b
2P p Y X2, - XY YRR ZY
el T yoyM%, (%22
2 uYSY ’a
Kp ® a - b a, ab_a.
+ 3079, 07 = &, X XY+ ule, Ty - 9,7 K )]
o 13 WG > ' - a b
- pa T a a a a,
+ 58 HEge Y Y L0, B2 - 6 P Ra — 205 X Y, X}

+ 50BN, - 650D )

2 -1

k-, R e upoz I AP T
- 54 i =5 B YV By 3luL +3h A )

& wps -1 Ty @, - ey (4.26)
-FE PI e uwwpgt Tra a” : ‘

All derivatives in (A.26) centain torslon pleces and are gauge covariant. It
13 still possible to add ancther piece to the Lagrangian that corresponds to
the self interactions of the chiral multiplets. The most general form of such
. .

interaction is g{I)} where the functicn g has been defined in Eq. {2.14). The

components of this left-handed chiral mulriplet are

16

G = (&2 5 80 8 0 - 2, T (4.27)

Using Eq. (2.12) on the components of (A.27) we obtain the locally supersymmetric

form of this interaction

-1 _1 a _ —.b = a
O L™ (B0 T 2o X ¥ KU Kg,aw,ﬁ‘x

2 = v : . .
+ gl o by ¥R e (A.28)
The total Lagrangian is thus
=L '
Lelo+ L+ Ly (4.29)

The supergravity lLagrangian is already included in LD and corresponds to the
constant part of the function ¢.

The auxiliary fields u, Ay, h®, and I® appear in (A.29) and must be
eliminated to determine the effective interactions of the physical fields.
However, because some contributions of the auxiliary flelds are buried in the
supercovariant derivatives as in Egs. (A.2, (A.8&, and (A.6), we thus expand
all these supercovariant derivatives keeping only their torsionless parts

2

-1 %MMQ)+e48ﬂwgﬂun%m@m%+%ﬂﬂz—33%&)

o
-
#

——

a b a, b b
&, b(lluza-’l}uz xRy - hb)

1

boauv -
+0,® @ 23V, + TR )




. E O,y T0b b
-lggd, " (T TN - @ ))

g
oo M0 o4
- iK‘T‘JJuYSY A ¢’3(T Z)

K a — b 3 ab_a 3
PRGN - X0+ 52+ a0, - 0, + )

L a _ a, _ - .Aa a—z
AT, 02 - 0, - kb, X+ b,y v,

“a_ b 3
+ ¢,abxa\fux - ®

2
-1k pupo a
- T 027 - 0%

) T oHva v
+ (0 e, - 9,2 D @)
+ 5 0 - g, X® e TR b Y
F\Br & XX Esa‘v‘uY 3 gvlu VR
*a, _ _ *ab— b *z a 1xe o
Te Thy = e X ey 0 e oM )

2
+ el (e M)

1. v 1y o, lao ke khouao
“ZFw B o saBlenit + 07 - Fo o TR
+ e-—quuartlc

where we here have grouped all quartic interactions:
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F

KA

o)

(A.30)

-1 gunrooc od f-- b - :
= o0 AD U AE U ST
L "‘ab ("ax‘ KA ‘t‘(l) r Tt

2 ——
K =1 _uvpo- I a a_ b Iy a
A SN C RS YO E AV A )

2

K g0 p Vo, = a
+—

A wuwvak

E_{' . = FH Y VN2
+ 96¢(<wa\% FAIVTY T - A YT T

‘3 —_—

K7 =v p 1 -1 uwvpo- , a.a
S @Y, - e ey 6, )

K?(_U o 4 1-1 uvooy Y@ ¥R, ) AL 31
TE Y, e e WYaba? X7, ' (a.31)

In arriving at Egs. (A.30) and (A.31), we have used the following Fierz identities:

aub e _l- p —e¢
XTI = YN X

— 2 -1
a_Hv _po e KT VB, & _Wupos .
X R o = S0, @Y - Sy (a.32)

We now seperate from the Lagrangian all terms that include the auxiliary fields

u, Au, ha, and D% However, in analogy with the case of one chiral wmultiplet

{C7}, we find it more convenlent to treat u - -gd,aha as an independent variable

instead of u itself, where the function d is defined in Eq.(2.19}. (It is related
K

to the function J that appears in Ref, [C7) by J = 2—d .) The auxiliary parc

of the Lagrangian now reads:
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Z
-1 aux _ €9 K a2 r° a . b
= - - )
e L —5—{u -, h | p ¢, d bhan

2 2 g
1 Sy - K : Zlaye .
+ 2[.(g(u Ed’ah ) g %ﬁ:g(jfd,a + - Yh™ + h " ¢]

2 2 2
K@rik, K c ab k", a.b c ab k", a b
+ 550 - 4, A9, - 54,5, + 15, - 5,0, )]

[

KTRE
-a K ¢ H ~ oA ~
() +h - e} - A T(d, B 2" - d.a::uza

2 —
a K a a b 9 =& ka .
+ (d, T ds )X Yo+ _z.cz 7\ s } (4.33)

The field equations for u - %d,aha, ha, Au and D° give respectively:

K a 9 K Kz — b
L) @ = gk o - X4
u 2 h 2x Z(d’ab 6 ’ad'b)xaX

2 *b 2

a. 3 -l.a. x" . b, g -l.a . b 3 — e
* — L [

;5;8 47, G, + g* y +UWd T4, - 58 e, XX

o
n

~ ~ 2 —
4K a _ a _K .= a u b 9 -
17404, 2.2° - 4,02, + @7 - d T 0O+ oy

=

« .
D o= - ~:,_9‘¢,a(T"‘z)a ] (A.34)

Substituting back from Eq. (A.34) into the auxiliary part of the Lagrangian
we obtaln:

e-—lL aux

2 2 —
.9 K¢, . ab Kk 1.2 b,.a, 12
- ‘{'fh‘g + g (ds [t d, )X wa

6 -lia g.2'a K ; K, ce e e. c. 1
+ KZ (@) b[ ( * 2 ’a) * 6 (d, a i—d’ ad’ X xe
b 2 2
BEE*a L K g by  KHD I s
x {2( e +_§-d! )+ I3 (4, ale! 3‘1, c‘d’e')xc'x 1

a, a
2l YUYSX ]

- . 2L Tm
K4Q: a ] a kT, a aub 3 sm .o
- S R7 4.z, + (4,7 - 5 T Y 2.<2¢K YY)

z
ga . 842 .
- —8—-(¢,a(1‘ 27 (A.35)

Going back to Eq. (A30), the curvature scalar R appears with a factor ¢/6 imply-
ing, as has -been mentioned earlier, the need for a Weyl-scaling to seperate the

physical graviton from the scalar fields. The required scaling is:

r sz r
= & A.36
eu > exp{lz)eu ( )
Then the connection and the curvature would scale according ro:
TS0y » w T(e) + EE( Vs sevr)a g
wu e wU e 178 u "
¢ e <2 L
- — - . AL
egR@()) + - R - EOHOD (4.37)

2x

and the bosonic part of the Lagrangian becomes as given in Eq. (2.22). Eq. (2.22)
can be further simplified and expressed in terms of one function instead of two

by defining:

2 6
LS K 2 .
9 == 5d - 10g7rlg[ {A.38)

In terms of G the effective potential would read

2
- - 4 2
= - LepimgH G5 D ¢ ﬁzcg,a(r"z)a» , (439
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where we have used the fact that the superpoterntial g is gauge invariant imply-

ing for a gauge variatien
8g(z) = (g, ("D = 0 ' (A.40)

The fermionic part of the Lagrangian is more complicated. However, the
required steps to arrive at the final result are well defined. Firstly, the grav-
itino field kinetic energy is mixed with those of the spin - 1/2 fields due te
the presence of the term

4 a v
b, X O Duwv.+h .

in the Lagrangian. This implies that the gravitino field has to be redefined.
Morecver, the spinors wu, F\u, )(a have to be rescaled to obtain the proper

normalizations. The correct transformations are:
2
a k%d, p* %, a new
X = exe (- S EY 0N

2 a 2d * 1/4
; = _ K5 E Gynew
2 - expl- st)(gg*)k(ALu)new, Ap exp(- 5 5) (p)

2

d
wu]_. - (_ggi)k[exp(%?)wm‘naw + %Yr(e;)new cl,é'l()(a)nev\r]
v (_gi Lx[ (Ez_d_ new K, r )newd a}new (A.41
R = g) exp(5y )qu GYr(ep :a()( 1 L41)

where (E:)new is the new vierbein of Eq. (A.36). Substituting Egs. (A.41) into

(A.30) and (A.35) we obtain after a lengthy algebra {and dreopping the index "new}:

a5

_ 1 uwp ena
L, = - 3¢ %YSY\)DO(Me.m)wU + 85’

K- KA G, o 1 wupor
_WuUYAFKl4§E u

e a bauv - vuhb
- oG BRI Y F Y Y Y XRT)

- 2
e a b a _kK a e
+—K2x‘r G TP bﬁ,c)buz

eed U a a
PN 220 - Rz
s Zorne Dicq - - ghe
3 3G ~ $uBp 7 S
- Kg,aﬁuyuxa + K‘2$u0u\)w +h-cl
R

g g
] o_.aT H, o S, a
+ 1"E(53(T Z) u’uYSY AT+ eleﬁ, ]}‘(

e, eod -l,e e cd 1l ¢ d..
-5 G - §) S & £77F 2% XX X Xq

K

2 J—
K=o W vp, o e.a a_u_bra
+ e Ay wuwv\rol +36 XY XA

K‘2—0L n, 0B
+ 3eah RS \fsl\ A

The Fermionic Lagrangian (A.42) depends only en t

Tagb e g0
bX i)( —'i?x]ﬁ)\

a
W Y\pr(ﬁ’ancz - g,apo_za)

ac

2
K a <
5y -4 % w9 )Duzc)

d .-.b
dg" c@ ab)XaX

2y % - At

b

v}
YuYSK

B, 1. a_a b, oo = a
v AV or a . a jigbele} t _ 1t
u's 6 T (BT YR, - el Y Y L (A.42)

he function 5 In arriving

at (A.42) we grouped all rerms of the same form together, first expressing them

a5 a function of g and d, and finally simplifyiug
The resultant Lagrangian ls invariaat undey

e

them into a function of 5

supersyometry transformat ions only



on the smass-shell, To obtain the supersymmetry transformations we substitute
the auxiliary fields from Eq. (A.34) into the old transformations and substitute

Eq. (A.41). The new transformations are:

r =T
Gseu = <EY wu

) lP = 2 D (e, )r-:L + K EXP(—“S')V £ * (g £ - g,a;'ge)wuL

8

a_avhb K v v, ~ T o
ML CNCD - Pl e 0 i ~8—(6u Y Y EATY VY

-1
- Efw(g’anuza - S’inuza)EL

o, - [« ]
Gsvu —Eﬂ(ul

a_ _ 1 2 _ _da..q Wt oo By a
§ 0 2§25 - 6 e - Mer & 2059, (%2

ssza = 2ex?
a_ . nwo.a 1 =5 bbb, a
807 = Ve 27 - 5(g, oy - G X ey
“la b —d o1 - .
+ (9 )abﬁ’ caXeX £r K 1(5 }')abg,bexp(—-sz) £ (A.43)

From the Lagrangian in (2.21) and (A.42) it is possible to read the mass

matrices of the physical fields

o a :
Yo X505, 7%, ana v O (A.44)
H TR

The gauge bosons Ypa that correspond to broken generators of the gauge group

87

acquire their masses by the usual Higgs mechanism, while those corresponding
to unbroken generators remain massless. The mass formula for the massive gauge
bosons are the same as in standard gauge theories,

The mass formula for the complex fields z® must be given in terms of the
real fields A? and Ba, because thelr masses will split when supersymmetry is
broken. We can expand V in terms of the complex fields:

v(za,zb) - %(v,ab)cz*‘zb + %(v, ""b)ozazb + (v,ab)azazb e (A.43)

Alternatively, we can write

v(za,zb) = %((M )‘L‘*AaAb + 2 ) B 280y & ..

Thus:
2.4 a b
) b = s p ¥V, t zv,ab)0
2.8 a b
R A L T (A.56)
Tt is useful, and considerably simpler, to express the above equations as

a function of 5 for the case of a Flat Kshler manifold:

2e 1 1
V’ab = ;EQXP{_Q)[E(G’ab - g'aﬁ’b) * ;f(g’abc - 3S'(a g’bc)
2

"FP913‘.'1’)5’]‘*'“7"‘T

oA < o, d
y© L aH



=

2 3 ; )
K ca é a C o o N ~ YO
- 6b+26b5,c§,]+—zcz(r)bkl J

5 ¥ d (A.47)

The mass terms for the fields l,b‘u and )(a are (for a flat X3dhler manifold}

mass _ e 9 { — b - Moa 2- uv
= K3?-Xp(-*2 )[(9,ab - 3,35.b)xax 'Kﬁ’aqu v o+ ok wuc bptheel

|
Fa G @y o MO B ) NG A 300, 3
- al?"”‘a” Z) )LJUYSY AT - er—z—((T AR SEE AT (ALAE)

If supersymmetry is broken, the gravitinc field will te destribed by:

' et a g'_x)\z § NN
VRV T e T Irexpt 2z, (170 A (2.49)

Afrer substituting the last equation inte (A.48) the mass part of the Lagrangian

becomes
jmass _ e (_ﬁ)'(fsuvw' y - Em By _ et T 2
Kap AR L T apiak oaA X
e ofy o, B
- 5u KL AL +h - c . (A, 50
where
G
m = wx el E)( . )
“ah” “"- * ? 5'51':) 33’&9’1‘:
o
ma =
o .
o = AR ¢a 510

(A.52)

which are equivalent to

3

b _ ¥
55 T 2Fa

oAy
(Za{T 2y7) =10

z (4.57)

one can easily prove that [C9]

p pl
supertrace Mz = 23/2(—1)2‘}(2‘! + l)m} w 2N - Dmi/Q 4 (A-54)

J=0

where N is the unumber of chiral multiplers. This can be scen by noting that the

particle contributions are the same as ia global supersymmctry while the

gauge

resc {obtained by letting' g, = () are given by

2.A 2B 2 L2 . < (n . 1 -
1 borriMTy T W - 4o =0 [ D N ¢ TN : T - N
cri{l) Tr(M; 2 trom ey L ;wxe-4) (9 ab S R

3



-2
2 X (B - Dexp(-g) (A.56)

Finally, we note that the existence of different sets of auxiliary fields for

N = 1 supergravity, posos the question whether the results we obtaiced remain

valid for the cther se:is.

Kugo and Ughara {C11] have introduced a method based on superconformed teunsor

caizulus [C15] that can accorodate the different sets of auxiliary fields,
later proved [C12] that ail interactions constructed in teris of the other
known sets of anxiliary fields are parvicular examples of the interactions

constructed here with the winimal set.
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ERRATA

Replace fT(ZT) by fT(Z) in Eq. (2.18)

In the line after Eq. (2.25), (d71),® and (a),,D should be replaced by (a 1)%
and {d).7, respectively.

Tn iy, (3.9} all G's should be script, should be script and the argument in
the exponential is - §/2. 1In Eq. (3. ldﬁ all G's should be script and D Z )
D7, should have script DH'

Tn fig. (3.13), k should be replaced by kz_

In the last lime of page (38), 2 X 10719 gm/cm® should read 2 I 10729 gu/cad.

The First line of Eq. (7.14) should read:
W+ = i cos S_El + i sin 5+ﬁ'1° - osiny Ay + e0s v, Ag
The eguatiom for ¥_ holds for sinZa 2 pﬁz/sz. For sin2e ¢ p.ﬁj_”iwz replece W.

by ys¥_.

In the bracket of Eq. (7.28) replace "1" by "1 + uzfmlz"

2
Inside the square root of Eq. (7.29), replace (MZ2 + M 02) by (MZ2 + 2M 02)
H H

and cos 2o by {cos 2a)%.

Replace "60 GeV” by "(60 GeV)%” in Eq. (7.31).
Replece "i" by "—i" in Eg. (B.12}.

Add to the r.h.s. of Fq. (B.13} the term igg(t"/2); [EP A, @ + d;p.2d ] +
h.c.

The matrix Mij of Eq. (7.19) should read Mgy = — p sin 20 and M54 ~ B

In the first term of Eg. (A.42), ¥, should read @P_

Eq. (A.43): The right kand side of the last term in 8,9 kL should have an sp.
The third term of 8.X* should have an e.

Notation: Secs. VII and VILI use the Loremtz metric diag n,, = (-1, +l, 31,
+1) and standaxd left banded Weyl spinors (prejected by P_ = (1 - y Vi2,¥
75}. The discussica of the supergravity - matter couplings, See. snd ipp

A, are in the notation of [C4] and [CT7].
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CURRENT ALGEBRA, BAHYONS, AND (UARK CONFIHEMENT

*
Edwarg Hitten
Janeph Henry Laboratories
Princeton Undvorsity

Prirccton, How Jersay (8%44

ABSTRACT
It is shown ibat ordimsry baryons can be understosd as solitons i
current algebrs effective Lagrangians. The formation of color fiux Tubes

can 2lso be seen in current algebra, under certain congitions.

*
Supported in part by NSF Grant PHYBO-19754.

The idea that in some sense the ordizary protan and neutros might de
selitons in a ncnlinesr sigua model has & jung history. The First suggestion
was @made by Skyrwe more than twenty yszars age. ! Finkelstein and Rubinstein
showed that such objects could 'n pringciple be fermigns,? in a paper that
probably represented the first use of what now would he called B8-vacud in
quantun field theory. A gauge invariant version was stlespted by Faddeev,?
Sume relzvont miracles ere known to Jcuur Fa Two space-iiae dimensions;" there
also exists a ciffer-o: mechanica by which toliions can oe fermions.™

It is kegwn that ¥ thz darga N Tiadl of gusatun caramodynamics, ® meson
interactions are governed by the tree apm cxivation fu an effective local flels
theary of mesgni, Several yaars ago, it wis puictad out® Lhel baryons behave as
if they vere salitons o the effective large b woson fielo theory. However, it
was not slear in exscily what sens2 the barguent actuzliy are soiitons.

Tha first relevant papors mainly mothsacse by aitempls to understand
implicat ions of QOO current algehre were recznl papers by Balachandran et.
at. 7’ and by Boguta.®

We will always denoic the aurber of colors as K and the number of light
fiavors as n. For definiteness we first consicer the usual ¢ase n=3. HRothing
changes for n23.  Some modifications for rl3 are pointad out later. Except
where stated otherwise, we discuss standard current aigebra with global
SuU{a}=xSU(n) spontaneously broken to diagonal 5iiny, presumably as a result of
an underlying 3U(N) gauge interacticn.

Standard current algebrs can be described by a field U{x) which -- for
each space-time point x -- is a poiat in the 3U(3) manifold. Ignoring quark
bare masses, this field is governed by an effsctive action of the form

F2
[ =- Té Jdux Tr 3uU 3MU‘1 + NI' + Higher grder terms {1}



41}

Here T 15 the Wess-Zumino term?® which canmobt be wrilten as the integral of a
marifestly SU(3)xSU{3} invariant density, and F' 2 190 Mev. In quantum field
theory the coefficlent of T aust a priori be an integer, 10 and indeed we will
see that the quantization of the soifton excitations of (1) is inconsistent
(they obey neither bese nor fermit stat!stic;] unless N §s an integer.

Any finite energy configuration U{x,y,z} must approach a constant at
spatiel infinity. This being so, any such configuration represents an element
in the third homotopy group *,{SU{3}). Stnce x {SU{3}} = I, there are
soliton excltations, and they obey an additive conservation law. Actually,

higher order terms in {1} are needed to stabilize the soliton solutfons and

prevent them from shrinking to zero size. We will see that such higher order

terms {which couid be measured in principle by studying meson processes) must
be present in the large N limit of QCD and are related to the bag vadius., Dur
remarks will not depend on the details of the higher order terms.

A technical remork s #n order. To study solitons, ft is convenient to
work with a Euclidean space-time M of topology $3x5l. tere 53 rapresents the
spatial variables, and 5! is & compactified Fuclidean time coordinats, A
glven nonifrear sigma model fielg U(x) defines a magping of M into SU(3}). We
may think of M as th: boundary of a five dimensional manifoid { with topology
S, o baing a two dimeasional disc. Using the fact that 0, {Su{3)} =
% {SU{3}) = U, it can be shown that the mapping of M into SU(3) defined by
U{x} can be extended to a mapping from § inte SU(3); Then as in ref, {9} the

functional T Is defined by T = fo, where w ts the Fifth rank ant{symmetric
Q

tensor on the SU(3) manifold defined in ref. (9}. 8y analogy with the discus-

sfon in ref. (§), T is weli-defined modulo 2w. {It ts essentfal here that

bmwmlﬂwun'thfWeNMMMMIMMMMCH“ﬂin%ﬁmn)m“

gan be represented by cycles with tepotogy $3x57 are precisely those that can

be represented by cycles with topology S5, There are closed five-surfaces S

in SU(3} such that fw is an odd multipie of =, but they do not arise §f space-
5 e

time has topology S3x8' and Q is taken to be $3x0.)

Now let us discuss the quantum numbers of the current algebra saliton,
First, let us caiculate its baryaa number {which was first demonstrated to be
donzefu in reference (7}, where, however, different assumptions were made from
those we will foliow). In previous work1¥ it was shown that the baryon rumber
current has an anomalous piece, related ts the N I term in equation {(1). 1If
the baryen number of a quark is 1/N, so thét an ordinary baryon made from N
quarks has baryon number 1, then the anomatous plece in the baryon oumber
current Bu was shown to be

[
- _Bvap -1 4 ¢ -1 -1 5
Bu san? Tr(u™ 2 ) (U LI HE (] usu) (2}

50 the baryon number of a configuraticn is

Be sd% B = -t g% ¢
O 22

Jk Te(y=} 2, (u-t aJU) (u-1 30 {3)
The right-hand side of equation (24) cam be récogized &5 the properly normal-
ized integral expression for the winding number in *,{SU(3)}). In a solfton
field the right-hand side of {3) equals one, so the <oliton has baryon number
one; it §s a baryon. (In reference (7) the baryon aumber of the soliton was
computed using methods of Goldstone and Wilczek!!, The result that the soliten
has” baryon number one would emerge in this framework if the elementary fer-
migns are taken to be quarks.}

Now let us determine whether the soliton s a boson or a fermion. To

this end, we compare the amplitude for two processes. [In one process, a

soliton sits at rest for a long time T. The anplitude is exp-iMT, M being



ax:

n

the soliton energy. In the second process, the soiiton is adiabaticaily

rotated through a 2s angle in ine courss ot a long time T, The usual berd in
FZ
tha lagrangiam L, = - Ig Tr a"u abU'l dnes not distimguish betwoen Lie et
processes, because the enly pisce In LQ that contalng time derivatives i3
- s - - ) -
guadratic fn time cerivatives, and the integral fdt iv - -%{A vanishas in ihe
Timit of an adianallc procoss. Howover, the acgarkous laem §fs 1inear an
time drivalives, z2nd distirguiches between 2 goliton thai sits at ~osi and =
solfron that s acjababically rotal For a sotiton al ri, 70, Tor &

soliton that ts adiabatically rotatad thecugh & 2w angte, @ sitentiy Yatorious

Aa

caleulation explaines at the cad of this paper shows that Ten, %o fo
soliton that is adiabatically rolated by @ ?w engle, ibh2 guplituce 10 dox

axp- 14T but exp-iMl pxpi¥e =~ {-i?“ shp-iMT.

The factor {-l}ﬁ poans that Foe odd  the maiften is @ fermion; far oven
§ it 5 a bosen. This is wncapaily raﬁinishent of Lhe fact that an ardinary
barysn coatains guarks and s 2 boson oF & farpion dzpending an whather B ois
even o odd.

These resulits are unchaqged if there are FLre thaa threc iighi flavors

sre only two dight Flavers? The

of quarks. ilow 43 Lhey hald b i€ ther
field U(x) is thee sn eiement of 2. Because ES{ZU{Z})=I, there are stiil
eplitons. The baryon number cyrreni Ras the same anamalous piece, and the

coliton still has boryon nunber o0e. But in SULZ) current algebra, there s

ne £ term, S0 how can we see that the saliton £an Le a fermion?

The answor was glves loag ago.? Althaugh w (SU(3)) = O, s dsuizi ¢ 1.

With suitably compactifind space-time, there are thus two topologival classes
of maps from space-time to suf2). 1o the SU{2} non-linear sigma modh. . there

are hence two "@-vacua® -- fields that represent the aon-trivial class

v (5U(2)} may be weighted with a sign +) or -l M oexplicit field Y(x,¥,z,t)

which goes to ! at space-time infinity and resveseals the non-irivial class in

w (SHE?YY can f¥agure (V)0 + i
JSULZ]) con [figure {}}; b2 gasceihed as foliows fa varient of this descrip-

tion figures iu recert worb by Goldstese 2}, Stert ap t + -w with a constant
Usi; moving forward fa time, graduaily credte s seliton-anti-seliton pair and

e

separate thea; robtate the soliton ihro 27 sagte without touching the

- P et loa e ¥ . N : ' :
anti-selitoa; bring tagether the soliloe 209 ~.li-selites 324 anamihilate them.

Wrighting this fiedd with 3 factor of =1, wh

& configurebion without the 2«
rat el ion - , gt e s N
i of ] D20 kad viti & Taclor i, COrvess

DA

Yous, inioenatly to SULDYASUEG

€Urrng - .
i Cbe oA feeminne it SULEYRSI(5E

currsal aigebra one fiads the stronger reiylt 2hal the soitton must De a
fermion 11 end aniy 17 & 15 cdd.

Gur results so fer are <onsishent with e ddeg that guantization of the
currest aigebrz solitun describes ordinery ovoYoons.  However, we have aol
setabliched rtis,  Perhans bhere arg ordinary coryoeas end exotic, tonological-

1y excited solitonte werpuns., liowever, cevtaia ros

5 will now be descrined
wrich s=am to directly show thet ke sviisery spclooss Gre the gronnd sista of
N Soaradoenn 9 T FRISTL S~ !
Lha soiites
- o s
Sor siaplicity, we will focus now 30 the case of orly twoflavers
- I ’ . .
Soliton states can be labeled by thetr sofn end isospin npuantun nunhers --
which we will cail 4 and I, rospectively. We =il decermine smmiclassically
what values of | and J-are expested for solitous. A semiciassinal deseription
of current algebra solitons will be sccurate guantitatively only in the Jiait
of larye N. Sin T 4g progurtion . 3 i '
arye N, {Since F: is propurtioaa) Lo M, W enters the effective Lagrangian

(1) as an overall multiplicative factor. Hencz, N plays the role wsually



val

played by 1/M.) So we will check the results we find for salitons by compar-
ing to the expected quantum nusbers of baryons ia the large N Yimit.

Let us first determine the expected baryon quantun numbers, We make the
usual assumption that the multi-quark wave-function fs sywnetric in space and
anttsymmetric tn color, and hence must have complete symmetry in spin and
isospin. The spin-lsaspin group is SU(2)xSU{2} ~ 0(4).. A quark transforms as
(1/2, 1/2); this is the vector representation of 0{4). We may represent 2
guark. as s where §=1...4 15 a combined sgin-isospin fndex labaling the 0{4)
four-vector.

We must form symnet-ic combinaticns of ¥ vectors °i' As s well known,

there is a quadratic invariant 32 = % 0?. ne can also form symweetric
i=1

traceless tensors of any rank Ai?) .t (@i + o Trace terms): this
ety 1 g o .
transforms as (p/2, p/2) under SU(2)=SU(2). The general symmetric expression

that we can make from M quarks ¥s ($2)* A%T'2k2 , where 0 € k € N/2. So
TUUUN-2k

the values of [ and J that are possible are the following:

Neven, 1 =J=20 1,2 3, ...

w

5 7
Nodd, 1=4r3zx =, Foome e {4)

“

|-

For tnstance, in nature we have #=3. The first two terms in the seqguence
irdicated above are the nucleom, of ! = J = 1/2, and the delta, of | = J =
3fe. IV the number of colors were five or more, we would expect to see more
terms in this series. Moreover, simple considerations involving coior mag-
netic forces svggest that, as for N=3, the mass of the baryons in this se-
quence is always an increasing function of T ar J.

Wow Tet us compare to what is expected in the soliton picture., {This

guestlon has been treated previously In reference (7}.} We do not know the

-8-

effective action of which the soliton is a minimum, because we do not know
whal non-minimal terms must be added to equation {1). We wiil make the simple
assunptiun that the soliton field has the maximum possible symmetry. The
soliton field cannot be invariant under | or J {or any component thereof), but
it can be invariant under a diagonal subgroup k+J. This corresponds to an
ansatz U(x}) = expiF(r) T+x, where F[r) = 0 at reQ and F(r) + 2u as re,

uantization of such a soliton is very sim{lar to guantization of an
isotropic rigid rotor. TYhe Hamflitonian of an isotropic rotor is invariant
under an SU{2)=SU(2} group consisting of the rotations of body fixed and space
fixed coordinates, respectively. We will refer to these symmetries as I and
Jy respectively. A given configuration of the rotor is finvariant under a
diagonal subgroup of SU{2}xSU(2). This is just analogous to our solitons,
ascuming the classicel soliton solution is invariant under [+J.

The guantization of the isotropic rigid rotor is well known. I[f the
rotor is quantized as a boson, it has I = J = 0, 1, 2, ... If 1t is quantized
a5 a fermion, 4t has I = J = 1/2, 3/2, 5/2, ... The agreement of these re-
sults with equation {4) is hardly likely to be fortuitous.

In the case of three or more flavors, it may still be shown that the
guantization of collective coordinates gives the expected flavor guantum num-
bers of baryons. The analysis 1s wore complicated; the Wess-Zumino inter-
action plays a crucial role.

50 far, wo have assumed that the color gauge group s SU{H}. How let us
discuss what would hapen §f the color group were G{N} or Sp(N). (By Sp{H) we
will mean the group of ¥xN unitary matrices of quaternions; thus Sp{l) =
5U{2).% We will see that also for these gauge groups, the topological
properites of the current algebra theury correctly reproduce properties of the

undertying gauge theory.
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Thus, in the case of an U{N} gauge theory with at least four fiavors, the
current algebra Lheory admits solitons, but the number of solitons is con-
served only modulo twa. This agrees with the fact that in the O{N} gauge
theory there are baryens which can annihilape in pairs. [n current algebra
corresponding to Sp(N) gauge theory there are ap solitons, just as the Sp{N)
gauge theory has no baryons.
Far G{N) gauge thegries with less than four light flavors we have

*(SU{3)/0(3)) = Lz,

ni(su{z)sare)y = 7 {7}
Thus, the specﬁrun of current atgebra solitons seems richer than the expected
spectrun of baryans in the underlytng gauge theory, Tie following remark
seems appropriate in this connaction. It ts only in the nutti-color, large K
Vimit that a semicTassical descyiption of current 2lgebra solitons becomes
accurate.  Actually, large N gauge theories are described by weakly interact-
ing theorias ofmesens, but it i3 aot only Goldstone Losons that enter; one has
an infintte meson spectrum. Carresponding to the rich meson spocirun is an
unknown and perhaps topelogically complirated coniiguration space P of tae
large N theory. Plausibly, bacyons cen always be realized 45 soiitons in tha
Yarge N theory, even 1f ali o almost all quark flavors are heavy. Perhaps
*{P) is always 7, I,, 0or 0 far SU{H), 0(&), and Sp(M) gauge theories. The
Goldstone boson space is only a small subspace of P and would not necessarily
reflect the topology of P properly, Our resuits sugqgest that as the number of
flavors increases, the Goldstgne boson space becomes an increasingly good
topological approximation to P. In this view, the extra sotitons suggested by
equation (7) for O{N} gauge theortes with two or three flivors become unstable

when SY(2)/0{2) orSU{3}/0(3} 5 embedded in P,

-12-

One further physical question will pe addressed here. TIs color Confine-
ment fmplicit in current algebra?

Do current algebra theories in which the field U labels a point in
SU{e}, SG{n)so{n}, or SU{2n}/5P(n) admit flux tubes? By a flux tube we mean
(flgure {2}) a conf fguration U{x,y,z) which is independent of z and passesses
a nan-trivial topology in the x-y plane. To ensure that the energy per unit
length is finfte, U must approach a constant as x,y + =, The proper topolc-
gical classification fnvolves therefore the second homotopy group of the space
In which U takes its values. In fact, we have

n,(5U(n)} = 0

{(SU(M/0(n)) = 7, n >3

¥,(50(2n)/Sp(n)) = 0 (8)
Thus, current algebra theories corresponding to underlying SU(K) aad SpiN)
gatge theories do not admit flux tubes.  The theories tased on underiying G{N)
gauge groups do admit fiux tubes, bul two such Flux tubes can annihilate.

These facts have tre fallowing natural interpretation. Gur current
2igebra theories correspond to underlying gauge theories with Guarks in the
fundamental representation of SU(N}, O(K), or Sp(N). SU(K} or Sp(H} gauge
thearies with dynamical quarks cannot suppert flux tubes because arhitrary
external sources can be screened by sources in the fundamental representatign
of the group. For O{N) gauge theories it is different. An externai source in
the spinor representatior of U{N) cannot be screened by tharges in the funda-
mental representation. gut two spinars make a tensor, which can be screened,
So the O(N) gauge theory with dynamical Quarks supports onlyone type of color
fiux tube -- the response to an external source in the spinor representation
of O{N). It is very plausible that this color flux tube should be identified

with the excitatign that dppears in current algebra because w,{SU{n}/0(n}) = i,.
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/4]0
class in w,(SU(2)). Embed A in SU(3) in the trivial Form A = LD“O ,TU

Then r(ﬁ] = ® n fact, as we have noted abave, the non-trivial homotopy
ctass in « {SU(2)}) differs from the trivial class by a 2x rotation of a
soliton (whicﬁ may be one member of A solitan-antisoliton pair}. The fact
that T' = « for a 2 rotation of soliton meéns that r=x for the non-trivial
homotopy class in v (5u{2)).

The following important fact deserves tg be demonstrated explicitly, As
before, let A be a wmapping of space-time Into SU(2) and Tet A be iis embedding
in SI3). Then r(ﬁ) depends only on the homotopy class of A in n (5U(2)). in
fact, suppose } is homotopic to A: tet us prove that r(ﬁ) = r(ﬁ';. To compute
F(A) we realize space-time as the boundary ef a disc, extend A to be defined
over that disc, and evaluate an appropriate integral (figure 2(a)). To evalu-
ate T(A"} we again must extend A' to a disc. This can be done in a very con-
venient way {figure 2(b)). SincelA' is homotopic to A, we first deform A*
into A via matrices of the form ( %—*—%A) -- matrices that are really SU{2)
matrices embedded fn SU{3} -- and then we extend A ever a disc as befgre. The
integral contribution to M{A'} from part | of figure 2(b} vanishes because tha
fifth rank artisymmeiric tensor that enters in defining I vanishes when
restricted to any SU{2) subgroup of SU(3}. The integral in part II of figure
2{b} ts the same as the integral in figure 2(a}, so I(A) = r{aA*).

The fact that T §5 a homotepy invariant for SU(2) mappings also means
that F can be uwsed to prove ithat *(SU(2)) fs non-trivial. Since © obviously
15 @ for the trivial homotopy class in %,(3U{2)), while F=w for a process
containing a 2x rotation of a soliton, the latter process must represent a
non-trivial element in *,(50(2)). What cannot be praved <o easily is that

this is the only non-trivial element.

-16-

I would lixe to thank A.P. Balachandran and V.P. Nair for interesting me

in current algebra solitons,
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ABSTRAZT
LA new mathematical frameworh for the Wess-Zuminn chiral effective
action is gescribed. It is snows thit this acticn obeys &6 a pricei quanti-

zatien low, 2nalogous Lo Dirac's guantization of magaetic it iacor-

tive anceatios,

FoTates bn ocurrent wigebra both periurbative and san-par
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A oW Wil nre, thrs

ciaznsfonal modeis

and Troaere,
For deiiniten

Sponlanepusiy hroke

synmziry-breaking pestuobabiond, swoi as qu

exirinag Ly atroduciog @ riele Wi«

that transioras i a so-uallag wonaliccar roaiizalian of su:s;L “ ZU(Z)Q. for
: . H ' B3 - oy o= -
AT snaleeTime point x5, uir™ cmeat of GUL3Y -~ 3 303 unftary amatria

® SU(S?Ptranaf;ﬁ:azicw by unitary mat-
¢

of determinant cne.  iagee an

The effective Lagrengian for ¥ qus: hive SPL3), = Suf?!R SYmEgITy, And,
to describe cocrectiy the fow energy Pinit, i: mush have the soalless poisinle

aunber of derivatives. ‘ine uaigque chaicz with only two decivalives is

-
[
—
—

3

L.

d%x T & -1
!xrauUayU {

e
o)

where experiment incicates Fo %180 Mev. Tre perturbative expension of U is

Us1lq+ %i i P I {2}

b

2 .
where 33 {acrmelized so Tr A%2° = 26‘03 are the SUI3) generatars eng s¥are the

Gldstone bosan fielas,
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This effective vigrangian 12 krown to incuenorats all relevent

ries of QD0 M1 current algzbrs theprcus gowveraiag

e edireme Tow s
Vimit of Goldstone boson Seaatrix elanants <in be recovered from he (rog
approximation to ft. What 15 less wail kngwn, perneps, is that (1) posuesses

an extrg discrete symnelry that is not g osmmelry of oA,

e

The Lagranglan {1} Is fnyariart under 0 -yl in terms of nfons tals is

+ - . : . .- . .
LA s 1t is ordinary charge conjligation. {1} is alse invariant

ynder the raive parity operstion X - -g? -t U -U. ke will call tnis P

And finally, {1) is invarfant unger I - 4=k, Comparing with eguatizn (2), we

[ 5

4]

e that thiv latter cperaticon is equivalent to o . —1a. [ A

s the pperation that counts mudula two the rumber OF Losans, NB' S0 we will
N
£all dt (-1} o

H
Certainiy, {-1) 8 s rot & symneccy of 0. Tne probles is the follgw-

fng. 400 s perity invariant enly I the Goldstona bosons are treatod as

geeudescalars,  The parity operatica in D corresponus to & - -x, t = t,
HD
U=u"t This is P = Pyi-l Y. 3 1s invariant undor P obut not under P oov
Ny '
£-1} 7 seperately. The simplest process that respects 21 hona ficde syrmat-
N5

ries of QCO but violates Pooand {=1] 7 ds K'R7 o+ #Ta%c (note that the ¢ mason
¢ecays to both KK and ity Bt is natural ta ask whether there 15 a
stnple way to add a highor crdar term to {1} to obtain a Lagranglan that chays
only the appropriate syanetries.
The Euler-Lagranga equation derived from {I) can be written
F2
2, [FFue iu)=c {3}

Let us try tc add a suitable extra teorm to thic equeiten, A Loraniz-invariant

term that vialates Py must contain the Levi-Civita symbol ¢ in the

uvag”®

b

.

cpirit of current algebre, we with 3 form with the cnallest pawsible munper of

gerivatives, singe, in the low energy Mmit, thne derivatives of J ora wnail.

Thera is 2 unique Pr-;io}atinq term witn anly four derivatives. W can
J

Fi

L) i uvaf .
3, (3— EEEN DR L

l(auu}u‘1[auu}u*(auu}u"1[agu} ¢ {4)

X bevag g coastart.  Although it viclates Pc' (4) can be sees to respact P oe
Py (16,

Can pquation {4} be derived from a Legrangiant Here we find trouhle.
The only pseudoscalar of dimension four would seen to be e"F 10 =} {avu}-
U“(GVU)U"(BGU)U“1{EEH], but this vanishes, by antissmmetry of e %P and
cyclic symaetry of the trace. kevertheless, as we will se8, there is a
Lagrangiza.

Let us wonsider a simple prodiem of the same <ort, Consider a particle
of mass m canstratned to move on én srdinary two dimensional sphere of redius

e

3 . .
cne. The Lanrangian 1s & = 5 @ Jdt z? and the equaticn of motion s
mag o+ omag (£ RI) = 0 the constraint is ixP = 1. Tnis systom respects the
ok
13

sywameiries t o~ -t aad separately Xy = ooxg IT we want an gquation that is
only invariant uncer the conbined ¢psration t - O Kiw the simplest
chaice is

my. 4+ mx.

o

o
Eal o ]
Xau

wiere a 15 a constant, To derive this eguation from 2 Legrangian 1s zgain
troublescne.  There is ng obvious term whode variation cquals the right-hend

N - v o= T
side (since Biyn X345%y 0).

fowaver, this problem has a wzll-kaowe soluticn.  The right-hand sice of

(3) can be uaderstood as the Locents force for an eleciric charge fnteracting
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equaticn (8), we define

R qr'iKem ay

As tefore, we hope to include expil in a Feynman path fntegral, Again, t

problem fs that § is not uniqua. Gur four sphere M is alsio the boundary of

anather five disc Q* {figure {2¢}). If we let

§3kam
IR NP (12)
q
(with, again, a minus sign because M hounds Q' with approriate orfentation)
then we must requira expil = expil' or equivalently f ”ijkﬂn d:ijkgm =

Q+Q’
Zv+integer. Since Q+{' is a closed five dimensicnal sphere, our requirement
is
drijklm

i 9 Sk = 2xsinteger
S

for any five sphere § in the SU(3} manifold.
ke thus need the topological classification of mappings of the five
sphere into SU(3). Since " (SU(3)) = Z, every five sphere in SU{3) i3 topolo-
gically a multiple of a basic five s5phere So. We normalize w $o that
{ “ijktm dxijknn = 2x ) {13)
a
and then (with T in equation {il}) we may work with the action

F2 S
I=- l‘g [a%x Tr 2 U auu-l + ol (14)

where n is an arbitrary integer. T is, in fact, the Wess-Zuming Lagrangian.
Only the a priori quantizationof n is a new result.

The igentification of SG and the proper normalizatin of w 1s a subtle
mathenatical problen. The sclution invalves a factgr of two from the Bott

pericdicity thecrem, Without abstract notaticna, the results can be stateq as

o

.
follows. Let yi. T« 1...5 be caordinates for the ¢isc Q. Then on Q -~ where

we need it --

ijkem i kw80 .3y L. 3y
g™ “ijktm ac? [Tru‘-——iullui-ﬂ—k .
24092 £ ﬂyJ By
st By Wy {15)

'ty

The physical consequences of this can be made more transparent as follows,

From equation (Zj. -
Ut o b e 2 o A e G(A2), where A = £ a%® ' {16}
e , .
& .
gkt 2 ggfkam g5 4 5a 3A A 34+ O(AS)

“igkea OF 154255 B
X

2 dzijklm
15=2F S
w

$

3, (Tra 3J.A 3A 3,83 A) + O{A5)

So § “5ikem aztikan g {to order A% and in fact also in higher orders) the
¢

integral of a total divergence which can be expressed by Stekes' theorem as an
integral over the boundary of . By constructicn, this boundary is precisely
space-time. We have, then, '

2
Zrs
15« F'

nC o= n fax ¢"™%% TrA 2 A 3 A 3 A 24+ higher erder  (17)
4 Woov e B

In a hypothetical world of massiess kacns and pions, this effective Lagrangian
rigorously describes the low energy bimit of K¥K™ « t+u°:'.f‘ We reach the
vemarkable conzlusion that in any theory with SU(3) x SU(3) broken to diagonal
SU{3), the Tow enargy limit of the amplitude for this reacticn must be -- in

units givea in {17) -- an integer.

s . .
Cur fortwte should agres for r=l with formulas of reference {1}, as Jater
equations make clear. nere appears to be 2 numerical error on p. 97 of ref.
(1] (1/6 instcad of 2/15).
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K? &5 a linei~ cambination of geserators Tf and ?; of SU(3), and SU(3)R. X% =

TZ + T;. {Either Tf or TE may vanish for some values of 0.} Ffor any spéce-

time gependent functions c°(x). Tet o0 T Tf cu(x}, €
G

= I T; e’(x). We want
g .

an action with local invariance under U + & &'i{cl{x)u - UcR(x)).

Naturally, it is necessary to introduce gauge fields A:(x}. transforming

T

as Az(x) - A:(X) - {éﬂ] auc° + £97P ¢ A: where e_ s the coupling constaat
[+]

corresponding to the generator K°. and £°7° are the structure constants of H.

¢ ra LR
=T e, AT, A
4

It is useful to cefinc A .
. u L W

- d yd
L i e Au TR.

We have already seen that T incorporates the effests of anomalies, so it

fs not very surprising that a generalizattonof I that is gauge invariant under.

H exists only if K is a so-called anomaly-free subgfoup of SU(3}L x SU[S)R.
Specifically, one finds that H can be gauged only if for each o,
Tr (1513 = Tr (rg}i (23)
which is the usual condition for cancellation of anomalies at the quark level.
If {23} 1is obeyad, a gauge fnvariant generalfzation of I can be con-
structed somewhat tediously by trial and ervor, It is useful to define

Uy @ (3U) U™d and U = U7t 3. The gauge invariant functional thea turns

out to be

o - 1 4, LWvod
I‘(Au.u) r{u) + poer fa*x ¢ ZWC‘3

where

g TriA U, U « (L=R)]

wvab LYl rJ.UB-L
‘*ﬂdL“qu}Ai"%ﬁafdﬁlu&3ttmn

-1 ~1
TR, ALY 0TI AL 3l A, UTE (B A ) 3, U]

1 .
- ¥ 1}’!’("«”1. U, A u : " (L’R}
-1 -1 .
+iTr[AuL UA R L, Uy - AuR Ut A i uu UBR]

-Tr[[(au Rgd A * A (2, A )) y-1 Ay U
-1
-{(auﬂ.\i) ‘“oi*“uL("’vAuL)}UAaRu ]
-Tr[AuRU"‘AULUAGRUBR-&ADLUAVRU"'AGLU&.-]
-Tr[AuL L {2, ABR) Ut o+ Ag B y-i {3, ASL) ul-

-1 . -1
AR A AR U Ay U= Ay Ay Ay UALL

1 -1
AL AL VAR Reg Y
1 -3 -1 -
" g VT AL U A U Ag U (24)

1f equation (22) for cancellation of anomalies is nct obeyed, then the varia-
tfon of T under a gauge transformation does nat vanish but is

F - - L
24%2

fevx ¥ed Tr g L3, A0, Ay )

S Ay Ay Ag)] - {LeR) (25}
in agreement with computations at the quark Tevel® of the anomalous variation
of the effective action under a gauge transformation,

Thus, T incorperates all information usually associated with triangle
anomalies, including the restriction on what subgroups H of.SU{S)L x SU{B)a
can be gauged.. However, there is another potential obstruction to the ability

t0 gauge a subgroup of SU(3)L » SU{3)R. This is the non-perturbative ancmaly?
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o

P

essocitad with w fi}. it inis aecmaly, 8 weil, 1

ot b0 Yack, R

is.
Let H be an SU(Z} subgroup of £U{S)L.chﬁaen 53 that an SUL2) matrix W s
o\
exbedded in SU(3), as W« XA ? . Tats subgroup s fres of friangie
L gol 1 4

anoaelies, so the funotiona! T as eouatian {231 i favariant dnder iulinitase

simal local M transformations.

However, §5 T {nvariant under H fransformalinns thai Capnst me veschad
continuoutiy? Siace v, {SU(2]) » I, thevd % o4 norebrivial homabeny 01039
of Sﬂ(?) pauge traasfarmitions, !et ¥ obe an SU(¢) gauge Fransformaticn in
this non-trivial class. Under W, T may at mast be shitked by a constang,
{ndepandant of U and A because sT/ &4 and 6Ff6Au are giuge-covariant local
functionals of U and Au. Alsa T8¢ tnvarfant urdor W2, since =% is eguivalent
to the fdentity in w, {S${2}), asd we know T ig faveriant unge- topologically
trivial gauge transformatiocns. This doas cot quite mean that T is invariant
under M., Since T is only defined module 2x, the fact that Fois fnvariant
under W% leazves twa posiibilities for how T behavaes under K. It may be invari-
ant, or it may be shifted by +.

Te choose between these alternatives, it is encugh %o cansider a special
case. For instance, it suffices to evaiuate & = Fil=1, Au - G) =T M=y,
A m el {35) W), It is not difficult to see that in this casz the com-

vaf

pliceted terms fnvolving e o I vanish, so in fact & w FLU=D) - £{U=W).
g

uwal

A detatled calculation shows that
T{U=s1)«T(U=W»% {26)

This caloulation has some cther fnteresting appiications and will ba described

elsewhere, ¥

The Fewnman path iatocgral, which ¢ortesns 4 Tactor exp INC?, hehce picks

up unger W o2 factor exp iuca = {-1} Eoas gauge iavariant if M. {5 even,
but not if N, is ¢dd.  This agrees with tng determinaticnof the SU(2) ancmaly
st tae gquark levei.? for under H, the rithi-bansged cuarks arg sinaglets. The
lefu-nanded quarks consist of ooe singlel and ong douhtet per color, %2 the

aumber af uovhlets egeals NC. Yhe argument of ref, 3 shows &l the gquerk lewel

shat The effective gotion traensvormg under ¥ as (-3} ©.
Finalty, lev ut make the foilowine remivk, wnich dgart from Ttz

ingriasic interest will be useful elsawhiere,™ Lonsiger SU{B)L " SU(E}K

currants defined at the quark Jevel ag
Bor gty LG valg
na ¢ ' -
{1+ v3q 27

Ry analoqgy with equatica (17}, the preper sigma aoge) description of these

currents containg pieces

wa poa T ka f . :
4 e £ r duL Y Vil
u2 NL (B 3
.JR .- Py c Tt U U U (28)_

carrasponding {via ho2thar®s thearem) to the addi ion to the Lesgranglan of
NCF. in this giscussion, tha 3% should be traceless SU{3) geperators. hHow-
ever, let us try to construct an encmalous beryon nunber Curreat in the tama
way. We ¢efine the baryon nimber of & quark -- wasther left-handed or right-
nangeg ~- to be lfhc. ¢ that an grdinary baryen made from ﬂc Quarks has
barysn rmber gne.  Replacing ad by lfkc, Lut inciuding contributicns of both
left-handeg ana right-handed quarks, the asamilous baryon nuvber current would
be
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Une way to see that this is the proper, and properly normalized, formuta is to
consfder gauging an arbitrary subgroup not of SU(S)L x SU(3}R but of SU{3). =
SU(J)R » U(L), U{1} belng baryon nunber. The gauging of U{1) 1s accomplis.ed
by adding & Moether coupling -ed¥ Bu plus whatever higher order terms may be
required by gauge invariance, (Bu s a U(1) yauge field which may be coupled
as well to some SU(3}L x 5U{3}R geserator.) With JY gefined in (29}, this
leads to a generalization of T that properily reflects anomalous diagrems
tavolving the baryor nusber current {for instance, it progerly incorporates
the 2ncaaly in the baryon number - SU(E)L - SU(E)L triengle that leads to

baryon non-conservation by instantons In the standard week interaction model).

Y.
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FIGURE CAPTIONS

(1)} A particie orbit Y on the two-sphere {part (a}) bounds the discs D (part

{6)) and D {partj(c)).

{2) Space-tima, 2 four sphere, is mapped into the SU(3) manifold. In part
{3}, space-time is synbolically dencted as a iwo sphere. In parts {b}
and {c}, space-time is reduced to a circle that bounds the discs G and Q'.
Thz SU{3} menifold is synbolized in the;e sketches by the interior of the

oblong.

(b)

{(b)

(c)

i
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ADSTRACT

We compute static broperties of barvens in an
8U{2} x 8U{2) chiral rheory {the Skyrme model) whose
solitons can be interpreted as the baryens of QCD.
Our results are generally within about 30% of experi=
mental values. We alsn derive some relaticns thzat
held generally in scliton models of baryons, and

therefore, serve as tests of the 1/N expansion.

*
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INTRODUCTICN

Recent developments have provided partial confirmation
of Skyrme's old idea (1] that baryons are solitons in the
non-linear sigmamodel. We know that in the large N limit,

QCD becomes becomes eguivalent to an effective field theory

of mesons [2]. Counting rules suggest [3] that baryons may
emerge as solitons in this theory. Although we do not under-
stand in detail the large N theory of mesons, we know that at
low energies this theory reduces to anon-linear sigma model

of spentaneously broken chiral symmetry. Moreover, the soli-
tons of the non-iinear model have precisely the guantum numbers
of QCD barvons [4] provided one includes the effects of the
Wess-Zumino coupling (5,6].

In this paper we will evaluate the static properties of
nucleons such as masses, magnetic moments, and charge radii,
in a soliton model. For simplicity we will restrict curselves
to the case of two flavors. One simplification in the SU(2)
case 1s that the Wess-Zumino term vanishes. At a pedestrian

level, for U =1 + iA + D(Az) , the Wess-Zumino term is [5,6]

]

\ I~
Ar = on 2 [ ady ePVeR qpin 3. OAD. A N + higher orders.
15 ﬂ2 F ] [ v 4 -

A
o]
a»
b

™

If A= a_ T , then

[ .4 EuvaB

a, 31: abavac aaadégae TrLTaTbTC TdTeJ
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linear sigma wodal ©o pravant

to zerc-size. The simplest -reasonable cholce is the Skyrwe

model

vy
o
.
-
b
g
(28]

(1)

[y
———
=
-

trix, transforming as U + AUB °  under

Here U is an SU(2) m=a

chiral sU(2) = 5U{2); F_ = 188 Mev is the icn deceay coastant:

and the last term, which contains the dimensionless parameter

e , was introduced by Skyyme to stabilize the solitons. It is
the unigue term with four derivatives which leads to a positive
fSamiltonian., {It is alsc the unigue term with four derivatives

that leads t¢ a Hamiltonian second order in time derivatives.}

o2 . cp 2 sinaF
3 A IF . - Binar
§7F = I SInTFEY 4 a8 g 4

L ;

in terms of a dimensionless wvariable © = 2 For

hehavicir of the numarical solution of eguation

shown in Fig. L.

2 < o
sin”F sin2¥
2
bo

(3}

. The

[N
4t

k3]
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Now, if U, = expl[i F(r) T+%] is the seliton solutiocn,

then U = AI%JA—I » where A is an abritrary constant - 2)
matrix, is a finite eénergy sclution as well. A soluticn of
any given A 1is not an eigenstate of spin and isospin. We
need to treat A as 3 quantum mechanical variable, as & col-
lective coordinate. The simplest way tc do this is to write
the Lagrangian and all physical cbservables in terms of a time
dependent A& . We substitute U= a(t) UOA-l(t) in the
Lagrangian, where UO is the soliton solution and A({t) is
an arbitrary time dependent SU(2) matrix. This procedure will
allow us to write a Hamiltonian which we will diagonalize,
The eigenstates with the proper spin and isospin will correspond
te the nuclecn and delta.

, R ! -1 .
S50, substituting U = A(t) UOA.“(t) in {1), afrer a

lengthy caleculation, we get

L=- M+ Trlagaa, a7l (4
where M is defined in (2) and i = & ;Tl*t 4 with

A= [ #? sinrl1 4+ 4[1-“2 + il-;‘_j_PH as i (5)
Nﬁmerically we find A=50.9 . The SU(2) matrix A can be
written A = ag + ia-+71 , wWith ag + 32 =1 ., In terms of

the a's (4) becomes
3.2
L==-M¥+2x 7 (&) .
Lo i
. . 31, .
Introducing the conjugate momenta Ty T T =4 4; , We can
EEW
now write the Hamiltonian .
H=ré—L=4Aa’.é.—LxM+2zéé.=M+lfw‘?
174 i“i I St § 8 i
Performing the usual canonical Guantization procedure o= -i.g%—
i
we get
3 2
1 3
H= M+ I - 2 - (6)
8% i=0 Ba?
i
3 2
with the constraint : a; =1
i=0
3 2
Because of this constraint, the operator - Z - ig to be
i=0 3a¢
1
interpreted as the Laplacian - Vz on the three-sphere. The

wave functions (by analogy with usual spherical harmonics} are
traceless symmetric polynomials in the ai's. A typical example
. . 4 . Y : [ . ¢
is (a, + iay) , with v (aD + iay) E(£~+2)(a0 taapt.
Such a wave function has spin and isospin equal to %Z , as

one may see by considering the spin and isospin operators
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=51

o %0 A T fkem %2 T (7
m.i

An important physical7point must be addressed here.

-

Since the non-linear sigma model field is U = AIIOA
& and - A correspond to the same o . Maively, one might
expect to insist that the wave function ¢{A} obeys

(A} = +Vw(—ﬁ) ; Actually, a3 discussed long aye by Finkelztein

and Rubinstein {2}, there are two conslstent ways €0 guantize the

soliton; one may reguire U{A} = + Wi~ A) for all sclitons, o

one may requira w(A} = - g (- 2) Ffor 21] selitons. The former

cholce corresponds to gquantizing the soliton as a boson. The
latter choice corresponds te guantizing it as a fermion. We
wish to foliow the second road, of course, so our wave functiors

will be peclynomials of odd degree in the ai‘s . S0, the nucleons,

1 . : . :
of I:.J==5 » corraspond to wave functions linear in a, , while
i
the deltas, of I=J=-1 , correspend to cubic functions. Wave

2
functions of fifth order and higher correspond te highly excited

states (masses > 1730 Mev) which either are lost in the e
nucleon continuum or else are artifacts of the model. The

properiy normalized wave functions for proton and neutron states

of spin up or spin down along the 2z  axis, and some of the
il

wave functions, are:

1 ) C i S
lp+> = T (al -!-_‘g‘a_g) |p+y> = - = (aO - lﬁ3)
i , 1 . .
ln}> =3 {aa + ]_a3} !I’!1> = (al - laz) (8}
[+ _ 3y Ve . 3
}A ) 8, = Z> = = (al +iay)
1 - }
+ . i ;
;A P&, = %) = - éz (al + i az) !l - 3!a§+—a§}f
{ ' /
Rerturning to Equation (£), the eigenvaives of the familtonian
. 1 ) . i B
are B o= M & ﬁ? E{2+2Y where £=2J0 . 50, the rnucleop and
delta messes are given by
103
MN = M o+ S S .
L 15
Moo= Mo+ Ay ‘Lz_" {9}

‘

where M , cbtazined by evaluating {2) namerically, is given

by M = .-t 16.5 and A= - : - 50.9% 5 alz d sald
Y = e D & L= . as ready seald.
5 . g —') . ’ Y <

We have found that the best procedure in dealing with this

3

rodel is to adjust e and T, to fit the anucleon and delta
ma #. The results are ¢=5.45 and F_ =129 Mev. Thus,
on the basis of the values of the baryon masses, we require

{or predict! in tnis model 2 vaiue of #_ that is 303 lower
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€. CUBRRENTS, CHARGE RADIT ASD MAGKETIC MMUMESTS

Im order to compute woak and electromagretic complings
of baryons, we need first to evalmate the curremts in terms of
oollective coordinates. The Noetber current associated with

the V-A tramsformation 60U = iQU is

Tga=1ig ri*mo o +

i r # Tl + s
4!-:'-;2-&{3'-((2&)@@ LM mET , (2 mm:;"} (1)

The V+A current is cbtained by exchamging U with T .

The anomaltus baryom corrent is imstoad [7,6]

p E'wmﬁ + it
B = s UILIEMOTCIE M CRE an
w

L0123 _

where oor notation is pu23 = 1.

If we swbstituts T = A{t) Up& ~(£) in (10}, we get
rather complicated expressions for the vector and axial coroemts
Y and A . The following smgnlar integrals, which are much
simpler, are adeguate £oOr owur purposes:

™

J ag v 0 - -'-3‘-‘--- A Trl(g &) a7t ) {123

J a0 g% VT = i A TT g A T A (13)

- B -~

{14

Im the computation of the above formmilas .frn;n {10)
we have neglected terms which are guadratic iz time derivatiwves.
In the semiclassical limit the solitons motate slowly, =0 terms
tuadratic in time derivatives are higher order in the Semiclas—
Sical approximation.

The expressiom im (7) for the isospin generator Ik
cazn be deriwved from (12} by integrating over T , and
replacing a‘ai by the canomicael momentmm.

Fram {(11) we derive the baryon current and charge density

D 1 sim 21-“
27 rz
. _ijk . 2 - — - -
i_ . € sin T _, I 1L : 1@
B =1 —Z:E— = F" 3 Tr EJ_((B@ A DA Ej_;‘ {183
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Tha traryorn charge ser upit @ is thereiote

og(ry = ar r? B%r) = - 2 sin®F F

o0
and its integral J pB(r) dr = 1 gives the baryonic c.arge.
4]
The iscscalar mean sqguare radius is given by

als = r? o (ry ar = 247 _ 4,47 (0.28)2 fm
I1=0 B 2 .2
0 e Fﬁ

2

2.1/2
*1=0

and we get «<r = 0.59 fm, while the corresponding
experimental value is 0,72 fm.
From {(12) and (15) we can compute the isovector charge

density per unit =

and finally derive the proton and neutron charge distributions
which are plotted in Figure 2.
o
The isovector mean square charge radius J r2 o, ir} ér
¢

is divergent, as expected in the chiral limit [9]. The intro-
duction of guark masses in this model [10] will cure this
problem, as it doues in nature,

The definitions of isoscalar and isovector magnetic

moments are respectively

i =3[ ExBak {19)
and

> -t | T 3 43 (20}

AI=1‘7IIXV d " x .

Therefore, from (18} the isoscalar magnetic moment density is

The isoscalar magnetic mean radius is defirned by

2 _ " 2 120 ~
Ty 1=0 T JU " opy lr) dr

We get <r2>;{§$0 = 0.92 fm, against the experimental value
of 0.81 fm.

The simplest way to extract the g factors is to
calculate the expectation value of the magnetic moment oOperators

in a proton state of spin up, usirg the forms given earlier for

the wave functions. From (18) and (19) the isoscalar magnetic

moment 1s
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=143
[“I=0Ji Z [ d7x epnmy Xg < ptiBylpt>

=-13 —57 J a*x sin?F F' %, &
z 21 Xg ¥k €pmi €mjk < P+|Tr{(aoA l) ATj] ipt >

It Iis easy te check that <pt{Tr I:[ao A—l] A Tj_i lpt > =

- - i
= 6j3 7 -

It follows that

[; ] - <r >I=0 e 1
o), T - (21)
The ¢ factor is defined by writing 1 = & . The

iso = = i i
Scalar g factor F1ag = gp 9y 1s 1.11 in this model

{the experimental value is 1.76, instead).
In order to cempute the isovector magnetic moment, we
start from (13) and integrate in the radial variable. We

get

=.T! A -~ & -1
FIpmEedn At g
™

with A given in (5).

Now

-1 o -1
Tj ) = 1 q2 €eim Tr(rm A T. A)

Tr(? -& T A
J

A detailed calculation using the nucleon wave function given

.

- 14 -

in {8) shows that for any nucleon states N and N'

-1 2
<N'|Trit; A Ty AliN> = - Z<N'|o; Tj|N> .
Therefore
3-:---»3 - - hid i 2
<pt| ! d’x q-x Viipt> = - q, 3 T o3 Cei3 [‘ ?J
e
m
and
3 3 _ 2n A
<pt] J a’x x, vilpt> = M TR
F_e
ki
In conclusion, from (20) we get
R
I=1 3 9 FTr e
The iscvector g factor J1=1 = gp--gn turns out to be

6.38 against the experimental value of 9.4. The magnetic

moments for the proton and neutron, measured in terms of

p 3a
Bohr magneton , are My = T 1.87 and W, = o = = 1.31
u
respectively. The ratio EE turns out to be 1.43 (see
n

Table 1), as oppesed to 1.5 in the guark model and 1.46

experimentally.

(22)

(23)
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3. MASBS5 RELATIONS

It is interesting to form certain combinations of experi-
mentally measured gquantities from which the parameters of the
Skyrme model cancel cut. Corbining our variocus formulas, cne
finds the following formula for the iscacalar g factor in terms

of experimentally measured guantities

R S
Grag T g ST Ppog MO -M) {24)

This formula is very well satisfied experimentally. The left
hand¢ side is 1.76 and the right hand side is 1.66. Wa alsc
find a formula for the isovector g factor from which che

Skyrme model parameters cancel out:

This relation is rot so well satisfied experimentally, the left
hand side being 9.4 and the right hand side 6,38,

Relations (24} and (23} are clearly muach mere general than

o

the rest of ou:r formulas, For instance, it is easy Lo see that
they continue to hold if an arbitrary isospin conserving voten-
tial energy VII} is Laelifed in the aedel -- the most obvious

candidate beiny a term Tr U te simulate tna effacts of guark

-16-

masses, It is natural to wonder exactly how broad is the range
of validity of these formulas.

Consider the soliton before it beains tc rotate as a
spherically symmetric classical bedy with an energy density
TOO(r)' {We will treat the soliton as a non-relativistic object
and ignore the pressure Tij relative to TUO' Actually the proper

inclusien of Tij dees not modify the formulas.) If such a body

begins to rotate with angular frequency 5, the velocity at

- . . -
positicn % is $(r) = 3><x, and the momentum density is TOi(x) =
AT T H entum of the spinnin
Too(r) Lljk ujAk . The angular momentum © P g

body is

_ 3
g, 0= [ a7 x Eiqx Xy Toy (%)

{ 3 2 -
= J d7x fu,r” - w, X0l Ty
.2 Fadyp o2
= ‘3* Lul I X on -

. > - N
We have simply cbhtained the formula J = Iw, where the moment
of inertia is I = é,{ d3x Too r2 . If the bkedy begins to rotate

its kinetie energy will be



-17-

_ 1 3 +2
T_IJdXTOO
.1 3 + 2
=3 J d’x Too{m % X)
+2 +2
= W_ 3 2 _J
=3 J % Tpo T = 37
For the nuclecn, 32 =-%h2; for the A, 32 = %?hz. Interpreting

the mass difference between the delta and nucleon as a conse-—
quence of the rotational kinetic energy, we find for the moment
of inertia I z(E/EEMA—MNf_{ The rotational frequency of the
nucleocn is hence U = J/T = (2/3) (i,-M)) 3.

The soliton before it begins to spin has some isoscalar
charge density pir), but the:isoscalar current density vanishes
for @ soliton at rest because of spherical symmetry and current
conservation (or because of time reversal invariance). A
rotating soliton has the current density 3= s v = p($x ;}. So

the magnetic moment of the rotating soliton is

d3x ; Xj

J'd3x p§ X (5 X ;)

[
[N

[}
4
E4

[d3x pr2

WE+

I=0
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Combining this with o = (%)(MA_MN)E and with the definition
b= f% 3 of the g factor, we find the result (24)
for the iscscalar magnetic moment ¢f the nucleon,

Now, to what extent is this result general? The relations
3 = I:, T = 32/21 are completely general formulas for the angular
momentum and kinetic energy of a slowly rotating bedy. (These
formulas hold even when the Hamiltonian -- after elimination
of non-propagating degrees of freedom -- is non-local.) The
nuclecn and delta are slowly rotating bodies in the large N
limit, with I of order N and o of crder 1/N. The formula
L= % (MA—MN)E is a rigorous formula fcr the rotational frequency
of the nuclecn or delta in the large N limit or in any semi-
classical soliten description.

Unfortunately, the formula 3= p(:x %) is not a completely
general formula for the current demsity induced in a static
object when it begins to rotate. This formula holds for a
macroscopic body, but whether it holds for a microscopic body
such as a soliton depends on how the current and charge densities
are constructed from the elementary fields, Likewise the

formula (26) is not a completely general formula for the
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[y
2y
R

[

the induced current; this non-locality spoils the relatiern

2
53]

Wl L o= = <r >_ -
’ G 3 I=0

If the barycen ¢urrent is given by Skyrwe's formula (11)

thern we will have {28} . =znd the successiul relation (24

will neld regardliess of the chonoe o

However, a rvealisiic desoriphl

- M e e
TniYy Fugres
e ‘- .
Fhe s T o
ERY)
o

-
i
'3
H

a non-~-locality in the relstion between the charge density and

gian.

e
4. AXTAL COUPLING AND GCLIBERCSR-TRETMAN RELATION

P T

Leteynal

To wovalud g b

Jd X Ai(x) in a soliton state. The velation of this integral

sith the axial coupling is slightly subtle. The standard defini-

wion of axial current matrin element s

I

» . ) 2 2 b3
Current cconservatlion lmplies Zm gy + g ha(q 1 = 0. In the

cal zomponents of the ourrent,

P2y heoones

PR b

LRV [y DR ey § = A - Lt A, fe ey
B 4 PROUE TRy R gy E— CoE LT RS LT}
i 3 ! [ ; ;
. .':
The - ity in {28} vedresos £ uoerze, the pion pole,
s ’ % s
& FARR VA
e AR PR S
RN Tiait oo o~ 0 haers g, =

s L ey
e YEilal

cresponding Lo

tatae LS

emllton

angular integral and then
symmatrae limit just descr
inregral we find

3

dvx A?(x} =

!
!
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where .
- / 1T il < 2‘;- T
o o= }f ar 52[’ £V 4 5»__1_;;-?-,,‘?\ ; 41’ Sin 2F pay? _E_b_i?kf,i_
¢] r } r r
.2 .
+ Sin’F sin 2F
¥
Numerically we find D = -17.2 - AS we have discussed before (22)
Tr[TiA—lraA], evaluated in a nucleon state, equals =~ %<OiTa>.

Setting (29) egqual to %gA {corresponding to the symmetric a + 0

limit of (28)) we gat
_ 3 2 w _ ’
a2 (‘ 3)—2 b=20.61 (30)

which unfortunately is not in good agreement with the experimental
value 95 = 1.23. Althcugh the Adler-Weisberger sum rule, which

is a consequence of chiral Symmetry, is surely obeyed in the
Skyrme model, we do not know how it works out.

There is another useful way to compute 9y - which links it
to the long distance behaviour of the soliton solution F(r), and
turns eut to be particularly useful for proving the Goldberger-
Treiman relation.

The requirament cof current conservation BuA“ = O reduces

i . . . R
to 3iA = 0 in the static @pproximation. Therefore the volume

integral of the axial current can be computed as a surface integral

by using the divergence theorem, as follows:

3 a_ | .3 a = f a
J d”x Ai = J d¥x aj (xiA j) = j xiAjﬁj ds (31}
* s

22

The definition of axial current from {(10) is

+

L2
A% = iil rrl{ta,uoet + uhsu A—ltaA + higher derivatives
Tl 1U¥g * Ugd;Ug

{(32)

where U0 = ¢os F + 1 gin F ?-ﬁ is the soliton solution. At large

distances F{r} goes like l% where B can be extracted from the
r

]
computer solution and is B = —%—7 with B' = 8.6, Therefore
e’ F
at large distances T
uo=1+ 3272
0 2

Ir

and
i _ . B 4 al
3 UD = lr—j'("fi 3T-R%9Q )

It follows from (32) that the current to be used in formula (31)

is

o
bL;k

s

B NN -1
-—3{(11—31-2}:(1)2& TaA:! ¥ ouea (33)

Therefore from (31) we obtain
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ik

—2i-
2 Tl w1 _a,
J a¥x A = -¥1B %; Tr[r a TGAE

From (22) and the definiticn of we get tharefore

Ja

s L.l .
With U =~ ADOA and U,
o

o :--g—FzT\..Z.,_'E_:*?‘-l——TGﬁl {14) ]
A 27w T 33 L2 ) . behaviour of the pion
38
. Xl
as before. Fausitons (301 2nd (34 imply & relation betwoon D and . T
.-
B'. Indead, by using {3} D oWl ihe result
D = -2B'.
By using (22} and (34}
Finally, let us cheog #f T relation Lo
this model. The <ld Feshicoraed Legrons.sn for plons o coupled .
<y = -p. g.1%r =
to ruclenns v 1S - i
[ = LG i i
- NN

So comparing (33} and (38} we Zinally

tivisiic radaction of the coupling term is relaticon

Ztence

>
-
84

he larce 4

e

From this forw cne can find

behaviour of the sxpectation valus of the pion field in a nucleon

state

The predicted value of

arf(x)r = - —§<G.1 > . (35} ERRSE

value of 13.5.

Cn the other hand, we can find the expectation value of the pion
field at great distances from a soliton by studying the asymptotic
behaviour of the soliton sclution. The small fluctuations of U

around its vacuum expectation value are related to the pion field

by

we.. we find the large distance

(3¢
v get the Goldberger-Treiman

compared with the experimental



S. DECAYS OF THE &4

In this section, we will calculate the amplitudes for the
decay processes 4 + N7 and & + Ny. The decay A - Ny is related
by a simple quark model argument [11] to the nucleon magnetic
momert. A similar guark model argument [12] relates the ampli-
tude A + N7 to the pion-nucleon coupling. For a review of the
guark model relaticns, see [13]. We will see that the 1/N expan-
sion makes predictions for & decays analogous to the predictiens
of the quark model. These gredictions are model-independent in
the sense that they hold for any soliten model of baryons and
serve as guantitative tests of the é expansion. The Skyrme
model will not enter in this section except in the concluding
paragraph.

In the large N limit the A and the nucleon are nearly
degenerate, so0 the decays &4 + Nt and &4 + Ny involve soft pions
and photons. Also, the nucleon and the ) are described by the
same classical scliton sclution with different but known wave
functions for the collective coordinates (8). Hence the coupling
of the soft pion or photon in A decay can be computed in terms
of the static coupling of pions or photons to nucleons,

In view of chiral symmetry, the pion couplings to baryons
can be expressed as derivative couplings. For soft pions, the
coupling will invelve mainly the first derivative of the pion

field aina, multiplied by some operator Gia acting on the

—26-

collective coordinates. In Gia time derivatives of A can he
neglected (since the nucleon rotates slowly in the large N limit)
SO Ola must be a function of A only. The only function of A
that transforms properly under spin and isospin (Cia must have

I =3 =1) is TriTiA_lraA}. S50 in the large N limit, irrespec-
tive of other details, the coupling of soft pions tc baryons is
of the form

a 1

L= 83,79 o7, 2"
i i

- Y {37

for scme &.

The picn-nuclecn coupling is related to § by evaluating
the matrix element c©f {37) between initial and final nucleon
states, We have already done this, in effect, in computing

g
in the Skyrme model, and the relation is & = ERN

4 My 7

MN being the nucleon mass. On the other hand, we can describe

NN

the hadronic decay of the &4 by taking the matrix element of {37)
hetween an initial 4 and a final nucleon.

Let us define a coupling 9ona 38 follows (it is called

. ++{ _oan - _ 1 +
M++ in [12]). For a decay 4 \sz = f) p(sz = f) + 1T, wWe

: : s )1 >,
define the amplitude to be I kxi'lky)ﬁﬁw’ where k is the
center of mass momentum of the pion. Evaluating the matrix

element of (37}, we find g The guark model re-

_ 3
N T 7 Fnune
, v e _ 6 .
lation of {12) is instead Tona = T Jonn® The relation



£gl

Lt

; which follows from the 1/N erxpansion without

Sane T T Yenwe

other assumpilons, is in excellent agreement with experiment.

With the experimental value 13.5, it gives a va:

Fann

(v

125 Mev for the widin of the A; the exverimental value is zbout
120 Mevwv.
A similar analysis can be made for the electromagnetis

v
decay of the 4. The decay A + Ny violates iscspin, s¢ it in-

vo.ves only the isovector partv of the electromagnetic current,

=]
w
[
t
i

. 1 - . A 2
The isovecter coupling of the magnetic field B to baryo

> - -> . -
be of the form Bs., wnere p 15 an operator acting on the cellao-
» 2 g

. - . :
tive coordinates cof baryons. ¢, the isov pagnetio moment

operator of haryons, most be the third component of an iso-
L J T

vector, MNeglecting time derivatives, the onlvy

Hy = a Tr[TiAWLTJA]whe:e 2 is some ceoastant. S0 the magnetic

coupiing to baryons 1is

r_
I
i
p
T+
[}
4s]
o
<
=
4
b
I

A relation of this form holds in any soliton descripticn of
baryons; only the value of o is model dependent. The value of
u determines the isovector part of the nuclecn magnetic moment.
The relation is obtained by calculating the matrix element of
(38) between initial and final nucleon states; the caleculation

is essentially the one we have already parformed in deriving

eq. {23 Writing the proton and nedtron wagnetic moments as

- - - > . . 3
Com LT, W o= u_o, the relaticen is o = Z(g_=-. 1.
] jo b n 1 o
We can now calculate the ampiitude for 1 ~ Ny by evaluating

the natrix element of {33) between Initi:l . and final nucleon.

Let us define o transitfion moment

| = 5 _J‘“-~ !;\+ -1~
"HNa FaSy ® Fikg o 5, % 57

]
il
3
m
I
-
i
=
las]
1
o
3
H
—
[
o
|
tus
2]

| WA

is the z component of the barydn magiri:o moment oporator.

Using wave functions in (B) we find 1, . = (. - V/73 . This

agreas very well with the ex

WA o
. - . 2 . .
The guark modal (1D gives . = ZvZ (u_~1_) = .57(._=~. }{this rela-
W 3 p '~ P "n
tion iz often written a VR U wWe ore using here the guark

The model independent tests of the L/N expansion

3 _

- 2o ; = e omi ) Tk e s el . } -

Sena 5 Doy and vy (e, w3 /rZ wick wvery well {perhaps for

tuitously sa} if one takes Tpyy SR 2=, from experiment. The
[ = o

Skyrme model, however, l1s less successful. Since the Skyrme

madel values of TNy - Up’ and w, are ill about 30% too small,
the predictions for Yaa and Toygp 22 Lo low {see table I) by a
similar margin.

ACKNOWLEDGMENTS

C.R.N. acknowledges useful convarsations with S, Gupta.

vmiue b, o= {L,70 2 JUL) (e -u .



Vol

[1]
{2]
{31
[4)

151
[6]

[7]
(8]
{9]
(10}

{11}

[12}

[13]

-2Ga

REFERENCES

T.H.R. Skyrme, Proc. Roy. Soc. A260, 127 (1961)

G. 't Hooft, Nucl. Phys, B72, 461 (1974); B75, 461 (1%74)
E. Witten, Nucl. Phys. Bl60, 57 (1979) Fig. 1:
E. Witten "Current algebra, baryons, and quark confinement",

Princeton University preprint B3, to appear in Nucl, Phys. B

J. Wess and B. Zumino, Phys. Lett, 378, 95 (1971)

E. Witten "Global aspect of current algebra", Princeton Fig. 2:
University preprint 83, to appear in Nucl. Phys. B

J. Goldstone and F. Wilczek, Phys, Rev. Lett, 47, 986 (1981)

D, Finkelstein and J. Rubinstein, J. Math. Phys. 9, 1762 (1968)

M.A.B, Beg and &, Zepeda, Phys. Rev. D6, 2912 (1972)

G. Adkins, C. R. Nappi, in preparation

M. A, Beg, B, W. Lee, and A. Pais, Phys. Rev. Lett. 13

514 (1964

C. Becchi, G, Morpurgo, Phys. Rev, 149 1284 (1966;;

R. van Royen, V., F. Weisskopf, Nucvo Cimento 50 (1967);

21 583 (1967)

JeJ.J. Kokkedee "The quark model”, W. A, Benjamin, Inc. 1969

-30-

FIGURE CAPTIONS

Plot of F, the numerical solution ¢f eg. {(3).

. -+
F appears in the Skyrme ansatz UU(x) = expl[iF(r)1.8}.
The radial distance is measured in fermi, and also

in the dimensicnless variable r = eFﬁr.

Plot of the proten and neutron charge densities.
These charge densities are given as functions of
the radial distance ¥, and include a factor of

4ﬂr2.
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ABETRACT

In this review we try wc bring together the various approaches
that are being developed to analyze what happens when fermions scatter
of f monopoles in grand unified theories. The materisl is divided

according to the following table cf contente.
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Introduction: "Wiat is the Rubakov Caullan effect"?

Brief resumé of fermions in the 't Hooft-Polaykov SU(2) monapole

system and SU(5) monopoles.
The Rubakov vacuum pziring argument.
Callen's bosonization approach

Observations of the effect of gquantum corrertions to the

boscnization treatment by Virasoro
Treatment of the non-abelian SU(2) colour interactions in

the fermion-moncpol @ zoattering problem by Craigie, Nahm and

Rubakov

Topolegical baryon approach being developed by Witten and Callan

Brief comments on other works and conclusions,

Iy

In 1251 Rubazov rointed out & remarkuble erfect that would take

5) '+ hoaoft-Polyakov monopole pussed through nuclear matter,

pliace 11 .

namely it 14 ivdace protons to decay at rates comurable to strong inter-—

- . . 2)
et lons, et ort was independently discovered u little later by Callan =,
WIS hes since tried to develop n complete description of the above catalysis
vioonion in the framewsrk of guantum field theory. We shall briefly recall

the essential 4etails in Rubakov's and Callun's work ana then go on to discuss
wonat nas been dere sines oy various people. It is ~rucial to fully understand
this effect and to be sble to calzulute erpssesectious and branching ratios
because of the folluwing cbservable consegquences: i) s munopole passing through
s giant proton decay detector would lead to a chain of preton decays, one
every 10 te 100 cm, depending on the density of the detector and the magnitude

of the crogg-section ii}) Astrophysical bedie: like neutron stars

< N
Rubakov
become monepole detectors 3) and tight limits on the product of the monopole

fiux and are said to come from a study of X-ray emission from such

“Rubakov
stars. i order to understand the origin of the effect it 1s perhaps useful
G recail the problem pointed out by Kazama, Yang and Goldhaber ), when one
sonsiders a charged fermion scattering of a point Lirac monopole, namely the
domiltonian of the system is not selfwadjoint and physics is not defined
at = 0, In a simple way one can pinpeint tieorigin of the problem by neting

that the total angulsr momentum is given by

S

=T + ; + eg ;/r . (1.1)

wnere L is the orbital angular momentum, 3 is the spin of the fermion and
tie last piece comes Trom the charge field interaction, Like the fermion spin
it sleo gives rise to & haif unit of angular momentum by virtue of the Dirac
cenditlion eg = 1/2. For s-wave fermions the spin orientation can be chosen
1o exaculy cancel the latter piece, giving rice to an angular momentum zero
state. However as the fermion passcs the core and T - ;, the angular
mamentim will not be concerved unless % > -E (helicity flip) or e -e
{orarg- wAcnange), wiieh would require some special boundary condition at

r = 5., Or tne other rand, a 't Hooft-Polyakov moropole is non-singular at

& =0

, 1 o ~arerful study of fermions in this system should tell us exactly

wWinat NELDEns sewave fermions as they scatter off the monopele core.



15853 3

in tiel what comes ot of such a study ic the following, 1t an =

a
. 3 >
wave ferminn reaches the core of o GUT monopole, 1t will pop ocut aga’n %'o (x) —> -wF (+> s Yy = oo (2.2}
with & change in identity, e.g. 4 + e, LL1 * Ej, ete. The monopole 15 a4 state
2
of indefinite fermion number and it Aistorts the fermivnic vacuum around it
. . . . . . X and oo gauge symmetr; breaks according to SU(SY - (1) , where tie U{1) is
due to such processes oceurring virtually in the surrounding vacuum, i.e. u =i
R . i . tne =et of eotatlons winich lenves ¢ invariant, Ths 't Hooft-Polyakov moncpole
leptons and quarks puir up locally outside the rore and such correlations fall
- . «l.d . solubion corresponding o (2.0) s o . by
off slowly like a power (v ") B8 r » w . One conseguaence of this phenomencn -
.
in the case of monopeles in theories like SU(S) 1is r.ior baryon-numter vislating o aq i Eac xJ
. . . . A, =zo A. = g €a () X , T
proecegsses can occur outside the core of the monopole and manifestations of 1 L r

this phenomenon include (at the quark level)

U+M-M+e +0+3d

em a __a ' " .
or at the hadronic level Ff“’ = _¢_. T‘r v - é—*‘_l él‘"‘l M {2.3}
1 pi
+ &) 0
p+M+M+e +q0 + 1 am e m " (2.1)
. - N Jjex?* e
B = €k Fie /

i.e. & proton decay ~an be induced by & wonopole passing through it, The
cross-section for thisz proecess is believed to be compatible to that which uned

saturates the s-wave unitarity bound, i.e. Ors7/E°

£.TC
25 oo
IT. BRIEF RESUME OF THE SU(2) MONOPQLE FERMION SYSTEM 1
= -e—" (i.e. the Dirac condition) (2.5)
Before entering into details of the analysis started by Rubakov
and Callan, let us briefly review some of the basic kinematics and noticns {Le Dirac eguation (non-—;ingular equation)
relevant to the problem,
The basic system one studies is the familiar SU{2) Georgi-Glashow
Y_"I.D—rm;]‘. 25 . (x) =0 {2.6)
chiral model

¥
- 1€ a'}l‘"x == T, and wo cnn owri a

L= 2R E s 04 (94w v e ek o v m (] s

ioenerate with respect to the

Note §0= 1/2 e and Qg = 1/2.)

v + possible Yukawa rouplings (z.1) IR

{ is a 2-component left-handed Weyl spinor). o
L )Y

e = 1 - 1 >
I e toral angular momentum is glven . J = [ o+ Y G+ £l T where
Yacuum structure {in the spherically symmetri- nor~citgaear gauge) - The T Uy iees monebo e burns isospin inlo . oo It enters on ap identical
fiiggs field arourd the moncpole is supposed to take on the conflguration She P -wayes (L in bhe My = U Lime Pounu oaero total angular momentum
ol o ostarun (o= L= 0 us have the decoimposition due to Jackiw




T=xo0

| “
.= Ex: .l -
ZFL 40 [T ( ay hiry + C"ﬂ T )u({s EF { 90rd (2.7)
We can define the two-component spincr f = [-; ] and obtain the two-dimensional

K
radial Dirac eguation B f = 0 with boundary condition g{r) =0 at r = Q

- A

v, = (03,01) and DIJ = Bu + By (2.8)
where a, = (ao,ar) refer to the U{1} guantum fluctuations of the monopcle
field (the static tield as r > ®» does not enter since its contribution

cancels the angular momentum term).

2. Exact_solution in static monopole field {see Marcimno and Muzinich for the

6)

scettering solution for me # 0 in the full 8U(%) context Y, proceeds by

pure charge exchange, nanmely
in

.
YL

and not by helicity flip

n et
+ L ?
s

pel) w0

This conclusion holds for me # 0, provided mf/E << 1,

i
+

i,e. WL

where

Question of zerc modes

Although for m. = O the above Dirac enuation has non-normalizable
zero modes, it has been recently pointed out by Walsh, Weiz and Wn 7) that

if we add a mass term in SU(5) model n, = teir), where iz the Higgs

b

. s
field which breaks SU(2) x U(1l) - U(l)em . then there are no corresponding
normalizable zero modes.

However the existenceof normalizable zerc medes in a siatic monopele

‘field has no direect bearing on the Rubakov-Callan effsacth,

Reason - A monopole is not exactly like an instanion for which

index B = N (the winding number of the field} (2.9)

~5m

and

N+ 4 ) L) [N F o {2.10}

{i.e, there exists s non-vanishing probability for a fermionie pair ]%db

t0o appear at some point Xpn if the winding number of the field changes Trom
N to N+l as we go from t = =00 L0 £ = +00 ) . OUne rarnot use the Gauss
theorem to turn the local statement of the snomaly BUJE :_CFF’ inte the
index theorem because the monopole sweeps out a world line, which punctures
any 4 volume, Furthermore, the one-particle description is inadequate
because it entalls the excitation of the dyon degroe of freedom which is
forbidden energetically. One therefore needs a lull QFT treatment of the

problem (Fig.l).

Monopole

Monopele-fermjon system in the singular unitarity gauge ~ For completeness

let us briefly describe the moncpole-fermion system in the unitarity gauge
in which the U{l) electromagnetism points along the third component of the

SU{2) generstors, i.e.

b1 a

FQM - _ ’B

rv "brA“ “Ar (2.11)

3 A
A = V- (a1 Y . p .

. - = d

* *fesp C Al Pro® {z.12)
B™. v, m

e 8.3 So0 8 (2.13)

where the last term in Fg.(:.13) represents the Dirac string whicn has becn

shosen to point along the positive z axis (Fig.2).

NP
/15

-> z axis

Dirac String {invisible because eg=2 :!)




The Hamiltonian (Kazama, Yang and Goldhaber A)}

 ——— |
[ =T -
i

2
Oy = <¢> l 2 2, .
H = .V—«-Pm{—fr_-bu& . x -3 |
'.I.m‘f v 3 -3 J v
—_— o
H dyon fermion ancmalous (2.1h)

o . - i

magnetic moment Yhere Is then a subsequent breakdews of sU{2), ® U{1) to Ul1) at the 100 GeV
L &m

The problem pointed out in Ref.h in A, 1s oot self-adjoint and the physics seale. The monopole is quantized with tegard Lo an Ul1l} subgroup made up of

At r = 0 is not defined. This can be remedied using p and «

« # 0 makes H

as regulators. diagonal gencrators of 2U{3} @ U(l)C

- which oz be traced to the spontanecus

bressdown of & SU(2) lepto-guark subgronp =7

For example 2T 8U0S), which breaks to u(l}, i,e,

self-adjoint and the scattering problem well

See

defined. The conserved total angular momentum is J = I, + % g, i.e. Mx
[H, L+ % a] = 0, which implies & different partial wave expansion than that su{2) > UQ(U »
used for the spherically symmetric non-singular gauge, for which {H, L + % CH—'ZI* ’C]: d. y
One uses Tyt T f LPE
1 £{r) n_' 3
wa = M; ) nJ Y—component spiner Tl:e Pirac condition reads £ 8 =1/2, Let us chuose the monopole to sit ip
g (d3,e ) space, so that
Yot m o 2009 ’—0 H 7 ~1/3
= “ b ! o] =
na Y > 1 (B,@}_} 1/3 -1/3
v2tm+ o qQ = =
2 {2.15)} = 1 = /3 + 2/3
-1 _i o
vhere Ym m,(B,tp) refer to monorole harmonics introduced by Yang and collaborators. L o 8] | l_
The boundary condition at r = 0 in the limit p, —. O depends on how the Qem —i Yc
3

1imits px — 0 (for a detailed discussion see Wy }. In particular, one , .
Then with regard to the menopole SU(D) subgrcup of BU{5) we have the fellowing

can define a class of different solutions characterized by an angle w , where N .

left—handed fermion doublets.

+
e u [t
H 3 B

l_ d3 L 1 -a

boundary condition at r = 0 is characterized by

Q=+l ’ 1
: glr)] _ :
lim arg f(r)} =w ., _
r + 0 -1 |. e JL

[

(2.16) G

Different w corresponds to a different fermion spectrum. This monopole

phase angle presumably has an interesting physical interpretation.

Indeed Callan and Das ?) have recentily pointed out that this angle is a3L - L
closely related to the @ angle of instanton physics. Furthermore, when one e+ -4
has more than one fermion and a more complex monopole group, then the boundary L AL
condition at r = 0 can ve reprecented by a unitary transformation win(O) = Yy, * GPL
U WOUt(O)- In the cosze of o singie Dirac fermion, the boundary _7
condition in s-wave fermions is given by L[JL(O} = e:m wR(O). Mo, T THyg ’

s tep line represents an incoming - wr, while the bottom line

Full SU(5} context - The SU(5) gauge theory breaks down tu SU(B)C @ sul2), @ U(1)
15 N

i - - : 4t represort Goan outgoing s-wave.  The sitiatior o e e i
at a mass scale M~ 107" GeV, by a supcrheavy Higgs field in the adjoint BT FOLng s @ eitiation oo oroed for LR, i.e.

representation 24. The vacuum expectation of this Kiggs field ¢"1b represented

A5 & 5 %X O tracelass mairix is piven by

o



III.  THE RUBAXOV VACUUM PAIRING ARGUMENT (> = S By O Cdall 41,_3&11-3

There are two aspects of the argumént: (3.3)

i) the existence of anomaly driven by the monopole field;
ii) the existence of baryon number, etc, violating boundary Warte

conditions at the core for s-wave fermionzs. I

Hote both points are essential t2 understand Rubakov's analysis,

Significance of the anomaly - Consider chiral charge co= ¢+YOY lpdz'J” = nL-nH )
- A . > 5 . . If we restrict curseives to J = 0 flelds und mo= O, then wuing Gg.00.7)
in 3y{2 )model. Howsver the monopole gives rise to tus Adler, Bell snd Jackiw
anomaly (here we abscrb the coupling constant into the definition of the vector N
\ -
. _ ~ T

potential) s, = m r (93 -—~r \r\) & (3.4)

D\Qg 4 cadre - . '

T " wme JERLF cam Tt A 2t (3.1) _ (s - _

and Smrd PPy = £ T.D r, where f = l N ana D o= (DO,Ur). Outside the core

. Du no longer contalns lhe static monopole field. If we note B only depends
is £ i i cll‘m ' . - 3

vhere the second term is a mase effect. By virtue of the spherical s ety on the time and radiul components of the electromagnetic field and the fact

of the monopole field the anomaly only couples s-wave fermions. Further,

Lhat the transverse components can be trivially Intesrated out, then one sees that
using Eg.{2.4) (g = L®¥)

R 2il the dynamics of s-wave Termions is contained in 4 two-dimensional Avelian
' S ER AT S S © tneory on the half livne © € r s ~», with the boundary condition h(r) =0
. = - o .
tem® w ° (3.2) at v = O, because of tae singular term F.8/r in Eg.({3.L)}. We can write
‘ bl e L o
However by the Gauss equation l—e- IE/3r = Q¢+¢ =Q [p+(:-) +p (r)]/r2 for < LivYLte') -y = ﬁ__{: r T;F; ' < g(" '? {r'} > (3.5)

s-wave fermions, where p*(r) 15%the radial charge density for nelicity (&)

fermions, respectively., Hence the first term is of order a J dr {p+ + p_)/r, where
1 ' - S e

(H-W:gﬂ'- e (oo, 3045104 8])

while the mass term is of order 2m | dr (p* - p ). This means if we examine
what happens to Termions outside the monopole core but inside @ redius R << a.m"l,

then the anomaly tells us that nL--nR must change. What does it mean that

n -ng has to change, since the U(1} intersctions cutside the core are

vectorial? The answer appears to be that: a) there must be some adjustment with o o2 ,
o T » - A
in the fermion vacuum around the monopole, b this must persist as long as J;ﬁ = Rc“ S&r{ "-'_T{ 5. % « § ¥ 9§ }
- . £ S
R _l k m/g . However the precise nature of the fermion pairing structure depends mw g (3.6)
on the boundary conditions at r = rg, the number of SU{2) fermion doublets
end the way fermions propaga“e in the monopole quantum field for r » L N R - ~ -~
and YeL = oD, .+ 9.0y Y. =i¢,=¢€ ,D =3 +a .
b 76 Cyrt s 2 beou

Calculation of the vacuum pairing - One starts by rronside;‘ing what is involved Followirg Sehwinger, this field theory can be explicitly solved.

in ealeulating the correlation functicns:

A chiral retation

=10-
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. dcv)»f{}(n

g = € Lt aowot oy feemfon Oreen’s: function can be estimated using
Y

SE= T, all)
; - ~ ]
wrhiich is chosen 50 as to cancel the U{1) potential in o [ 4 Es[ L3 {-{7—) n >M = &{d‘ﬁl e e

. o n , o <Eo (o (3.1k)
frt ~ § [)ZS-rcf,,{\a"/; + Eeo e "

. tee
. i et s e, Lror HD = 2)
where we choose o so that 2Oy i) 20y oy ChLMIX, vy t 2 U,y +2 WKixy)
T

- £
ar+ 'b,,.(! T £ Dyl 0 i1.9)

Note that 8 corresponds to a pure Zauge rotation.  Freom DLl

that the field strenglh iz given by siere o= {n,r), y = (L',r') and

L0 gL . PREY [ 5% Ui - 20 )xer) = $ P00

3.15)

a0 [PSR S s

However on changing the variables according Lo To.iFLTY i st inclde the

Jacobian 2)

Lhjerted Lo boundary condition at ro= 0. A5 noted by Rubukow ) and Callan y

Y d th\\ECL; -l[a:ﬁ‘} = ) [CL:X' 3i|.-. A Ji:u 7 1 Im v hls zystam can be explioir

solved amd the ar

sptotic form of K{x,y) is
known, For }JD duublets

o)

T
MNolew |E-#)
, this leads to the Fantar Moy C(x) Npo, oy s T

e e . ¢

TE-'| 5od (3.16)

Using Fujikawa's method ©

Lo% T o= Ny Eo([x) BEx)d?x [ R T RPN

How coneider o moael with the two doublots

which is nothing but the full four—dimensionsd amoese .o L e, 5
. . : oo
by virtue of its spherical symmetry cno ror oewe’ . - ' 5 [ S . 2\.3(1) - [ E_ 1
e = a1, p L [

Log § = Mg Sd(x)E-

A
3
o
[

saocersiaor Lho palring cperator

l.e. the monopole transforms the four—dim oion:

&y re

PR i- e f ;.{%3 g(_“] 295(\'(:;}4,,3) ix)

wnemaly for the radial field theory. 1

transformation of the theory:

) | = Eap \’_Ou_az T\TL[F - O kLP] {3.17)
§z = jdmv[@’g(‘l«”; N T

e'L

[

rerrosents the chorge conjugntion operation in this

sii. owe can explicitly evelunts the limit

e



[+ X/

Lk CMIFIT, oy Fhte, o2 mS
T ot 2

y \ 1Lc.b -:%T,
- -;: e e T {5; (x.y) S¢ (y,x)1)
—...'Tv{ (5'-:‘_3'1)13

,‘__‘ _‘_3 {3.18)
(S

Hence by the cluster decomposition {or by observing that this limit singles out

the lowest intermediate ntate, namely the monopole), ons cbtains

My Fooy My ~ -1

r
i e {(3.19)
N _ . A
Mol + a6)IMYH  ~ ¢
For 8y, = L,6,... doublets, one obtains the generalization
ND/L
{Meryp ) 3

M ENe T (o My~ (377D (3.20)
One can try Lo give o graphical interpretation of this result as indicated
in Fig.3(a} for N_ = 2 or Fig,3(0) for W, = k,G,... Fig.ila) is meant to

D D
show the vacuum pairing at some point v outside the core of a monopole

due to a virtual process in which a fermicn HL falls into the core only to

reappear as b However tnis pleture is not quite correct since the

L°
ion t B u,—» 8 ne should
scattering sclution for a v?kes 42—5 a8, at the core. Tunstead one shou
think of the neutral system fﬁ'(a, + EL) involving half ferwlons
<

falling into the core and popping out as the half fermion number system

Ti (a. + v ). Fig.i{b) represcents the corresponding generallization for
L L = )
N2 = L6 {The role of halt Termjon number becomes mathematically clear
D NG 2 . e |
in Callan's bosonization and zoliton treatment in whieh the phenomenon of
fermion nupber fa~torizabion s hecoming well understood. )
xr r
X
a bL g
M
@ g\loree Core
o &) B N, =4
Flg.3
~13-

SU(5) "condensates™ - Consider the case of only the one generation

a et

: l . [ ul.l ' [ue}
® L dB L uE-L s L

Then Rubakov's analysis yields the following vacuum pairing:

- - - - \
(\ull. u.zg "‘U“_ Uig )(d3l..'-l_5ﬂ 191"-ef’~ )>H ~ T‘

(L, d. . - T \

(zcl; u, e )(uae -u,_¢13\>H —~ ~

((E1L Jm«cuu e‘m(q et s u,, J N I (3.21)
1t 4 e dap >P"\~ ‘_‘r“

In particular, one has the AB # 0 "condensate” (i.e. vacuum pairing around the
monopole )

- - - + 1
<u1L Y1, %3p R >M T E . (3.22)

We note that all these loeal correlations among quarks and leptons are
completely neutral as regards the § charge (i.e. they always involve two
up and two down charges). What is remarkable is that they are alsc colour
tieutral and electrically neutral. Further, provided we average over the
monopoles orientation with respect to colour uypercharge, they are also
celour singlets, (We should remember the only forces that have been taken
into account so far are the iong range UQ(I) interaction, left over after

the breakdown of the moncpsole SU(2) subgroup of SU(5).)

Fhysical picture of the catalysis reaction - From the above analysis one

has the following picture. The vacuum arcund the monopole is polarized by
virtual processes including baryon number violating ones (AB # 0) because
quark and leptons in the Fermi vacuum around the core can fall into the
moucpole and pop out with a different identity & -se”, 1y~ 52 etc. An
incoming proton can encounter one of these processes and decay without cne
of its fermionz actually having,in a one~particle sense) t0 redach the
core. In the full quantum field context the catalysis reaction can occur
without exeiting the Coulomb energies of the colour and electric charges on

er around the monopole core. This reaction is shown in Figh .

Other examples of reactions which could cecur if the energy permitted
would include p[—o Py + e+e_, this is shown in Figy, . Hence one must also
take into acroun{ the branching ratio into the different channels, many of
which will not involve a vioclation of baryon number. In the naive picture,
the branehing ratio for AB = 0 and AB # © processes would be equal if
the fermions were strictly massless.

P R
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Is tne Rubakov analysis complete? - There =re in fact many open questions:

1. What if m # 07
2. Whkat about the effect of other interactiorns? viz. the horizontal

SU{2) colour strane imierastiorns, which cause
£

S,

3. Can we caleulate cross-sections snd branching ratios?
b, What bappens in cther GUT theories, Jdo unomalous magnetic
mements, heavy generaticns or eloctroweak effects play a role

and SO on.

To answer some of these guestions, other approaches are being

developed to which we now turn.

o b .
Fig.h } As regards mass effects, the anonaly argument suggests that the
P —7e+ + W+ T {cataly wed rrobon o oo pairing parameters will have the following benaviowr ab r oo
-m_fa r
s 1 e
LHMF(r)jM Sy ~og e : (1.23)
T

T $hall argue that lermion masses only spoil  explicit solvabllity not the
conclusions. They also previde the clue to the "freezing out" at low energies

of the heavy fiavours,

d3R ,u?LM o ™ Iv. CALLAN'S BOBONIZATION ARPPROACH
Ve uesans i B },—f -
“t:ks/——— " /ﬁ‘?btr;wiaumaﬁéiii In Callan's approsca to the problem the SU{Z) horizontal colour
1L VO
Uy Y \\\i\\“~a5e‘ interactions are replaced by UI (1} @ U, {1} so that the two-dimensional
i ic e
/ radial field tneory
TH e
1; = ?-B o+ e Fr (4,1)
; ; - L} 1)
cun oe bosonlized using the work of Coleman and Mandelstam -7, Here one
can wrlte the fermlon fields im & bosonized form:
x
A P T L - - b.
B> g e e dhelininy i for=! expTim (g - j Az, € Ly} th-2)
-y



for whichn one has the following ldeutities:

Bowdnvy ronditions at r = O

- ‘e = 4 3
D g0 =05 (9)
e su(s) B £ 0
= { = - o]
Y3 = €.une9 2, (9 9 19) AlB-L) #
- ) i,
™, §8 = }"M.‘.(oslﬁq,p (4,3)
2} luy =¥ {0} = I3 {0} = 0, i.e. vanishing Coulomb charges
v o
A Coulomb or Abelian interaction can be lncluded by using the Gauss law
\ Ground state: L = 0, Ly = Ly (min)
2,8 = 4 T e v
T ame 5% 83 (1)
= LP‘..:j;N;_F; and Le = 0
If we collect the relevint fermion Jdegrees of freedom into conjugate pairs
= u : " = = = N x| + = -~ =-n{x (L.6)
(Pu“' (U.A‘U.“ s (fulz (U--L.\-l-,_) > cPu‘ q“.‘_- T ’ q:)e c?ds
(f:l-, = fl‘-lq,, a'l b 5 CPP_ - (et. €7} ., Each N labels un equivalent degenerate ground state, which can be
' losely thougnt of as being associated with a bare monopole with N times the
vhon the bosonized Lugraiine of the systen van be written in the fors .11u,Jd,£e_ system attached to it. Tunnelling from the state N to N+l
2
b represents a proton nnd electron being excited off the monopole core, 1.e. ve
L= S dr [ I"K + IM B "EC ] {(4.5) nave the following kink picture (Fig.6) correspending te trancsition
o
where

1M—>M+p+e‘
s
£, = L & 0%

; = “\-‘J1| LL3‘ e

{r /#ui' ¢02 L u, Ug
- 1 : T . L e
-ti-‘\ = ? Pi Cos 27 cf( yopl = 'm‘r ‘/—-—'
- r - —_——— 3 e §
o= &0 o Yo, It N-0
" " - N
and . __".vgg, I e - d3
T2 2 B fer 9,
Q Lr) = Mm [ a ?u.\ T 3 ?"‘1._ 3 ?Jg - Lfl] r-0

Yooy = 2 05 9y, 4 17 (90, + 9u,) ]

Fig.6
' ' )
Lacier = iy [t 9u, - 7 ‘fu-:.]

tes trapsition M{N=1} —» M(H=0) + 4y + Uy + d3 + e

18-



LYE

vne lopurtaot featiwre of Callan’s kink picture iz the way the kinks anninilat.

or gen crected at the eore without exciting Coulombt encrgics.
teadl S, = fn.l,;* S L, , .
Lk Ty N T B TR tag, oL, vy (L.5)
vharge or fermicn sumber factorizatior in fermion-menorole seattering
Hevently Callan i has peolinted out that /2 fermion solitons amurge in
seattering processen of the form: i 1 2
> (1 e (1Y) = vy
1
+ 1 + 1l + 1 + .
et MM+ = e +=u_ + > + = 43
L 2R 2 " 2 Ve 2 7L

wlly, Cullan notes in Ber.il that both the Frocesses

in the kink picture this proceeds as indlcated ir Figs.Tva) and {b), where

the half soliton structure reflects  results from the effect of the boundary + " +
2+ MM+ o ... (AR = 0)
ditions at r = O -
con . and
+ 3
L'L+M-)L~I+F+--- (A5 £ O}
—_— ¢ef are possilble,  Further, one expects
+ 1 7
ale' M = MX (AB = 0} = L
r T :
(L.9)
+
cle M- Mx (ABF0)e 2 I
2 L
E
. . 2
whore the velue 2= afE is the total s-wave cross-section from unitarity.
. A e i 1'/ i
(@) Iincoming soliton () outgoiny ¥z solitons
Fig.T OBSERVATION 0F T: FFECT OF QUANTUM CCHRARCTIONNG =~
el 2N ) TTOT LAATLON ! VIRADCED
¥ 1 1
Kink pirture represcenting ihe process {3: + Moo= M o+ % .+ ; ‘u.m + ‘2‘ uqﬁ + %‘ d.,
L s = = F er £ 3 - .
‘L Callazn's treatment one can define the rollowing tranaformation
The interprctatlon of this phenemenon which ripresents the of the lojds wi = M:a 4, =0 that:

transitien AB = AL = 1/2, A{4-L) = 0 i that the out oing state ic o

superposition of the form I z
ae * 2 T T 2.
c = * K

ey 192 -—ﬁst[z‘”l*ﬁz”ff-\ "'1 2 4‘:,

\ 3% r (5.1}
T + i 01 .
Pout > = 7 1€3 % + 13 luig Uan dad (1.7
afne the coce cns might expecl that ";‘Ji ~ 0, 1= 2,3.h und the action to be
and for which the relevant fermion number expectation values are nalfl integers. Grrnximaled by
o

Tois suggosts thal Lhe true state is & coherent stats Involving an indefinite
z
number of fermions, i.e. L= E"‘I‘t fd" (Ji (-3}" 2+|\Q. + 2’ M (er Jor 4_"1 (5.1
i .2
D

-19-
~20



Tre

1t
flowever Virasoro polnted out 777 on studying the effoct of tue quantum
Tluctuations of the bi fields, one obtains an effective mass term of the

form

Cos &7 l‘-“

LA
¢ a (5.3)

This acts like a repulsive barrier for kink creation and anninilation near the
2l

core. To see this note that if by = M cos ST  oand we write

¥ kink

= tanhu (r-K), then the kink momentum P~ -mr-R)
M _ > ' o vr lbkir‘lk ~omE 1 )
Hence wvery roughl, the k-1 energy associated with the kink is -~ M

. Ir
KB e l/Rl/e

I we try to picture wiat happens at low energies, then one notices that

M ~1/r then the ¥«E ~~ 1/R. TFor the above case in fact

there are two competing scales. Firstly, there is the conTinement radius which
is further squeezed by the abuve effect as shown in Fig.®, soowdly, however,
the kinks themselves nave a finite size which cne would naturally associate
with the fermion Compton wavelemgth A .. Hence st low energies the

T
application of the soliton picture may be problematic.

repulsive
,/ barrier

Colour
onfinement

N\

AN

-

monopole
core

Fig.8

The distortion of the kink picture at low energies

o1

V. DRLAIMERT OF TEX FON-ABELLAN SUD)} COLOUR IETHERACTIONS TN UMk TWRHINN-
MOWOPOLE SCATTERING PROBLEM
T would like to outline a new aporoachwhich I have been veveloning in
collaboration with Werner Nahm and Valarie Rubakov for calculating s-wave
fe: ion Grecds functions in the fermion—monopole scattering problem, which
tak-& into account in some approximations the none~fbelian nolour strong

interaction.

Consider an srbitrary 2n s-wave fermion rorrelation function and
rote, following the argument in the Rubakov analysis, that it can be written

in the form

* +
< -Enﬂ ("‘) - &“’1 (xn) &[;‘(io)"’ 'EF"‘ (yn) >:;‘::\,_\5
Sq - Sc

= l[d"(q][ddc] (<3
= Pruduc_ks of UGiY {'a.c.hvx .
(-“- eiﬁ'-;dgu) T etﬂ'zdc_t)))
L o

- - oy 2y
x “es Ve
< s'q'\ 5"’(-\ SP-\ 5?“) horijen kel
SULLY Celouvw
tniterocbivma

{6.1)

The separation of Abelian U(1) factors, even in the presence of non-Abelian
interactions can be demonstrated, as before, using the Fu)ikawa argument

based on the change of variables

102:: -
fae f .

In the case of the original Rubakov and Callean analysis which was based only

on  the UQ(l) forces, T ff'ree In order to deal with the SU(2) colour

} where

Cal
let us define [ = (xin’xout )

st
M

(X'm = [t\‘l‘;_.&'_ s xouur

=1
-



EveE

Boundary condition at. r =0 y (07 = . {C} with a charge conjugation
¥ i ¥ KoptE & Jug

2 . N - -
= X - Tre action for Lhe raiial (00 is

' -

propurty  xg

Z oyt = ‘([dur]téf')[d;"}

Seav -3 30 570 Yo msdpefa)

(6.2)
wnore x,,~ = (t,r); D,u= [a)-’- - g aa"Talij. I we choose ag = 0 gauge then
Y
- % o p v R
q
S},VS = E__ {urc Bt(lr) {6.3)
=1

This can be justified only up to Cuussian guantim fluctuationz, [We

assume everything else can be treated as rencemalization corrections. ]

Note a. = 0 is similar to the ;at = O gauges used in QCD? in the large
1)

Nc treatments «  After dntegrating out the radisl rolour ficlds

i} fdex L34 91
2o = Uil e x

~— A . . -1 l. 3
ear [ Jd2n [, 70§, « Jardty 1e9) 50008, Ty0))

a,b

(6.4

_ N
where 'T; ix) = -Si (")]r T‘:} s;i LX)

In (6.4) we notice the non-loeal current-current Interaction, which 1o lypical
“fa aon-Atelian thoory, This suggests we try to doevelop a bilocal or string

theory along the lines done for sl iy QCB:; [ e
Yurcticnal integrai in the form

_ L(se™ 53) 4 (5.5, %, tm & Em)
Z = S[dﬂ[dﬂe o S

7 Sour

where

[Kihe"‘]dp,vg 2(—} )S{i(%)yu T:“i. t° W

fL

K= 3% Cumera2)"

and

4]

(A, «e) Sd‘x dry A(x,ﬂ(wa)x,}

HH

Jd"xd‘y A4y Augrw (x.3132% 3%) B, y1)
{6.5)

Now one makes usa of the tollowing relations:
- \ -
1. . = [ iy a T a
Fof = 2 U830 sy - Tl LT Y] Ty

2, \!\Lhemt E‘cm{ %"L—‘&;‘__ %MigillK

(2, 5Y « (%, 3%
3 [astx,m - -
« Jugenye L(3F,% $3)
= C &
(m% Wi ) & (Tl $ o)
\taTr“(x.m €

4, Y -
L (4T, Kay $v0F)
= ¢ €
5.0 Ve Tollowing integrai aver the Sepemion fields

gtdmdi TexeL(55I M (f) + (&,3)(',1‘)\«:\,.,;)(&})]

= ek MM RGN ( %)] -

-2h-



For the case in guestion

(det ™M Y2 exeTd T WGz )+l

In this way we obtasin the effective astion
Z - [Lrimd el G « 0wl )

- 1
+ .'T_Tv LY ‘-_(Sé ‘-1—}:)1'-&-2 }} stm
(6.7)

where

-1
Zsoew = xp ] Joodey Foal( )2 2T 8 L, 5000 )

How define the ground state of &

ot'f and quantum f}uctuations about

it by writing, ’

T -

L.~ Tyl
Q

(6.8}
WA, o+ Moy
where
% Sest g
=0 - et =t
‘ ‘EL T=% u 4 SSi]Kc‘ T=T,
™, =T (6.9)
The solution of these cquations yields XFS = 0 and the Dyson equation
[+ 5 1 = vy
3 2-o 1 - o {6.10)

P L. 2 2.2
ising the explicit form of WK = g (““T(Bz) L ore oltains the system of equabiors:

25—

1. Zguation for gojr energy

T (xy) = (K SF)x.y

oy
r‘-

]

Llagroammatically we nave

S = e

2. Equatioun Tor propagator SF N

&d“x L ‘:,D S x-xt) & '?-_-(n.x'}]SF (x,7)=

It we define tne Fourler transform

wla
§F {(W,x, ') = &d* €

N

we obt=in the bssic eguation of the system

far ¥ in the second egquation

olg
dost
Lo+ wo, «~ e |2
v S0
— oG
Tain o caust.oom o in Uael be solved in the

Le-€') Sg (xp)

%ri) (x-y )

Clak

SF (%arlr')

by substituting the expresslon

\

TR TR MR § Sy PP

- S, {v- v)
(6.11)

massless limit, the result is
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E P
~ et T g, , P
,;F(.u,r,r'! = NS A s (6,12
where A is an infra-red cut off. If we inszert Lnto

s

e Rubakov vacuum pairing argument, then it simply

dowever,
the situation is exactly analogous to the "t Hooft treatment of QCD?,
namely quarks or any colour carcying states do not nropapgate, instead
colour singlet bound states Form samd Lhese pranegate.

is) '

Lreatment s in which the underlying current slgebra and bLound state

ir a complete

correlations are analyzed, one can show that the cluster arrument goes

through and colour singlet condensatesare Tormed precisely along the

Line suggested by the original Purakov argurent, despite the presence
of the nou~-Abeliom forces. In Ref.15 we alsc show how the above

approach providez a means of ealculating all the relevant fermion Green
functions involved in the catalysis reaction. dowever even If we have
an adequate deseription of s-wave fermion Nrcen's funeiions; the nroblem of

soft gluon emission {alsc of

course soft unoton offoe:r ¢ not heen

considered. Further, 15 the interactions whicn induce the occrrect seatiering

transition ocecur some way from the mouopoie vore sl LowW

wergies, tnen the
termions involved will still experience the ordisary conrining vavuum state

5 that

of QCL, which is only weakly modified by the monopole, This m
they will have effective maszes and snomajous magnetic moments, which will
have some bearipg on the detailed eroas-secticne and branching ratios. For
this reason one should alsc consider otner mpproarhes more suited to the
low energy environment. One such approach is being developed by Witten in

collaboration with Callan, to which we now turn.
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The charge corresponding Lo thls current is given by dissipute into plous. To see what happens consider a Skyrme soliton
corresponding to an incoming proton as it approaches GUT monopole. At first

the topologiral charge is given entirely by the first term In Eq.{T.h),

QB = Sd‘x \IBG(K)

However, as the proton approaches the monopoles the second term glves the
dor. ant econtribution (i.e. the charge distribution is distorted or screened}.

j Sy - - ;
= QT Xd‘x C(}L T ‘U -h‘ by ‘a} UL BhUB The ucatral component the pion r'ield can be treated =s a soliton wave,
[]

which can reach the core and feel the relevant boundary condition at r = O.

(1.3)

i.e. the winding number associated with the group of transformations
ﬂ%(SU(E)) =7 . For example if T(x) =% Frp-» (nw)as I¥1-» o0 then

QB = k. BSince this current can naturally be identified with baryon number,
then baryons arise as topological excitations in the non-linear sigma models
17). One should add to J;ff S0me non=linear term
like (J-J)z, where J = U '3 U in order to obtain stable soliton solutions,

i.e. as Skyrme solitons

Now one can couple electromagnetism to the system. However the

current VB must be modified in order to make it gauge invariant, i.e.
au > Du - e Auﬂx). In order that the current remains consecved one has to
add an additional piece to the current in the presence of a background electro-

magnetic field. Concentrating on the churge density, the extra piece for

.

a monopole field is

B B, (e=o 2 Src® o
Vo = Vo talT 4 @ Bt VI oy, Fig: [0
Superposition of a Skyrme hedgehog on s Higgs hedgehos .

where
N g=e r of understanding the above screening of the proton's
Vn (X)\ ~ G(Sh viﬂ* O, X" vhﬂo Ancther way of unde nding ve = ‘
topological charge by the monopole is to noteixn a zpherirally symmetrical
gauge the baryon is a Skyrme hedgehog of the form

We note that the first part involves charged plon fields and
consequently one would suppose should be suppressed near the monopole core However in a non-cingular spherically symmetric gauge the 't Hooft-Polyakov

) : " . e A i
because of the angular momentum barrier induced by the charge field inter monopale corresponds to a Higgs hedgau.-

action, On the other hand, the second term is neutral and can penetrate to

* the monopele core, experiencing the boundary condition at r = O, QB remains ¢a = ¢0 2 ns or o+ oo .
a topological invariant (i,e. remains conserved} provided the nroton does not Electromagnetism corresponds to U{1) rotatlions abeut the Higgs field outside
reach the core of the monopole. However ns the monopole passes through the the rore snd We see from Fig, § , when the proton and monopole are superimposed,
proton, it can unravel the above winding number, leaving a state that can the proton is totally neutral and ls descrited by the HO field

~28- -30-
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VIII. BRIEF COMMENTS ON OTHER WORKS AND CONCLUSIONS

There have been a number of suggestions of complicatlone and other
factors which have to be borne in mind and we briefly rusn Shrougn some cf Lizse nerel
1. @Question: Is

the catalysis reacticon suppressed by

heavy flavours or elertrowesk effects as suggosted by Grossmann, Lazzcldes
19}

and Sanda This seems to be unlikely because the snomaly should

drive tne same change in n for M;l

cc T <dmal , where m refers to

the light fermion masses,

2. Do anomalous magnetic moments play a role as suggested in Ref.20.
Although this cannot change the boundary condition at'r = O for a rencrmalizable
gauge theory the effective anomalous magnetic moments of constituent guarks
mey play & role in the details of the catalysis reaction at low energies,

3. The question of selection rules [see Refs.3 and 21]. Particular channels
may be suppressed by superselection rules and it is important to examine these

carefully in any given GUT model.

4. A systematic study for other GUT theories as well as for super-

GUTs models is needed. BSome work in this direction has been done in Rel.22.

To conclude let me end by sayi;g that alter an extensive year of
discussions there seems to be little doubt thet if a GUT monopole exists, i1
will catelyze proton decays; 1if such processes ccecur inside their cores.
However we are still far from being able to calculate cross-sections and
branching ratios 23). Kevertheless, there seems to be nothing to indicate
that the correct order of magntiude is not given by the value obtained by

s-wave unitarity, namely

2
URubak.ov /e b

ACKNCWLEDGMENTS

In preparing this review I have been helped by discussions with
Sydney Coleman, Werner Nahm, Adam Schwimmer and Edward Witten. I am alsec
grateful Lo Curt Callan for discussions after the completion of this manuseript.
He has pointed out one perhaps important interpretational girferance
between the argument presented here regarding the regicn, in which the apomaly
is effective to that obtained irn his analysis. He would claim order unity

charge in nL~nR only occurs in a region roﬁu,

is the fine structure constant.

where ry is the core radias
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MODELS NEAR THE SINGULARITY

I.M.fhaletnikov,B.M.Lifshitz,K.M.Khanin,L.NShchur, Ya.G.Sinat
Institute for Physical Problems, L.D.Landau Institute for

Theoretical Physics, Academy of Sciences USSR

invited lecivre read by E.M.Lifshitz

The oscillatery mode of approach towards the singularity
wag first discovered for the homogeneous vacuum cosmelogieal
model of Bimnchi typ: IX (cf. [1]). The charucter of the evoiu-
tion of & model cun be described by indicating three 'scnle

functions® fo3?€(f), C({)

evelution of the lenglhs in three different direciions in Space.

which deterwine the tenpors:

The oscillatory wode conzists of an infinite sequence of
suscessive pericds ( in 1] they were called aras) during which
twe of the scals functions oscillate snd the third one decrenses
monotonically. On passing from one ers to another (with

£

decreesing time 8 } the monotonic decrease is trunsferred
to another of the three svale functions. The amplitude of
oscillationz incressos during each era but the incrofZse is
especiglly strong on passing from one ere to another; however
the product a_ﬂ{, Crcreases monotonically - appro¥inmately as
t « The eras become condensed wilh t “?() 3 oan
adequate temporal variable for description of their replacements
appeers to be the "logurithmic timen = - QH t .

We denote by W, Mg, My e the "lengths" of
successive eras (measured in terms of the number of oscillations
they contein), beginrning from 2 certain initial one. It iurns

out that this sequence of the lengthg 15 determined by a

e A F tha mimheane ¥ ¥ v v fnrsv +4)

each ¢f which arises {rom the preceding cne by the lransformalion

Xson = 34/%3 ()

where the parentheses dencte the fractional psrt of the number,
The lengths W, = [4 /X5q4] , the square
brackets denoting the integer part of the number.
It was pointed out by I.M.Lfshitz and the two of us that

ithe law of replacements of the lengths of the eras according to
(1) leads to an importunt property: spontanecus stochastization
6f the behaviour of the model on approach to singularity (£=0 )
and the "loss of memory"™ of the initial conditions, prescribed
at some moment of time {f:t}70(rij , cited henceforth as I ).

The importance of the oscillato:y cvolution in the homogo-
neous models stems from the fact that this model serves as a
prototype for comsiruction of a genreral inhomogensous solution
of the Einstein equations (in the neighbourhcod of the singula-~
rity); the relevant work has been recently reviewed in [3} .
Although the inhomogeneity and the presence of matter give rise
to the appearance of certain new features (rotation of the axes
to which the scale functions ¢, @)(; refer), the law (1)
remains unaltered. Thus, stochasticity in the wvicinity of the
singularity appears to be a most genersl property of cosmological
models based on the classical Einstein equetions,

The knowledge of the source of the stochastization makes
it pessible to consiruci with s considerable completeness a
statistical theory of the evolution of the cosmcleogicsal model

in asymptetic closeness to singularity. However for a caleulation

of parameters ol this theory an approximate method was devised
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3.
in I, the degree of exacinesg of wnich is difficult to cstimate
beforehand. The atm of the bresent work is to show that these
parameters can be calculated exactly.

The starﬁquoint of the theory is the formula due to Gauss

wix)=4/+x) 2 (2)

which determines the probebility distribution density of the

values of X =X in the interval

[O,f]after many iterations
of the transformation (1) (as we shall speak - in the stationary,

i.e., independent of § limit} 1}. Hence follows the formula

Wlk) =

1 gyl o

for the probability distribution of the integer values of the

;
era lengths, This function decreases with

K“i ; such slowness makes 3t necessary to use logarithmic

2 oG merely as

Physical quantities in order to obtain for them stable statisti-
cal disiribuiions and mean values.
The basis of the following analysis constitute the

recurrence formulas (obtained in I)fox successive eras:

2 The regular evolution of the model according te the rule (1)
can be interr pted by the appearance of "anomnlous" eras (which
were called in [1]the case of small oscillations), However it is
important that in the asymptotic vicinity of the gingularity

{as f”% 1y,

cases fends to zero ss it was proved in T § 4,

) the probability of occurence of such "dangerous"

LePo

ﬁ_s——:f1+85)<s( +X5+«—) E/\PES, (4)
S S 8 (KS/XS_:M) S
et T 1+3S\<;(v\,+ Yo+ 4/x¢) (5)

They are valid in asymptotic limit when QH Il/{fl - ()

{in I formule (5) was given with a 5lip in the denominstor).
Here ﬁf15 is the moment of the beginning of the 5-ih era;
the quantity 85 iz the measure (in wnits of .(15 } of the
initial (in the same era) emplitude 0{5 cf the oscillasiions
of the logarithms of the scale functions (nga ,QH @ ,GY\C ):

Ay =0, 0, (048, <1

stable siationary statistical disirituticn E(S) and o

}. The quantity SS has a

stable (emall relstive fluctuations) mewn velue. For their
determination in I was used (with due reserve) an approximate
method based on the assumption of stialistical independence of
the random quantiiy SS of the random guantities KS’XS .
How an exect sclution of this problem is given.

Since we are interested in statiztical properties in the
statiorary 1limit, it is reasonable to iniroduce the so-called
natural expansion of the tranaformation (1) by continuving it
indefinitely to negative indices. Such = "doubly-infinite"

soequence X = (,

cel properties over its entire length (mng Ko

X‘q)XU)XJinr.,) is uniform in its statisti-

loges its

meaning of an "initial™ condition). The seguence ){, is

equivalent 1o a sequence of integers Ei 1("‘)K‘{J¥{E}H4))<2-<J,
- .
constructezd by the rule W = L4/Xsﬁ1l . Inversely, every

numher of !L is determined by the integers of F: as
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5.
an infinite continuous fraciion
4 o o+
Rym =Xy “
Mgt =
Kifl*"‘"““"“
g4t

We nlgo introduce the quentities which are defined by a conti-

nuous frection with a retrograde seguence of the denominators

S
g = ——nufufﬁ.mm_
R N

KS—l + _../L,,,W”..._

By means of some rearvangements (5) can be brought to the form
-1
'1"85 !

f - §

Hence by iterations: KS{4-S$V4)/85,1 = XAQ

se4 and finally

LT -
g5 = Xs/fxf-‘r xs) (8)
The guantities xz and x; have a joini staiionary
dgistribution J?{1+) X—) which cen be found starting

from the joint transformaiion
P IR TR S L (9
s+1 + d S 4 e -
5 ]_4/)\311—)(5

In contrast to (1) it is & one-to-one mapping (in the unit
square of variuiion of xtoang y” Y. Therefore the condi
fion for the distribuiion to be stalionary iz ecxpressed simply

by the eguation

- i N X ;-
P(X:M)Xsﬂ): P(x:) XS) a(xs JX$) {16)
whare 3 is the Jecobian of the transformation (9).

The normelized solution of %his equation is

Pl ) 24/ Uex* ) 2 (1)

(1ts integration over X+ or 4~ yields (2)). Since by (8)

SS is expressed in terms of xz and X

s ¥
of {11) makes it possible to find the distribution j?/g) :

plo)=1/(11-281+1)n2 .

The mean value (:8>::A/2 already as a result of the symmetiry of

this function.

the knowledge

According to I the “doubly-logarithmic® time interval for

g succession of a given number ¢ of cras is

Ts'—:—_gn(ﬂs/ﬂb):z4§p (13)
p=

The mean value<ffg> = S<‘2> . The expression for ES from (4)

can be reduced to the form

2= QV‘ (Ss /{4’83)”\7(94 Xs) o
Since <€Y‘. 89>:<QY\“—(95+13>and <PV\ Xf~-1>_:<€‘(‘. xs>, we obtain

2) The reduction of the transformation to the one-to-one mapping

was used already by Chernoff and Barrow I}I — for cther voriables
und without applicaticns to the problems which are considered here
Ls to the preceding papers by Barrow[g}ﬁhey contain nothing beyond
the mein idea (taken from I) sbout the conmexion of stochastic.ty
in coomological models with the transformetion (1) and the distri-
butions {2) and {3) {and the repetition of some well known state-

ments of the general ergodic theory).



£6E

(=-2y> = 7/602 =1,%7.

(14)

For large £ the values of T3 are distributed around

<Q3> according to the Gauss’ law with the density

P(T‘J Z(MD)*WQ"P 5"(’['5*(73))1/1])} (15)

(cf. ]I§4). The Calculation of the dispersion is more
complicated since it demends not only the knowledge of <§i>
but alse the mean velues <‘§E§F;> {which actually depend
only in the difference P::]ly-pil Y. It eppears to be useful
to-rearrange “the terms in the sum {(12) and omit the terms which

déo not increase with S +« Thus one can obtain

zzprzﬁnm/x;x;)fjpp

D=3 ~<o>i+2P§;( ey -}

The mean value <’7> = <‘§> )
one can obtain <Y?I>= 9!(3) /i gnﬁ =1,%0

taking into account correlations we would obtein
D=2,4%s
P:1)1 )’B;H

computer) we arrive at the value 32(3,5:*_0,1)5 .

and for the mean square

. Without

» By taking into account correlations with

(calculated with the aid of an electronic

8.
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TESTING GRAND UNIFICATION THROUGH
RON-CONSERVATIONS OF BARYON AND LEPTON NUMBERS*

Jogesh C. Pati
Department of Physics and Astronomy
University of Maryland
College Park, Maryland

ABSTRACT

It is siressed that a large class of models of grand
unification, which includes 5U(5), 30(10) and the maximal one
family symmetry SU(16), leads to essentially identical
predictions for the grand unification mass M, the weak angle
sin“e_ and proton lifetime + ¢ if the respective grand
unifigation symmerey descend® in one step to SU(2) x U(l) x
SU{3)F and if {t has the minimal Higge content. There is an
enhancement by a factor of 4 to 5 for proton life~time For SU{16)
reletive to SG(10) and SI3{5) owing to the prusence of the mirror
fermions for SU(16). Theoretical predictions of these models are
compared with the present experimental status on protonadecayG
The possibé]ity fE intermediate mass scales of crder 107 - 19
GaV and 10Y - 10 GeV for maximal symmetries and their family
extensiors is stressed and the implications of these mass scales
on the complexions of B,L - nonconsecvations are noted. It ig
further stressed that searches for the variety of proton decay
medes {i.e, p +» & + mesons, p + 3% or 3% + mesons,

&+ uK, p + vk ete.), neutron oscillations and neutrinoless
double g-decay cau provide the window for viewing high mass
scales, if they exist. fThe need for pursuing cew directicns
beyond grand unification is noted., Some remarks are made
regarding theee such directions: (i) Compousiteness of quarks angd
leptons, (4i) Supersymmetry and supergravity, and (iii) space-
time with dimensions higher than four.
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The talk is divided into the following parts:

{A) Introduction: TFramework of our discussicn, namely the link

-2 2
— i 5 : A WY .
afpreon “Peff and the question of mass Scales,!%, fere To AM

(B) Correct way to interpret the globalsymmetry classification ofog

pre 1
bound states and en approximate gauge symmetry of dgefr'
el 1 W I r . .]. s bl
(¢) How does &preon talk"” to ceeff and in which sense can a rencrmalizable
Seeff emerge frem the propertles of ;Epreon.
{D) The price of bresking the L-R symmetry spontanecusly in é;preon

through prean condensates,

(E) Some examples with a Glashow-Salam-Weinberg SU(E]L'QDIH]J structure.

(F) Summary and prospect of supersymmetric models.

i, INTRODUCTION

Let us begin with a vague general remurk which we believe in some form
is due to 't Hoort in counection with his wmeta colour ideas, namely: perhaps
due Lo some quite general principles sbout the way gquanta propaguate and inter-
et in o casusal fashion, the relevant charges or guantum degrees of freedom
at a zlven scale might always be describable in terms of a gaﬁge theory if the
ere m eontains spln-l partieles. Speeifically, one is thinking of
asymprotionlly free non-Abelian gauge theories or very weakly coupled Abelisn
theori=s. Let us consider the former and ask what happeus if we view the
behavicour of the system at much lower energies, in which only the ground state
sectoy is relevant, then the effective Lagrangian for the latter should to a
good approximation beanother gauge theory if the low lying spectrum conteins
spin-i states, for the same reasons the first Lagrangian was. In this way
one might imegine that if we go to ever increasing energy scales, one gauge

theory evolves into the next.

Fig.l

Tuere will be an overlap region, in which life might be complicated and botﬁ
the low energy &nd high energy effective Lagrangisns too difficult to use,
although one might hope for properties like precocicus scaling and duality to

help in such transition regions as appears to happen in QCD.

In this talk based on the work I have been doing with Jan Stern 1) s
we try to give a partial realization of the above vegue ides, by concentrating
on & definite framework. HNamely, consider a class of precn gauge theories

of the Tollowing general form, involving some meta colour gauge group

1 . . .
Bpwon » =5 VP« TR BE T 08 1+ L,

1=

(1}

where xx 1s left unspecified for the mcment. It may contain mets colour

snalars or almply some fermions in some other representation of the gauge group.
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ohe couln aloo choose 7 oreslitation of the basic

Df T be tho supecsymmetrice
X e - A 03
renriauead ajl othe Wara Jdentitlies and sero energy theorems

Many of our remarks wiil elther carry ov

Ll Hawoever th e Lo Tr g d
Far the moment 1ot - fuwever the cesultl s are only valid for tree graphs

aymmelLric preon gang: theories.

LOW eDersy gl

Ly vardehing encrgicol.  We wapt something more,

cinasnification symmeiry of the Jow Lying bound

preons j‘ is SU(E)L- %) SU(E}H {EQ U(”‘;’ .

WoCnergy Linaorems Lo be satisfied over an

we winllid Iike e corproopondin

nxial symmetey

and st are

. . two locp leve s e e " -
being broken by a meta rolour ancmaly. polceve.s,  Henee from the cutset we know that
vetter be weak.y coupied and its und

) A ‘ ¥ying gauge symmetry good to the
e existence of conserved currents whose oharges are the generators

el compete with effects of

of this symmetry puts some severe constraints on oany low snergy effective

Lagrangian, which gives a realization of the same basis symmetry group or any
Suce cymmetry in J_' will be

e

part of it, If the short distance expansion of produs

S A1 (EagEat are not too

be computed, then these ~onstraints go way heyond the
o The one

. intercotad in

Ik i the following.

vioThe gauge symmetry

The ela’m we want Lo demonstrate and parsue in this &

Lo by

b w pocr anproximeticon.

If the scale of ground siate masses which are non-acre in

L bouE uew bry Lo oelarify these

e 1 e Wi me - - -
M-z_ 2 2 . “l . ) L ~one, Many om Sues wisl be raised 25 we go along, not all of
g " n ASF << T, ™~ (0‘ ) ~AH Lihe spacing or JE TEOUFTenCcs SiELe N N .
) wrent Towt Ll have time 4o BUSWers i * they
ooy, L7 they cxist.
then the constraints we are roferring to above $ell us Lhat I e
B (=
well approximated by Hoin ocontal
bound states, then i MMETEY CLASSIFICATION OF
the exiotence of su- : SYMMETRY OF e
o 13
observation mado by
" . ciaim, which
of’ Noether currents of nme melvy Lelwesn mhasn . o
; i s ooy note Lhat since
states, than 211 sucl mooelx emepts ML wneisn, o have yet fo he proofl
N . . il ure generated
of this result for confined gaups fields, however
. . . < . . in-1 bound
whot about the states or o 5 sasly orokon guuge Lhoorr, fere b 1y
. symmetries.  We are
a simple and elegant answer, which tel Uogrent e : ‘
link between P ana & . Tooe ti i ) )
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Weinberg-Witien observaticon an chservation o7 our cwn
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screening theorem, for want of a netier wora.
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in my mind. It Ly elewr that 17 woe were w odevelop
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its perturbation theory snd ask for it to reproduce exactly all toe proper

roat short dis

of the perturtation theory, s
preon

would amount to asking the Wilson OPRE of both theories

we would be led teo a hrutology or




where & is the gauge group and ' is a maximal global symmetry group Exsmple: The Salam-Welnberg model (Gw = Q)

that commutes with G .  Further, for simplicity, let the whole geuge symmetry

[
\ a o v
G be spontaneously broken by Higgs scalars so that all the gauge particles I =Tz Ff"" Fr. "—.,_ (o ‘P)+ (ord) - —’_,_3'- (4*4—}‘1)
becoms massive. Then the global symmetry group of the theory that remains s
1
unbrok ontaneously is necessari sSub-gro f G'. s the
°n SPp ¥ 13y & sub-group of G b = s is a doublet of complex fields and/gauge group is SU(2). In the
unitary2gauge $(x) = (nix) h+(x) = hi{x) and
Corcllary: If there is no global symmetry to begin with., then there will l o] ’
be ne global symmetry left after spontaneously breaking the gauge symmetry.
v i A 3
- = -4 Y Lt L (kY et
This claim is a direct consequence of the fact that in the Higgs phase i LoV v 3w T
the gauge charges of all particles are screened by the gesuge charge of the
Goldstone bosons that have been eaten up in the Higgs mechanism. where (h) = u and MS = :—eL-gEug. Does this contradict our claim, since
1 .2 . _
Let us give a brief proof of the above claim. Consider Legrangian the W, W, W form a degenerste triplet =) SU(2) global symuetry? The

answer is no, since for an3U(2) gauge group, if ¢ » @(x) & then alsc
\ N . N . ¢, a(x) ®, vhere ’
- a r .

0€= T‘Ff"‘ ¥er +-%:i (Drd.*‘_) (S 4-,)-\](:{;\4— Fem;nnei'c .

raj ' 4‘ —+Z .
c - 4t (charge conjugate doublet) ~

1

a _ a a abe b <
where F,, = B)AW\’ - agw}* +gec W}_. L
global symmetry transformation of the group G is ¥*)

The Noether current generating Hence the 2 x © matrix

‘ b Ay
. v = (37 7)
T: = Cuu" Fr: Wc"‘ -+ }r (scalars. plus fermions) « ( %, 4'|+

transforms like I » Q(x) I . However it also has a global SU(2) symmetry
However from equation of moticn

under the transformation

ohe
PYE L. +ac _F’;,,w“’ :-a}_j,; ¢ = ad+b6 4, a1t 4 161

which can be generated by
sc that

&+
I + LU where Uesu(a)global .

. + . .
Hence I + f{x) I UL , i.e. like a (2,2) representation of

Q= Sd'*i’ 3%, = fexwE]
VR, Yiry SUL2) e & SUL2) qruat *

which vanishes by virtue of the fGangs theorem for large radius R because
Wa ic massive.
* [ v . .
) T° - ok B °£ . W Wihnevz W™ W™ L ¢ & 'w':
r 503, wh,) s ~ -
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symeetry breaking ~ovrespouds o s wpasoless vriplzt of Goldstone vusuna.

ii) The existence of s hidden "SU(I})L" glotal symmetry in the Selam-
Weinberg theory gives us hope of findiug s suitable preon model leading to

the electroweak theory at scales less than 1 TeV,

What are the lessons we have learned from the proceeding remarks.

1) The physical spectrum is seen in the unitarity gauges,in which spin~i
particles can carry global symmetry charges. In this respect.eyn effective
Lagrangian involving spin-1 bound stetes is like one lavolvipg ‘s%uin—O o7 Epine
1/2. Bt low energies it will give a realization of current. :algeéfa,‘uhich
we will come to later. However in the unitarity gauge Efe:,‘"f‘ It not the most
general effective Lagrangian involving spin-1 purticlzs we could have written
dowa. Tt is in Yact Ly constructicn cnly the one widich could arise fvom a
spontanccusly broken gauge symmetry. The fact that the EONeELage couplings
hapgggtto be small must be a dynamical property of tue precn theory. We shail
show‘f&tnis will necessarily follow from the Wilsen OFR of tne Noether currents
of é‘apreon’ if the scales are as we suppesed in the intreduction, namely
Mg, AiSF &¢ AMF A rae .

2} If we were to ask what is the form of he Uield W (in the gauge
invariant form aof “feff) in terms of preons this may be a meapingless question,
since W is & complex transformation of the fields : and R, However ;\-"/u

can be loosely associated with f_')'lu T of our precn theory.

Let us end these remarks by constructing the Noether currents of cur
supposed Ief‘f’ which we take to be the Salam-Weinberg .ograngian (however

dropping for the moment the Abelian factor):

inv

f.’,H -4 Who W e e (DPE YT (BT 4 vz I
~ TUEL B, v ue)
i
\Nr-v,th) Drtwjfﬂ_"(ﬂ ;o RexpEe ey,
'i._-»_(lrx)'}:L U+,_ o Uy € sulry,
B Sl B

ng_--‘n Ur 4 Vg € SWr2)g

- i

(i")"-.l > h j‘!.”

and <S:|_B=<\'\> + 0

M

AE)T - W 8

= AT () Doiw) Alx)

A
W r
A
¥
By = A Ix)
“ .
2‘1“@. = Ze
N . bhe . P i
What, remains is) Tollowing SU(Q)I ® Bul2),  Gransformation?
-~ o~ + .
W o Uy, W UI’ COTTRSRONALTE T SU(E;‘I triplet
b, > UL W‘L corresponding to SU{Q)L doublet
-~ wr
‘v"R - Yo WR corresponding to SU(;})R doublet
h -y b corresponding to SU(2) x SU(;?}R singlet
In the unitarity gauge
v “ A
= ' * ap~ L kY
'fm o N WL e g (3% ndT LR A

The symmetry currents can be obtained in the ways illustrated schematically

by the following diagram:



o > T Tefrtor

fw,3)
¥
W, vy
t Tp = & W0 Wy
xErH. il A
—> P vAW -+ 3'
Fig.e

-
The two currents J/.L . JF in Fig.2 are relate_[i by the equation of mobtion

~ -~ A Ferm

'-ar ‘:r‘, - 9 W,. A Fr} = _IV

This implies & current field identity of the Lee—Zumino type, numely

k™
T = l‘&w‘hr + LMy = %?mu,]w“,,

1.,}- Y, p

Note: a) This current gives a realization of local current algetra; b) un-—
like Lee~Zumino we have a renormalizable ‘rei‘f with a current field identity.
Hence summarizing we note that the left and right-handed currents in the

above simple model are given by very different structures, namely

'3“\_ = Cowsgk, x \Nof -+

and —g“R s T YT 2

[T N b B R L P L L IR S T I

[l

S . . . . - N -

v . ) R e TR ]

measure the breakdown of the L-R symmetry, i.2. based on the two-point

Sunstion

14, X
'jdhx e.q, (ol T Tutx) Tuter - Tatu Ty LoD

L1 1 of
c. HOW DOES .;fpreon TALK" 10 ok

The existence of a set of conserved currents with the properties:

a a
i) The corresponding charges §Q = J de JO are generators of the

SU(E)L X su(z)R x U (1) glcbal symmetry)
ii) hey satisfy a local current algebra

obe .

a b 4 t3) _
ETul'\JTV‘Y’]ET = C T2y 8 ex-y) ;

1ii) their products at short distances can be estimated by the Wilson
OPE and Ipreon perturbation theory

T%%x) T"’(ul =

“lat gy TC0L 4
%l g

iv) matrix elements involving the bound states of Ipreon or the

vacuum and ehronological preoducts of these currents are causal.

Tuplies: ' -

u) @ set of Ward identities and low energy theorenms,

W} a set of ancmalous Ward identities

¢) = large class of light cone sum rules and superconvergence relations.
Wore preciscly we have:

(a) Normal Ward identities

(%, %
It l_'r = f& dx el <R\T{‘1‘ru) Opta) 118>

wkihen

- L 2H .o —
P M o
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th) Ancwaloas Ward

For 8G(2). @ SU(2), & U (i) one hos

i R v
@ -[((l\,—k)x -+ h-g) s
A, Sd-«ly e CSTIWL T ) AT 36
albr
= Nu
S M E‘,vvnlp g\au._P
h the z
where/ pa : C is I .
reﬁgaug@ group of reon © SU(N’“-)

(¢} Light cone sum rules
g

Define
%2 :
Tan (4,73 = fdz € WAT{T (3 scriied
= r‘ﬂ"&('h.") '_T;(q"tr q'*‘?;")
then

i 4
Lt %j%ﬂ-““ﬁ-f&wf'} -—'(%) % Cu (et} <A\OL LGS
Cﬂz-—)ﬂl 1'@ n

v P (w,

AB= W, ® ., h bound ztates {in the above example) or the
L

vacuum state.

For the effective Lagrangian .f ~ these have the following vonsequences:

efl

w1l

~ I

Cuae Lres grgon lovels ey

renorma’ irabl: thern these

wurd ldecbinies will be i Ghe tvee graph level and over

he romposite or Reggeization scalel.

A low RLeYEY Paags

L

.

. thav ’ . E %
Hovever =‘.0t1,('(;,fa. normal Werd identity { lefining 1IJ- = <E {Jy}\7 7

P
c% ‘, = AP
’
wlways has the trivial solution F“ = Al = 0, i.e. the whole globmi
syemetry nead not be manifest in & ~e 8nd at low energies,
el

(2) However the anomalous Ward identities have the structure

" T, =1 L

vhere

U - <aTiT T

Hence the anomaliestell uswhich part of the spectrum must necessarily

be present in ";fe-f‘f .

In particular, if the chiral symmetry of 3f remains unbroken

precn
then they tell us a lot ahout the spectrum of masslsss fermion bound states.
The exercisez of matching the anomaly as seen by il is

e exergiss o b if s ly as se by¥ Ipreon zeff
cidled the ' Hooft consistency condition and it must necessarily be satisfied.

ir the class of preon models we are cons dering, the "4 ifoqf‘t condition will

teil us sometiing about ,:fx » For example,if we foliow Pati and Salam and let

5 .
@ Llavolwe sos

the bound

i
L’
» then we trivially mar Lhe flavour symmetry of at

ar precns, which can form with the fermions  f
‘ A
shnaloe

preon
the anomaly matching simply

T ig Hoe
eff” In this cuse

4

TR P

vlore I-Ij ig the number of degenerate massless fermion doublets in xeff .

i

U3 toe rencrmalizability and relaticuship belween couplings and masses

coue row Lo light cone sun rules. Consider
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t9-x e s
. s (s
T‘-(q,"‘) - Sd-“ e <'T{T(x}")'(u}j§ _W(-Ql) = ERLQ"’) S -—-—-H———t‘”"v >
. eR{ster
then
4 wy e Hence '.Bkﬂ-'(roe)k in order to reproduce OPE results in the energy
- s . -
TUL-¢) = 5 j 1|.w_l'\' t2) 4 Passibre seale M <‘-Q2<<r2 .
Sty suhbwerows ! G o]
D. THE PRICE COF BREAKING L-R SYMMETRY THROUGH PREON CONDENSATES
We assume (without any a priori justification) that the L-R symmetry
From OPE of xpreon is broken spontaneously by preon condensates, However
in order that our fermicns remain massless we want to preserve the
T k) T wd ':‘ Col ~+ 4 “ "3'1 + o (O - chiral symmetry, The only CP invariant condensates with this property.
tolals 3

are dimension 6) four preon condensates. From the Wilsen OPE of )
JL(X) JL(O) - JR(X) JR(D), the appropriate operator or order paremeter

. is associated with the diagram
This implies

_‘T(-Q‘) ~ (g'“ - _(;vj_“ -+ - v g'—f——r/v—l—\g‘- _-“r' "' ‘ 's g'.

Kow if xeff is renormalizable

Fig.3
v TTLSY = A .M + Ar o RAe |
5 5
’ ' 4 A T yr A T P+ ¢ ~r ot
i A = i ' T el T .
and e }* . < §|. YrTM:.‘?" &R X &L ‘E‘_% ‘Q@_SF_Y’, T“j‘:_ >vﬂ(_
Lt S_is__ w TMes) = AR+ _AL. 4+ . uph boas
S ql q-‘-l
«l lovye This means that if we examine the superconvergent sum rule
(4.7
. T = b T - T ]
However if :eff is un-renormalizsble then Im w(s) = EkEksh and r" U\f) L E‘l Z 'e do\ {TL';. L?)TL,V{U! TR-}" te? Jr,v"" ” >
- 2 _ T
i e v 4T
Sty
Th By T - £ %
is not defined. After making subtrsetions " L x { d iwmTTs) = F /g

QZ_,:% v S4gr

B BTV
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e Lok mwm rule; Swmnary

Consider
(9=

LI

fius e

]

(%f"" o"i-' ﬁrr %V')-T\-

From the preon

finds i Q)-TI” (Q}-

—Q )’Vgll y
following sum rule ar super(_onvergcn;_e r
X S A5 sy e
= S+wt

From which we have

1) st Im W(s} =0 ;

IMmTT 1s) = (o + G

with

3} o = 03 L) ¢

If we use

{2}

additional su{z)L seelar multipiet Ei

ore obtains the following contributions:

15—

heory and the Wi"son OPF (J J

(q,%)

L
Q EL]

elation:

1 e

a5

Lol v {“\'._.r{K!FTLJV{o) - TR}A {x} ‘J‘RV(,}\| 0>

FErY Rt g

This implies the

QZ*.,w

2} st s Im n{s) =

Ca
* £

the effzetive Lagrangian discussed earlier, except that we add ep
= ¢l + i v, then to lowest in g

one obtains the following contributions (see Fig,4}, Thus to order 0{1) in g

1 8ts-tm em,0?)

8(s- (“n‘\‘hc)\)

qew - R
twm WY q‘:_" ‘l(s"_l_‘i_.iul][étb PHE :..)*—:1;«1
s (R
"u \ 4 H ~
b T e g Doy T s..u-]B(s“\ >
T o 1 S I é_\ﬂ“‘(shl,H;)
ben T T oaem ( 's-r\:) ~ s;
zh-z_l» * W
b T8 Ny 1L)9(5; _‘.(___ .1.‘%4(&’_‘)
WNiyTY SH
7-&'.?1
L ¥ - Mo TLs)
P 1
e
Y T S
-._‘,. \“"_
T,
LL
W /,
+ D + ®'—\,\/\{ e,
ey
4y
EI/A A 3
\B = -+ \.2""-‘-'<
® B oxy Oa
*e
\M"WR& -
Ae
Fig.h
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The asymprotic exgezcions ore swmarizad in the foallowing  fahles

\ _ e |
- UlLij a7 UMY ) |
4
e 1 16 T
WeH 1 umi -3Mi 12M§ - 18;43} oy 31\13
T 1 'QM‘% - 6[-'12 -IvT: + EMi + IEMEFMi
2 2 L 2 i
-0 1 21«,5-31»1 -3 My v IMC -
2 2
-6Mw (Mfr + Mc)
Wl b 0 Q Ly 4
L'L o
[ _hND 0 0

Table T

For a single doublet, we have the mass formulae:
2 2 2 _ 2
1) MH + M7+ 3MTT = QMW

L b
2) M T+ 3M o+ 9Mwh - 18 MWMHE - SMWQMGEan - 53Mwh =0.

Note, if we keep on adding scalar multiplets ﬂ}, then the mass

formuliae would read:
1)Mfl_9rq€+NDE2=o
2) 3”1%1 - 18M$Mf[ - 53M§ + 12N%ﬁh - 6an1~1§ me = o

plus two other constraints. This means that the sum rules would put limits

on ND .

_17-

The

1ot-right symmetric model

- ' R S : - " oom T

cocsbraints, Lue rollowing effective Logrungian cxhibiting a symmatry in the

laft and right-handed degrees of fresdom seems an appropriate one to examine.

We

assume that arpreon leads to
L
o ] -y \ ‘o Y - 4
feu "‘T.;\“.}J\N -z Nr, W e (BT (D,.f,_)

+ (D ET(®L Ta) ¢ VT, Te)

i ‘—fu%‘P._ - ‘-5—39, B e + Yohawe Ceuplivgs

where the symmetry is defined by

it

Lo o= feey T ix) ute . s k) ] (=)

Te > k) Trix) U,: i DB 'x) Ketxr -

Now if we either break the IL-R symmetry in V(XL’Eh) softly or induce

by loop corrections a la Coleman-Weinberg (Ref. Cvetic, Maryland preprint

1983), so that the steble minimum corresponds to

<z.> »<T,y #0

then this leads to the following physical spectrum in the unitary gauge:

Particle Mass GClobal symmetry classification
WL ML spin 1 SU(E)L triplet
WR MR spin 1 SU(E)R triplet
‘?’Jj'_” o fermion SU(2) doublet
C?éi) o fermion SU(2), doublet
hL w scalar SU(2)L x SU{E)R singlet
T“ m, scalar SU(Q)L x SU(E)R singlet

-18-
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vee

In this cose the parity viclating sum rFule m./oz oo fellowing

contributicns to the L-R sum ruie, summarized ir the takle belcw,

Danle: Asympretic contribution for the symmetvic medsl
1 1 1 1 1
States 5 i Tae . L
96w Al 2 Cin T
Q Finkil Ql-v
Wy 16 gé ' }4
»JL i 16 iM
. 2 L L
W - oM~ 184 3
LHL 1 11[4% 3my 1eM 18 Loy + S
- . 4
P - SN
P “ © Sty
. 2 oyt
Wak -1 —16}~IB -

W_H -1 1M v A -2+ 18m - Wmh
RR R 12Mg + 10Mpmy - Img
PP 0 -l W |
R'R | DR !

Table Ty

Tris leads to the following mass formulos; {r-1(wL) =M, M(;LL} =

b e 0 OF - 12)
2} (59-hn) Miﬁ + 18]‘4?_',!73.'1?‘ - Bmit = (59-Ly) M; + 18 MimR - Bm; .

1) and 2) lead to the following bound from the positivily of mi;

Note for ND = ]'RMH < 3L ML 3 while for W= 4, M < 2,734 .

w15

2 can also carry U(1) charges. In P

P T ’ et A Sy e e
SDFLG WITH A GLASHCW-3ALAM-WEINBERT S0 - ' Q{) Ul addewled

- -

U + elementary Y{1)
dprecn T = preon ary Uidl,

set. where we conrls we

anly an etcmentary pbelian field; then Lthe symmetry

in brokon s

tly aceordiug te

SU(2]. & SU — u{1) g Uil
srizl @ sulz), @ U 1) “11(1,1)T e uu,I%R @ Uyll) .

e

1

Lute

i} The symmetry currents of st

preon . develop ABJ anomaly

cequired for massless fermions;

ii; One couples the elementary U{1) gauge field B/M to preon fields
£‘ E so that associated charge 1s identified with Qf = I? . I3 being the
> the -
generator Q?Aﬁ.iexg()nal sub-group SU{E)L+R .

The Lagrangians we thus start with take the Torm

I A Apv oy w ot P R -t .
Lrven = -5 FI P L w P L AR L
whers "o ‘-
LD.‘M )L_g = bf' l g 3 i—, B Er *

e o . . s
. , afl the rule for introducing B,LL field

in simply obteined by modifying the basic transformation to:

o« @ Lodnrd
YR P € Lo =
g Ty ) oo
U‘».‘R. -

cire G 0% . ocentral charga,  Hence if 1) L -2 R(x) I L‘Z then the
covariank dasvivative is given by

> R : -y A Qa ' .
RV L2 3—} \Nrﬁi + vy 273/13,“



Bimilariy if :
For the prototype model one has:
if) @ - A{x)P then .
* ep -4
-3 .o = ch Y’ 1% ch
r 9 ”"(}r g Wy vl B Q@

I . - -
-JN.c = @ [' L J- ] BrQ(-Cg+ 3. )”-—r,-_;‘?u]
Finally, S = e [ 8 ¥ra 9]
iid) I:}f X =+ UL Rx then R ) = 'br - 3l (Q-t 'r,h_)fs
* f )M While for s I~R symmetric model with only WL one has
1*§c=3=p‘gr—r=._g v+ & X"‘l‘j;
Let us turn to the symmetry-breaking pattern: If - = v ’ Tz R
M . = —
<E>=rj— —SN-; - C_[-lee‘fﬁf‘q,&q-f “'?{_ XPI‘:1"?LJ
then - M

' T = e LI Vg ~ 179 &)
LT (orE) (5,0 ) » g 9 [t (wt PJ L Cewl- v 0t '

1 —~ T
= ":iwaL (twp y2r W ] + 3 v (Z))

[ s _ : .
LR iz & heavy right-handed mirror of ‘PL,R

i,e, precisely the Salam-Weinberg mixing Spectrum in the latter meodel is:

= o 3 - Sun *
Zr = fos@ Wr Sw@ '\"Sr. - W M,
A p = S \N}, + (u38 P;/_ z M, = M_/cos®
Cost S © & Y 0
[ = fry -
> Jg‘-tﬁ“ ! Jaice™ .
¢ 0
™M 2, ! LT . . ' (_“1' t. c = J;,;:—ﬁ-"l s
“w YL %}' : v r ot M,
v v » . L = (g,n) m =m=m
feH— \ = ¥.e, -+ E. W; ’Tlcjf +* Zr T:,c.* A]’ Tﬂvm ° T
fermion et )
ey
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5) 1-7 intermediste state to Im T

it
T i Yy - o, P et f e . [ —_— B
In the m.t‘f.er &ty 1ike n 2,70 renreseabal on oon bU'\“‘)LOC & bulc‘;R. . .
In evaluating the parity viclating sum rule to lowest order in G we have - \ * 3/,
the following contributions: & T agm [l 45“ ] Bls-4n)
~.3
1) ¥-W_intermediate state to Im L
3 =0 i 1
w 6) T-0_intermediate state to mlRR
T
\f ]
0 ‘_k:w] e 1[‘2‘+163H\:-6‘9 Sho-Gamd 4] - 2
z LY% 4 (S-H ) L ar
W - | P 1(51"‘1-1!“:7
S LM &L = — O (s-ingwm )
* O(s-am;) ~. a6 53 i
- O
2} Z-H Intermediste state to Im 7, 7] Light fermion contribution to Im L
z z 1% 1
‘fy Y] ry v 2 ! K .
@!/ +@m./ = é___‘f‘_"‘_i-Lﬂ[é (5,135, m3 ) +12m; SJ T dew o LSO T {0, v L8 T )
- -~ T —
- U s Gohgye 2 s
1] H ¥ B8{s)
¥ O(s-(Mg+ )
8) Light fermion contributicn to Im Tom
3) T=n_intermediate state to Im w | >
g
i
x 2 = —— 8{(s;
K BT
\ 2z T
¢ - Mz {30 < i 23
&f;ﬂ-\\ P (_—s..__- Bls-4n) 4 O(-¢)
“w
9} Heavy fermion contribution to Im T
L
4) 1-0 intermediate state to Im LA % =
1a,
+
11’ 2 1 ¢
\ Mz Coss L
B v (Mo : B ) s (mpar ) w0 ()3 . g . .
Z e O PR Lk LA o -0} SwteT x
o e U7 3 I_[(HP W) p ]+ 8- P phpysleTe {9 )

416 Pt slloTy Sq“]]

E = = S -
where p MZ/( MZ)
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e cutbidlubiung G suhbay i (nohhe Tollowing teblo, from whish
t' Nt - . [ . A [ECEL e ]
Wl el g nii e b B duBua oo Live oo wivr cawnkor o0 Tooxli-n iz oo,
the ordey FEEVITE WD R IVE I L ETN
Inter- 1 2 L 2
oM
medinte |57 o(m*/3) (M /8%}
state
W-W Ny e+ 16M° M- 102w + 28O
Mg Y z Yy MM,
W= +1 12 -l Lot el
A My 7 My + My
Tar -1 6M£ —EMh + Mh (coséﬂ)2
Lt m Z
2 2 L I i 2
70 -1 M+ M ~3(M) + M) + M, (cos26)
3
Light -LN O Ml‘ M. [1-4 sineTr {q, -} +isin® TF (Qz}
! D Z D f 2 f
fermions
Hea +LE (M2 sin°0TF { Ii} e [1ensin‘orr ©91] - 69M) x'n
fer;igs D 7 % 3 7 F yA D
- 31*] Na
Table OL

. . the | : .
The table shows the asymptotic contributions to‘pgr1ty violating sum rule for
L-R symmetric Lagrangian with elementary photon [ND denotes number 1 fermion
doublets].

From the table we read off in this ¢ase the quadratic mass formula:

. 3y
e L T N L DA R S e SR TieXy=0

and the following quartic mass formulas

t.'
TS+ 2 (ten1p YtyeNg Ftory H;“'-coz H.:' +'5.H“L‘-‘§.M,,. -‘iH.:

+ A% M:; R:;' -1 g M; H}\’l ‘GH-:' Ml [}

55+

.
" preon”

Fio) = [i-15a0Tv {op Thl v Snte Ty Ty

[Hote added: sectually M = Mcr in the model we have copsidered.)

I ddition we have tie following constraints coming from } fml ds = 0 and
f
J 5 lmT 43 = 0. Together., these vomprise a formidedble set of mass relations

on a preen version of the electro-weak theory.

F. SUMMARY AND PROSPECT OF SUPERSYMMETRIC MODELS

Let me briefly conclude with the following remarks: If one starts
with » well-defined framework in which we suppose an asymptotically free preon
Lauge theory leads to & weakly coupled gauge theory of the Glashow=Salam-Weinberg
+ype as & low energy effective Lagrangisn for the sround state sector, then
the following points have emerged from ocur analysis which we hoped to have

demonstrated by a few simple examples.

1. There is & definite approximation, in which the weakly coupled effective
Lagrangisn reproduces the current algebra and short-distance properties of
Further, this approximation is valid only in some well-defined energy

regicn between the ground state mass and scale of compositeness.

2. The particular choice of scales we advocated at the beginning of this
talk, namely Mg NAiSF << A.Mz-v raz is the only one for which we see an
analyiical means of establishing & weakly coupled spontaneously broken gauge

as a low energy effective Lagrangian, Here MG ig the ground state mass scale
{other than zero mass states), AASF is the asymptotic freedom scale and AME

is the recurrence scale which is naturally linked to the ccmpositeness scale

-2 . el s . .

Ty oe However since o preon in principle cnly has the one scale j;ASF’ .
one cer only expect the numerical constants to be such that AM2~ ry *» AASF’
whicn is partially true even in QCD. This means that a firm prediction of the

cluss of preon theories we have been discussing is that AM2~a'r;2 will not

be tuo large. In fact since we are supposing A ﬂ-MG ~ 100 GeV, then we

ASF
e 1 to 10 TeV, The point being that one would not expect

~ 9]
AM‘/AZSF =3 be mueh Larger than between a factor of 10 to 100,

would expecet I

-26=
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3. The totality of current algebra, ancwmaly and swa rels constraints
leadsto 2 very restricted elas= of rmedels, in which these oxists numerous

mass relations and restricticns on the allowed speciom wl particles.

L, Although we bave not at all discussed z auiwsoymmet rie e
the ¢lass of preon models we have conzidered, “here is vus very zood rea.on with .,
for doing so. Recall the low energy phonomenclogy of ine A = L reravity will be given,

whouse local supersyrmetry breaking leads at low znergics to a broken SUpor-
symmetric SU(B)CGl o [SU(E}L G ui1}]

" i
namely Nw NW o

Broken with definite mags predictions,
7-. o~ o
ant m_ oo vhere A refers

ry e
2

. LN
307 T g Mg, :
to the spin 1/2 partner to the gauge rarticle A, {8ee Pran Fath's talks on SUGE

~

GUTS in this Workshop.) fThis phenomenslogy can te veproduced by the

following preon model scenario!

r==Nic u{1) = su(H y
of preon ? ‘J)col £ U{1) x 'b(”MC)meta colour 7

where ;Ppr is globally suversymmetrie. Now zssune that the metacolour

(=1
theory has ::e properties we cutlined in this talk and has massive effective
gauge boson states, with their superpartners, Further. assume the mass
generalion, the breaking of I-F symmetry as well as the supersymmetry are

2ll due to the formetion of preon condénsates. Opn the other hand, the
SU(3)301
broken. The resulting low energy effective Lagrangian has all the Teatures of

)

Me Mc

has only one scale AMC, then Mw . Mw-m ANL’ AMW " AMC' However, since

the fermion and scalar hound slates of the meta colour theory will be split

x U{1) sector does not have its supersymmetry intrinsically

the SUGRA GUTE scensrio, outlined hy Pran Nath, Namely since SU[N

and bhoth carry the elementary electromagnetic and colour gauge changes , there
will be an induced supersymmetry bresking in the SU(3)col x U{1) gauge sectors
due to radiative corrections i.e. mg W LN AMC and m?,% o AMC' Such

8 scenario seems to be wndistinguishable from the N = 1 supergravity

theory, and is worth investigating. The machinery we have developed would

be very useful here. Further,since Sfeff will only apply at low energies,

at TeV colliders, the SUGRA GUTS and preon scenarios will begin to depart

from one snother.
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(134} The flavonvchramen presale amvocls,

Preoaa, gre-prespe and EULCTR@met Ty .

{3

Brasitl

ag thrtauazh srennsw .
T RAVANLagse over lecinicsior theorise - s arediczion for the

af guarks aocd I.prous -

AvnEsLry praservaitlion for guantun

2 the peuasibilitcy

thay ehirni AruRayry ln o la faes wiglarad by 2% g oo qATinEY

tneg

LertTowear anifi

theorles.
the gauge eyamecvy BU{E:, =

&

tgy thearvy. Tiswed a: a

in2dsquata.  Msuy of g laadagquidcies arc

- : . 1
grand unification. In particular, some of iz dazirable

fa ) . \ ; .
teatutras of grand unificatioen, zbave snd beyond those of SH(E}L z

400

v ere so Followe:

i

it ox ,

{11 It providee a ratleonale for the exlstence of quarks and
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which are aesthetically more de;irable than SU(5), can tolerate
longer proton life-times, exceeding 1032 years, especlally if we
permit intermediate mass scales. FEven without the observation of
proton-decay, there 1s strong support for baryon non-comserva” :n
from cosmology, in that 1t plays an essential role in the
generation of matter-antimatter asymmetry.2 which we see today.

{vi) Grand unification opens the door for an understanding
of many other challenging probleme of cosmology; e.g. the
horizon, the flatness and the homogeneity problems.
Understanding of these problems seems to be best addressed within
an inflétionary Bcenario.3 The final picture regarding these
issues 18 yet to emerge, But 1t seems that one needs a phase
transition in the early universe at a high temperature ~ 1ol2-
1016 GeV, which grand unification naturally provides.
To sum up, the features (1) - (iv) are positive successes,
which a future theory should somehow retain, and the successes of
the features (v) and (vi} are yet to be judged. Despite these
successes, there are a number of factors which point to the
Incompleteness of the idea of grand unification. These are:

(a) Proliferation of quarks and leptons without a
resoclution of the generation puzzle,

{b) Proliferation in the parameters of the Higgs sector.

(e) Proliferation in the Yukawa coupling parameters, which
are needed to accomodate the observed bizarre fermion mass
spectrum of the three families of quarks and leptons, including

Cabbibo-1like mixing angles and CP violating phases.

(d) Non-naturalness of the large ratio {Mxlmw}
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~ 105 or the so-called gauge hicrarchy problem, Last-bat not

(e) Non-linkage of the electro-nuclear force with gravity.

leaving aside the fundamental question of unificatlon of
gravity, with the other forces, the pingle wost important
problem, it seems to me, involves an understanding of the Fermi-
mass parameters - 1.e. me:mu:mT; mg=m, ML, WMy,

(m/myd, [mu/ms], [mT/mb) and Cabibbe-angles ete. This, together
with the proliferations listed under (a} and (b), appear to call
naturally for a preonic substructure for quarks, leptons as well
as the Higgs mesons. Within a preonic theory, one would hope to
obtain an answer to the ptoblem of the generation puzzle. One
would also expect that the parameters of the Higgs sector
including the Yukawa couplings of composite qusrks and leptons
and the composite Higgs bosons would be related to each other
through quantum preon dynamics, Just as the parameters of
hadrons (i.e. w, K, p, N, A, N* etc.} are related to each other
through the single A-parameter of QCD.

Precons 1n one form or ancother alao appear to be needed from
other considerations. First of all supersymmetry, apart from 1its
inherent beauty, 18 a concept which suggests itself primarily
because 1t offers a scope for the desired linkage of gravity with
the other forces.4 Local supersymmetry, implemented within the
maximal N=8 supecrgravity theory, provides a truly elegant
structure, in which the graviton, gravitinos as well as apin-1,
epin-1/2 and spin-o matter belong to one irreducible multiplet of

the underlying aymmetry.5 This beautiful theory is yet to be

403



R What 1s cliea® aaw

PRy . T

prenais

2ioventgraiy v

2iBn sufpost

then oy, fo T ' 5 " tead o weevar
Fove {1 ! mcr i wlohe [FELO 3 R 3 gk

Lapt 11, the g towa e ceA I en

; . [ At et - B i -

: LSRRI SR i S
" [N A T
[P 3 T 3 Ciear - '_:: [ERE R R DRI
FRR S A RN e 23 . . riv e s i
ATkt SRR - d teo - Ioih
w b VS I 1] Shee men Uhoopn vew il the Ldeas of

NCRL TARS .

Iin genergl, pernlt

compogites of more prenns” - oand g

A, ¥e belleve that il

*nd . Lut oaly wlLiw oo gEws Tl @ diagc whloh ol ocen

404

vcoenomivel, alcgent and gos Trnadae” . Af-er pl3, that iz the

all secichre Foa i 7+ Iao the centest of

i

euncsgvavit, oor eme neturel thae g¢

e
r

Tenol cosme srtage L ing elther presng, oF

sgites of Planck~

sradee cor

rartuhy of gizes gpauning

B

!
i
!
!
Y

TR vyt s R

<
H
|

. B T . S

i it bl T P !
- LT, . R T . i
] | e L TR IS i bOSURERLELSTTY i

dlacusaed ths nzed for preone, let us note a

of preow:dynenic-n. The ioversze slzes of

electrors and mouone, frow g~% axveavirents, eaceed abeut 1/2 TeV,

+

#whil: trhowe of quarks, on derp inelsatfe eN-scattarving and e e

annihtjation, exceed apout iUU Gev. Lok us assume, for



simplifying our discussions, that the inverse gslzes of quarks are

the same as those of leptons. We notice now the peculiar fact

that the inverse sizes of quarks and leptons -~ 1if they are
compoeites - are very much greater than thelr masses:

(Ay)

0)q, 15 {1/:0}q‘2 2 1/2 TeV >> m,

. (1)

This feature ie not encountered before in the history of
composlte particles, starting from molecules and ending with
nucleons. For these latter composites, the Inverse sizes are
either smaller or atmost comparable to the masses of the

corresponding composites (e.g.

-1

-1
rNucleon_

¢ TNucleus 100 MeV ~ (10)X{B.E. of

~ (2m" to mp) ~
Ruecleus) < My . 1gue:* etc,),

Ordinarily, one may expect that the preon-binding force,
while making composites of small size (tog 10h17cm) , would give
a mass of order (llro) to the composites. Compare with 0CD, for
which chiral symmetry of quatks is broken dynamlcally by the QCD-
force leading to the formatiom of <Eq> condensate. This gives a
dynamical or constituent mags to the quarks of order 300 MeV ~
mN/3 ~ (l/rNucleon) , while the current algebraic mass of the up
and down quarks Is nearly zero. One needs to understand why the
preon binding force makes composites of small size (ro) without
making these composites as massive as order (llro). One idea

2

which was suggested by t'Hooft” and is strongly prevalent i1s that

somehow OPD differs characterfistically from QCD in that it does

not break chiral symmetry dynamically. This hypothesis brings

with 1t the necessary constraint that the anomaly of global

wio

chiral symmetry evaluated at the preonic level should match the
same evaluated at the level of the massless composites. An
alternative idea, which 1is receantly put forth by Buchmuller,
Peccel and Yanagidalo i8 that composite quarks and leptons are
supersymmetric partners of a set of masaless Nambu-Goldstone
bosons. We will have more to say about these ideas, and to what
extent either one or both may be needed, later,

Whatever be the underlyfing mechanism which makes small size
composites with small masses m << (-:_-H)EAo . once such composlites
are formed, congisteoncy would demandothat the =2ffective
interactions of these composites at momenta which are small
compated to Ao must be given by a renormalizable lagrangian plus
non-renormalizable terms, which should be damped by appropriate

inverse powers of Ao.

] 1 {n)
deff o(‘Renormalizabl‘g A )nE ({ Won-R%enormalizable (2)
o

This consistency tequirement, noted by Veltman and others, states
that for spim-o, spin-1/2, and sapin-l composgites, for which a
renormalizable lagranglan can bhe constructed, 1t is this
rencrmalizable plece which will govern thelr effective
interactions at low momenta <X Au. If the composites include

"charged™ apin-1 particies, the effective interaction must then

be given by a Yang~Mills theory based on a local gauge symmetry,

which 1s broken In no other way except spontaneously. In other

words, for small size small-mass composites, the low energy
effective interaction 1s not arbitrary, but necessarily rather

special, This may bde contrasted from the familiar cage of QCD,
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may well be a hierarchy of sizes of the composites spanning from
Planck-size down to 1 fermi. One is thus left wi{th the
chellenging task of finding an underlying theory, whose dynami: -~
¢an lead to this peculiar behavior for the sizes versus the
magses of the composites (% >> m) , with possibly a hierarchy
in the sizes of the composizes. One needs to gsolve the dynamies
of the theory well enough — perhaps by lattice gauge theory, 1/N
or any other method - to be able to see whether the effective
interactions of the composites can be pretty and well-behaved, so
as to correspond to A tenormalizable Yang-Mills theory. At
pregeunt, this 1s a feature which we shall simply iwmpose on the
basis of conslstency arguments only. The task of deriving such a
behavior from an underlying dynamiecs remains a major burden of
preonic theories, Iif the gauge particles of low energy - physics
15

are Iindeed composites.

4. Flavon-Chromon Preons and Varlants:

To faeilitate subsequent discussions, let us briefly reecall
the salient features of the "Flavon-Chromon" precnic model. The

model wag proposed in 1974 {in the same paper where lepton nurber

was suggested as the fourth colorlﬁ,

17,18

and has been developed over
the years. The set of ideas behind the model has been used

subsequently by a number of authors.l?®

In its simplest form, the model assumes that spin- 1l quarks
and leptons carrying flaver and color are made of two sets of
entities (Preons):2? (1) the flavons (f;)L R

spin- % , which carry flavor but no color and (ii) the chromons

i
(u’d"")L,R with

di0

4w LI .
kuu} = ({T,y,b,%} WLLih Bpin—U, woloi CaErLy LULOL wul No

flavor, In ether words, gquarks and leptons are composites of a

rpectively. Here "1" denctes representatioen-content with
regard to & precnic gauge-symmetry Gb’ which generstes the preon
binding force Fyj the indices "a” and "o denote flavor and
color respectively. The lightest spin- 1 fC*-composites
identified with quarks and leptons, are issumed tao be singlets of
Gb‘ ar “"neutral” with respect to Fh' The small size together
with the neutrality of quarks and leptons shields them from
exhibiting a trace of the strong binding force Fb at low momenta
<< (lfro).

A variant of the model introduces three sets of entitiles:

17

flavons, chromons and Scmons (S,=1,2...) . Either each of £, C

8

and 8§ have spin- 1 , or flavons have spin- 1 , but chromons and
ssmons have spin-0. Somons are neutral witi respect to flavor
and color., Each of these entities are assumed to be non—neuntral
with respect to the binding force Fb' The representation -
contents (or charges) of £, C and 5 with regard to the gauge-
gymmetry G, are such that the lightest fCS-compoeites, identified
with quarks and leptons, are singlets of G,.

One characteristic feature of the flavon-~chromen model is
that quarks and leptone of a given famlly are made of the szme
flavons;lthey differ from each other only in respect of thelr
chromon-contents (i.e., red, yellow, blue chromons for quarks

versus lilac chromon for leptons). This goes together with the

sugpgestion that lepton number is the fourth coler. For the

)
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flavons plus four spin-0 chromons are need=d to build a single
family. Note that the fermionic degrees of freedom (2 + 2)
precisely matches the boscnic degrees of freedon (4). Barring
the possibility that this is merely a coincidence, 1t appears
especially attractive to view flavons and chromons as

supersymmetric partners of an underlying theory, e.g.
u d u
L L R
¢1+ (_?]- Q2+ - ( y)- °1_ - (“S]' @2_ = [—E) (4}

While one can write down & supersymmetric lagrangian
involving the coupling of these superfields to local U(l} or u{1>
% U{l), or SU(N) gauge figlde, assigning the game “charge” or
representation to all of them, It is quite clear that unless and
until gupersymmetry 1s broken, one cannot define flavor and color
as distinct commuting symmetries. Even electromagnetism cannot be
defined. It fs only after supersyametry is broken, with the
gauginos becoming relatively heavy compared to the matter flelds
that one can define separate flavor and color—symmetrie:} At
this stage an effective anomaly-free gauge syametry like SU(Z)L b3
SU(2)y x SU(Q)CO1, which Includes electromagnetism, could be
born.

We may have the following scenario; starting with
supersymmetric chiral multiplets of pre-preons coupled to some
gauge fields, one may find that the dynamice permits of the
emergence of qupersymmetric preonic composite multiplets with
inverse size Ap . Supersymmettry may break for energiles
A < hp . At this stage, with the gauginos becoming heavy

(~ As) , flavor and color quantum numbers are boran, synonymous

8
with fermions and hosons of the preoalc supermultiplets (4). Ar

1
the same time, flavor and color gauge particles (i.e. WL RS and
»

gluons) are formed as composites of preons (or pre=-preons) with
inverse slzes < As , defining an effective low-energy gauge
symmetry of the type SU{2)[ x SU(2)p x SU(4)°°1, or its

subgroups. 1In effect, the emergence of the concepts of flavor

and color, in this minmal model, 1s synonymous with supersymmetry

- breaking., PFictorlally, the scenario is the followlng:
Pre—-preons + Preons + Supersymmetry Breaking
(M (Ap) ()

+sEmergence of flavor and color at preonic level.

e Emergence of an effective symmetry like

SU(2) x SB(2) x suis

+ & Quarks and Leptons.

Since hs -stage precedes the emergence of sU(4)% and since
SU(L’&)C must break spontaneously above 3 x 105 GeV, we would
expect AB > 3 x 105 GeV. With the radiatively generated scale
(ab/Z“) (AiIM) to correspond to electroweak scale of 100 GeV, the
heavy scale M would be expected to lie above 108 GeV, In
general Ap may lie between As and M, The extreme situation could
be Mo = Planck-Mass = 101? Gev ane a_ = 10'° - 1012 cev.

One can envision an alternative scenario, in which flavons

and chromons arise from a pre-preonic theory as Fermi and Boge -
components of different guperfields. The bosanic partumers of the
flavons and perhaps even the fermionic partners of the chromons

acquire relatively heavy masses ~ As and get decoupled from the

LA T P A T R ~ I N i o I I3 s e o
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hypotheses (chaattempts to remove this unwanted feature and
simultaneously to provide a technically “natural"” reason for the
scale of electroweak symmetry-breaking to be around 1/2 TeV by
assuming that the relevant Higgs particles are compesaltes of
new pet of fermlons called "technlifermions” (st), which possess
not only the electroweak gauge force of SU(2)L x U{1), but also &
bew OCD-1ike non-abelfan gauge force, called techniforce (FT),
with a scale parameter AT of order 1 'I‘eV.ZI+ The simplest realistic
models of technicolor appear to suffer, however, from an
excessive magnltude for flavor-changing neutral current (FCNC)
processes - not to mention the arbitrary proliferation in
building blocks - which they invariably introduce. The
difficulty with regard to FCNC-processes is sketched below.

Under the influence of Fr, the technlquarks are assumed to

3

form condensates in pairs: <00> EMAO # 0 ., Roughly speakiag,

AO is of the order of the renormalization - scale parametar A_ of

T
FT. The formation of the condensate breaks the flavor gauge

syatetry SU(Z)L x U{1l) dynamfcally. From the mass of WLt, or
equivalently from the observed values of Gp and sinzﬂw , one
deduces AO ~ % TeV. But a mon-vanishing (06) does not
necessarlly break chiral synmetry of ordinary quarks and
leptons. To give masses to ordinary fermions, one ends up

introducing new extended technicolor (ETC) gauge interactions,

which couple the ordinary fermions fq's and 's) tothe
techaifermions (Q's). These give rise, ia second order, to an

effective interaction of the type

43

where m; is the nass of the ETC gauge boson and gp thelr

qo> == - (l Tev)?
effective coupling constant Substituting <QU> 0o “~\3 )
¢ = 1 and m. * 5 MeV, 300 MeV and 10 GeV for the typlcal
b q »
“average” curreat algebrafc masses of the e, u and 7 -families,
we obtain mp = 150 TeV, 20 TeV and 3 TeV for the e, u and 1t -
familles respectively. Taking a typical ETC-multiplet (0;, 0,
ceaQy, dgs qB), which 18 capable of giving diagonal as well as
Cablbbe-mixed mon-diagonal masses to the (qd, qs) - gystem, we

obtain 1o second order of gauge interactions an effective

interaction:
(22, 7a2,) (349,)(35a4) + Bec. (6)

where 93 and dg denote current elgen—-states. Note that this
aaplitade does not have a GIM-invariant form., Expressing (qd,qs)
in terms of the Cabibbo-rotated mass elgenstate {q'4,q"',), one,
therefore, obtains from the effective interaction (6),

a |AS}=2 1interaction.

2 2 2 2 - 2
(gE,lmE,] cos" 8 eln" 8 [qdqs ¥ + h.e. (7)

9 TeV_z) for L 20 TeV, By: ® 1 and

with a streungth = (%) (10"
sinzac = 1/16 . This is about 1000 times bigger than that
permitted by the observed value of the K;~Kg mass difference.

Generation of excessive FCNC—procegses thus appears to be a
difficulty of at least the simplest.technicolor models. R

25
Now, turning to preonic models, it has been remarked that

these models score over standard cechnicelor modeis at least on

41
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range of 3 TeV {onlw).

We ghall illustrare these remarks in the context of the
sfaplest versicn of the flavon-chromon prean—-nodel, though the
wechanism for avelding excessive FONC procssses is more genersl.

1
z

form coedenstatses io pairs [<F £.> 5-A4 ) usuder the 1nflurnce of
. Iy ﬁ

flavor rvarryiag enttkiesj;

btzenme that » get of epin- L&

/

anp attracilve force Fc. The condeusing fermions:g”s may be the

flavans §'s themselves; alternatively they may be sultable

composites of fﬁs end p set of primed “chromoas™ &' , for

a7y
“ié

example. The force F_, which we shall refer to as the

"candensing furce” may in general be diffev:nt from the binding

force Fy. which binds the coustituents of guarks and leptons.
Under certala clreumstances, though, F.and¥, may be one and trhe
same force. 1If F. & Fb’ the zcale %& of the condeunsate and the

inverse size of the compesites may bde of the same order (as 4u

QCD}, but they noced not be equal to each other, We shall

cleborste on this polini turther latcr.
; ’ oI 43
Whas concerns us heire In that the condznsate \§EE:> :—MF
Es F
x G{:Y, daing the sesle of W,-nass, we obtain

e, oan dn tae TC awndois.

Tet vy gxamiue how nreiosyy dguartks end leptons, which were

measless In ths: 1jwmit of SUC2Y, % {1, and which are aginglerg of
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F. and Fyp. acquire mass. If guavis gn- leptens were point

vartleles and were met lidaked 30 any wov to the condenciag

ferwliovs B, they would still rewaia wmes=loss. Howewver, with

¥
corpoaite gquarks and leptons, doepite chelr neotrality,
=b a . . ot b a ; o
the qk 9y pa‘r can wmake a iransicion ;J_fk ;fd:pair {See Fig. 1)
utilfzing the dluding force Fo. wonzlstreat with the rongservation
lamne. Here {a,b) denote filavor—-indices. We enpect
%?éisl f? that the cmplitude would be governed

bty the fnverse slze A of the

o e TR
Q\W//’}‘“—‘%"‘—‘“ ------------ IR e
ﬁg;Zéé;L__wéhnm__ Islevant guark ov lepton. This

;7 #.
AL
Fig. 1

would leed to an effeciive interaction:

?

7 =5 a,rxa b
{xqfh ) fag qL}Efi“fR] + h.c. {8)

wherte «_ 1s an effective coupling constznt of ovder unity., If ws
g

ruplacejﬁ? by the condensate- , we obtain a wass for the

quark:

) (9)



If we assume that the same condensate, if.e,, same ﬂtiontrols
masses of all gquark flavors - L.e., from "top” ta “up”™ - we would
be led to assign different inverse sizes (AO) to different quark-
flavors. For example, taking "average" masses of quarks of e,

M and T1-families to be 5 MeV, 300 MeV and 10 GeV, we obtain

Ao = 150 TeV, 20 TeV and 3 TeV for e, u and t-guarks
teapectively. It is periectly possible that the fnverse sizes of
quarks and leptors of different flavors are the same; but the

relevant condensates <£ .ﬁt}, < ﬁ'jﬁ) and <Eft> etc, differ

from each other by radiative factors of order Ya , even though
the condensing force in all three channels 1Is the same. This
line of approach, which we motivate later, leads to the
conclusion that the common inverse size of quarks and leptoas is
about 2-3 TeV. This 15 deterwmined by the mass of the heaviesat
quark flavor, which may be given by the top quark mass of about
30 GeV,

Por examining the strength of |[AS =2| neutral current
processes, let us proceed by taking the inverse size AO of the
quark belonging to the p——family to be around 10-20 TeV. (We
comment later on the case for which quarks and leptons possess a
common 1lnverse slze Ao = 2-3 Tev),

The mechanlsm for generation of quark-~masses outlined above
provides diagonal masses for a=b, as well as non-diagonal ones
for atbv . F_or example, the condensate < ﬁg) would provide
Cabibbo-mixing and thereby generate familiar :trangeness -

changing charged current weak ilateractions. Since the binding

= 3
force 18 flavor~independent, we expect < ﬁi iF > ==(A ) to b
P P d Js 5 ds -9 be

at most of the same order as £ ﬁﬁh;}t {-t}), where
Ajbtz % TeV.

Now, consider the amplitude for the process: qd+qd > q5+qB
which manifestly leads to |AS|=2 NC~-processes even after Cabibbo
rotation. Let us recall that each individual flavon number
(likewlse each individual chromon number) 1s conserved by the

binding force Fy as well s8 the condensing force F,. Fow

CL { > T T 1 observe that 1f the
N
4 4 ’

d 53 > 5 strange quark q, were
were just a gquantum psalr
excltatlion of the down

f— > 2
qa-\ 3 2 > quark gy (in the sense
Fig. 2 mentioned before),

as suggested hy several authors, one could easily excite an
overall singlet or neutral pair {see Fig. 2} to go with an
incoming system of 2 down quarks., This would induce the process
qd+qd+ qs+qB with an amplitude of order

(1/n°)2s (10 to 20 Tev) 2 = 1078-10"% gev™?, which 1s too large
te be compatible with the observed KL-KS mass difference.

Tf, on the other hand, gq_ differs from qy by an attribute

s
(quantum number), for example by its flavon consetituent E'being
different from 4, and this quantum number Is conserved
perturbatively by the binding force, the | AS|=2 NC-process 94+494
+ q +q, can occur only by utilizing the |AS|=1 condensate

< F‘;fd‘), generated non-perturbatively, twice. The

6
corresponding amplitude should then be proportiocnal to (l\f )ds .

Prom dimensional considerations, the four fermlon amplitude qyt+qy
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10_.15 eV C, for (A@ Yoo TeV and A _ = (190-20) Tev. This 1is

ST

cettainly safe for K, - Kg mass difference. [The case where e,
v 2and 1 fermlons have a universal size pavameter Ao = 2 to * TeV,
hut the e:u:t mass biersrchy 38 scecounted for by a radlatvively
chiy Zor the coasdennates of differeant flavoas, the

amplitnde qqtgy » g vdg will alze be suppressed as above, because

¥ > condenzate will be vradiatively damped czompared to the

waximan of (1/2 TEV}j] .
let wus, tasczfove, consider thoze srervie modals for which

dde, We still need fo consicer the 35=0 process 4,78,

* Gata,. vhich 15 what caused the peebiem forv

subzeguent to Labibbu votatien. Such a procest caa indeed ocour
g I

.

within the precnic models through the futerneaiacy of prennic
= )
glaons! Tee e.g. Flg. 3, where j; ﬂ‘unmpasite rlays the role of

4
# . R e

é$\ < A% CJE;; QV% the ETC gauge Soscn. Siace
R Rt Y _

- fﬁ, - f;;’/, # preon bindicg force Is

}i {iﬂ snvarianc ueder votztionns in xhe
.
J\b ALy {e,p 3 flaver spsce, however. tha

. kY o i g i -
-7 L e i §,>q’

%q ﬁ%ﬁff . " % ¢ above amplitude Is necessarlly

el Fig. 3 = R
rart of a GIM invariant fora o {adqd k] Esqs}' , =whick arises via
P - ” LT 2
2 GIM invariant preonle amplicude { 7ﬂ4d-*ékf§) .
This 1s what makes the combined ser of piocess=s (i) dtay
N qd+qs’ 1) agvdy qd+d and {i11) qa+gs * q3+qs
saie with respect to Cablbbo wvotatiocne wizh.n the wlass of
precnic medels described above. Kore tha: tbe analeg of GIW
invariance is onon-existent for the simpisel ETZ modelig. For a

424

autogatlic bonus.

To summarize, we see that the notien of dynswical symmetry
“reaking can live fruftfully in the countext of preonic models
without encountering the problen of ecxcessive FONC proresses.
Beolieving in DSB, thils appesrs Lo call for a nez2l for preons,
Jur mechaniswe te avelid FCNC processes in the rsontext of DER is
more general than the preenic wodel coaunsideved here. Two
ingredients have played important roles:. First, the mucn family
oust differ from the electron family in trespect of some
attributes {like (e,s)* fu,2))., I[This dincidentalily leaves the
door ssen that 1 may =cill be the gwaniam polr exclitation of e or
4 . Tt is 1mpetvtant to study T + ey asd v + py branchiang ratios

&

up to a level of about §U " to judge cr this issuel., Second, the
precn dynamics must l=zad te a OIM invariant form for four guark
trangitions.

Gune non-trivial cownseguencs of vcoiizing DSB through preons
ig ruls: the invecse size of at leasat the heaviest quark flavor,
which tentatively one may {dentify with a top quark with a mass
nf 32 GeV, must be equal te wpearly 2-31 TeV., HMHore precisely,

(A /¥x) = 2-3 TeV, where « entering inte eq. (9) is of order
unity.

If we belleve in a radiative oris:n for the full fermion mass

hierzrchy and theteby in & universa? ize for all quarks and leptons

1

an ldea which we motivata we will be led to the

predictien that *he invers

5 _and leptons of sven the

elaciron family arve pnearly 2-23 Te?¥.




/1
{(+-)
o

() = 2-3 TeV (10)

g,4 up scatteriags and 1In et qa , would lead to a 50% departure in

2

q,k B

the cross sectione for 02-—q =A§/4 , even if n=1. Similar

This generates exciting new possibilities for accelerators of the _
departures would be expected in time-like processes like e
next two decades.

PR L and pp * LL X, Por ng = 2-3 TeV, sBuch a departure would

We note that the model of DSB presented above with four o: .
require probe mementa Q's = AOIZ =1 toe 2 TeV, say.

1 i ted t b DSB ht
six flavons 1s expecte © generste, eubsequent to DSE, 1ig 2) Production of Excess Lepton-Pairs in Badronic Colifsfona:

d t b PGR' like 11 1s. Th
peeudogoldstone bosons ( s ¢ in faniliar TG models is Even more striking than the appearance of form factors is

is b f th f th lobal t
ecause o € presence @ e global flavor symmetry prior to the production of excess lepton palrs by hadroric collisions.

DSB. We believe that th roblem of light PGB' 111 b d
e e a e p o o4 8w e resolve Such excess, ahove and beyond the expectations based on QCD and

by introduci the full f1 T t T
7 introducing e e avor symmetry as 2 Eauge syametry, OED interactfons of point-like quarks and leptns, would come

which may even be an effectlve symzetry. Thie needs tn be
v ¥ 7 about 1f quarks and leptons are composites sharing common

examined further.
congtituents, and/or if the constituents of quarks and leptons

Meanwhile, it is worth noting experimental ¢onsequences of

ate held together by

the prediction of & relatively low Inverse size Ao = 2 to 3 TeV
for quarks and leptons.

Experimental Signals:

There are two types of signals, which we expect would
appear 1f quarks and leptons are composites:

(1) Appearance of Form Factors; Departures from 0OCD -

Predictions at Large Momenta ~ A :

Composite quarks would exhibit power form factors, rather Fig. 5

than leogarithmie, when probe-mementa associated with photon or - ~
£ v P Common binding force. Thus processes like qq + e et would be

luon probes is of the arder of thelr inverse sl A
g P ny € 2 s generated by electrodynamics (Fig. 4) as well as by quantum preon

A 2 n=1 or 2 dynamice (Fig. 5), with amplitudes of order:
2 o

F {Q°) ~ [——]

q 2_, 2 e2 _ _
1 7% A(Fig. 4) ~ (5] (q@) (R0) (11)

q
2 - -
These form factors, which would show in deep 1lnelastic ep or A(Fig. 5) ~ (K /Ao] (aq) (22 (rz)

4206 4217



K , appearing here, ia related though net identical to 'xq appearing
in eq. {(8); we expect k = C}(l) + Note that the interference between
the twe amplitudes weuld exceed more than 50% of the sguare o f the
elactromagnetic amplicude (1}) for

2

3 e 2
a2 [)(agr2)
or lal 2 [AO/J] ~ 500~700 GeV., for «x=1, ho = 2=-3 TeV {13}

OQuite clearly the momentum depesdence of (12) is such that 1t would
lead to large excess ia e"at production ovei che expected amount once
invariant mass [g| equals or exceeds about (Aald} = {1/2-3/86) Tev.

This striking feature 1s a predic

tion of the preonic model together
with 1deas of DSB prezented here 2% 1y tesl this predlctisoa one would
need Sp or pp machines in the 5-10 TeV range with high lumivositvy.

7. The Question of Chirel Symmetry Preservation lor QPD:

The lightuess of guarks and leptons, compared to their
inverse slzes, has widuly been attributed te the preseyvation of
ehiral symmetry by quantum preon dymamles (OFD). We now discuse to
what extent chiral symmetry actually uneeds to be preserved by OPD. To
Judge on this issue, we must focus attention on the heeviest known
family v . (Analogoue discussior wili apply 1f a heavier family,
which we expect would et1l! be lizhter than 100-2G0 GeV, is

discovered) . From our discussions of DSB, we recall:

<j£rf%> H —A}t

3 2 .
mqt = ¢ (A‘f'( /AO) {14)

29

Here, Ao denvotes the inverze size of the composite quark, while
k 18 an effective coupling constant of order unity {See eq.
(#)). We stress that 1t 18 the condensate parameter A .

Fr
rather thaun the quark mesdes, which directly characterizes the
strength of chiral symmetry hreaking.

From the known scale of SU(Z)L x U(1) breaking, one deduces
AJFT L] % TeV., Now, substituting a representative value for the
heaviest fla#or m = 30 Ge¥, and x =1, umne obtains AO = 2 TeV.

T
Allnwing for « to vary bhetween !/4 to 4  say, we obtaln:

A‘g,ft = (L/2 to 1/8) ko (15)

In onther words, the chiral asyemerry bresking parsmeter {ﬁt is
not 50 different, after all, from the 4inverse size Ao of the
composltes., They are cemparable to sach other withian factors = 1
te 1/10. Note, had we compared the gquark mass of even the
heaviest flevor, i.e. 3G CeV, with a Ao = 2-3 TeV, we would have
noticed & wuch nigger vatio = 60-100, be:ween the two scales.
Traditionsily, thie comparison, plus the fact that Ao can he
permitted t¢ be in general wuck larger than % TeV (even for the Tt
—family), have led ta the view that chiral aymmetry needs to be
preserved by {PD, unlike the case in QCD.

We wish to suggest that this view Is not warranted, and that
chiral symmetry mav indeed be broken dynamically by QPD very much
iike the cage In OCD - barring minor numerical factors perhaps
between the two cases (see e2laboration below). This suggestion

is based first on our deduction of the inverse size A°= 2-3 TeV

for guarks and leptons, and second, on uvur comparison (cf. eq.



15)) of Ao with the condensate parameter {Pt rather than with

the quark masses, From eq. (14), we see that ™ is proportional
to the third power of {sj ; thus a difference by only a factor of
5 between hiF and ho , which 1a perfect!y feasible within a GCD
like theory, will Y“G@Mfy into a difference by a factor of 125

between " and Ao . Quite clearly it is the comparison of {F_

versus Ao which provides a more direct informationm on the issue
of chirasl symmetry breaking. The additional reason for our
suggestion is the qualitative feeling that dynamiecsl
considerations based on large N {see ref. 28 ) and lattice gauge
theory calculatlions {see e.g. Ref.2% ) suggest that it ig hard to
preserve chiral symmetry at least in a QCD-like theory. Finally,
it needs to be stressed thar the zonstralnt of anomaly-wmatching,
noted by t' Hooft, invariably has the tendency of fntroducivng a
certain degree of richness intoe preoanic theories; vet It is only

neceseary condition for the reallzatlion of massless spin 1/2

composites; 1t 1s never sufficlent.

1t is on these grounds that we are led to suggest - contrary to

prevailing notion - that QPN does break chiral symmetry dynamically

very much like QCD, at least in so far as we focuss attention on the

heaviest quark-flavor only.

these two theories are, let us recall a few facts about QCD.

To see more precisely how alike or unlike

Partly

empirically and partly om the basis of theoretical calculations, we

know the following facts about QCD:
suCI® (i,e. n_-= 1), operating on 6 or more flavoers (nf > 6) .
Ignoring current quark masses, it is defined by just cne scale

parameter AQCD’

1t is based on the gauge symmetry

Ceastant

which controls the variation of the running couplingx

as a function of the running momentum, and is determined by deep

inelastlic phenomena!:

AQCD = 100 - 300 MeV {16)

QCD generates a number of other dynamicsl parameters which are

determined by A These are, e.g.

ocp T

Ay z[;(ﬁqijl” = 250 MeV

(mq)dyn = constituent up and down quark masses
= 300 MeV,
- T
(ho)OCD Inverse Sizes of N and
= 2my (From NN-Scattering ) (17)

Note, for QCD, it sc happens that the condensate parameter Aq '

the scale parameter A and the Inverse slzes of composite

QCD
nucleons and plons are all nearly equal to each other within a
factor of two. As & rtesult, the dynamical masses of the quark

aad the nucleon, calcuiated via the analog of Fig. 1, yilelds:

; 1, 2 . e
(mq)dyn < (Aqfﬁocn) = Aq (for xq z 1),
3 2
p = ¢ - .
and me = kg (AL ) ] o= ey ty

The near equality between the renorwsalization scale parameter,

the condensate patameter and the inverse slizes of the compesites
for the case of OCD need not hold=to this extent-, however, for
all QCD like theories. For instance, even if QPD with massless

preons 18 defined by just one scale parameter Ap , depending upeon

the number of "flavors”™ (Nf) for the preonic epace aund the number



of "evlors” (Nc} defining the preonic pauge syametry, he
condensate parameter Ag; , the Ianverse size An and the scale

30

pavameter A_ of QPD may well differ from each other by fact: s

P

nearly 1 to as much a3 even 10. 1In general, we expect,

hg o= A8 (N, "N, ")

e c F
AU = Ap £ iNc, "Hé, L ees)
= 4 -y
(mpreon)dynamical fpk UPe Né” -l (@)

where the functious ¢, £ and y are dimenslonless sunbers of order
undty. A future dynamical calculation should hopefuliy deraramlne
these fnactiens 2, £ and ¥. Meanwhile, it appezars reagonable ta
assare - especially in the context of the prediction that the
inverse sizes of guarks and leptons are neariy =3 TeV, that Q¥ D
breakns chiral symmetzy almost like OCT,

in judging on the issue of chiral symmetoy Yraagxing throeyn
GeD, we focussed stteantlon on rhe peaviestrqusrk flawor sonly. The
discussion of chiral symmetry breaking weuld =ot be coaplete,
however, wntil we ccnslder the lighter quark flavors belongicg to
the = and u familier and understand why they #re as much lighter

w

than the T familv. The unnderstanding of feyw’oca mass hieravchy

i.e. why L ¥ mu > m,s 1z a problem, which ariszes regardless,
of course, of whether OPD sreserves or breaks chiral symmebry.

We addresz to this problem in the nexrt sevtiau,

&6z,

Empiclcaliy, the slx guark flavoers exhitit the following

hierarchies in thzlir "bare” or curreat algebralc massed!

m ¥ om, P> m_ > m_ > wm,>m (18)
i b c ] d u

or, egquivalently

L -m Prm 2w -m_Pm - m S>> m, - m (19)

The successive mass ratics are:

(o /m )} = i/6 o im fu ) = 114
(ms/mc) = 1/6 . (md!ma) ~ 1/20
{m fm.,) = 1/2

w' Td

The lutra-family mass~splitting are glwvnn by :

B, T Dy v 25 GeV = mt (i- c%(fs}) (Zla)
s - m, o~ 1 Gev =a_ (1= $rem) (21%)
LR Tew MeV ~ f}'(md} (Zle)

In writing these relatlions, we hasg assured that the tor
quark has a masz of wesrly 30 GeV. Hews {9’(/5} and (3'(/&") are
posirive numbers which are mueh less than unity (1.e.

Je o~ de” = 1/4 - L/6).

Mote that the macss difference harween any tWo successive
members, representing elither iater—family ot imtra—famlly mass-—
eplitting, is comparable to the mass of the heavier one of the
two. 1In other words, the mass—splittizg between two successive
members 1s, within a factor of two, equal to the average mass of

the two members. For example, (m, — my; ~mp ~ (n

e 7t mb)/z; (mb

- mc) ~omy o~ (mb + mc)fz, etc. Thiz shows that neither the inter

Iad
i Iy

%

)
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attributed to perturbative electroweak effects ocnly. This Is

mlght ask: are there certain "natural” possibilities {scenarfos)

because, such effects would in general induce mass splittings for which a three or even a two-fold hierarchy in sizes could

between two members,wh!ch are other wise degenerate, of order emerge? tet us offer one such possibility26 for genmerating a two-

a (or at beat Ya) only, compared to the average nass of the two fol. hlerarchy, (The extenslon to three fold hierarchy can be

members. The situation at hand strongly suggests that both Iinter implemented following similar ideas? .

as well as intra-family mass-splittings have their origins, one Consider a primodial gauge symmetry Gy generating a gauge force

way or another, in the preon dynamics ltself - involving perhaps Fp, which is characterized by a scale parameter A Assume a set
‘ , -

non-perturbative phenomena, whose full complexion may well of spin-1/2 flavons with a minimum of two flavons:

involve radiative quantum effectn.
i

) - (u.d;--)LR

Two alternative scenariocs, having bearing on the problem, a’ LR (23)

guggeat themselves. The truth may 1in fact involve a blend of plus a set of spin-o chromons with a minimum of 8 chromons:

both. These are: Ci = (CIlctl) = (r.y.b,llr'.v'.b',!'}i (24)

(1) A Hierarchy in the Sizes of the Composites:

The fndex "1i" represents the representation label with respect to

Different families e, v and 1, owing to their differing the primodial eymmetry Gb. As mentioned before, such a proliferated

constituents and correspondingly differing binding forces, have set of preons can have its origin within an economical set of pre-

varying inverse sizes, and thereby, following our discussions of preons (see discussions in sec. 5 and ref. 8).

sec. 6 on dynamical sywmetry breaking, have varying masses. Assume that the flavons and the chromons are assoclated with an

Consider, for example, the case, where effecrive gauge Symmetry31 like
»

A >> A >> A (22)

c
oe ou ot Geff SU(Z)L X SU(Z)R x SU(8) {25)

*"
No ] th c > d t .
with Aoe ~ 200 TeV, Auu ~ 20 TaV and Aot ~ 2 TeV . 1In this w assume at <C condensates form under the influence of Fb

These transf ingl 63 + <.
case, even for a unliversal chiral symmetry breaking condensate nsform as singlets of Gh' but as 2 i of su(8) Vacuun

3 expectation value of 63 will break SU(8)° into SU(4)® x su(s)EC x

parameter (i .e. <fefe> - <fufu) - <frfr> = -7 f), e, n and t families

Uf1), where SU(4)C acts on (r,y,b,t )}, while su{4)BC on

*c¥> cona
ICI condensates

would have differing masses given by (A3f/A2°e a 1)' Such a
T ", ¥, b5, 7). A
hierarchy in sizes can not by ftself account for the hierarchy of ( R A ! ) ssume furthermore that <fRfR ¢

form, al d h £ .
the six quark flavors, however; unless one considers the unlikely rm, also under the influence of Fy These transform as

(I,ER,IQc ) of SU(Z)L X SU(2)R x SU(4)C, but as singlets of G, as

possibility of a six-fold hierarchy in quark-lepton sizes.
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well as of SU(&}HC. These hreak SU{Z)R x 5UC43° x UCL)Y dnte U(l)v

x SU{3)®. Thus we have the pattern of 558 gilven hv:
| , ¢ O D | iy s suon x 50U 0 0y % SUFS
SUL), % ST A SULR) L SUle) xSl R F
~ 63
LI
e Fo O C
SIRIN: 1% Su@), % Ut

DNES SULSY xsutst e (26)

The two stages of 558 axhibitced above may =esentlally be one and the

same siegEe, &n they sre both fnduced by Fb_ et us azsumhe that

32

neither SU{2)% nor SUCAIYC are sroken dypawically Quite clearly,

BE v elattive to 3U{3)%, the scale

swing to tue bigger "slze” of SU(4)
parameter AHC of SU(éjﬁC reptesenting the momentum gcale, where

SU(é)HC coupling Tep " i, ghoonld? be muzh bigger zhan that nof

50
SU(3)%, 0On rhe other hand, wa expact A“F te be uzch legs rhan the
[y R
acala Ab ef F.. Thue,
(CO 27
Aaen <% Ao SO Ry {273

(in so far ae SU(B)® gause force is a residus) force, geverated frow
gaug »
Fb‘ we eez how new effectlve =scsles AOCD and AHC may eris: onut of

one given scale ﬂh).

First Stage of Compezireness (iPue to F.):

Let us now list rhe szet of twy body compocites of the (f,C)
gystem, which may form e5 singlets of the primodial gauge syamelry
Gy under the Jofluence of Fp . We classify them according tso their
representation with respect to Gy X au(4)HC

${4)¢ {altheough Su(4d™

18 broken, it 1s convenlent for wosh purposes o use reprecsotarien

tabels with respect te SU(4)%):

%
@f = (L.C._3 ® i
TUI 1, by, 4
Ay

*

= (C,.C. .} .
'H) 17 11’1b, (15*1)HC, 1

Jr— J* Ab
E: - (Czc{)i 1

ne lger (13VIRL

The superscript Ab

slzes of the comwmposites. Let ua a
dcoes oot bBreak the chiral svommetry
al =
1 and hEI , measured in the sca

aszuvaption would necessitate that

; 3
mitshlag condirion, This condition fs vtrivially satisfied for our model

denoces the order

58
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Remarka

Can fderntify these with the
farmtons of the e-family

Can identify these with the
technifermions and also
with the flavons for a
gecond family {see remarks
belaw) .

Can play the role of
chromons for some families

Assume, these do not acquire
VEV'sa,

Theae may acquire VEV and
break SUC4}C nto SU(3)° x
U{l)p.y

dssume Gy does not break
chiral symmetrTy; 82 ¢'s
have zero VEV.

of magnitude of the iunverse

ne that the primodial force ¥y

efined by the flavons, so that

e A, are massless ., Thise

sztiafy t'Hoeft's ancmaly

]

for any Gb for the resldual "{laver“-symmcivy belng given by  (26) . HNow,

as noted above, the compnsltes i§l

no primodtal or hypercoler, can be

leptons of the elecrron family,

order A .
b

order few hundred TeV.

civrylag flavor and color, baot

idasiified with the quarks and

From our discuselons in

se0. &, A

Theae would have inverse slzes of

. would then be of

The Seccnd Stsge in the FPormation of the Composites and the Breaking

of Calral! Symmetry Through §u(4)HC




We expect new composites of singleta of Gb like ‘i%Land @: to
form under the influence of the hypercolor force. These would have
inverse sizes of order AHC << Ab . Df particular interest are the

spin-1/2 composites:

. =FC
I (l 15,1“,4‘:—,

which carry flavor and color, but are singlets of Gy 8s well as of

% Aue

(28)

hypercolor. We may identify the composites Fyy; with the fermions of

a heavier family33 like the T .
let us now ascsume that umlike Gy, the hypercolor force
generated by su(4)8C does break chiral symmetry through the

formation of the hypercolor sianglet condensates:

<f}lf'ﬂ> =“/\2F # 0 (29}

On the one hand, we expect /\ﬁ; to be of the order of AHC , which

is of the order of the inverse size AII of the composites ngl .

On the other hand, by identifying /\ﬁl with the scale of SU(2)L b3
U(1) breakiog and the composites Fy, with the fermions of the <t
family having a mass of 10-30 GeV = « (A;_ /AZOII) , Beg Bec. 5, we

have A..g:. = 1/2 TeV and AOII = 2-3 TeV {(for x=1 ). This 4o turn

says that the scale of the hypercolor force AHC must be of the order

of 1 to few TeV (AHC = (l1-few) TeV).

The same condensate (29) will give a mass to the fermlons of
the electron family, identified with :g;'. This mass 1s my =

3 2
K (Ag_ A oI)’ where AoI ~ Ab >> AII , and thus the electron family

15 much lighter than the T family. As noted before, we need A "~
o

few hundred TeV, to account for wy ~1=10 MeV,

We thus see how a two-fold hierarchy in sizes could emerge -

somevhat naturally - within a precnic model with 8 chromons and
induce a8 hierarchy in composite masses In spite of a universal
condensate parameter. Starting with a system of 12 chromons,
possessing a §8(12)% symmetry, one can extend this mechanism to
create a 3-fold hierarchy in eizes, if needed.

(1i1) A Hierarchy in the Magnitudes of the Condensates:

Even if composite quarks and leptons of different
flavors have a universal size, and the underlying precn dynamlcs
treats all six flavors on a completely symmetrical footing, thelr
magses may still exhlbit & hierarchy because of non-perturbative
phenomena; the full complexion of the hierarchy may, of course,

involve radiative effects. All this may come about as follows: The

minimum of the effective potential of the scalars ¢ls which are, for

example, fifi cemposites of different flavons (i=e, u, T etc.),

despite the discrete symmetry e++u«+T , may lead to a flavor

asymmetrical solution for the vacuum expectation values (¢i)'s of
these scalars, or equivalently for the magnitudes of the condensates
<Eifi> . For example, consider a system of 3 flavors 1 = a,b,c,
with the full lagrangian respecting the discrete syomeltry a++be+c
. Ignoring condensates which mix different flavors and

thereby induce Cabibbo rotation, for the sake of silmplicity in the
first round of consideratiens, 1t can happen that only one of the
scalars, say ¢cﬂ chc develop a nonzero VEV at the tree level of the
effective potential with <¢b> and <¢a> remaining zeroc at this

level. Inclusion of quantum correctisns of the Coleman-Weinberg
type may lead to a nonzero <¢, > = 0(J"u")<¢c>, with <4 > still

remaining zero. This in turn will generate a hierarchy fin the quark
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coustant as such, but symbolizes the strength of radiative effects
arlising from gauge, Yukowa and scalar-quartic interactions,
Numerically ¥"a” 18 a small quantity =~ [%) - [%E) , as suggested by
the observed maﬂs-ratigﬂ (2G) .

We are encouraged to coasider such & radliative origin for the

mass hierarchy because of a recent work of Mirjam Cvetic and
g4

mysel which showed that a hierarchy in the pattern »of VEV'g of

scalar flelds, which are otherwise latvoduced symmetrically, can
indeed arise non-perturbatively in the background of radiative
quantuem corrections. Let me descrlbe thils work briefly.

Agsume for pimplicity only three quark families

¢e’ wu and v each having an “"uyp” and "down" memberv. Assume

furthermore, a distinct flaver gauge symmetry for esch family:

Gflavor

[su(z)Le x SU(2), x 5”(2)L:i x (L»R) 30)

gubjec:t teo the discrate symmetry e = u = v , The physical SU(2); 1s

: - - T{ % .
the dlagonal sunm {SL\&)Lle .

likewise, for SU(Z)R.
Introduce a set of scalar fielids Xy whose VEV'a would

break SU(Z)Ie X SU(Z)LU x 5U(2) spontaneousiy inte the physical

Lt
SU(2);. (A similar mechanism could =lso be invoked for the right-

handed aector}, Now Introduce three disciuct Higegs fields

¢e.¢u and ¢T . ezch transforwing as a (2 2] ander the respective

N ¥ -~

SU{Z2); x 5U(2), group, &nd having Yukawa coupling as follows:
L R E

(¥, v

qukawa -

SRR SR SN SN T I8 SR S €18

~ *
The coupling of ?4 ™ Ty $ T, wmay be introduced likewise., WNote that
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to the discrete sysmetty e = W = T , gauge symmelry and

renormalizabtlity, the effective potential of the Higgs scalars 1s:

2
v ¢e' ¢u’ ¢1) roow T {¢e ¢e * ¢u ¢u + ¢I r"1]

+ A [Tr [¢e+¢»e + {e+u) + (u”)ﬂz

T +
+ory e (3.0 6.0, + (ern) + (uo0)]]

+(a,+2nt (e ¢: ) Tr {¢: 5.) + emu=t]

+(Analagous terms Involving $i‘a (32)

Note that the cowplete Lagrangian including gauge plus Yukawa
{aoreractions as well as the potential V is invariant under

@ » u ~ t . MNote, furthermore that the porential in the absence of
the l‘l and (A2+2A‘1) terms has a rotationazl iunvarlance in the space
of e, u, v . Tn fact the ianvarilance is 50{12). The gauge
fnteraciions, the Yukawa interactione as w21l as

the l’iand (A2+2k’1) terms dc¢ nct respect this blgger symmetry.

One finds that ase long as AZ > 0 , the minimum of the potentlal

at the trese level leads to a flavor-asymmetrical solution:
; p - = O (33)
<$T> + 0, <¢u> <¢e>

Inciusion of one loop radiative correctionc of the Coleman—Weinberg
type alters35 the patters of this VEY for & range of values of the

pacrameters (e .g., 11~ k‘l ~ {a), 0 < 12 < (u2¢2/x2. h&/1612)) to
the following form:

<3 > = 0> (10U Tem))
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<o,> & > Olyean)
- {34)
<¢e> 0

As mentioned before, "a” denotes a radliative parameter of order 1/20 -

1/100.

We see that an asymmetrical soclution exhibiting a hierarch of
the desired sort has emerged radiatively but nounperturbatively, from a
basic theory which 1s symmetrical.

The model exhibited above is not realistic, because (a) it does
not alleow for Cabibbo-mixings, {(b) by itself, 1t doee not account for
the observed 6-fold hiearchy of the six quark flavers, and (¢) 1t
generates light charged pseudogoldstone bosons with masses of order 3-
10 GeV, which are presumably excluded experimentally from PETRA
experiments. Yet it is Iinstructive and lends hope that such a
radiative mechanism could possibly play a major role in the final
pleture, which would account for the full fermion mass spectrum.

The following comments are in order:

(1) We have exhthited the radiative mechanism in the context of
“elementary” fermions and Higgs scalars. Belleving in preoas,
these should, however, be interpreted as preonlc composites
which can be described In terms of effective local fields at low
momenta. Owing to theilr small sizes, these should still be
described in terms of a renormalizable theory, whose mass and
coupling parameters {like h, 11, A'l, 12 ete.) are related to
each other through QPD,.

(2) We have imposed that ¢e which is a composite of say Eefe

couples only to we , but not to ¢u . This may recelve gome
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justificution withia a preonic theery by notiag that for such a

Lheoiy Wil owozterdl? tr oerire? zoogs dnterectioanc g epdnezers

%efe system cannot make transgition to Eufu system in any order
of perturbation theory in the preonic gauge 1nteracticns, as
leng as f, and/or fu Is massless.

(3) We have presented two alternative mechanisws for generating a
hierarchy in fermion masses; these involve a hierarchy in the
sizes of the composites on the one hand and in the magnitudes of
the Higgs- VEV's or the condensates of different flavors on the
other. For both cases, however, we have Illustrated as though
they generate a8 hilerarchy only to split the three familles from
each other (me # mu # mT) . This was done only for convenlence
of discussion. The true plcture may well utilize both
mechanisms 80 as to account for the full mass spectrum of aix
flavors 1involving inter as well as intra-family mass splittings,
in addition to Cabibbo=-like angles and CP-violating phases, For
fnastance, the mechanism Involving a hierarchy dn sizes could be
involved primarily in the inter-family splitting, while that
involving a hierarchy in the VEV's could be primarily
responsible for the intra-family splittings, or vice-versa. Our
treatment and discussions would go through for all such cases
with just a change of labeliing of flavors.

(4) OQCD breaks chiral flavor symmetry dynamically, but, by itself, it
does not break dynamically tﬁe vectorial flavor symmetry like
fgospin. Vafa and Witten36 have recently argued that in fact

vecteor-like gauge theories (like QCD)} cannot break spontaneously

vector-like globel syﬁmetties. Our radiative mechanism for a
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vreoenie theory leading to
<F f >+ <E £ > # <F_£ . for example, i1f 1t has te work,
e u ToT

e
calls fer a departure from thias situsriocon . Given that the
underiyiag preon hinding foree does not distinguish In any wav
between the differenr flavors, the question 1s: can such a
distinctlion hHe brought about dynamlcally spontaneously, for
example through differing mapgnitudes for the condensates of
different flsnvors”? Foliowing ¥W ore must coneclude that OPD wmust
be non-vertor—-like for this to happen. It 1s canceivable thzat
scalar ecxchenges arising perhaps frow a supevsymmetric theory,

supctposed on vector-exchangzs, provide the deslired

trigger (1 .e., lz £ 0 In equ. (32)) fer a breakdown of vectorial
flavor-symmetry . 1In thls respect, OPD may be dractically
different from QCD. This question needs to be exploured furither.

While we have addressed primatily to inter-famlly as well as
Intra-famlly mass-splittings Involwing "up” and "down” members,
the full mass spectrum Iinveives the question of quark-lepton
mass eplitiings withino a given family. As 18 well knowr,

stariing with a situation, which vyialde

m(O) - m(0) m(O) m(

o) (o} , (o) )
e a ! T s mb at some high momentum

and m

1
1imit, one can not acccunt for the observed value of
(me/mu) (md/ms)_l , even after the inclusion of electroweak and
OCD renormalizations. The quark-leptun mass-splitting within a
famlly cac, however, be accounted for with the inclusicon of
Higgs-scalar £ , which transforms a2s a (2,2,15%) under sU(2yy =
SU(2)R x SU(&)C. Such a scalar would arise as a composite

- *
of (£ffC C) in our model.
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Telking of the wmass speztrenm of leptons, 1t needs to be
stressed that specisl consideraticons apply te neutrinos, as
these can acqulre net ouly Tirac but also Majorana masses.,
Following familiar suggestlone, the most natuwral mechanism to
account for the ultra-lightness of the nbserved neutrioo of the
electron-family (mV < 30 eV) , in the coacext of a left-right

e

symmetric theory, s to assuwe that Ve acqulres a heavy Majorana

mase throngh VEV of a Higgs AR transformling as a (1,3,10) of
SU(Z)L % SU(Z)R x 50{4)C. Tn thne sreopic context, such a Higgs
weueld correspond ta a2 ERfRC*C* compisglite. The combined effect
of Mrage and Majorana masses would be that the observed neutrino

Dirac

i .2
would have a mass tmDirac

FHM_ ) << a
Y

A Scenario: For what it 1s worth, iet me present a scenario for

the mass-matrix of the six quark-flavor system Involving
diagonal as well as non~diagonal elements. Such a matrix ls
metivated by the results of our toy modelaé, which exhibited &2
radiative hierarchy 1in steps af(}’fl"u"} = 51/2 << 1 . But,by
no mesans have we derived such a amatvix yet in the context of a
reaiistic six flevor-model aliowing for Cabdibbo-mixiugs. [Note
Cabibbo-mixings would arise by allowling for the formation of
mixed condoneate like <Eefp> # ¢ , or equivalently introducing
Higgs scalars which are zomposites of Fefu and allowing for sucl
Hipgs to have non-zero VeV's.]

The egssence of the scenario is this. The top quark

acquires a mass at the tree level of the Higgs potential through

<3Fi £?1> *# 0 or <¢t> # ¢ . It i this mass, which generates

radiatively a mass for the bottom quark {(in the sense of the



model of Ref. 34).

b

We will impoBe £

generated in successive steps involving

1/2

n (o) e’(/“a") mt(o) 51/2 m

x 1/5 -

1/6 .

(35)

The remaining masses are

17 1/2

powers of ¢ only via

Cabibbo-1like mixings between successlve

The masses, thus obtained, in terms of the single parameter

8

flavors.3 The mass matrices,

which we have in mind,

bﬂd =

,d\'agcnali 24 :

& agenalize

My

"

for the

"up”

fe = % are quite sensible. For exanple, mg = 30 Gev (input);

and “down" quark flavors are!
s b LI fe m, o= 5 GeV; m = e m = 1,2 GeV;
7 2
€'3/z. mt;) < m, = £312 m, = 200 MeV; my - esl m, = 8 MeV;
o eyl- mL':) n = 3 o, = 1.6 MeV .
) One can also obtain the Cabibbo-like anglen:
N Le
ez an) Tﬂb _
Bag = Ye = V‘md/ms = 1/5
o o |
Buc - e K ads
€ o la)
. m Ed 13
b eba Ye; 0tc Ye .
o 1. A similar matrix for the charged leptons can be considered with
‘ —L the added constraint that m, = (ml + myg), my = /'E'.(m1 + myg),
¢

while m_ = /-s-(m1 = 3m,¢) ;3 m and myg arise from VEV's of

4] W & = (2,2,1) and & = (2,2,15) respectively. These give . 1800 MeV
( (input); L =em = 75 MeV;: o, = ez m= 3 MeV. For the neutrinos,
JE{ . Yﬂ{f) the Dirac mass matrix can be written in a manner analogous to the up-
1- quark mass matrix by including contributions from ¢ and £ . These

give, mg = 14 GeV; mDv = 1/2 GeV; mB = 1 MeV .
T

u e
Combining with Majorana masses, and allowing for the same
-
hierarchy in Majorana masses of v __, v and w , a8 the one for the
o) o eR uR TR
Dirac masses of the neutrines, we obtain:
1) -
€ h\{) o m = 10 3eV, o = 1/2 ev and
v v
el ul
[
o M

4 6



The purposr ef mrescunt

to woerliviie further woorg,
utfliwiagy the merhentianm of vadlocd
hWievavehy 1a coaposiits alzes, g: presented hars,

. DOpen ¥robl

PO Whet ds ghe nacure of chie "nrimedtal” pricn or pPres prent

consldevations of dypamical symmetty Stestk

Preons

on tha one aswd, OFL breake chiral fiz v MLESIY YETY mueh
1ike QOL, at least in sa far as we focuss atles ooun the hesviaest

quark-fiavor; but an the gtz

aymsetTy noa-verturbatively, Thoot 0T D
has at leasn- iatr iasie e {

Thaese could javelve pevihnaps scalar exch

Gapersos
vectorial gauge force, or perhaps a chival prisedial Fauge Tores, [f
1+ weald help.

{(2) & related guestion: Do the observaed ei. ~btroweak srrong
gzuyge forces coexier with the priwmedial precn biading Sarce ar a

&

fundamental level, or are they geanrated effeecis

ot 3 T r + L A g el - F
comprsite level? Yo heve sugpestad 1o the fntere:: of ecowomy at oa

eyl ~ + . F
fandamencrel level coupliled sith for smail si-ze

ceapcsites that these gauge forces ar

it

v cniv at

eomposite level . One nerds to study by non-~perturbative narhads

Bl
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the ganpe bosons

{53 {f gquartks, lepions,

{%. %, glucas) s&ve coumposites of preows oo pre-preocns, aad Lf the

§. soaant sepect of OFPL ds 0OCN-1ike, onc sboweld be able to relate

5q¢, aqw, WHWW, Woa, and & coupiing acaerante to each other, orce

{The analogous

again by ucuperturbative uk cutient wlg:

coupiings for 0CD invelve NNo, onw, NNuo,

5]
B
b
o
o
=
A
E
*
-
»
»
S

wartfceer) . Dertvation of suech velattons
fcr all preonic rheories.

ven the goenavio nf s hisvayel of compusitencss, onea

sees oand roe splon~! gruge

Lad o ask: do auarks, leptens, PFlggs

evan these gauge dosons

hosann (W, Z, gluons

- form at canpositenass, and

thereby have glamilar sizas, orv ds they Toin st different etage:s and

chas va quarkas of
Al iferenr fzmiifies difiare; flavers 8 -k iz2e?  We have
sugzestaed that nwas Ltz

‘n quark-lapton sizes, and

crigin, at ieast in part, o 2

medels where such a2 wieiarcny ceculd amerge, vather

have present
naturaliy . The success of this {dea woulsr, of coulse,
a successful devivation of the full Tevaicn mase specrirum,

{3y Simples wmodele of grand anificatiun with elementary gauge
hosnas and aguarks and leptons lead to & pyadiction for the weak

z
angle sin ﬂw = 0,21 , which 18 ia sccovrd =ith experiments. The
;

question arises {ecpecialiy Zf thisg predi:ticon is borne out

accurately by future improved experiments): nust preonic models
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unified theory 5U{2), % SU(2)p = BHLAYS - to account fur the
ideas of Bupersymmetry, supergravity, higher dimensions and

o
observed value of sin“8_ - or can they offer alternative
w compositeness - some or all of them - in one unified framework,

explanations? While we do not have any alternative explanation, we

26

which must, at the very least, reproduce observed phenomena,

2
have noted that the standard one loop derivation of sin Sw

fhe most important task at hand 1s experimental. Based on our

requires that only the gauge bosons be point like up to say lOl”
congiderations of dynamical symmetry breaking through preons and the

GeV. Similar restrictiens do not apply to quarks and leptons, since
assunption of universal size for all quarks and leptons, we are led

their contributions finally drfop ocut within the one-loop analysis.
to predict that quarks and leptons have an Inverse size of the order

This leaves the door open that at least quarks and leptons may not
ef 2-3 TeV. This can be tested by high luminosity 5-10 TeV machines

be so point 1like.
in the near future by looking for form factors for quarks and

(6) All preonic or pre-preonic¢ models face the task cf
leptons and for excess production of lepton pairs inm pp or

accounting sultably for cosmological problems including the problenm -
pp collisions.

of baryon excess and the horizon, the flatness and the homogeneity ’
I wish to thaonk $. Dmopoulos, S, Nussinov, M. Peshkin, J

problems. Ideas developed in the context of grand uvnificatlon for
Preskill, A. Schwimmer, P, Sikivie, L. Susskind and E. Witten for

resolution of these problems can well apply to preonic models, even
helpful discussions on various aspects of compositeness and

without the need for an effective grand unified .theory, but these
dynamical symmetry breaking. I have benefitted from collaboration

consliderations would probably impose constraints on preonic or pre-
with M. Cvetic and Abdus Salam on problems related to preonic

preconic scales in that one may need suitable phase transitions at

substructures and from general discussions on these topics with ny
11

high temperatures, exceeding perhaps 10 GeV,

colleagues: 0O.W. Greenberg, R.N. Mohapatra and J. Sucher. Research

{7) MNeedless to say, one of the most challenging tasks for
is supported im part by grants from the National Science Foundation

preonic ideas is a successful derivation of the full fermion mass
and the Research Board of the Untversity of Maryland.

matrix in terms of a minimal number of parameters, which may be

needed to set the relevant scale or scales, In other words, 2ne is

waliting for the equivalent of the Gell-Mann-Ckubo formula for gquarks

and leptons to be derived from an underlying preonic¢c theory. This

will be the major test for preonic ideas especially in the abeence

of experimental indications.
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3. C. Patl aad Abdus Salam, Ref. 8; R, Barbieri, Phys. latt.

1218, 43 (1983).

Acy.

23.

24 .

25 .

26 .

27 .

See e.g., BE. Farhi and L, Susskind, Phys. Reports 74, No. 3
(1981); for a review of "Technicolor”™ and references.

As In QCD, by definition, AT is that scale of momentum, for
which the effective technicolor coupling constant (nglAw) is
unity.

J. C. Patt (Ref. 11); E. Farhi and L. Susskind (Ref . 23); H.
Harari, SLAC Summer School Lecture Notes (1981).

These discussions follow unpublished work of J. C. Pati
(1982); for partial teport of this work, see Proe. HEP Conf .;
Paris, July 1982, Page C3-297.

We have in mind the following possibility. TImagine a minimal
pre—preonic theory with or without supersymmetry which at the
first level of compositeness, ylelds 8 (or even 12) spin-0

chromons Ci = (r,y,b,l,r',y',b',ﬂ')i

plus a set of spin 1/2-
flavons (fi)l,R : "1" refers to the index for the primodial
gauge syometry Gy generating the binding force Fy of pre-
preons . Examples of this kind have been exhibited in Ref. 8
(see discussion in text)., In line with our discussaion in the

text, assume furthermore that the 8 chromons Ci are

agsoclated with an effective gaupe symmelry S0(8)%, which is

generated through the formation of composite sU(8)%-gluons .
In other words, the sU{8)%-force, in this picture, is an
effective residual force generaéed by the primodial force
Fy . Now, under the influence of F,, which could form <C*C>-
condensates, su(83® could break dynamically into su(ayeol o

flav

SU(&)COI. x U(1); and SU(Z)R x SU(A)COI could further

bresk fnto sU(3)%°1 yx U(1)y through (fngc*C*> condensates,
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34,

35.

(111} E-F 511 —_— ?II + ﬂLII ; 2l1 three processes Involve an exchange of
c; in the crossed channel, The processes (ii) and (ili) are expected to be
damped however relative to (i) owing to the difference between the sizes of
“il and iF.I , which would reflect itself in the respective vertices control
1ing these trausltions, More precisely, the damping would depend upon the
*

ratin n of the strengths of the vertices %II + @ _— £:I versus

, *
_ﬂ' + @ —_— l(r— . ¢ is rewarkable that this model! would lead to a 2 x 2

11 ~
mass-matrix whose diagonal elements are proportionmal to 1 and n? , while
This is qualitatively 1in

the off-diagonal element is proportional to 1 .

aceord (for n << 1) with the pattern cf the mass-matrices Mu and M

4 s
which we suggest later,in this section)for the csse of 3 families., The full
plcture would have to involve, of course, smell correcticms on the pattern
mentioned above, which may perhaps be of radiative origin. Note furthermore
that for thils rather special 8-chromon model with &FI and W:II having
different sizes but same intrinsic quantum numbers, the simple dimensional
argument of sec, 6 leading to eq. (%), which was developed for the case

where only one scale {or size} is involved, doces not hold simultaneously for
ifl and H:il . As noted above, all three processes are controlled primarily
by (MG)—Z (iguoring differences between vertices). In the case at hand,

we assume that (C has a mass of order AHC v few TeV , which 1s of the
order of the inverse size of “:II rather than of 5?1 . Details of these
considerations will be digcussed in a paper.

M. Cvetic and J.C, Pati, to be published.

We argue (Ref. 34) that quantum corrections can alter the symmetry of the
tree 1éve1 solution for the vacuum, even in the absence of Yaceldental” sym—
This comes about

metries, contrary to the commonly held view In this regard.

provided certain non-zero eigenvalues of the scalar mass matrix are of the

45%

36,

37.

38,

order of or smiller than quantum corrections,
C. Vafa and E. Witten, Princeton Univ, preprint, 1983.

In general, the off-diagonal elements could fnvolve a new parameter vg' ,
espesially if these have a different origin compared to the disgonal elements,
One may conceive of the two mechanisms described in the text belng responsible
for generating the diagonal and off-diagonal entries respectively. For simplic-
ity, we put €' = € , Note that the fdea that non-perturbative solutions can
lead to different diagonal masses for the "up” and "down" members of the heav—
iest family (like O # m, # o £ 0, or equivalently 0 # <Ft ft> # <—f“b _-ﬁ:b> ¥
0) , inspire of the SU(?_)L x SU{Z)R—flavor—symmetry of the force that is
responsible for the formation of the condensates, can be motivated naturally
within an effective Higgs-mechanism. For example, recall that the scalar
$(2,2,0) of a SU(Z)L X SU(2)R X U(l)B_L—gauge theory can have VEV at the
tree-level with differing and non-vanishing diagonal elements & and &',
which generate different masses for the "up” and "down" members of a fermion-
family.

I believe that a mass matrix having such a pattern was first consdiered by

H. Fritzsch, though without the specific relative entries exhibited here, which
are motivated in part by the size-effect and in part by the radiative mechanism,
presented here. The "Zeroes" appearing in the mass-matrices are toc be inter-

preted as entitiles which are small relative to other respective relevant entries,

rather than as exact Zeroes,

459
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