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b) Provided a logical basis for charm through the GIM mechaniem
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ABSTRACT

Unification of the electromagnetic force with the wesk (witkin the
context of the SU(2) x U(1) theecry), unification of the strong force with
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T. INTRODUCTION
Following on the High Energy Conference at Tckyo, I shall report

briefly on recent progress in three topics relating to the theme of unificationm:

(1)

{4} The status of the electroweak unification and the SUL(Q) x U

L4R
gauge theory.

(B) Possible grand wnificstion of the electroweak with the strong rorce.
Is uwnification energy likely to e as low as th—IOS GeV or is it
much higher 910:LS GeV?

(c) Superunification of gravitational quants with leptons, quarks and

gauge quanta of the strong and the electrowesk forces, within the

context of supergravity theories.

iI. THE ELECTROWEAK UNIFICATION AND THE SUL(a) x UL+R(1) THEORY
A. The SUL(E) x UL+R(1) theory of weask and electromagnetic phencwmena

The characteristics of the "standard" renormelizeble SUL(E) x ULA-R(]')

gauge theory are:

+ Jl*iJ

1. There are two charged left-handed |[J) = [ 2
Ve

L J and two
L

neutral currents: the familiar electromagnetic Jem > and the weak neutral,

_ ;2 :
JZ = J3L - sin"® Jem » coupling t¢ gauge mesons WY , y and ZO respectively.
Weak snd electromagnetic unification implies that the respective coupling

strengths are: e/sinB, ¢ snd e/sindeos® , while mi = /2 ¢2 (singe is
86, sin?e
the one universal parameter of the theery which was originally unknowm).

a and the fermion masses are generated through

2. The W, z
the same Higgsg-Kibble spontlne_:_vus symmetry-breaking mechanism., As &
conseguence, m, = mw/cose » ©oF equivalently the parameter p defined as
mbz;/mg cosee (and which determines the "effective" strength &t low
energies of the charged versus the neutrel current effects) iz predicted

to equel unity,

3. -Leiz.tons and quarks are left-handed doublets and right-handed singlets.

For the neutral current gsector, the theory:

a) Predicted the existence of neutral currents, motivating their
discovery [Cargamelle CERN (1973}, CIFT, HPWF].

b) Provided a logical basis for charm through the GIM mechaniam
(trianguler anomely cancellation).
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'c) Predicted a one-parameter fit (with a universal sin29) for all
neutral current data on vN and ve interactions
{eonfirmetion from model-independent analysis (1977-T8), see
later].

4} Predicted parity violation in e + deuteron > eX and
e + proton + eX with correct magnituée and sign

[BLAC-Yale-CERN-Amchen-Hamburg experiment (1978)].

Far the charge curreint sector (assuming that strong interactions are described

by QCD-type gauge theory} the theory:
e} T™oes not admit right~handed currents, nor the resulting high

y-snomaly [absence of this enomely confirmed, Heambturg Conference

(Septembar 1977)].
f) Does not admit second class currents

[sbsence confirmed, Zurich and Tokyo Conferaaces {1977)].
Second class currents are snalogous to Pauli moment terme in
QED end are ruled out for a rencrmhlizable gauge theory.

g) Makes it meaningful to speak of precise QED tests for (5-2)(5,1.l .
This is because the rencrmalized weak contribution to (3—2)3,u
is now precisely calculable, and not subject to ambiguities of
an unkrown cut-off.

h) Leads, in a bksic menner, to fruiltful theoretical constructs like

universality, current algebra, CVC, PCAC. This is because the

vector and axial currents possess simple forms like Eyud s Uy st .
H

B. Tests of suL(e) x UL+R(1) predictions
1. Model independent analysis 1) of wN -+ vX

(sehgal {1977), Hung and Bakurai (1977), Eckar (1977), Abbott and
Barnett (1977, 1978), Sidhu and Langacker (1978}, Monsay (1978), Claudson,
Paachos and Sulak (1978).) Assuming Yy A (for a discussion
on experiments which show that empirically S, T, P may be excluded, see
C. Baltay, report to the Tokyo Conference), the most general low-energy inter-

action Involving neutrinos and u , 4 quarks has the form

G < -
-»T;' [guL(ﬁL Youp) + 8Ty Y ug) + gy (v ) + gl v dn)] (Frv)

-3

Feur types of data are svailable and have been analysed:
i) Inclusive NC/CC; NC: v + nucleon » v + X

v + pucleon + v + X

This data determines the combinations of parameters 5121L + 4L and &x + Bsg °

i) Semi-ipclusive R ERE R M

VEN+ Y+ 4 a0

&nd

Data known from Gergsmelle and Fermi-Lab détermines The combinations of

parsmeters:
2 .12 2 . 1.2 2 1.2 2 1.2 ]
{suL 3 guR]/[gdL *3 srm] sad [suR *3 5uL] / {ng MR

A model-independent analysis of 1) and ii) gives four solutions (with VA ,
I=0+*I =1 ambiguity persisting st this stage), labelled in the literature

as sclutions @ , s @ s @-

iii) Flagtic data vED+VED

;+p+;-+p

Hayvard-Penn-BYNL groups + Cbservetion of T = 0 non-dominknce, nmow.

selects one (solution @ ) from the four solutions (tleudson,
Paschos and Sulsk, Tokyo Conference, 1978).

iv) [Exglusive pion productipn: This solution (&) 1= confirmed

(inverting history) by using results of adler's analysis of 7 productien

for {v,9) + ¥+ {v,T) + ¥ + v {Abbott end Barnett 1)s Purdus Conference, 197B).
v) It is alsc possible, by using new deta for the ratis :; '_: ‘\j§ .

to de wlthout the semi-inelusive date ii) altogether, This agaln yields
solution (A} (Abbott snd Barnett, SIAC preprint, 1978).

Thus three independent types of data end their analyses independently
support solution (&) . -

Te conclude, the results of this model-independent analysis as
conpared with the predictions of the theory are:

C o =

[EPERP

e aw —m



Experiment 511'129 = %;‘ As functions of sin 8
T
g + 635 & 0.07 0.33 -2 ain%
uL - " o 3
1
1 1 2
€31, - 0.ho £ 0.07 J -0.k42 ; -+ 3 sin"e
4 -0.19 * 0.06 -0.,17 - = Sinae
wR - N
1 2
o o0, . i
|_ En 0.11 a.08 3 sing
_ e O
Table I

C. Baltay, Tokyo Conference, 19078, using Abbott and Barnett's analysis.,

Apart from the magnitudes, the agreement of relative gigns for the g's between
prediction and experiment is striking. (The overall sign is unobservable
except for interference with gra.vlty.) Zince the analysisrelies on fifteen
different processes representing some thousands of neutrine evenis, each process
from date of two or more independent experimental groups, the convergence of
the experimental results is in itself truly remarkeble ané demonstrates

the extraordinary stage of maturity reached by neutrinc-hadron physics.

sin‘e A
03f
o2p
01
PRI T TR T T T SO T S
0.5 1.0 e

0=0.98 $0.05
80%c.l.
Fig.l

Theoretical prediction p = 1.

Experimental results, presented a2t the Tozvyc fonference (1978}

(Repert by H. Fritzseh).

2, ye +» ye. and Ve - ve

Purely leptoniec neutrsl current processes are uai-eat to interpret
theoretically (no hadrons involved) snd are potentially the best means of
determining sin28 . However, the cross-sections are the smallest on record
in physics: [zlo'hz Ev/GeV cmz, with olve) typically 2000 times {(m /EN)
smaller than o(WN)|. Thus statistics still play & bigger role in z(ve)
physics than in o(uN). Tables II and IIT reproduce G, Baltay's compilation
of his own and other groups' data as compared with theory. Since earlier
{February 1678) Gargamelle results showed a deviation from their own still sarlier
and Aachen-Padus results, thelr subsequent convergence with Baltay's more
stetistically significant experimental results, &s well &5 with the thecry
{achieved when their data-sample was increased and a number of previously re-
ported events discarded on subsequent analysis) is pleasing indeed. (The results
of the Reines group on Ge + e+ Ge + &, algo agree with the predictions of the
theory.)

i) v +e+v +e
plezy fe

Total sample of | Events Cross—
i v+ N+yu + -+ | ohserved| section
1S
Gargamelle \ £1 £ 3 Ua.vera.ge =
4 _ L2
Aachen- ! ! ={1.7 20.5) x10
Pedus. ! o3 1.1 £ 0.6 -
i ; Ev/GeV cm
: : ‘ + .
: - P T3.-5¢ February (1978)
! Gargamellei
i 41 000 : 9 4,0 t?"? Reviszed{average)August (1978)
- { +
Columbiz i : = -2 2
. BNL " 106 000 "1 {1.8t08 { 913 *10 T E/GeVem

n e
l Gar, a.mellei 3 1.0° 2.1 -
! & i Y- 0.9 %average
Aachen- ; i = (1.8 2z 0.9} x 10'1‘2
! Padua i : 17 : 2.2 + 1.0

BEBC T 300 <1 " g 3.5 ! _ o

? Oy = 1.3 = 10
Fermi-Mich- |
JETP- THEP 6 300 v €2.9 .
: §
. Jargamelle 4 poo 0 < 3.3 :
Table IT

2
Prosented by €. Baltay, Tokye Conference, 1978, sin & = 0.23,

£



3. el neutral gcurrents

There are two types of experiments reported, testing for evidence of
parity vielation, predicted by 8U{2) = U{1).

e} SLAC-Yale-CERN pachen-Hambura expariment on polarized electren
scattering of? deuterons and rrotons. (For - theery, see Cabn and Gilmen 2);
Iave, Rossl and Nanopouloe; and Wolfensteln, who has shown

that results of the theory depend little on the parton model assumptions. )

The asymmetry expected in ¢ + deuteron— e + X , when the electron polarization
direction is reversed, is given by

2
ap - O - 96 g - -2
I EI.—g-g—sin23+ (1-hsin26){—L-l (1 )2}] .
R °L 20¥2rn 1+ (1-y)
The experiment gives
Al° = (9.5 £ 1.6} x 1077 GeVv'Z , y = 0.21
experiment

(with 1.6 x 107° gev? representing cumilative systematic snd statistical errors),
10 compare with

A/q2 = (~9.T+-T.2) x 107° Gev"2 (sinzﬂ = 0.20++0.25) .

theory

For hydrogen, experiment[{-9.7 + 2.7) x 107 Gevz] egain giveg perity violation
with & value vwhich sgrees with theory.

The ve and eN data can be put together with the results of
the model-independent analysis of vN interactions to obtain model-in-

dependent results for the vector and axial-vector neutral current couplings

of the electrone. The results &s given in Baltay's Tokye summery are Sshown below:

Theory
2 1 b4
Experiment gin"@ = N As functions of sin™a
1 L2
SV 0.0 = 0.1 0.0 - 5+ 2 sin 6
—
+ 0.1 -0.5 _i
g, -0.55¢ 0. . 5
_T_

a T 1
‘0
-
X
P o\
/ \ / \
Y \ / \
39 \ / |
> B \ ! =
o \
O \ !
\ ! N
@ o $ \ $ - !ep"e
n__.f s an I’ v £ (rqd)
=. \ / _
[ ] \ —
< - \ /
/
\ /
\ / .
| L L |
16.2 19.4 2&.2
E, (Gev)
Fig.2

SLAC experiment; note the beautiful manner in which the asymmetry follows the

direction of electron polarization, which depends on beam energy , owing to

{g-2) precession of the spin.

-8-
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b} Atomic parity vioclation experiments

Here the situsticn with regard to the very difficult experiments as

well as the stomic physics part of the calculations is confused.

(-] -] a ]
o .
Y + z }‘! | : l""""‘ r.
; Agy o; NEASURENENTS oF -
Bi 8i Bi Bi RN L - =i i 1
Y] l&\lTED Anekﬁ\(»E_-.S\K 9 = Q" 1-3*0 O?-
Fig.3
' N 0
| Theory (R) 6y 16 A° { 8T 57 A
Central field
calculation =18
Caleculation % -l1 | x -9
with shielding '
The atomie pmies pa.rt of this ca.lculation ig highly
due to the core wmsertain
Experiment
; oxford (1977) 2.4 £ LT Seattle {1977) ©O.T * 3.2
i Novosibirsk {1978) -19 5  Seattle (1978) -0.5 % 1.7
Oxford (1578) -5 * 1.6 Seattle (1978,
{preliminary] , preliminary) -2.4 & 0.9
Table ITT-
Bismuth (B3 electrons, 80 ip the core), sin® = 0.24 , R = Im B /M, x 108
Preliminary results on thallium dichroism (one eiec weep outside the corej,
from Berkeley, (+ 5.2 + 2.4 x 10'3) suppert the central field calculation
(+ 2.3 £ 0.9 x 10_3). To summarize, all experiments are now united in
ohserving stomle-parity vielation with the predicted sign, Some of these
contradict others (and the uncertain atomic theory) in the magnitude of Q

elegant and
the effect obgerved. However, after the"theoretlcally unambiguous SLAC

experiment, the issue of stomic perity violetion and its magnitude is now Hgel
& problem for atomic physics rather than for particle phyaics.

Presented by C. Beltsly, Tokyo Conference, 1078,

=10=



Table

I
a
4
8 L. Conelusion
i e
g-: From the preceding, one sees that the simple gauge theory SU(2) x y{1}
(2]
,;“"5 Q v om ~ : g 8 2 % correctly embraces and dynemically describes observed week as well as
s 4 — o o 3 .
:rl;; e © e ©° electromagnetic phencmena. Wherever a conflict developed between preliminary
:-;J-E experimental findings end the predictions of the simple theory [e.g. the
-E @ existence of neytral currents, thelr magnitude in purely leptonic processes
©
= o and their parity characteristics) the theory bas been eventually confirmed.
9 The gRuge svmmetry structure (SU{2) x U{2)) will be & part of any future
58833l 3 2 o " g
o . S9Aam < S S o o theory of particle physies.
a [=] oo o o wy o o o o 5‘-;
Tﬂ. H 1+t + < + 1 -+ +i E
Q 2 Y v N on 2 & 5. The next developments: Embedding of SU(2) x U(1) into a lerger
H N y J V.
° o o o o © s o E, symmetry structure
& There are theorstical reasons to expect that 5U(2) x U(1) may be
@ FallFe §“ part of a larger gauge structure. This larger structure is likely to be
- — -
g : : 3 strongly btroken, entailing new interacticns much wesker than those 28 far
& —_ s
(! aoa = . N o obgerved. With su{2) x U{1) embedded inta such & larger structure, one gay
+ o+
; Ng Ns Na ' + ,+ : '+ ++ ‘3 hope to explain the magnitudes of certain (phenomenological) parameters which
n © 2 A a a 2 Ta :
g é & o o PO P A g enter into particle physics. , . o
oo s A == E 2 - e T : 7
: b i . F + o+ + o+ + o+ ' 1) & group structure larger than SU(2) x U(1) may provids &
(=] [ =] o =1 =S -
L E Aod oA 2 e CE 7 ™ 3 "natursl® explanation for the mass ratios:
. g x x x CI v % Y T b
.5 ’a S a x x x x x x OE - m m _'3
TS = = ~ 2 -3 Ty -3 M 16
ol ] < ©o o N @ < W = = 4.8 x 10 —-xhxlo ’ %1.5 % 1]
g R <2 g 2 8 g ,ﬁ oy "R i
- = o © © o o s o § _ . e e —_—
- oo H o o LT
— e e o 3 oo o rg and for mixing angles like Bclbibbo.
M M =t n N m &
o o L
- = £ 2 2 = g 1i) Embedding the abelian U{1) piece in & non-abelian gauge
%’ structure will give a raison for the gusntization of the assoclated quantum
& numbers as well as for the asymptotic freedom of the theory.
]
'EOF S 111) FEmbedding SU(2} x U({l) in a gauge group which is simple
o g ,§ + o+ . (or with suitable discrete symmetries,semi-simple} would dictate the
(4] € [}] -9 [N -
"3 + o+ o+ ﬁ + o+ th F_: T ; retic of the two basic gauge constants, or equivalently the universal
i) +
§ g. 1Y 5T s § P T §‘ PO e perameter (Fig.k) sin®g
§ L= I + + o + + B+ + g + + . .
& Bo o e noeoa o = o= T e = iv) And finally, the fundemental unification bypothesis should
=
5 "'o *’: +: é * o+ W o+ 5 + alse embrace styong interactions - for exemple the reasousbly successful
= A -l A =1
B2 ESE S wo o = g 57 strong geuge theory, SUC(S) of ecolour.
—11-
eyl e T T T—e—————"e . S T U m_—
e B ) . W wo B a B W A -msk.-t"*"“v i b '&i p o

B ;..‘:..-‘ ‘ .

C e =

[
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A11 in ell, then, one must lock for a Grand Unification non-ebelisn gymmetry

G, which Includes SU(2}x U(l) as well &s SUC(B)- 80 far as the energy scales
are concerned, such & unificgtion may g0 through a number of intermedlate scales

{e.g. the electroweak SUL(Z) x UIA-R(I] (with its unification scale Qlf') around
100 GeV) mey become part of & bigger left-right symmetrie structure ' with a
scale of & few hundred or e thousand GeV before the grand unification with
the strong SUC(3) becomes manifest). FExperiments relating to "forbidden"
transitions like K + ye, p+e + y, u =+ 32, ull + eN, to motivate the
exlstence of interactions weaker then those presently observed, as well as
experiments a¥ energies higher than the present are needed to find this out.

Grand Unification

Electroweak Strong

Fig.5

There be intermediate unification steps in between.

In the next section we ignore these intermediate energy scales and
the intermediate unification steps and concentrate on the main problem of
the Grand Unificetion schemes of electroweak and strong unificatlon: What
ia the probable Grand Unification mass, M , beyond which the three forces,
electromagnetism, weak snd strong, may manifest themselves with the same
effective strength? This problem is important for the prospects of an

eventual accelerator for the year 2000.

I17. GRAND UNIFICATION OF THE ELECTROWEAK WITH THE STRONG FORCE:
THE UNIFICATION MASS

On present form, the current choices for the Grand Unifying symmetry

. group G (which myust include Oy = su{2) x u{1) and St rong = SUC(3)) are
not extensive. The G's on offer fall inte two broad categories:
13-

1. The "simple" options

which are currently being considered are G = SU(5) or 50{10) or B ‘

"Simple" groups, in the technical sense, with one basic gauge congtant,

[Su(5) {Georgi end Glashow (1974), Pures,Ellis, Galllard and Nanopouloe {1977))] eor.

[its foster-brother S0(10) (Fritzsch and Min¥bwski (1975), Gevrgf (1975]}}or

[E6(G‘fu~sey, Ramond snd Skivie (1976), Serderoflu {1978), Achiman and Stech
{1978), Snafi (1978)).] For all these groups St rong = SUL(3) 5 but Gy
could range over imtermediste stages like SU(2) x 5U(2) x U{1) for 50{10) and
[su(2) x U(l)]2 for E6 . {Note thsat E.,r » Till recently a possible cendidate,

can now be discerded; since singe predicted for it = 3/k.)

2. The gemi-simple option

G = 8Up (k) x SUL(L) | x SUL(B) x su, (W),

Ly

of Patl et al, , with the discrete symmetry, flavour (F) + colour (C),

left ++right, which guarantees cne bare coupling parameter. Eere G

could be [sU(2) x U}, x L +=+ R (or its subgroup SU.(2) x U (1)),

but the real difference from the "simpie option" is for By (the low-energy strong
symnetry below 100 GeV contained inside G = Gow ] GS). GS may be as large
as 8U (3} % SUR(3)[c : i.e. colour may be chirgl rather than vectorial.

To find the unifying mess M , use the renormalization group form=
alism of Georgi, Quinn and Weinberg 5}. If the one bare gauge constant
associmted with G manifests itgelf st low emergy (u) , as & for the
electrowesk and as oy for the strong sectors, then

o™ -0t x [0(8) - ()] Jg%- R.n'%

Here C(S) end C{EW) are the respective Cmsimir cperators for the residual
low-energy, strong and electroweek symmetries Gg and G, . (The exmct
formula i somewhat more camplicated for the electroweak sector since the
sympetry SU(2) x U{1l) contains U{1}. However, the orders of magnitude mnd

the basic ideas are well represented by the above expression.)

— -

Clearly, given a , given o, given c(Ey), u wouldh be smell if the Casimir
{8} 4is large. Since for the "semi-simple cption" [SU{L)]™ , Gy can be es
large as SUL(3) x SUB(3)|C (chiral colour}, the relevant Casimir C(3) is twice
its value for the "simple" optioms {SU(5), S0(10) and E6) which contain only

SU(})C . The rormula above gives

M %11015 GeV for 3U(5), 80(10) or EG .

L&
M=% 10 =10 GeV for [SU(l,t)]}'l {assuming low-energy chiral colour).

6

What ere the possible indireet signatures of the low-mass (101‘-10 GeV)

Grand Unification? These are summarized in the teable below,

-1k



Simple G Semi-simple G

L To summarize
5U(5) or 50(10) or Eg [sU(4)]" with chiral colour V6
_— 1) Grand Unificetion mass is low (10 =10~ GeaV) if colour is chiral,
EA 1015 GeV 10 =10 GeV A vatural choice for the Grand Unification Group containing chiral solour is
. 5 _ :
Unifyling A physics desert between (10 —103) Lepto~quarks of mass 101' GeV (X = 1) the semi-simple [su(h)]h.
mass 15 would make their existence felt already
GeV and 10~ GeV, so far as uni-
M fication ideas are concerned. at Isabelle 2) TIf colour is liberated (with integer charged quarks), the
(Lepto—quarks X = §¢ have s u (integer~cherge) axial gluons (mA.e 100 GeV)} would exhibit characteristic
9 - -
masses in excess of 1015 GeV.) x decays intc axial gluone + gluons + ¢ + u+ +u +K+K,
P 3 i - e el
+
Possibility of {integer-charge) libers- 3) Proton decay life and decay modes' (P + 3v + pions vs. P + u* + pians)
. ted quarks: querks a.nd"gluons exhibit ay provide important distinetions between the two alternatives of grand
his ry . x
uark the "Archimedes effect"”: light inslde & wnification around 101\‘_106 GeV ve. 10%° Gev.
2 1 hadronic bag, heavy outside. A bag
charges Recessarily < and - = ¥
3 3 model formula by de Rujula, Giles and It indl . N
Jaffe gives m, - m_ % Cc/2ra'y ndirect evidence supports the semi-simple alternative, . 10-TeV
accelorator (arourd the year 2000 AD) maY hopefully provide direct evidence
a' = Regge slope parameter
{u = gluon mase inside of strong unification with the electrqu.
For integer-charge quarks, expect
{integer-charge) axisl colour gluons
Axdal None (masses g 100 GeV). Their decay modes
ﬂslu:ms exhibit characteristic signatures, e.g.
1t s gluon {17) + ¢
- u+ +y4 *E+FE

Primary process: Integer-charge quarks
decay into g + v + 1 {(not ¥ + 7);

'rq-s 10-13 secs, Most probable decay

a+q+X+q+i,

1i.e. Pproton +u* + pions (second

order gauge process) with & mediet

i mode for the proton is:
ion thraugh heavy lepto-—quarks

proton + q + g + ¢ + 3v + one or more
rpalosoyears (Mx?'lol-'s GeV). In general p pions
for is longi TP*.lOBT years (though T~ 10°% - 1672 years
eosentially |repormalization group corrections (contrary to the case of "simple" G's,
the mode: ,W reduce this estimate (Ross, the basic remark here is that the
' ORRN (1678)) t6 ~10°° years. proton's lifetime cannot be overly lomg).

+
P+ oy i

+
(or uTen?)
{determined
from five
suspected
Events).

Table V

Copparigon of the "simple" and "memi-simple" options for the Grand Unification Symmetry.

-16-
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1v. . BUPERUNTFLCATION OF GRAVITCKS WITH MATTER

How may gravity theory be united with the eleciroweak and the
strong. One suggegtion 1s, by gBuging extended s]mersmetries.

A Simple supersymmetry

Supersymmetry is Fermi-Bose symmetry, implemented by anticommuting
spinor operataors Qa s+ which satisfy

{q, » 8} = -7 (o)

Pu's are Poincareé translations: Thus supersympetry is an extension of Poincard
spacetime symmetry. 9

"Simple" supersymmetry unites Ferml and Bose objects in one multiplet.

Some multiplets of interest ere:

. 1/2
&) Matter multiplet
c
This unites spin % and spin zerc {e.g. qusrks (or leptons) with Higgs
scalara). A supersymmetric Iagrangian (invariant under &an internal symmetry

) would have the same Higgs as basic fermions. ("Simple" supersymmetry
commutes with en internal symmetry G.)

i

b) - The gauge multiplet
i/e

Thie unites spin—one gauge bosons with spin-}é- "gauge" fermions.

For supersymietric $U(2} x U(1), one would predict the existence of gauge

fermions with masses of m 42 Mg e m\r s if supersymmetry itself does not
W 4

treak (spontanecusly or otherwlse).

L)

If the Poincaré group is considered as s contrectionof the de Sitter
0{3,2) % Sp4, supersymmetry may, in its turn, be considered as contracted
“graded” osp(b,l) - ("graded" means containing anticonmuting generators). The
unitary transformation corresponding to an anticommuting. generator Qu'
naturplly needs an mnticommting c-mumber parameter 0% (U = exp i g 0%}. If
the Podncaré group is embedded into a conformel structure, & different
type of supergravity theory emerges {see later).
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2
c) Supergravity multiplet

3/2

This unites a graviton {helicity 2) with e grevitine of helieity % .

B. Gauging simple supergravity
2

The supergravity supermultiplet {
3/2

] is the gauge supermultiplet

of "simple" supersymmetry itself:

- H =
£, 00, Qg
t
Gauge curren Tw(x) am(x)
graviton gravitinag
Couples to heldcity 2 helcity 3

As iz well known, s conglstent theory of the graviton must

i) be generally covariant;
ii) with Einstein, be capeble of formulation in terms of the
geometry of curved spacetimej

Likewise, supergravity theory must

i) be generally covariant, besides being supersymmetric,

1i) be capable of formulation in terms of the gecmetry of a curved
auperspace,

What 1s superspace? Superspace la the extension of spacetime (=™},
(m = C,1,2,3)to include four new fermionic dimensions, with associsted co-

ordinates 8% ;

Ml - G BE . o
%" + ofe® = o ,
xmeﬂ - eflxm = 0 .

The above two requirements 1) end ii} en supergravity theery heve cccupled most
theor_etics.l attention in the last two Yeara.



c. -Extended supersymmetries: unifieation of gravitons with matter

1. So far, there is nt real union between supersymmetric matter
1/2 i 2
N supermultiplets and supergravity . We solve
0 1/2 3/2

this problem by extending supersymmetries through marrying intimately with
them, SO0(N) types of internal symmetries, 1.e. generalize supersymmetric
charges Qu to Qi, i=1,2,3,-+4,% (and their algebra to & "contracted"
graded 0Sp{4,N)). Apparently, for reasons ill understood &t present, N must
be ¢ 8 for eonsiténcy of the resulting equations of motion.

2. The maximal ¥ = 8 extended supersymmetry: One single multiplet of
this structure contains the followlng succession of antisymmetric representations
of 50(8):

Helfeity (#) = 2 3/2 1 1/2 0
Multiplicity = L 8 28 56 70 -

Remarkably, this multiplet is alsc the gauge multiplet of the extended N = 8

supersymmetry. (learly helicity-2 gravitons are united with (E) helicity-3/2
gravitinos, {g@) helicity-one {possibly) Yang-Mills particles, (?é) helicity-
one-half guarks and leptons and (':(9) spin-zero Higgs' , The gauge myltiplet
of an extended pupPersymmetry has thus united gravity with matter.

3. - Regretfully, SC(8) = the maximal marriageable internsl symmetry in an
extended scheme - 1s still too small to conta.in sU (3} x SU(2) x U(1}. Thus,
though we may identify the gluon cctet + z + ¥ from among the spin-one
objects, there are no Wt . We may identify {u,d,s,c) quarks + e +{v,v') +
(& six-fold of b-quarks) from among the spin-]? oblects, but there are no

(p.‘() leptens or t gquarks.

.

L, To summarize, the uni-multiplet unification of gravitons with matter
achieved through extended supersymmetries is an attractive idea, but regretfully
not yet implementeble in e physically setisfactory manner through Poincare—
baged supersymmetries. This is because the maximel extended supersymmetry ¥ = 8
cannot aceommodate an internal symmetry larger than S0{8), which unfortunately

appears to be toc amall to serve as & Crand Unification symmetry for metter

(s0(8} ;15 8U4(3) x su(2) x v(1).
T T e T W T S R Y W YO
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D. The two problems of fcrmulati;g consistent supergravity theories

As stated before there are two problems of & theoretical nature
with supergravity theories:

Problem I
Formulate supergravity theories (simple and extended), Presgerving
their (A} gauge character, (B} supersymuetry &5 well as (C) general covariance.

Problem II

Formulate supergravities in terms of geometrical quantities in
superspace.

Problem I wag first solved

i) for simple supergraviiy at Stonybrook (Freedman, Ferrara,
ven Nieuwenhuizen) and at CERN (Deser and Zumino) in 1976 for on shell matrix
elements

i1) The seme problem has been solved off-shell this year (1978} by
three groups working independently: at Imperial College, London (Stelle
and West), at CERN (Ferrars and van Nieuwenhuizen) and at Lebedev {Fradkin snd
Vaeiliev) for (simple N = 1) supergravity by itself and for ¥ = 1 super-
gravity in interaction with supermatter. The secret of going off-shell
apparently lies in the introducticn of non-propagating auxiliary fields.
This so-called "Component Appromch" is indeed & memorable advance for the
N = 1, supergravity theory.

1i{) For extended supergravities, only the on-shell Stonybrook

approach exists, developed by a number of authors for N = 2,3,4 and 8. The
notable result of this work is that extended supergravity Isgranglans eontain
two bagic parapeters; the Fewtonian congtant plus & cosmological constant,
In addition to the pure (extended) supergravity interaction, one mey in-troduce
Yang-Mills couplings which make the global SO(N) contained in the extended
super gymmetry into a local SO(N). Remarkably, the coupling strength of this
interaction is fixed; 4t equals (squere root of the product of) the
cosmological constant with the Newtonian constant. Alternatively stated,
extended supergravities admit two types of intersctions; the gravitational
with & Newtonian Ecupling constant and the Yang-Mills of

strength -,; ¢ . The theory must then contein a cosmological term with &
fantestically large constant m e2 G};l . (Whether such a large constant is
8 physical disaster is an unresclved problem.)
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iv) A different approach to supergravity theories using covariantized
ed by MecDowell and Manscuri, Chsmseddine

contracted OSp(4,N) has been pursu
and West, and Neeman &and Regge.
approach are identical to those in other approaches (except for simple super-—

Whether the Lagrangians ovteined in this

YALE
MacDowell
E
[ 4
Minimal szet
of equatlons
like CALTECH

extends to
N =23

Approach

gravity itself) needs further study.

P -— P

Problem II: Superspace formulations of supergravity theory

[FUNERURIE W

i) Superspace: BSuperspace ig the first non-trivial extension of

spacetime, with eight co-ordinates; four bosonie P end four fermionic 6%,

(Note thet the anticommutativity of the four 9's implies

s )
B
M

¥Write 8 minimal set of [Equations of mekion

112 equations for 112

fields

8
2

&,
0, Stonybrook

NORTHEASTERN
Arnowitt, Nath

Byt %2 6)

supermetric (1024

components
By

(%) = Enum = ¢ = ... =0,

Establish equivalence

to CALTECH approach
on shell
Eguations extend for

all K

RMH=

limiting supergravity)

(k

11} BSuperfields: One may define superfields ¢(x,8) in superspace
(Strathlee et 8l,) 8). Remark tbat a scalar superfield 3(x,0) contains Sixteen

L
detE(o.R-—3y.'1‘)dhxd 8.
15t order formelism)

ordinary locel fields (eight Fermi and eight Bose) as "components", This may

be seen by expending ¢(x,6) in powers of & . The mmber sixteen results when

we remark that the expansion stops at r.

b3

Can couple (1.—2—) matter

CALTECH
Rrink,Gell-Mann,Ramond,

i1i) The Dubna minimal superfield for describing supergrevity: It has

9)

been shown (1978) by Ogievetsky and Sckatchev thaet the IC~CERK- Lebedev

Equations of motion
Approach extends to
N = 2,3

Schwar'z
E
$
112 independent fields
derivaeble from

i

simple supergravity legrangian can be written in terms of & special superfield
v"(x,8) bullt out of the IC/CERN/Lebedev component fields V'(x.8) = e ®|<w<m & +
(¥"9) (Be) + suxiliary IC/CFRN/Lebedev fields ovcurring as coefficients

of B0 and ﬁ.msm terms. Does this sclve the problem of the superspace formulation

]
H
1

ponents
[}

per—

of supergravity? Unfortunately not. The Dubna superfield V"({x,8) hes no

geometrical status in & superspace context.

/ CERN/Lebedev)

I £(y) a'x &

/CERN/Lebedev

iv) Geometricel entities in superspece: The geometricel objects in
mE?.S , introduced by the North-Eastern
group of Arnowitt and Nath, or supervielbein m%??ov and superconnection
emm?.mv -~ or equivalently supercurvature mw and supertorsion H.P {CERN, Wess and

superspace are elther the supermetric

= BBV
Tubna superfield with

CERY
Wess,Zumina

E

Zumino; CALTECH, Brink, Gell-Mann, Ramond, Schwerz {end Neemmn mnd Breitenlohner),
and recently yale, MmcDowell). {Presentations t¢ the Tokyo Conference 1978.)

det B dhx. th

‘coincides with IC

|
|

Matter couplings | Seme as IC/CERN/lLebedev

No superspace Lagrangian known for

extended supergravities

Iagrangien (2nd order formalism)

The problem of a superspace formulation of supergravity devolves

%E(x,s) supervielbein (102h) components)
~¢{x,B) superconnection (1792 componerts}

|

i Solve these to obtain (Grimm,Siegel)

i
i
|
i
i
1

{ of R (supercurvatureland 7T (su

| Impose constraints oncertain com
- torsion).

P {x, 8
i same components &s IC

|
I

into the problem of starting with & Iagrangian involving geOmetrical quaentities,

e.g. the Bupervielbein and superconnection, and expressing these in terms of
the Dubna superfield. Table VI 1ists the approaches to thils problem, discussed

at the Tekyo Conference.

Constraints and
equations of

supergravity
motion

Primary objects
for simple
Extended
supergravities
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Table VI

Stetus of superspace formulations of supergravities as reperted st the Tokyo Conference, 1978.



E. Summary

The gimple supergravity (N = 1) has had two technical triumphs this yesr.

1} The so-called component approsch, with suxiliary fields; IC/CERN/
Lebedev (off-shell) formulstion of the simple supergravity Iagrangien, for
supergravity by itself end in interaction with matter.

2} Superspace formulations of simple supergravity. With these
formiletions becoming avaeilable, ideally one should now be able to write down
guperpropagators in superspace and investigate, for exemple, the off-phell
infinity strueture of the theory. One may even consider making & dent on
the supertopology of the superspace,

ALl this is,unhappily, for simple N = 1 supergravity alone. Simple
pupergravity does not lead to & unification of gravitons with quarks, leptons
or Yang-Mills particles. For this we need extended supergravities.

The maximal extended Poincardé-~besed supergravity (§ = 8) has an inbuilt
Grand Unification Group G = S0{8). This unfortunately is toc mmall to contain
8U,(3) x su(2)} = U(1) and to describe known physics.

Perhaps we need altogether different tybes of supersymmetrles, instead
of the underlying Poincarf supersymmetry, For example, conformal (rather then
Poinceré) supersymmetry can lead to en extended conformal supergravity which
eould admit of SU(8) rather than S0(8} internsl (rand Unifying Croup.

When spontanecusly hroken [( Ry = —é—— ],such supergravities lead,in

N 10)
the aspin-2 sector, to Legrangians of the tybpe RE + R/GN . Tt is known

that such Lagrangilans:

i) mre repormalizable (Stelle),

1i) mey contain no ghosts if certain criteria are satisfied
{Strathdee et al., Julve and Tonin),

i1i) are asymptotically free in ihe Newtonian coupling GN (Fradkin
and Vilkavisky),

iv) provide matrix elements which are Froissart bounded
{strathdee et &l,).
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Y. ORIGIN OF INTERNAL SYMMETRIES

Finally I wish to mention some recent idees in respect of & possible
origin for internal symmetries. In view of the flavour explosion, there is
no problem more urgent than that of understanding the decper basis of the
generalized oharge concept (flavour or coleur). When T sty"deeper 'bllis", I

bave in mind &8 8n exsmple the one charge - the gravitational {maes) - for
which we believe we do have & deeper basis in terme of specetime curvature.
Some while back, Wheeler suggested that the electric charge - and prasumably
other "internal” charges like the isotople, or the unitary charges - possess
& tasis similarly deep, in terms of spacetime topology.

11
Recently, Hawking &nd Pope ) have made Wheeler's conjecture plaugible

by eonsidering spplications of the most famous theorem in algetraic topology
(Atilyah-Singer theorem), which relates the differsnce (nR—nL) of mmbers of
zero mase right-handed and left-hapded fermicas to curveture.

Applying the theorem naively for ppacetimes with no internsl
charges, chne mhy be tempted to write

1 I’ L

-n = - RE*Yg a'x .
Bp T o 382

Hawking and Pope evaluate the right-hand side for a special {compactified}
spacetime CPE. The computation gives for the right~hand eide the number -%— f

The left-hand side, hovever,must be an integer - a contradiction!

Hawking and Pope resolve the contradiction by remarking that t'.‘PE
is not & gpin structure; one cannct define spinors on CP2, unless cone defines
& generalized spinc structure., For this, as apparently all algebrais
topologists know, one needs & U(l) symmetry and & gauge field F , such that
the ¢orrect formuletion (for the C!i'2 cage} of the Atiyih-singer :Zeorun reads:

2
O S § e # ~ b
nR - nL { 38&1;2 I R R* + 16“2 f FW Fw E d'x
1 {1 1} 1
=-F* Em(m—l-l) + E-J = Em(m-fl) + an integer,

Thus the topology CP2 of & pessible spacetime dictates an "internal™ U(3)
symmetry plus a gauge field Fuv .

-1



1
) {1978) heve carried this &nalysis one

Back, Freund and Forger
step further. They ask the pertinent questicn: why Qmm.w What is so special
about Qum universes ¢ They would rather start with the ¢lags of four-dimensional
Reimannian or (pseudo-Riemennian) manifolds - at the leest such manifolds are
necessary for a path-integral quentization of gravity. An snalysis like thet
of Hawking and Pope then leads them te conclude that wo.,n. a mﬁuuo
be defined, one needs & universal gauge SU{2) or Mcwmmw X mcmﬁmw x G together
with & definite gpin-isotecpilec relstion. {1f WH.. f are quantum numbers
"labelling representations mcwamv and m:wﬁmu. then WH_ + kK must be a Wona
integer for fermions amd k + kg = integer for bosons.} Could it be that

the electroweak group is indeed mcﬁ_amv x mcwﬁmv and that its origin lies

gtructure to

in spacetime topology?!

This is profound, but sccording to Freund, such an &nalysis will not
extend over to all internal guantum numbers. It is conceivable that in addition
to the ideas of four-dimensional spacetime topology giving a clue to some of
the internal charges, we need 8&lso the brashest though at the same timelin.
Sskursl's phrase) perneps the "least imaginative" approach to the origin of
internal sympetries, pioneered by Kaluza and Klein in the Nineteen-Twenties.
In this wwuumpnw ~ develoaped further in the Fifties and the Sixties by Pais
and Takabayashi and recently by Cremmer, Scherk and Schwarz and by Horvath and
Palla (Tokyo Conference 1978) - one assumes thet the internal symmetries are
windows on the existence of extra (besonic} spacetime dimensions of small
size ~1073 em (Plarck length), curling up on themselves on account of
the associated high curvature. With (remmer, Scherk &nd Schwarz, the ides
started with the ten dimensions (10 = 4§ + &) in which dual models thrive.
These authors interpreted the extre six dimensions when compactified as
representing an internal symmetry space carrying O(6) & sU(L). The exciting
development is that Cremmer and Scherk heve racently shown compactification
of this type emerging spontaneously,such that starting with b + N dimensicns,
one  mey sponteneously descend to m: x mr + Poincard x SO{N+1)}.
Further, Horvath and Palla, using the Atiyah-Singer theorem, related the
differences in numbers of observed right- and left-handed zero-~massz fermions
(neutrinos) - e number delimited by cosmological considerations of helium
abundance -~ to the topological imvariants referring to the compactified space.

I heve spoken, in this lecture, of extra Bose dimensions - of related
Noether charges - of related topologicael charges - and of extra fermionic
dimensions. I shall conclude by deseribing in Teble VIT a model due to
Olive and Witten 12) which can be described in three equivalent approaches,
where the medley of these seemingly disparate ldeas appears to converge in an
exciting aynthesis.
-25=

Note aQ o1’

n’ a'Q'el' ang

) = 0.

correspond to momenta along

Extra two {bosonic}
2

dimensions compactified

Al] particles are light-
+

like in [6]. with compohents of six

Approach III
momenta, given by P

2
el

the compactified dimensions

six dimensions

an SU(2) Y-M simple supersymmetry

repregentation in six dimensions

n

4%y

Confirmation of the pix-dimengional

approach;
P2 - a% (g

Simple supersymmetry in six

dimensions.

0
1

/2
3

~

Approach IT
® su(2)
1

four dimensionsg

Table VIT

The Qlive mnd Witten 2 model looked at from three distinet points of view
’ Qg} = p et e ue YSV)

U,V are central charges in the

multiplicity 1

helicity
are topologicel

i

o
definition of Haag, Lopuszanski and

Extended (N = 2) supersymmetry
Sohnius.

= (8U(2) triplet) representation
of N = 2 extended supersymmetry

Infer central charges {(U,V)

)

LCI
*ag

|

1/2
0

n

] for a1l objects in the

field strength
Tield strength

2.2 Eonopol egy dyons,

fermions, gRuge bosons

Approach I
plus matier triplet [

Luri‘a.c e
J surface
¥ind to &ll orders M® = P2 =

Find

foyur dimensions
1
1/2
U =
thedry;

In addition there exist elassical solutions corresponding to 't Hooft-Polaykov monopoles + dyone

enticommutation relstions do contein} =——=% Compare wpproach I and II

Simple supersymmetry @ local Su(2)
Compute (q'a' QB}-, confirm that the

Yang-Mille SU(2) triplet

u,v.

relations 2,.2 2
* ('qel+Qma5

rarticles
introduced
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model

Anti-
comrutation
relations
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Mss

Syrmetry

Spacetime
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' The most interesting feature of the model is the last: in the six-
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