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ABSTRACT

Unif ica t ion of t he e lect romagnet ic force with t he weals (within the

context of t he SU(2) x U(l) t h e o r y ) , u n i f i c a t i o n of t he strong force with
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f i c a t i o n of g r a v i t a t i o n a l quanta, with l e p t o n s , quarks , Yang-Mills quanta and

Higgs particles (within the context of supergravity theories) is reviewed.
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I . INTRODUCTION

Following on the High Energy Conference at Tokyo, I s h a l l repor t

briefly on recent progress in three topics re lat ing to the theme of unification:

(A) The status of the electroweak unification and the SUL(2) x UL+R(l)

gauge theory.

(B) Possible grand unification of the electroweak with the strong force.

Is unification energy l ikely to he as low as 10 -10 GeV or is i t

much higher »101 5 GeV?

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

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

context of supergravity theories .

II TEE ELECTRCMEAK UNIFICATION AMD THE SU_(2) * u* 1 ' THEORY

d electromagnetic phenomenaA, TheSy. (S) x U, (1) theory of weak

The characteristics of the "standard" renormalizable SUL(2) " Û

gauge theory are:

1. There are two charged left-handed and two

neutral currents: the familiar electromagnetic J , and the weak neu t ra l .
2 sm 0 '

J 2 = J3L ~ S i n 6 J m * c o u 2 l i n S t Q gauge meBons W* , Y and Z respect ively.
Weak and electromagnetic unif icat ion implies that the respective coupling

2 ^2 e^ 2
strengths are: e/sinB, e and e/sin9cos6 , while m, = —=-s—r— (sin 6 i s

** 8GF Bin£e
the one universal parameter of the theory which was or ig ina l ly unknown).

2 . The W* . Z° and the fermion masses are generated through

the same Higgs-Kilable spontaneous symmetry-breaking Mechanism. As a

consequence, m_ » nL /cose • or equivalently the parameter p defined as

/ni cos 9 (and which determines the "effective" strength a t lov
energies of the charged versus the neutral current effects) i s predicted

to equal un i ty .

3. Leptons and quarks are left-handed doulxLeta and right-handed s ing l e t s .

For the neutral current sector, the theory:

a) predicted the existence of neutral cur ren ts , motivating t h e i r

discovery [Gargamelle CEHH (1973)i CI7T, HFWF].

h) Provided a logica l basis for charm through the GIM mechanism

(tr iangular anomaly cance l la t ion) .
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c) Predicted a one-parameter fit (with a universal sin e) for all

neutral current data on vS »nd ve interactions

[confirmation from model-independent analysis (1977-78), see

la ter ] ,

d) Predicted parity violation in e + deuteron •* eX and

e + proton •+ eX vith correct magnitude and sign

[SLAC-Y«1»-CERB-A*Chen-Hamburg experiment (1978)].

For the charge current sector (assuming that strong interactions are described

by QCD-type gauge theory) the theory:

e) Ices not admit right-handed currents, nor the resulting high

y-anomaly [absence of this anomaly confirmed, Hamburg Conference

(September 1977)].

f) Does not admit second class currents

[absence confirmed, Zurich and Tokyo conferences (1977)].

Second class currents are analogous to Pauli moment terms in

QED and are ruled out for a renormalizatile gauge theory.

B.

1.

g) Hakes i t meaningful to speak of precise QED tests for (g-2)

This is because the renormalized weak contribution to (g-2)

is now precisely calculable, and not subject to ambiguities of

an unknown cut-off.

h) Leads, In a basic manner, to fruitful theoretical constructs like

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

vector and axial currents possess simple forms like uy d , uy yd

Testa of SU. (2)_x u _(1) predictions

Model independent analysis of vH •* vX

(Sehgal (1977), Hung and Sakurai (1977), Eckar (1977), Abbott and

Barnett (1977, 1978), Sidhu and Langacker (1978), Monsay (1978), Claudson,

Paachos and Sulak (1978).) Assuming V, 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 , d quarks has the form

V

Four types of data are available and have been analysed:

1) Inclusive HC/CC; NC: v + nucleon •* y + x ,

v + nucleon •+• v + X

2 2 2 2
This data determines the combinations of parameters g . + gj, and K „ + g ^

i i) Semi-inclusive v + B -»• v + IT »

\> + H + v + ir~ +

and
w + H + v + n~ +

Data known from Gargamelle and Fermi-Lab determinesTne cbmBinationa of

parameters:

A model-independent analysis of i) and i i ) gives four solutions (with V<*-»A ,

I = 0*-*I = 1 ambiguity persisting at this stage), labelled In the literature

as solutions ® , ® , (c) , (D) .

i i i ) Elastic data v + p

v + p

v + p

v + p

Harvard-Penn-BNI groups + observation of I • 0 non-dominHnCft, nov.

selects one (solution (J) ) from the four solutions (Clkudaon,

Paschos and Sulak, Tokyo Conference, 1978).

iv) Exclusive pion production: This solution (3) is confirmed

(inverting history) by using results of Adler's analysis of it production

for (v,\J) + H •+ (v,v) + JJ +'n (Abbott and Barnett . Purdue conference, 1978)

v) I t is also possible, by using new data for the ratio vX

to do without the semi-inclusive data i i ) altogether. This again yields

solution (A) (Abbott and Barnett, SLAC preprint, 1978).

Thus three Independent types of da.t* and their analyses independently

support solution (Q . .-

To conclude, the results of this model-independent analysis as

compared with the predictions of the theory are:



BUL

«dL

guB

Experiment

+ 0.35

- 0,1*0

-0.19 ±

0 +

± 0.07

+ 0.07

0.06

0.11

2
sin 8

0.33

-0.1*2

-0.17

0.08

1
= I

Theory

2
As functions of sin 6

1 2 . 2 ,
2 " 3 S1D 9

- f Sin£e

1 ^ 2n•7 sin 6

Table I

C. Bait ear. Tokyo Conference. 1978, using Abbott and Barnett's analysis.

Apart from the magnitudes, the agreement of relative signs for the g's between
prediction and experiment is striking. (The overall sign is unobservable
except for interference with gravity.) Since the analysis relies on fifteen
different processes representing some thousands of neutrino events, each process
from data of two or more independent experimental groups, the convergence of
the experimental results is in i t se l f truly remarkable and demonstrates
the extraordinary stage of maturity reached by neutrino-hadron physics.

sinfo

0.3

0.2

0.1

o
J L

0.5 1.0

Theoretical prediction p = 1.

Experimental resultSi presented at the 'I'okyo Conference (1978)

(Report by H. Fritzaeh).

2. ye •* ye- ana %]e."i".ve

Purely leptonie neutral current processes are easiest to interpret
theoretically (no hadrons involved) and are potentially the best means of

2
determining sin 8 . However, the cross-Beetions are the smallest on record

I -1*2 2
in physics: *10 Ev/GeV cm , with o(ve) typically 2000 times (m /mj

smaller than CT(MN) . Thus s ta t i s t i cs s t i l l play a bigger role in o(\>e)

physics than in o(\)N). Tables II and I I I reproduce C. Baltay's compilation

of his own and other groups' data as compared with theory. Since earl ier

(February 1978) Gargamelle results showed a deviation from their own s t i l l sarlier

and Aachen-Padua resul ts , their subsequent convergence with Baltay's more

s ta t i s t ica l ly significant experimental resul ts , as well as with the theory

(achieved when their data-sample vas increased and a number of previously re-

ported events discarded on subsequent analysis) i s pleasing indeed. (The results

of the Heines group on

theory.)
i ) v + e •* v + e

U u

+ e •* v + e , also agree with the predictions of the

Gargamelle

Aachen-
Padua

Gargamelle

Columbia

+ BNL

Total
v + H

1*1

106

sample of
-f u~ +

000

000

Events
observed

32

9

1 1

Cross-
section

* 3

1.1 ± 0

- 1
" '

1.8 ± 0

.6

<*r

5

.3

average

= (1.7 ± 0.5) x 10"1*2

E /GeV cm2

February (1976)

Revlsed(average)August (1978)

"Th
= 1.5 " 10 Ev/GeV cm2

ii) v + e + e

Gargamelle 1.0
+ 2.1
- 0.9

; Aachen- !
• Padua [

BEBC

Ferml -Mich -
JBTP-IHEP

Oargamelle

7

6

<*

500

300

ooo

< 1

0

0

: 2.2 ±

^ 3.

* 2.

« 3.

: 1.0

5

9

3

average

= (1.8 ± 0.9) x 10
-1*2

^ = 1 - 3 * 1 0
-It?

Presented by C. Ealtay_1(| Tokyo Conference, 1978, sin S - 0.23,



3. eN neutral currents

There are two types of experiments reported, t e s t ing for evidence of

par i ty viola t ion, predicted by SU(2) x u ( l ) .

a) SLAC-Yale-CERM-Aachen-Hamburg experiment on polarized electron

scat ter ing off deuterona and protons. (For theory, see Calm and Oilman 2 \

love, Ross and Hanopouloe; and Wolfenstein, who has shown

that resultB of the theory depend l i t t l e onthepar ton model assumptions.)

The asymmetry expected in e + deuteron—• e + X , when the electron polarization

direction i s reversed, i s given by

2

The experiment gives

A/o.<
experiment

(-9.5 t 1.6) * 10"5 0.21

—5 —2
(with 1.6 X 10 GeV representing cumulative systematic and s t a t i s t i c a l e r r o r s ) ,

t o compare with

A/q2 = ( -9 .7 -^ -7 -2 ) x 10"5 GeV"2 (sin26 = 0.20«-»0.25) .
' theory

Par hydrogen, experimentt(-9.7 ± 2.7) x 10~5 Gev2] again gives .ptr i ty v io la t ion

with * value which agrees with theory.

The ve and eN data can be put together with the r e s u l t s of

the model-independent analysis of vS interact ions to obtain model-in-

dependent r e s u l t s for the vector and axial-vector neutral current couplings

of the e lect rons . The r e su l t s as given in Eal tay 's Tokyo summary are shown below;

gv

gA

Experiment

0.0 t 0.1

-0.55+ 0.1

sin2

0 .

- 0 .

e =

0

5

1

Theory

As functions

- i- + 2

1
" 2

of sin 6

sin2e

-7-

1

a
M

'o
X

1O

o

1 O

( >

t

an

—

1

\
\
\
\
\
\

\
\

\
\
\
\

I

I
0 *

i
1

f

1

1

/ ,

; \
I
1
I

1

\
\

\

tfpr«e

(r«d)

—

10.4

SLAC experiment; note the heautiful manner in which, the asymmetry follows the

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

(g-5) precession of the spin.
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b) Atomic -parity violation experiments

Here the situation with regard to the very difficult experiments as

veil as the atomic physics part of the calculations is confused.

Bi Bl

2"

Bi Bi

Fig. 3

33ie_qiy_ (R)

Central f ie ld
calculation

Calculation
with shielding
due to the core

Experiment

The atomic pjqrsies-
uneertain

Oxford (1977)

Novosibirsk (1978)

Oxford (1978)
(preliminary!

61* 76 A°

part

2

- 1 9

- 5

- 2 3

- U

of i

h ±
+

+

ihts

h

5

1

7

6

87 57 A°

calculation is 1

Seattle (1977)
Seattle (1978)
Seattle (1978,
preliminary)

-18

•x. ~9

highly

0.7 ±

-0.5 ±

-2.lt ±

3 .

1 .

0 .

2

7

9

III:

j h (83 electrons. 80 in the core). sin26 = O.gU . R = Im E M. x 10 .

Preliminary resul ts on thallium dichroism (.one electron outside the core;,
from Berkeley, (+ 5.2 ± Z.U * 10 - 3) B u p p o r t the central field calculation
(+ 2.3 ± 0.9 x 10" ) . To summarize, a l l experiments are now united in
ohserving atomic-parity violation with the predicted sign. Some of these

contradict, others (and the uncertain atomic theory) in the magnitude of
elegant and

the effect observed. However, after the/theoretically unambiguous SLAC
experiment, the issue of atomic parity violation and i t s magnitude is now
a. problem for atomic phyBicB rather than for particle physics.

Of OF S m

; . : - • •!--_[ i_ j T - i.- I — _ ; . _ ^ : •r^-z.—~^- 1 ^ — — . — . - * - • ••r-:yr*r,:., . -T ~ — • • •• . L

,(> 1-0

Presented by C. Baltifr. Tokyo Conference. 1978.
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k. Conclusion

From the preceding, one sees that the simple gauge theory SU(.2) x u(l)
correctly embraces and dynamically describes observed weak as well as
electromagnetic phenomena. Wherever a. conflict developed between preliminary
experimental findings and the predictions of the simple theory Ce.g. the
existence of neutral currents, their magnitude in purely leptonic processes
and their parity characteristics) the theory has been eventually confirmed.
The gauj?e sy-metry structure (SU(2) x U(l)) will be a part of any future
theory of particle physics.

5. The next developments; Embedding of SU(2) x U(l) into a larger
syaaiietry structure

There are theoretical reasons to expect that SU(2) x u(l) may be
part of a larger gauge structure. This larger structure is likely to be
strongly broken, entailing nev interactions much weaker than those M fax
observed. With 5U(2) * U{1) embedded into such a larger structure, one may-
hope to explain the magnitudes of certain (phenomenologlcal) parameters which
enter into pwtlcle physics-

1) A group structure larger than SU(2) * U(l) may provid* a
"natural" explanation for the mass ratios:

i -U.8mv
10-3 °u -3 m,

—

and for mixing angles like

ii) Embedding the abelian u(l) piece in a non-abelian gauge
structure vill give a raison for the quantization of the associated, quantum
numbers as well as for the asymptotic freedom of the theory.

i i i ) Embedding SU(2) x (J(l) in a gauge group vhieh is simple
(or with suitable discrete symmetries,semi-simple) wuld dictate the
ratio of the two basic gauge constants, or equivalently the universal
parameter (rig.It) sin 6 .

iv) And finally, the fundamental unification hypothesis rtould
also embrace strong interactions - for example the reasonably successful
strong gauge theory, SU_(3) of colour.



AH in a l l , then, one muat look for a grand Unification non-abelian symmetry

C, uhlcfe. includes SU(2}x u(.l) aa well as SU (3) • So far as the energy scales

are concerned, such a unification may go through a number of intermediate scales

Ce.g. the electroweak SU C2) > n „(!) Cwith i t s unification scale of around

100 GeV) may 'become part of a bigger le f t - r ight symmetric structure with a

scale of a few hundred or a thousand GeV before the gr*&& unification with

tTne strong s u
c ^ becomes manifest) . Experiments relating to "forbidden"

transit ions l ike K •* ye, y •+• e + y, p •+ 3e, pH •*• eN» to motivate the

existence of interactions •weaker than those presently observed, as well as

experiments at energies higher than the present are needed to find this out.

Grand Unification

Electroweak Strong

There may 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 Unification schemes of electroweak and strong unification: What

ia the probable Grand Unification mass, M , beyond which the three forces,

electromagnetism, weak and strong, may manifest themselves with the same

effective strength? This problem is important for the prospects of an

eventual accelerator for the year 2000.

III. 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 must include G_. = SU(2) x U(l) and G . = SU_(3)) are
SW strong t

not extensive. The G's on offer fall into two broad categories:

-13-

1. The "simple" options J '

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

which are currently being considered are G = S0(5) or S0(l0) or Eg ,
[SU(5) (Georgi and Glashow (19T1*), Bur«.s,Ellis, Oalllard and Smnopoulo*(a977))] or •

[its foster-brother S0(l0) (Pritaach and MinSBwski (1975), Cfeo*gr (19751}] or
[Eg(Gursey, Eamond and Skivie (1976), Seraaroglu (19T8), Achiman and Stech

(1978), Shafi (1978)).] For a l l these groups G3 t r 0 I l g = SUC(3) » but G^

could range over intermediate stages like 50(2) * SU(2) x U{l) for SO(lO) and

[SU(2) x U(l ) ] 2 for E, . (Note that E_ , t i l l recently a possible candidate,

can now be discarded; since sin 8 predicted for i t = 3/U.)

The semi-simple option

suL0O * suL(U) suR(U)|

h)
of Pati et a l . , with the discrete symmetry, flavour (?) + colour (C),

left<—• right, which guarantees one bare coupling parameter. Here G^g

L •-» R (or i t s subgroup 5UT(£) x UT
1J Is

could be [SU(2) x UCD1L *

but the real difference from the "simple option" is for Gg (the low-energy strong

symmetry below 100 GeV contained inside G = G © G ). G may be aa large

SU (3) | • i . e . colour may be chiral rather than veetorial .as SUL(3)
R v - " l c

To find the unifying mass M , use the renormalization group form-

alism of Georgi, Quinn and Weinberg . If the one bare gauge constant

associated with G manifests itself at low energy (u) , as a for the

eleetroweak and as a for the strong sectors, then
5

a" 1 [C(S) - C(EW)1

Here C(s) and C(EW) are the respective Casimir operators for the residual

low-energy, strong and eleetroweak symmetries Gg and G_, . (The exact

formula is somevhat more complicated for the electroweak sector since the

symmetry SU(2) x u{l) contains U(l). However, the orders of magnitude and

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

Clearly, given a , given as , given c(Eff), M would be small if the Casimir

C(S) is large. Since for the "semi-simple option" [SUd)] , Gg can be aa

large as SUL{3) x SUE<3)|C (chiral colour), the relevant Casimir C(g) Is twice

i t s value for the "simple" options (S0(5), SO(lO) and Eg) which contain only

EU(3)C . The formula above gives

M *» 10 GeV for SU(5), SO(lO) or Eg ,

It 6 It
M « 10 -10 GeV for [SU(lt)] {assuming low-energy chiral colour).

What are the possible indirect signatures of the low-mass (10 -10 GeV)

Grand Unification? These are summarized in the table below,

-11*-



Unifying
mass

M

Quark
charges

Axial
gluons

Proton decor
Experiment al
status

Relnea,

^JjlO^years
for
essentially
the mode:

P + U*+Y

or yV)
(determined
from five
suspected
events).

Simple G
SU(5) or SO(10) or Eg

£ 1015 GeV
2 3

A physics desert between (10 -10 )

GeV and 1015 GeV, so far as uni-
fication ideas are concerned.
(Lepto-quarks X = qi have

masses in exceBS of 10 GeV. )

2 1
Recessarily -̂  and - -̂

Rone

q + q - v X + 4 + I ,

±-e- Pproton * p + + p i o n s (secoa*-
order gauge process) vith •mediat-
ion through heavy lepto-quarks
(M^IO 1 5 GeV}. In general T

i s longj T * 103T years (though

renorwlization group corrections
aty reduce th is estimate (Ross,

CERH (1978)) to ~ l o 3 3 years.

Semi-simple G

[SU(!+}] with chiral colour

lO^-lO6 GeV

Lepto-quarks of mass 10 GeV (X = "q.3t)
would make their existence felt already
at Isefcelle

Possibility of {integer-charge) l ibera-
ted quarks: quarks and gluons exhibit
the "Archimedes effect11: light inside a
hadronic bag, heavy outBide. A bag
model formula by de Rujula, Giles and
Jaffe gives m - m. « C/2ira')iout in

fa' = Pegge slope parameter
1 p = gluon mass inside

For integer-charge quarks, expect
(integer-charge) axial colour gluons
(masses < 100 GeV). Their decay modes
exhibit characteristic signatures, e.g.

1+ •* gluon <l") + +

+ V* + v~ + K + K

Primary process: Integer-charge quarks
decay into q •* v + IT (not v + TT );

T 4 10 sees. Most probable decay

moae for the proton i s :

proton -* -q+q+q-»-3v + one or more
pions

T "" 10 ? - 10 years
(contrary to the case of "simple" G's,
the basic remark here is that the
proton's lifetime cannot be overly long).

To summarize

Table V

Comparison of the "simple" and "gemi— simple" options for the Grand Unification Symmetry.

-15 -

1) Grand Unification mass is low (10-10 GeV) if colour ia ehir»l .
A natural choice for the Grand Unification Group containing ehiral oolour i s
the semi-simple [SU(1*)] .

2) If colour i s liberated (with integer-charged quarks), the
ge) axial g

decays into axial gluons + gluons + $-t-p + u +K + K

(integer-charge) axial gluons (m -£ 100 GeV) would exhibit characterlatic
+

3) Proton decay l i fe and decay modes1 (P + 3v + piona vs. P + y+ + plane)

eay provide important distinctions between the two alternatives of grand
unification around 10 -10 GeV vs. 1015 GeV.

If indirect evidence supports the Bemi-siaple alternative, • 10-TeV
accelerator (around the year 2000 AD) may hopefully provide direct evidence
of strong unification with the eleetroveak.

-16 -



IV. SUFEPUHIFICATION OF GRAVITOHS WITH MATTEK

Hpy may gravity theory be united with the electroweak and the

strong. One suggestion is. by gauging extended supersymmetries.

A. Simple super symmetry

Supersymmetry i s Fermi-Bose symmetry, implemented by anticomrouting

»j>iaor operators Q , which satisfy

{Q > Qg> = -F (YUC) »

P 's are poincare translations: Thus supersymmetry is an extension of Poincare'

spaeetime symmetry. ^

"Simple" supersymmetry unites Fermi and Boss objects in one multiplet.

Some multlplets of interest are:

»tter multiplet
1/2'

0

This unites spin j and spin zero (e .g. q.uarks (or leptons) with Biggs

scalars) . A supersymmetric I*grangian (invariant under an internal symmetry

G) would have the same Higgs as basic fermions. ("Simple" supersymmetry

commutes with an internal symmetry G.)

b) The gauge multiplet
1

1/2

ThiB unites spin-one gauge bosons with spin-^ "gauge" fermions.

For supersymiaetric SU(2) x U(l), one would predict the existence of gauge

fermions with masses of m ., m 0 , m , if supersymmetry i tself does not
*T Z '

break (spontaneously or otherwise) .

If the Poinoare group is considered as a contraction of the de Sit ter
0(3,2) » Spit, super symmetry may, in i t s turn, be considered as contracted
"graded" OSpC*,l) - ("graded" means containing anticommuting generators). The
unitary transformation corresponding to an anticommuting. generator Qa,
naturally needs an anticommuting- c-number parameter ea (U = exp i Qa9a). If
the Faineftre group is embedded into a conforma.1 structure, a different
type OT Bupergravity theory emerges (see l a t e r ) .
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Supergravity multiplet

3/2

This unites a graviton (helicity 2) with a gravitino of helicity *• .

B. Gauging simple aupergravity

The supergravity supermultiplet

of "simple" super symmetr y i tse l f :
3/2

is the gauge supermultiplet

Gauge current

Couples to
graviton

helicity 2

gravitino

helieity |-

As is well known, a consistent theory of the graviton must

i) be generally covariantj

ii) with Einstein, be capable of formulation in terms of the

geometry of curved spaeetimej

Likewise, supergravity theory must

i) be generally aovariant, besides being supersymmetric,

ii) be capable of formulation in terms of the geometry of a curved

super space.

What is superspace? Super space Is the extension of spacetime (x m),

(m = 0,1,2,3)to Include four new fermionic dimensions, with associated co-

ordinates 6° ;

xmxn - xnxm - 0 ,

xm8 a

o ,

o .

The above two requirements 1) and II) on supergravity theery have occupied most

theoretical attention in the last tw years.



c Extended Bupersymmetries; unification of Kravitons with matter

1. So far, there is no real union between supersymmetric matter

l

1/2
supermultiplets and supergravity

3/2.
We solve

th i s problem by extending supersymmetries through marrying intimately with

them, S0(H) types of internal symmetries, i . e . generalize supersymmetric

charges QQ to Q*. i = 1,2,3^-x.K (and the i r algebra to a "contracted"

graded OSp(4,Sf}) . Apparently, for reasons i l l understood a t present, H must

be •$ 8 for consistency of the result ing equations of motion.

2. The maximal K = 8 extended supersynimetry: One single multiplet of

th i s structure contains the following succession of antisymmetric representations

of S0{8):

Helleity C±) » 2 3/2 1 1/2 0

Multiplicity - ^ & 28 56 70

Remarkably, t h i s multiplet i s also the gauge multiplet of the extended H = 8

supersymmetry. Clearly hel ici ty-2 gravitons are united with (8) hel ici ty-3/2

gravit lnos, {£§) helieity-one (possibly) Yang-Mills par t ic les , (56) he l ie l ty -

one-half quarks and leptons and (TO) spin-zero Higgs' , The gauge multiplet

of an extended supersyranietry has thus united gravity with matter.

3. Regretfully, 50(8) - the maximal marriageable internal symmetry in an

extended scheme - i s s t i l l too small to contain SU (3) x SU(2) x U(l ) . Thus,

though we may identify the gluon octet + Z + Y from aaong the spin-one

objects, there are no W~ . We may identify (u,d,s ,c) quarks + e~ + (M,\>') +

(a alx-fold of b-quarks) from among the spin-p- objects, but there are no

(pi t ) leptons or t q-jarks.

k'. To summarize, the unl^multiplet unification of gravitons with natter

achieved through extended supersymmetries is an attractive idea, but regretfully
not yet implementable in a physically satisfactory manner through Poincare"-
based supersymmetries. This is because the maximal extended supersymmetry U = 8
cannot accommodate an internal symmetry larger than S0(6), which unfortunately
appears to be too small to serve as a Grand Unification symmetry for matter

(60(8) (3) x SU(2) x U( l ) ) .

D- The two problems of formulating consistent supergravity theories

As stated before there are two problems of a theoretical nature
with supergravity theories;

Problem I

Formulate supergravity theories (simple and extended), preserving
their (A) gauge character, (B) supersymmetry as well as (c) general covariance.

Problem II

Formulate supergravities in terms of geometrical quantities in
super space.

Problem I was f i r s t solved

i) for simple supergravity a t Stonybrook (Freedmao, Ferrara,
van Hieuwenhuizen) and at CERS (Deaer and Zumino) in 1976 for on shell matrix
elements .

i i ) The same problem has been solved off-shell th is year (19TS) by
three groups working independently: at Imperial college, London (Stelle
and Vest), a t CEPJJ (Ferrara and van Hieuwenhuizen) and at Lebedev (Fradkin and
VasilievJ ' for (simple II * 1) supergravity by i t se l f and for JT = 1 super-
gravity in interaction with supermatter. The secret of going off-shell
apparently l ies in the introduction of non-propagating auxiliary f ie lds .
This so-called "Component Approach" is indeed a memorable advance for the
H = 1, aupergravity theory.

i i i ) For extended supergravities, only the on-Bhell Stonybrook
approach exists , developed by a number of authors for IT = 2,3,4 and 8. The
notable result of this work is that extended supergravity Lagrangiana contain
two basic parameters; the Bewtonian constant plus a cosmological constant.
In addition to the pure (extended) supergravity interaction, one may introduce
Yang-Mills couplings which make the global SO(tf) contained in the extended
supersymmetry into a local SO(H). Remarkably, the coupling strength of this
interaction i s fixed; i t equals (square root of the product of) the
cosmological constant with the Ifewtonian constant. Alternatively stated,
extended supergravities admit two types of interactions; the gravitational
•with a Bewtonian coupling constant and the Yang-Mills of
strength s e . The theory must then contain a cosmological term with a

Gfantast ical ly large constant « e *»

a physical disaster i s an unresolved problem.)
(Whether such a large constant is

- 2 0 -
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CERN
Wess,Sumitio

Primary objects . E(x,») supervielbein (1024) components) :|
for simple [ . _ . .
supergravity

CAL1ECH
Brink,Gell-Mann,Ramond,

Schwarz

E

:4(x,6) superconnection (1792 components)

_ . B , t ! Impose constraints on certain components;
Constraints and | o f R (superourvatureland T tsuper- ;equatiohs of
motion

torsion 1.
I solve these to obtain (Grimm,Siegel)

LYV (x,6) = Dubna superfield vith
same components as Ic/CERH/Lebedev)

112 independent fields

a minimal set of
112 equations for 112
fields

f(V) d x
1 ( h k (
• det E d x d 6 •
• coincides v i t h IC/CEBB/Lebedev

Lagrangian (2nd order formalism)

Matter couplings | Same as IC/CERB/Lebedev

.Extended No super space Lagrangian known for
isupergravities [ extended supergravities

Equations of motion,
derivable from
r L h

detE{o.E-3Y.T)d xd 8
( i s t order formalism)

C!an couple (!,£•) matter

Approach extends to
H = 2.3

KOHTHEASTEKN
Arnowit t , Hath

supermetric (102)*
components)

gMK TTAH

Equations of motion

(k = 0, Stonybrook

limiting supergravity)

YALE
MacDoveil

E

Minimal set
of equations
l i k e CAI/EECH

Establish equivalence
to CALTECH approach
on shell

Equations extend for
.al l H

Approach
extends to
H " 2,3

Bable VI

Status of super space formulations of supergr&vities as reported at the Tokyo Conference. 19T8.



E. Summary

The simple supergravity (H = 1) has had two technical triumphB this year.

1) The BO-called component approach, with auxiliary f ie lds; IC/CESB/

Lebedev (off-shell) formulation of the simple supergravity Lagrangian, for

supergravity by i t se l f and in interaction with matter.

2) Superspace formulations of simple supergravity. With these

formulations becoming available, ideally one should now be able to write down

superpropagators in superspace and investigate, for example, the off-Bhell

infinity structure of the theory, one may even consider making a dent on

the supertopology of the superspace,

All this is,unhappily, for simple H = 1 supergravity alone. Simple

supergravity does not lead to a unification of gravitons with quarks, leptons

or Yang-Mills particles. For this we need extended supergravlties.

The maximal extended Poincare'-ba.sed supergravity (H » 8) has an inbuilt

Grand Unification Group G - S0(6). This unfortunately is too small to contain

SU_(3) x SU(2) x U(l) and to describe known physics.

Perhaps ve need altogether different types of supersymmetries, instead

of the underlying Poincare' super symmetr y. For example, conformal (rather than

PolnearS) supersymmetry can lead to an extended eonformal supergravity which

could admit of SU(8) rather than 30(8} internal Grand Unifying Croup.

When spontaneously broken ~— , such supergravities lead, in

N I 10)
the spln-2 sector, to Lagrangians of the type R + R/GH . It i s known

that such Lagrangians:

i) are renormaliaable (Stelle),

ii) may contain no ghosts if certain criteria are satisfied
{Strathdee et al"., Julve and Tonin),

ill) are asymptotically free in the Newtonian coupling G^ (Fradkin
and Vilkovisky),

iv) provide matrix elements which are Froissart bounded
(Strathdee et al.).

- 2 3 -

V. ORIGIJJ OF IHTERKAL SYMMETRIES

Fina l ly I wish t o mention some recent ideas i n respect o f a p o s s i b l e

o r i g i n for internal symmetries. In view of the flavour explos ion, there i s

ao problem more urgent than that o f understanding the deeper b a s i s o f the

general ized charge concept (f lavour or c o l o u r ) . When I say "deeper basis" I

have i n mind a s an example the one charge - the g r a v i t a t i o n a l (mass) - for

which we b e l i e v e we do have a deeper b a s i s i n termB of spacetime curvature.

Some whi le back. Wheeler suggested that the e l e c t r i c charge - and presumably

other "internal" charges l i k e the i s o t o p i e , or the unitary charges - pos se s s

a bas i s s i m i l a r l y deep, i n terms of spaeet ine topology•

Recently , Hawking and Pope have made Wheeler's conjecture p l a u s i b l e

by considering app l i ca t ions of the most famous theorem i n algebraic topology

(Atiyah-Singer theorem), which r e l a t e s the d i f ference (n^-n.) of numbers of

zero mass right-handed and left -handed fermions to curvature.

Applying the theorem naive ly for ap*cetimea with no internal

charges, one may be tempted to wri te

Hawking and Pope evaluate the right-hand s ide for a spec ia l (eompactif ied)

spacetime CP . The computation g i v e s for the right-hand s i d e the number - jr •

The le f t -hand s ide , however, must be an integer - a contrad ic t ion!

Hawking and Pope r e s o l v e the contradict ion by remarking that CP

i s not a spin s tructure; one cannot def ine spinors on CP • unless one de f ines
P

a generalized spin structure. For this , as apparently a l l algebraic

topologists know, one needs e, 'j(l') symmetry and a gauge field F , such that

the correct formulation (for the CP case) of the Atiyah-Sioger theorem reads:

R R» f r # F L
J JiV pV '

1 f 1 . 1 , l ] . 1 (m+1) an integer.

Thus the topology CP of a possible spacetime dictates an "internal"

symmetry plus a gauge f ield F
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Table VII

The Olive and Witten ' model looked at from three^ dist inct points of view

Spacetime

Symmetry

Basic
particles
introduced
in the
model

Approach I

four dimensions

Simple super symmetry ® local SU(2)

Yang-Mills SU(2) t r i p l e t

[ i) fi/al
•1/2 p l U S n * t t e r t r i P l e t

 0

Approach II

four dimensions

Extended (N = 2) supersymmetry

® SU(2)

= (SU(2) triplet) representation
of N = 2 extended super symmetry

helicity 1 1/2 0
multiplicity 1 2̂  1

Approach I I I

six dimensions

Simple super symmetry in six
dimensions. Extra twp (bosonic)
dimensions compactifled

= an SU(2) Y-M simple supersymmetry
representation in six diaooBions

In addition there exist c lass ica l solutions corresponding to ' t Hooft-Polaytov monopoles + dyons

Anti-
commutation
relations
of charges

MB.SE

relations

Compute (Q , Q }; confirm that the

anticommutation relations do contain
U,V. Find

U = field strength = aQ -
' surfac e

V = field strength = aft
J surface ^ a K

Find to a l l orders M2 = P£ »

«• t(^a1+'L.~] f o r 1 1 objects In the -

theory; e.g. monopoles, dyons.
fermions, gauge bo SODS

H = 2, {£ , i = 1 . 2 ,

{q* , (j^) - -t s i j + ei;> (o + Y5V)

U,V are central charges in the
definition of Haag, Lopuszanaki and
Sohnius.

•> Compare approach I and II

Infer central charKes (U.Vi

are topologjoal

Confirmation of the slx-dimeasiona.1

like in [61 • with components of six
momenta, given by P , aQ , ali_A»i

0 P P 9 ^ * nl&fi?t - a ' V W 1 " °- Hote **el'
*Sn*B c a r r e E P o n d ^° momenta along

i ^ ^ the eompactified dimensions



The most interesting feature of the model is the last: in the six-
dimensional approach, the electric and the magnetic charges are associated with
momenta corresponding to the fifth and the sixth 130301110 compactified dimensions.

To summarize, in the Olive-Witten model we have three equivalent
formulations: we may pass from a simple supersymmetric Yang-Mills theory
in SU{2), with a triplet of supermatter fields, to an extended N = 2 super-
symmetry (with extra fermionic dimensions) and central charges. We find the
super symmetric central charges are topologidal and represent electric and
magnetic charges of .the particles in the theory. And finally, in an
equivalent formulation of the theory in six dimensions, these rather familiar
charges find meaning as momenta corresponding to the compactified dimensions!
Crazy, but with Niels Bohr, one must ask,is this crazy enough?

I'd like to conclude with a quotation from J.E. Oppenheimer on the
future of our subject: "physios . . . . . will change even more If it is radical
and unfamiliar , and a lesson that we are not likely to forget, we thinX that
the future will he only more radical and not less. Only more strange and not
more familiar, and that i t will have its own new insights for the inquiring
human spirit".

Reith Lectures BBC 1953
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