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PHENOMENOLOGICAL ASPECTS OF UNIFIED THEORIES
R.D. Peccei
DESY, D~2000 Hamburg, Fed. Rep. Germany

After some preliminary observations concerning attempts to go beyond the
standard model, I briefly discuss two new phenomena of recent incerescg:
the 5%H force and variant axions. The Tormer, for its elucidation, will
require further gravitationai experiments, but I conclude that variant
axions are now definitly ruled out experimentally. Various aspects of su-
perstring phenomenciogy are then addressed, including some of the generic
predictions of superstrings and some of its generic problems. In particu-
iar, I discuss some of the phenomenological consequences of having an ex-
tra Z° boson and the circumstances under which this excitation is a genu-
ine prediction of superstrings. Since it is likely that a more reliabie
relic of superstrings will be provided by the presence of superpartners

at low energy (X TeV), I discuss some of the bounds for squarks and glu-
inos obtained at the SppS collider and the expectations for their product-
ion at the Tevatron. As a final topic, I touch upon some of the consequen-
ces that would result from having tbhe Fermi scale arise from an underly-
ing theory. Some agspects of the composite Higgs modeli and of the strongly
coupiad standard model are briefly revieuved.

I. PRELIMINARY OBSERVATIONS

The standard SU{3)xSU(2)xU(1) model of thne
strong and electroweak 1interactions works ex-—
ceedingly well phenomenologicaliy. This has
heen amply demonstrated again at this confer—
ence 1n the review talks by Altareilil’ ané
Scott 2) | Yet theorists remain unhappy, even
in the face of success, because they do not
really understand the deep reasons that lie
behina certain structural aspects of the
standard model. Putting it rather succintly,
theorists would like to understand three
main points:
i) Why are these the forces we see, and

where does gravity fit into this picture?
ii} Why does the matter we see, the quarks
and leptons, have the peculiar transforma-
tion properties it has in the standard mo-
del?

iii) What fixes the dynamics which generates
all masses?
This last point is associated with a further
problem, that of the hierarchy of scales.

In the standard model all masses are propor-
tional to the scale of the SU(Z)xU(i}zbreak—
down, tne Fermi scale: Ay = (42Gp)~ £

250 GeV. However, the constants of proportio-
nality for fermions and the Higgs boson are
unknown. Only for gauge bosons are their
masses predictable, since they are related
to Ay via the gauge coupling constant. Sche-
matically one has

S Fermions
- \
m o~ { e - u= (I.1)
L /2 f
A Higgs

The hierarchy problem is two-fold. There is
a "small" nhierarchy probiem connected with

what physics forces the Yukawa coupiings I'¢
to be so varied, so as to give the rather
spread out quark and lepton mass spectrum we
observe .However, the real hierarchy problem
is why the Fermi scale itself is so different
from the scale assoclated with grav1tat19na1
phenomena, the Planck scale: M, = (Gy)™° ~
10'® GeV, where Gy is the Newtonian coup-
iing. The Fermi scale, in the standard mo-
dei, is not a dynamical scale like that asso-
ciated with the running of the strong coup-
ling constant, Aggp. Thus its only natural
value, in a world where the high energy cut-
off is provided by gravity, is the Planck
scale. Why is then Ap << Mp?

The theoretical landscape, in which one
attempts to answer the open deep questions

of the standard model, is quite vast. As Fig
I.1 shous, one can adopt a bottom up ap—
proach, to try to answer the gquestions of
forces, matter and masses, by focusing on
issues connected with the dynamics which
generates cthe Fermi scaile. On the other end
of the scaie, however, one can adopt a top
down approacn and start with physics at the
Planck scale; connected with gravicy ana su-
perstrings, and attack in this way the stan-
dard modei funcamental probilems

The experimental landscape, shown in Fig 1.2,
is necessarily much more restricred. The nexc
generarion of acceleractors, SLC, LEP, Teva-
tron and HERA will prube the 100 GeV region
deeply, but we will nave to wait for the 55C
or a possible TeV e¥e™ collider (2TLC) to get
into the TeV region. Non acceierator experi-
ments (NAC) can provide crucial information
about very high energy scales, but in rather
restricted regions. Thus, most of the terri-
tory wili never get direct experimentai pro-
bing.
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Fig 1.2 Experimentally accessible landscape

Given this state of affairs; it is obvious
that theories beyond the standard model, to
make contact with realiity, must predict some
subleV phenomena and/or some phenomena wnhich
wili be accessibie to non accelerator experi-
ments. After all, physics is an experimental
science! It is here that phenomenciogists can
play a useful role in trying to translate
theoreticai predictions of Planck scale phy-
sics, or coming out of Fermi scale dynamics,
inte possible signals of subTeV phenomena,

-2 =

which might be experimentally detectabie.
Before discussing some of the speculative
novel effectg studied by the Desert Trekkers
and Moose Herders of Fig 1.3 (which, if de-
tected in future experiments, will point to
physics beyond the standard model), let me
first discuss two phenomena which already
covld signal new physics.

Planck Scale Physics

\ : Desert
li. e. Superstrings) Trekkers
HNovel
Fermi Scale Dynamics. Moose Sub Tev
le.g. Compositeness} — Phenomena
Herders

Phenomenologist ‘s
role

Fig 1.3 Phenomenclogist's role in modern day
nigh energy physics
II. NEW PHENOQHENA

a) The Fifth Force

Congsiderable excitement, and a certain a-
mount of controversy and confusion, has sur-
rounded a recent reanalysis by Fischbach,
Sudarsky, Szafer, Talmadge and Aronson”’
(FSSTA) of the classic Edtvosg, Pekar and Fe-—
kete®) experiment on the equality of gravita-—
tional and inertial mass. What FSSTA found
was a correlation in the data of the Ebtvos
experiment petween the discrepancy in the
torgque measurements AK and the relative bary-
on numper in the sampie used A(B/uY}. This cor-
reiation is shown in Fig IX.1, which is a
siightly updated version®! of the figure pre-
sented in the original FSSTA paper. Bearing
in mind that the data piotted was obtained al-
most three quarters of a century ago, and so
is subject to difficult to quantify systematic
uncercainties, the correlation found should
be treated with some skepticism. However, op-
tically, Fig II.1 iooks quite impressive.
rS5TA took the correlation they found seri-
ousiy and suggested that it was an indica-
tion for a new, extremely weak, force in na-
ture which coupled to baryon number or

strong hypercharge Y - a fifth force. Since
this force, if it existed, would give rise

to a typical Yukawa potential between two
bodies:

. BB, .
Vy = €7 2 e (I1.1)

with B;j here standing for either baryon num—
ber of hypercharge and M being the range of
the force, FSSTA tried to relate the Edtvos
reanalysis to discrepancies found in geophy-
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Fig II.1 Updated plot (from Ref 5) of the
measured valves of AK in the Evtvos experi-
ment plotted against A(B/p)y = B./u, = B,/u,.
Here uy 1s the mass of the sampie expressed
tn terms of m{,H') and 8, is its baryon num-
ber.

sical determinactions of the Newtonian con~
svant Gy. It has been known for some time®’
that the vaiue of Gy, inferred from measure-
ments of the gravitational acceleration g in
mines and boreholes, 1is about 1Z larger than
that determined from the classical Cavendish
type laboratory_measuremgnt": Gy = 6.6720 %
0.0041 x 10~ " 'm kg~ sec™*. For example, a
particularly careful recent investigation in
the Hilton mine in Queensland gives a
value®’ (I1.2)

(G fitteon Mine _ ¢ 290 + 0.002 % 0.024) x

10"11m3kg"1sec‘z

where the last error is an estimate of the
possibie systematic error, arising from a
lack of precision in the density determina~
tion of the area surrounding the mine. This
discrepancy (which, however, is only at the
20 level) could be sttributed to a non gravi-
tational addition to the potential, so that

m.m
V=-¢g —2| 14+ qe T/ (11.3)
N r

where the last term above comes from the
fifth force. The geophysical data is actu-
ally only sensitive to the combination of &
and the discrepancy given in (II.Z} gives
the bounds®) 0.004 ¢ —-a\ ¢ 10m. However,
satelite data”’ severely restrict large val-
ues of A and one deduces®’

0.035 £ -« £ 0.15 (Il.4)
1¢ )¢ 10°m

These results imply a value £4/4m ~ 10740

for the fifth force coupling and a super-—

light mass, 2x107'°%¢ m, ¢ 2x10™ eV, for the

boson associated with this force.

FSSTA tried to connect the parameters in—
ferred from the geclogical anomalies with

the siope of Fig II.i. However, in fact one
cannot really establish a definite correla-
tion between the two phenomena. One can
show'?? that, if the fifth force exists, the
torque that it produces in the Eotvos experi-
ment is mainly a function of the local
topography. This is easy to understand,

gince there is no residual torque if the
fifth force is parallel to the direciion of
the effective gravity (the direction of the
vector sum of the gravitational and of the
centrifugal acceleration). Thus average mat-—
ter beneath the experiment is of little im-
portance for the torque on the wire. But the
results are crucially dependent on what
nearby large builidings (and basements) exist-—
ed at the time of the Evtvos experiment!

Thus it seems pointless to compare the
predictions of the fifth force - with the
parameters fixed by the geological observa-
tions — with the slope of Fig II.1, although
an attempt to do this is presented in Ref 5.
Rather, the message one draws from these con-
siderations is that the Evtvos experiment
shouid be repeated, under careful controlled
conditions, near the side of a mountain, =o
as to maximize the effect.

Although FSSTA put forth the possibility
that the fifth force could couple to hyper-
charge, this suggestion can be ruled out by
uging the strong bound*?

B(K* » «*Nothing) < 3.8 x 10~° (I1.5)

obtained some time ago ai KEK. If the fifth
force coupled to hypercharge a K™ could de—
cay inte a n% emitting a hyperphoton - the
vector bdson associated with this force, of
mass my. Since the coupling f is so small,
one might think that the rate for this pro-
cess wvould be negl;gible. However, as polint-
ed out by Weinberg” ) more than 20 years
ago, the fact that hypercharge is not conser—
ved gives a contribution from longitudinalliy
polarized hyperphotons proportional to f/m,.
Thus the process K7 - n"v; is not negligible
and one can bound this ravio. This has been
studied recently by a number of authors

and a typical bound, taken from the paper of
Suzuki?) is



—Z8 (eV)? (I1.6)

5 ¢ T x 10

This is the conflict with the values of f
and m; given eariier. However, the bound is
trivially avoided by supposing that the
fifth force couples to baryon number only.
in fact, this is much more reasonable, since
strong hypercharge has oniy a meaning ne-
glecting weak interactions.

My conciusicns on the fifth force are two-
fold:

i} The whole subject of departures from gra—
vity is very interesting and FSSTA should be
given credit for having stimulated a variety
of new experiments of the Edtvos and Galilei
type, whose results should be scon forthcom—
ing. However, until these results are in, ve-
ry little can be settled. It remains an open
quegstion 1f there is a connection between
the residual torque correlation, cobtained by
FSSTA, and the geological anomaly and indeed
if either or both of these phenomena are
real.
i1) Theoretical attempts to fit the fifth
force in a grand picture q), although useful
and clever exercises, are probably prema-
ture.

b) Variant Axions

A gecond phenomenz which elicited a great
deal of attention this year was the sharp po-
sitron peaksis) and the correlated e¥e™ sig~
nals seen in heavy ion collisions at GSI. As
rig II1.2 shows, the spectrum of positrons in
U-Cm collisions exhibits a narrow line at

Te*+ ~ 350 KeV, above the continvum spectrum
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Fig 1I.2 Positron energy spectrum for U-Cm
collisions at the Coulomb barrier. From
Schweppe et al, Ref 15,

expected from spontaneous positron creatioen
at the Coulomb‘barrier1 ). Similar sharp
iines are seen” in other heavy ion collxi~
sions, for sufficiently large total Z: Z, +
Z, % 180. What made this phenomena particu-
larly intriguing was the report'®) that the
positron peaks were correlated with analo-
gous peaks in the spectrum of emitted elec-
trons. These correlated signals are shown in
Fig IIL.3. ’
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Fig II1.3 Peaks in the positron (electron)
spectum for electrons {(positrons} with 340 ¢
Ta ¢ 420 KeV. The bottom curves show these
spectrums when the energy cuts correspond to
the adjacent bins. rfrom Ref 16.

These observations have a "trivial' kinema—
tical explanation if in the heavy ion colli-
sion one produces, essentially at rest, a
particle of mass My = 1.7 MeV, which decays
rapidly into e%e™ pairs. Although no convin—
cing mechanism has been invented to justify
why such a particle should be produced at
restig), the fact that M, is so light natur-
ally leads one to the gpeculation that this
particle might be an axion. On the other
hand, there is no way to associate a partic-
le of mass as heavy as 1.7 MeV with the stan-
dard axion®®’, since then it would have very
enhanced couplings to either charm or bottom
quarks, and so would be in violent conflict
with the existing bounds on ¥ » ya or T
ya*. It is, however, possible to construct
variant axion modelszz’, where axions with
masses above the e¥e™ threshold can exist,
vithout being in direct contradiction with
the quarkonia bounds.

Axions arise out of an attempt to solve the
strong CP problem by imposing an additional

L Z20) . i .
gliobal symmetry , Ull)pg, on the standard
model Lagrangian. To achieve this it is ne-
cessary to have at least two Higgs doubliets,
¢, and §,, in the theory. Although the



Ut1)py symmetry allows one to set to zero
the overall coefficlent of the CP violating
FUv ﬁapu term, where FHY is the gluon field
strength, the fact that the fields ¢ have
non zero vacuum expectaition value implies
that this symmetry is spontaneously broken.
The axion is the resultant Goidstone boson
which, however, obtains a slight mass since
the U(1L)pg symmetry is anomalous. For the
standard axion mcdel of Ref 20, one finds

m.¥f M, T3 ‘1/2
¥ = B [ vt Nax + b
a  Ar Uimy +omp®) F x
2 25 N (x + =) KeV (I1.7)
r X

where Ny is the number of families and x =
<éz>/<él> is the ratio of the Higgs vacuum
expectation values. Clearly for My = 1.7 MeV
x or x_ - must be very liarge. Since the coup-
ling of the standard axion to charge 2/3
quarks (charge~1/3 quarks) 1s proportional
to x(x"*), one of the branching ratios:
3{Yyrar)~x" or B(Tsay)~x"% is predicted to be
very large, in centradiction with experi-
ment<*?,

Variant axion models®?) treat quarks asymetri-
cally under Ulljpq. Thus in the simplest mo~
del, for example, only the u quark and the
electron have a coupling to the axion propor-
tional to x, while all other fermion coup-
lings are proportional to x~'. If x is

iarge, then both the ¥ and T decays into ¥
axion will be suppressed. Furthermore, since
the electron coupling is enhanced, the decay
lifetime for the process a » e’e will also
be very short, making it possible for these
kind of variant axions to escape some previ—
ous beam dump bounds, which assumed that ax-
ions were long lived.

Altihough variant axion wodels appeared for a
while this year to be viable, and could he
adduced ag_an “explanation™ for the GSI
positrons ’, thelr existence has proven
epnemeral. Three distinct factors contri-
buted to their demise:

i) Very recent experiments at GS , al-
though confirming the existence of the e’e”
correlations, appear to see two distinct
correlated e%e” signals whose origins, obvi-
ously, are difficult to reconcile with a
single axion.

i1} New electron beam dump experiments, dis—
cussed by Davier® at this conference, are
sensitive to the production and decay of va-
riant axions. However, no signal for these
excitations is seen in the data and all val-
ues for the aete™ coupling, not in vielation
of g-2 bounds, are excluded ¥

iii) New experiments measuring axion deexci-

~ 2t
%)

tations in hadronic transitions also ruie
out tilese models entirely’bi.

et me briefly discuss this last point here.
Variant axion models®*) are characterized by
the number of quark doublets Npg which are
active under the U(1)pqp transformation. This
parameter replaces Ne in Eq(IL.T) for tie
axton mass. Hence, for x large, and My = 1.7
HeV, the combination Npgxx70 is fixed. In ha-
dronic decays it is important to know to
which extent the axion acts an an isovector
or an isoscalar excitation. This is detaiied
in variant axion models by the axion's iso-
vector and isoscalar mixing parameters, which
depend again on x and Npg. One findSZTS

(mg - my)
X . d u X
Ay 2 i1 - N — ] =2 (4 = Rpy)
S FQ (mg + my) 8 FQ
(IT.8a)
ng = % (1 - Npg) (I1.8D)

Note that it is not possible for both of
these parameters to be small since

»

3
Ay = Ag = 3 (xNpg) = 25 (I1.9)

The strongest bound on A\, comes from a re-
cent experiment at SIN on nt decay, wnere
the rare process u” - e*’e"e*ve was measured,
thereby aliowing a bound to be set on the
process n* » aeTu, ")

Bl > aeTvg) ¢ (i-2)x107*° (11.10)

wnere the range given above depends on the

precise value of the axion lifetime. Theore-
. E Z6

tically one computesz

B(m* + aevg) = 3x1077(\ 7 (II.11)

yielding Ix,;t € 0.25, in contradiction to
Eq(1I.8a}) unless Npg = 4. However, such a
value of Npp is not compatible with the re-—
cent result of an isoscalar, axion induced,
nuclear deexcitation experiment in >9B%%),
The axion to photon rate for the 3.59 MeV
2¥0 » 3%0 rate is predicted to be??)39)

=

2 2 7.9 x 107%0o7 (IT.12)

-
-~

wiilie experimentaliy ope has the bound*??

!
[iH]

|

¢ 7.2 x 107% (I1.13)
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so that lksl $ 3. For Npg = 4, however, one
expects Ay = 25.

Given the above state of affairs, my conclu-
sions are easily drawn:

i} The GSI phenomena, aithough very inter-
esting by itself, has nothing to do with
axions.

ii1) Since neither variant or standard axions
exist, if one insists in solving the strong
CP problem by imposing a U(i)pQ symmetry,
this symmetry must be broken at very high
sgaé?§, ieading to the invisible axion scena-
rio .

III. SUPERSTRING INSPIRED PHENOMENOLOGY

Superstring theories were very much on the
backburner at the time of the last Interna-
tional Conference of High Energy Physics in
Leipzig. Indeed, I could find only one refer-
ence to them in the Conference proceedings,
and that in the last paragraph of the sum—
mary talk of C. Callan®*)1 However, after

the publication of the anomaly cancellation
paper of M. Green and J. Schwarz’ ’ super-
strings have become a major theoretical in—
dustry. J. Schwarz®*’, in this meeting, has
thoroughly discussed the motivation and
structure of these elegant theories. My job
here is to summarize the status of the pheno-
menology which superstrings have inspired.

Superstrings are unfortunately not directly
amenable to phenomenclogical study, since
they are only consistent theories in a D = 10
dimensional space~time®*’). Therefore, if su-
perstrings are to connect at all to reality,
six of these ten dimensions must spontaneous-—
ly compactify. Since these theories contain
gravity, the scale associated with the com-
pact dimensions is related to the Planck
mass. Physics in four dimensional space-
time, according to these theories, is set at
the scale of compactification, Heomp ~ Mp,
and depends on the geometry of the manifold
K vhich compactified. At present there is no
proof that this compactification actualliy
takes place. Indeed, it is not even clear if
one can expect this to happen for a unique
space K, or if for a given superstring

tieory there is an infinity of such compact
spaces.

These uncertainties notwithstanding, it has
been argued by Candeias, Horowitz,
Strominger and Witten??) that particularly
interesting manifolds for superstring com-
pactification are provided by manifolds of
SU(3) holonomy, which are known as Calabi

Yau space33°’. Recall that the holonomy
group is the group of all rotations genera-
ted when a vector, or spinor, is parallel
transported around a closed loop in K. The
fact that the holonomy group is not the full
0(6) group, but only SU(3), means that there
is at least one spinor which is not rotated
under parallel transport. The existence of a
covariantly constant spinor in the compact
space assures that in the 4 dimensional theo-
ry an N = 1 supersymmetry is retained. Fur—
thermore, one can show that the existence of
the SU{(3) holonomy allows a complex struc-—
ture to exist in K, leading to a Kdhier mani-
fold whose metric is Ricci flat. This last
circumstance is important because one can

sy A s .
argue that precisely such metrics will
provide solutions to the string theory,
since they preserve the conformal invariance
of the two dimensional ¢ model on the string
world sheet® Since superstr;n§s are en-
dowed with a fixed gauge groupJq , One must
aiso specify the background gauge field in a
consistent manner teo guarantee these solu-
tions. As Candeias et al showas), the simp-
lest consistent specification is to identify
the background gauge fields, in an SU(3) sub-
group of the superstring Yang Mills group,
with the spin connection, w, which trans-
forms as an SU{(3) matrix (A = w}.

My discussion of superstring phenomenciogy
will be restricted to the case when the com-
pactification occurs in a Calabi-Yau space,
in which the identification A = w is made.
Furthermore, I shall only consider the hete-
rotic E; x Eg superstrinng}, since the
50(32) suggrstring doeg not lead to realist-
ic models There are other compactifica-
tion pessibilities which have been explored,
inciuding orbifolds>?? - which can be
thought as limiting cases of Calabi-Yau
spaces - and manifoldsqghere the identifica-
tion A = w is not made ). Orbifolds are
known to grovide solutions to the string
equations ?), but their phencmenology is
iargely unexplored. Manifolds with A 2 w, in
general, can be shown not to provide solu-
tions to the siring equations, due to non
perturbative effects }. These same effects,
however, do not affect manifolds where A =
w.

iLet me begin by detailing the main features
of the four dimensional theory which emerges
from the Eg x E supggstring, after Calabi-
Yau compactification

i) The theornp possesses an K = 1 superspm
ma trg.
This is a very nice feature since supersym-
metry allows naturally two different scales,
iike Ay and Mp, to coexist. So hierarchies



are not unnatural, except that for the mo-
ment the only scale of the theory is that of
the compact dimensions: Hcomp ~ Mp.

1i) The fulk &y x E, gouge group of the
ten dimensional theonp (s reduced to § =
¢ x &, where ¢ ¢ E;.
One can understand this reduction by decom—
posing E, in terms of its maximal subgroup
E, x SUL3). Since, in the compactification,
the gauge fields associated with an SU(3)
subgroup of E, were identified with the spin
‘connection, cleariy only an E symmetry re-
mains. in fact, if the manifold K is not
simply connected, non trivial gauge configu—
rations (Wiison loops) can be trapped in the
manifold, even thou§h the E, gauge field
strength vanishes®®). This can iead to a
further breakdown of the E, group, with the
filux trapping mechanism acting analogously
to a breakdown induced by a Higgs field in
the adjoint representation. It is important
for phenomenology that at M.opp the remain-
ing symmetry group g be not a gUT group, be-~
cause otherwise one risks having a low ener—
gy group with unacceptable baryon number vio-
lations. Note that the second E, group is
left untouched in the compactification and it
provides a shadow matter world, which inter-
acts only gravitationally with ordinary mat-
ter. :
iil) The matier nepresentat ions are fixed by
the properties of the manlfokd X.
The four dimensional massless fermions which
emerge correspond to chiral zero modes of
the Dirac operator in K, and therefore have
non trivial SU(3) properties in D = 10.
Since the adjoint representation of E, decom~

bl

puses under SU(3) x E; as

248 = (1,78) + (3,27) + (3,2T) + (8,1)
(I11.1)

one expects fermions in the 27 and 27 repre-
sentations of E,. Let me_write these ferm—
ions as ng 27 + 8(2T7 + 2T7). The number ng,
vhich_details the difference between 27's
and 27's, is entirely fixed by the topology
of K®?) and it turns out to be one half of
the Euler number yx of K:

~

g = 5 ix) (I11.2)

Since, ag I will detail below, the ordinary
quarks and ieptons fit in the 27 of Eg, we
see that ng is just the number of families
and this number is topologically determined.
If there is flux breaking, the number & of
(27 + 27) fermions need not remain in com-
plete E, representations, but the nf 27's
must remain, since their number is fixed by
(III.2). The 27 of E, can be decomposed with
respect to its S0(10) and SU{(S) subgroups,
respectively, as

27 = 16+10+1 = (10+45+1) + (5§+5) + 1

(111.3)
The ordinary quarks and leptons fit in the
i6 of S0{10), including a right-handed neu-
trino. In addition there appears a new
charge —1/3 quark and its antiquark plus a
new electroweak doublet and its antidoublet,
along with a total SU(S) and S0(10) singlet
state. The new matter in the 27 is vector
like, since ¥ and ¥ have conjugate trans-—
formation properties under the group. All
the states in the 27 are displayed in Table
II1.1.

Table II1.1 States in the 27 dimensional
representation of E_

S0(10} SU(S) states
u c ¢
J‘ 10 [ d )L u e
I c v
16 l S dL [ a ]L
1 UE .
NS
5 gL [ £ )L
10 .
§ c { N
8. L E JL
1 1 SL

iv) The Yurawa couplinga in the fourn dimen—
slonak theory, at the scake of Moomy, are in
princ iple computalle.

This point is simple to understand. A gauge
fermion fermion coupling in D = 10 contains,
when all fields are expanded in terms of
four dimensional fields, also a scailiar
fermion fermion coupling, with the scalar
fields corresponding to components of the
gauge fields in the compact directions. This
correspondence is shown schematically in

Fig III.1.

p=10” Y-V

Fig 1I1.1 Generation of Yukawa couplings on
compactification.

it iz impossible at the moment to reaily go
ahead and compute all Yukawa couplings, ai-



though there have been some very interesting
suggestions of how one might actually be
able to achieve this by using topological
considerations For some manifolds, how—
ever, even now one is able to infer, from
the existence of certain discrete symme-
tries, that certain of the Yukawa couplings
vanish

In my opinion, properties 1)} - iv), along
with the promise that superstrings may in-
deed provide one with a consistent quantum
theory of gravity, are responsible for the
extreme interest that these, otherwise ra-
ther remote, theories have stirred up in the
high energy physics communiiy. The above

" four results provide a reasonable starting
peint for answering the questions about
hierarchy, forces, matter and mags dynamics,
which I raised in my introductory remarks.
However, one should remember that one must
still transit from an energy scaie of order
Mcomp ~ Mp ~ 10'Y GeV down to present access-
ibie energies. What, if anything, survives
of these beautiful patterns at 100 GeV?

The answer to this question depends a bit on
tiow optimistic or pessimistic one is about
the issue of supersymmetry breaking. Al-
though the N=1 supersymmetry at the compacti-
fication scale makes hierarchies natural,it
is clear that this supersymmetry must break
down, allowing to split ordinary matter from
its superpartners. If supersymmetry is to
stabilize the low energy theory, so that a pa-
rameter like Ap is naturally 250 GeV and not
101% GeV, the difference in mass between su-
perpartners and ordinary matter must also be
of this order of magnitude:

m-m S 0N ~ TeV (I11.3>

Superstring phenomenology is based on the
idea that the shadow sector of the theory,
that corresponding to the other Eg, triggers
this breakdown and then transmits it to the
visible sector. In this regpect, this sce—
narlo is precisely analegous to that used a
few years ago in the, so called, low energy
N = 1 suypergravity modeis*®?. There also su-
persymmetry breaking takes place in a hidden
sector, which is coupied only gravitational-
1y to the observable world. In these sche-
mes, SU(2Z) x U{1l) breaking occurs in a natur-
al way as a radiative effect of supersymme-
try breaking™'’. Thus the Fermi scaie is in-
timately connected with the way one breaks
supersymmetry.

There are, however, some important differen-—
ces between the case of shadow sector super-
symmetry breaking and that which occurs in

the N = 1 supergravity models ™). Even
though supersymmetry is broken in both cases
in a hidden sector, which is coupled to ordi-
nary matter only gravitationally, for the su-
persiring case the transmission of this
breaking to the ordlnary sector is not so
straigntforward For instance, it is usu-
ally assumed that the hidden sector breaking
occurs through the formation of gluino conden—
sates of the shadow Eg, <xx>, and/or conden-
sates involving the field strength Fgg, of
the second rank field aaéso), crucial for

the anomaly cancellation Although these
condensates break the supersymmetry, leading
to a gravitino mass mgs., ~ <xx>/M; , their
contributions cancel in the scalar poten-
tial. Thus, at tree level, even though super-
symmetry is broken in the shadow sector, the
observable world remalns supersymmetric

49)3%) | It turns out that also one loop radi-
ative effects do not change this situation
for the scalar fields 1), although gauginos
can obtain a mass radiabtively 72) | More gene—
rally, one can argue that quantum correct-
ions involving heavy string modes can be
used to transmit the svpersymmetry breaking
from the hidden sector to the observable sec-
tor. However, one is then confronted with
terms which destabilize the vacuumsq), un-
less one can find a mechanism to cancel the
cosmological constant.

Clearly the present situation regarding su-
persymmetry breaking in superstring theories
is unsatilsfactory. In these circumstances a
pegsimisc would argue that it is impossible
to extrapolate down from the compactifica—
tion scale, gince there is ne way to reliably
generate any other scales in the theory, in-
cluding the Fermi scale. An optimist, on the
other hsnd, would argue that, in time, the
matter of supersymmetry breaking will pe
resolved and that, for practical purposes,
one can just assume that the supersymmetry
breaking scenario will turn out to be just
like that of the N = 1 supergravity theory
48y Obvicusly, superstring inspired pheno-—
menology is pursued by optimists!

The matter of supersymmelry breaking is not
the onrly source of uncertainty in trying to
connect superstrings to reality. Since one
does not know precisely what the compact
space K is, it is also necessary to make
some assumptions on what the resulting four
dimensional group g is. As.l mentioned ear—
lier, a necessary assumption of desert trek-
kers is that g must be smailer than SU((5),
to avoid immediate problems with proton de-
day. Thus flux breaxing must be allowed in
the manifold K**). The pattern of sensible



g's obtained after flux breaking has been
studied by many people”s). The results ob-
tained depend crucially on whether one has
or does not have an intermediate scaie of
symmetry breaking between Mcomp and Ap. If
there is no intermediate symmetry bresaking
then, due to flux preaking, E; breaks at
Meomp to g and this is the surviving low en-
ergy group. It turns out, as I will demon—
strate below, that g necessarily is bigger
than the standard model SU(3) x SU{(2) x
U{1). If there is one, or more, intermediate
scales of symmetry breaking, then the low
energy group g obtained could be bigger than
the standard model group, but it could also
be precisely the standard model. Since flux
tube breaking is equivalent to adjoint
breaking and since matter and therefore also
the Higgs fields are in 27's, one can charac-
terize these twe possibilities as:

i} Direct breaking (I11.4)
18>
6 g g > SU(3xsSU(2)xU(L)
Meomp
ii) Intermediate scale breaking (III.S5)
<718> <27>
E. g' g g » SUI3)xSU(Z)xU(1)

Heomp Ming
Let me first discuss the case of direct
bresking, Eq(III.4}). If this happens, as 1
indicated above, g 1s necessarily bigger
than the standard model group :

g = SU(3) x SU(2) x Ul1) x §

(HEY!
J Un? _ (111.6)
l SU(2) x U(1)

[]

4

Thus one is lead to expect at least one ex-
tra neutral gauge boson, which survives at
low energies, providing a characteristic sig-
nal for these patterns of compactification.
The necessary existence of § is rather easy
to see by decomposing the 78 and 27 represen-—
tations of E, in terms g£ the SU{3) xSU(3)x
SU{3)p maximal subgroup

78 = (3,3,3)443,3,3)4(8,1,1)+(1,8,1)+(1,1,8)
(III.7a)

27 = (3,3,1)+(1,3,3)+(3,1,3) (III.TH)

If one does not want to break color, then
only the last two terms in (III.Ta) can con-
. tribute to the vacuum expectation of the T8.
Now <(%1,8,1)>#0 will break SU(3} to SU(2)p

x U(1)p. However, it is not possible to iden—
tify U4} with the U(1) of the standard meo-
del since, according to (III.7b), the anti-
quarks which are singlets of SU(3)1 would
then have also no hypercharge. So the U(1)

of the standard model gets contributions

pboth from U(1); and some U(1)<SU(I)p. Thus
it is not possible to break down SU(3)p com-
pletely and a non trivial § ensues, which
could be as iarge as SU(2) x U(l).

Besides having an extra 7, a further gene-—
ral property of direct breaking is that ng¢
27's survive at low energy. This number,
since it is a topological property of the
compact space K, is not affected by fiux
breaking. Hence, in the case of direct
breaking, all the exotic fermions of Table
I11.41 survive at low energy. Although the
discovery of these states would provide evi-
dence for superstring ideas, their presence
at low energy, as I will discuss below, is
far from being an unmitigated blessing.

The phenomenology of models with extra 2%'s
has been studied by a great many authors in
the last year and several papers on this to-
pic_have been submitted to this conferen-
ce®’) | To discuss these models, it is parti-
culariy convenient to characterize the two
extra U(1)'s in E,_, orthogonal to the usual
hypercharge, via the decompositionba):

E; 2 SO(10xU(1)y SUSIxUCL yyx U1y

with the standard model group being embedded
in the S0(10) -group. The charges correspon-
ding to Ullly and U(i)x for the 27 dimensi-
onal E. representation can be read off from
the tables in the review of Slanskyae’ and
are displayed in Table II1.2. If E_ is
broken down to [SU(3)xSU{(2)xU(1) ]xU(1), the
additional U(1) charge, in general, will be
a linear superposition of these charges.

Q' = Q¢ sind + Qx coso (I11.9)

However, if this breakdown is induced by
flux breaking then the angle @ is fixed to
be®®?; @=cos~'J3/8. This can be seen as
follows. Instead of Q' and Y, the two U(1})'s
can be described in terms of U(1)y and Ull)p
in the SU(3).xSU(3); xSU(3)p decomposition of
E;. Their properly normalized charges are

1/6
Y; = J3/5 [ i/6 ] 5
: -1/3 " L
¢1131.107
1/3
Yp = J3/5 { -1/6
-1/6 R

acting on the appropriate SU{(3) group. The
hypercharge Y is simply expressible in terms
of Yp and Yy

Y = ¥ + 2YR (111.11)



and Q' is the orthogonal combination

Q' = -2¥; + Yp (II1.12)
Comparing (III.12), with (III.9) for an u
quark for example, establishes 6 =

= cos~*J3/8. The value of Q' is also given
in Tabie IIIL.Z.

Table III.2 Charge values for the 27 of E_

States Qp Ox Q'
Y J 1

0 u, e - - - - - -
00 gL vt 246 2410 15
3 dc [ v 1 _ 3 _i_
T L {e L 246 2410 2415
L L s s
L 246 2410 15

5 [NCJ r X 2
P lEc jL B J6 J10 J15
s (V) e i - 2
TLEJL L J6 J10 2415

5
1: S - — ) - —
L J6 2415

An extra Zo, if sufficiently light, would
give rise to departures of neutral current
experiments from the predictions of the stan-
dard model. Thus one can use neutral current
data to put bounds on the mass of this par-
ticlebo). In particular for the Zo‘, wihich
couples to Q', since its coupling to quarks
and leptons is not as strong as that of the
grdinary 20, the bounds obtained are rather
wveak, hovering around Hzorz 100 GeV. Ts?se
bounds have been reviewed by Deshpande } in
this conference. An illustration is provided
by Fig II1.2, where the limits on Mzor, from
its non observation at the CERN collider,
are detalied. Clearly if the z%' cannot de-
cay into exotic matter, these bounus are
stronger. Note that even for a 2 ' with the
same mass as the ZO, oB(Zz°%' » e*e™) is much
smalier than for the Z°. Analyses for other
possible Zo's, like Z(8), which couples to

sind+Qycosf, give simiiar bounds, although
for partlcular 6~values these bounds can be
rather weak®?’.
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'Fig III.2 Mass limits on Myo+ from the CERN

collider, taken from Barger et al, Ref 60.

Even though the z° 15 harder to produce
than the ordlnary Z°, the Tevatron can push
the mass limits for this excitation to near
300 GeV. For instance, London and Rosner> ')
estimate a cross section tlmes branching
racio into e"e”, for a Z° of 200 GeV, of

1 pb at ¥g = 1.8 TeV. Such a signai should
be detectable in a high luminosity run. Per-
haps more favorable is the situation regar-
ding the z° in ete” collisions, since the
presence of the 2°' can give rise to drama-
tic effects in various asymmetries, which
will be measured at LEP and the SLCY')82)6%)
I illustrate this in Fig III.3, taken from
Beianger andg Godfrey , which shows the
shift in the forward backward asymmetry and
the left-right asymmetry expected at Js=Mz
for various values of MZ(G) One sees that
for the superstring z° , Corresponding teo

8 = cos~*J3/8, the shifts in Apg and A;gp are
not as large as those for other values of 0.
Nevertheless, these shifts are of a compara-
bie order of magnitude to the expected
effect in the standard model and much above
the hoged for accuracy in these measure-
ments . If the 2% is really as loew as

150 — 200 GeV it will be visible directly in
experiments at LEP 200, leading to large de-—
partures in the forvard backward asymmetry
for energies well below the resconance beha-
viour, as ililustrated in Fig IIi.4. Indeed
one shouid be sensitive to Z°' effects up to
Hyeor o < 1 Tev®®r,
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Fig I11.3 Shifts in Agg and AR caused by a
new U(1) gauge bDoson Z(8) = Zysind + ZXC?SG.
The superstring gauge Doson has © = cos”™
J3/8. From Belanger and Godfrey, Ref 57.
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Fig 111.4 Departures of Appg frowm standard
model expectations in the LEP 200 range due
to a Z°'. From Matsuoka et al, Ref S57.
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Since there is no plausible motivation, ex-
cept superstrings, for having an extra 2% at
low energy, the detection of such a signal
would proviae strong corroboration for tne
superscring ideas. However, recall that if
there is direct breaking, one aisc requires
the presence at low energy of ng fuil muici-
piets of 27's. The extra fermions in the 27,
although providing further evidence for su-
perstr%ngs, are in themseives quite proble—
matic . net me Driefly discuss some of
these potenuial difficulties:

i) Having both supersymmetry and 27, ra-—
ther than 15 {(or i6), fermions per famiiy
makes the SU(3) and SU(2) coupling con-
stants run very differently from tne case
where one has only the usual quarks and lep-
ctons. The relevant B—functions, for scailes
above possible low energy thresholds read,
in this case:

3
3",

By =~ —2 (3 = np)
8n

(IIT.13)

3
3z,

B, = - —5 (2 - ng)

8n :

Hence for ng > 3 both @, and &, grow at high
energy. Indeed, one can convince oneself
from (III.13) that if n¢g = 4 &3 > 1 already
at qd = 109 GeV! Since Xy, Gy and «, must
unify at Mcomy, in these schemes, and Negpg
~ Mg, it is clear that dimect breaking La
onky posaible if ng = 3. For n¢g = 3, a, does
not run at high energy. Nevertheless it is
possible to have SU(3IxSU2)xU(1IxU(1) uni~
fied at scales of order 4x10'" Gev®®), with
a resulting sin‘Bw = (.21, which is adequa-
te, if not spectacular.

11> If the g quarks survive at iow energy,
there can be universality viclations, and
flavor changing neutral currents, induced by
mixings of g with the other charge -1/3
quarks. Similarly the charged lepton E can
mix with ept. Both of these circumstances

‘are catastrophic, unless one can effectively

suppress, to an arbitrary low level, all
possible mixings. Although one can argue for
the absénce of these mixing effects®®), by
allowing only certain Higgses to have vacuum
expectation values, these arguments are not
particularly compelling to me.

iii} The presence of the exotic fields in
the 27 can lead to very rapid proton decay,
through the presence of dimension four terms
in the superpotential. On general grounds,
one kKnows that the superpotential itself con-
tains terms involving the (27)° of E;. How-
ever, the coefficients of these terms are
not fixed by E:S’, since they get altered

by flux breaking. The dangerous terms for
procton decay are the ones connecting g to



quarks and leptons:

(ITI.14)
66

gCLQ : gecuc; g‘icuc; 201 gcucdc
dere Q=(Y); and L=(¥};. One may argue
that only a subset of these couplings (the
first three, or the last two) are nonvanish-
ing because of topological reasons. In this
case one can define a baryoen number and
there is no problem with proton decay. How-
ever, to my knowledge, no specific exampie
inas been found of a Calabi Yau manifold
wvhere the above can be demonstrated.

iv) Similar problems exist with neutrino
masses. In principle, a coupling in the
superpotentlal involving v, L and the extra
doublet L = (NE) exists. Since the scalar
partners of L~ play the role of Higgs

fields in the theory one is lead naturally
to a Dirac mass for neutrinos, unless this
coupling itself is absent.

In view of the above difficulties it is
perhaps easier envisaging models with an
intermediate scale breaking, since in these
models one can, in principle, push some of
the unwanted fermions in the 27 teo high
scales. The possibility of intermediate
scale breaking requires more dynamical as—
sumptions and obtains only if one has a cer-
tain number, 6, of chirally paired states
(3(27+27)) . ?omued out by Dine et ai®
and WLctenqc)& it is oniy consistent to
have some of the scalar fields in the 27
acqulre large vacuum expectation vaiues, if
there are directions in tne scaiar potential
which are not affected by these expectation
values {(flat directions). In general, the
scalar potential can be uritten as

V = iFi% » D? + soft Susy breaking terms +

non renorm. terms (III.1%

Ignoring for the moment the last two terms,
it i1s clear that intermediate scale breaking
only will obtain if V is both D and F flat.
D flat directions occur if the vacuum expec—
tation value of a 27_component can be can—
celied by that of a 27. Hence 8 must be non
vanishing. Furthermore, for example, since
in the (21)° terms in the superpotential, no
factors containing s or s appear oOne sees
that <S> = <5> # 0 is also an F-flat direct—
10n®’?. Hence the value of <S> = <S> is to-
taily decermined by the supersymmetry break-
ing and non renormaiizaple terms in V. A non
zerc and large value of <S> obtains if the
soft supersymmetric breaking terms for S
are, in fact, negative and act against the
non renormalizabie pieces in V. That is

v s —A%(si%+ |gi® (II1.16)

%
N comp
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where, presumably A = Ap, and the scale
vhich typifies the non renormaiizable terms
is Neomp. From (III.6) it follows that

€8> = ¢8> = Mype ~ Apleom, ~ 107 Gev
(111.17)

Note that although it 1s necessary to have D
and F flat directions to be able tou generate
an intermediace scaie, the existence of
these directions is not encugh to guarancee
that (III.17) obtains. For this, it is ne-
cessary tipal. the soft supersymmetry breaking
Terms really be driven to have a negative co-
efficienct — something wnhich is not so easy
to demonstrate in practice. Superstring par-
tisans, in general, are content to find [
and D flat directions and oprimisticaliy
assume that 1t these flat directions exist,
the conspiracy of Eq{III.i6) wilil follow"~’.
With intermediate scale breaking, as indica-
ted in Eq(III.5), the finai group g can be
bigger or equal to the standard model group.
What pattern ensues depends both on what the
manifold K is, which causes the first stage
of breakdown: Ediigi g', and on which com~
ponents of the 27 cause the further break-
down. Apart from <S> # 0, one can check that
the only other realistic possibility is <>
# 0. If the first non rencrmalizable terms
in the superpotentlal are of the form of
(21%¢27)¢ then the scalar potential along
the flat directions will be as in (IIL.18)
and the estimate (I111.17) for My, follows.
It may be, however, that only higher terms
in the sugerpotentlal are allowed, like
(20%21%. In this case Mint is higher ©8)

Ming ~ ApMiomp? ' ~ 101% Gev (111.18)

Intermediate scales as high as this are
interesting since if ~ 10* GeV then g me-
diated proton decay is sufficiently suppres-
sed. However, one must make sure that there
remain in tite theory light doublets to aliow
for a low energy breakdown of the standard
model. The splitting of the triplets from
the doublets is rather natural if the doub-
lets arise from the fields in the &(27+27)
and flux breaking has already removed the
triplet flelds from these components at com—
pactlflcatlon

In the case of intermediate scale breaking,
as I have indicated, a breakdown patteru to
the standard model is possible. A nice
example of this possibility has been
considered by Greene, Kirklin, Hiron and
Ross70), vho studied one of the few three
generation Calabi Yau manifelds known iy,
This manifold has a first homotopy group

n, {(K}=Z,, so 1t admits flux breaking. Before



flux breaking, the model has 3(27) and

6(2T + 27) multiplets. The two non trivial
empeddings of Z, in Eg give SU(3) x SU(3) x
SU(3) and SU) x Ui}, respectively, as the
resulting group after flux breaking. Greene
et al'’’ concentrate on the first possibili-
ty, since it can lead to a realistic theory.
After flux breaking all the existing SU(3).
singlet_fields in the chirally paired

(27 + 27) representations survive, as well
as 4 out of 6 of the SU{(3). triplet and anti-
triplet fields in these representations.
This very unpleasant phenomenologial situa-
tion is remedied by a sequence of two inter-—
mediate scale breakings, triggered by v® and
S vacuum expectation values:

sU(3)? v Su(3) x SUZ) x SU(2) x U)
<8» SU(3) x SU(2) x U(1)

(III.19}

Greene et 3170), by studying the manifold's

discrete symmetries show that the superpoten—
tial is F-flat teo 0(27 27 ) for the first
Dreaxing Thus <v€> ~ 10** GeV, while <S> ~
10t GeV, provided, of course, that the ap-
propriate supersymmetry breakdown to trigger
this sequence exists. This multiple break-
down gives high mass to almost all the re-
maining vector-like states in the theory.
Remarikably, however, even though ali g
quarks are heavy, two doublet superfields
stay light. These are precisely the Higgs
multiplets necessary for a supersymmetric
extension of the standard model®®). In addi-
tion, tiwe coupling of these multiplets to
the quarks, possesses certain discrete sym-
mecries which yield a reasonable structure
for tne Kobayvashi-Maskawa matrix

The resuits of Greene et al'C) are both en-
couraging and discouraging. I find it en—
couraging that there exist Calabi Yau mani-
folids with topological properties which can
iead one to a model at iow energy with many
of the characteristics of the standard mo-
del. It is discouraging, however, that there
is so little to show from the superstring su-
perstructure, except certain interrelations
among Yukawa couplings. Furthermore to get
from the superstrings to the standard model
one has had to make many assumptions, each

of them hard to justify. So one is left in
the ambivalent position of not being able to
decide whether defects in the resulting theo-
ry are due to poor intermediate assumptions
or are realiy signails of some profound sick-
ness in the scheme. A case in point is provi-
ded by SUG(3) x SU(2) x U1} unlflcac1on in
the manifold studied by Greene et al 705, AL“
though one can get unification into (suan®
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at 10™® GeV with a reasonable sinzew, the
presence of so many matter fields beyond
this scale drives the gauge couplings above
unity much before Meopp. Is this a deadly de-
fect, or can it be conveniently ignored?
Questions of this ilk, unfortunately, abound
in trying to bring superstring ideas down to
laboratory energies.

My conclusions on superstring inspired
phenomenology are two fold:

1) Most of the “predictions" of superstrings
at low energy are strongly dependent on im—
plicit assumptions made at the compactifi-
cation scale and at possible intermediate
scales. Although certaln specific predic-
Tions are phenomenologicaily appealing, Iike
the presence of an extra Z°, none of these
predictions are sure things.

ii) To motivate the existence of super—
strings it is important to find evidence for
the "super' aspect of these theories. The
existence of low mass (i $ TeV) superpari-
ners remains the bést "smoking gun" for su-
perstrings.

IV LOOKING FOR SUPERSYMMETRY

Long before superstrings became popular,

there was considerable theoreticai activity
in low energy supersymmetry %), The physical
motivation for considering supersymmetric ex-
tensions of the standard model was related

to the hierarchy problem. Although supersym—
metry cannot explain the existence of mass
hierarchies, it allows hierarchies naturally
to exist. Mass shifts in the scalar sector
are no longer quadratically divergent gince
there is a cancellation between bosonic and
fermionic contribution, so¢ radiatlve correct-
tions do not destabilize the theory. Al-
though supersymmetry is not the only way to
make the Fermi scale a natural parameter, it
is obviously the solution chosen by super=~
strings. 5o, for these theories also, it is
sensible to expect to have superpartners of
the known excitations in a mass range below,
say, 1 TeV., Unfortunately, since one does

not know precisely how supersymmetry is bro-
ken, one cannot really pin down the magses

of the superpartners. All that is necessary
is that these masses be low enough to provide
a credibie mechanism for having Ap of

0(250 GeV).

The usual assumption pursued is that super-
symmetry is broken spontaneously. The fa-—
vored scenario is that discussed earlier,
which is based on an N=1 supergravity theory
in which the superszmmetry breaking occurs
in a hidden sector™ In the lov energy



theory the manifestation of this breakdown

is the appearance of soft breaking terms
which give masses to the scalars and the gau-
ginos and provide correctiong to scalar ver-
tices. The schematic structure of these

terms is shown in Fig 1IV.1.
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Fig IV.1 Soft supersymmetry breaking terms
generated through hidden sector breaking. ¢,
are scalars, X are gauginos and H,H are the
Higgas doublets.

The resulting superpartner spectrum depends
on detailed assumptions one makes on M, m, A
and'B at some high scale (Mcopp or Mp), plus
the renormalization group evolution of these
parametersg down from this scale. In general
one takes the gaugine and scalar masseg, M
and m, to be universal at the high scale and
one gets SU(2) x U(1) to break down when the
soft Higgs mass squared 1s driven negative
auring the renormaiization group
evoiucion®’’,

in the absence of precise knowledge of the
superpartner spectrum, the most important
quantity to know for phenomenoiogy 1s which
is the iightest supersymmetric particle
(LSP). Supergymmetric theories are invariam
under an addltional symmetry, R parity' . R
parity is a muxtiplicative;y congerved quanti—
ty, given py R = (-1)%5+3B+L | g0 that R =
for ali the known particies and R = -1 for
their superpartners. The existence of R pari-
ty imniles that:

1) Sparticies are produced in pairs.

i1) The lightest sparticle, LSP, 1s absoluy-
tely stable. -
Because of 1ii) all sparticle decay chains end
in an LSP and so for supersymmetric search-
e3 one needs to know which is this particle.
There are good astrophysicai arguments
that. an LSP cannot be charged or have strong
interactions, if not it wouid have condensed
in galaxies and planets and would have been
detected in searches of matter with anoma-

-ous valuves of e/m.

The usual assumption made 18 that the (5
the photino, ¥. Une can aqauce a varietwv o
astrophysical, cosmological amd parcicie 3o
gius arguments in favor of this nypotnests
Y1) vor inslance, 1f the gaugino soft
masses M are universal, therr the different
renormailzation behaviour for glutnos and
pnotinos implies mff = Tm¥. In certain mo-
dels'®) 1t 1s possible that the sneutrino
is the LSP. However, I shall not consiaer
this possibility here. I shall also not
digcusy in detail the present status of
bounds _on supersymmetric parlicles, since
Davier®?) has discussed this topic 1n his
pic
rapporteur talk here. Ratner, ['ii consiuaer
oniy one exampie of a supersymmetpic partte-
le search: that of squarks and giuinos at
the CERN SppS collider, and hou this will be
extended at the Tevatron collider. If the
photino ig the LSP, the produced squarks and
giuilnos will decay to pholinos through the
chains

My > my 8 *qqy ; q * qy

my < mgy g *qa¥; q*qE * qqqy (IV.1)
Since the prodyced photino interacts weakly,
it provides a dissing energy signal. Hence
the well known experimental signature to ex-—
pect, in the case of giulno or squark proauc-
tion, 18 missing energy pius (mulii) jels.

How many jets, however, 18 a sensitive issue
that depends crucially on experimental cuts.

——

The famous (infamous?) UA, monojetr signal

and its relation to supers mmetry were the
hot subject in 1984-1985'7). At this coufer-
ence the UA, collaboration has presented ®’

8 very complete analysis of their missing
energy signal, which consists of 53 monojets
and 3 dijets. Already the preponderance of
mono jets, even with the UA, cuts, is a bad
signal for squark or gluino production,

gince one would expect from these decays a
gizeable fract1on of multijet events 7). As
Honma reported . the missing energy events
are essentially accounted for by standard mo-
del bacRgrounds. This allows the UA,. collabo-
ration to set rather strong bounds on the
masses of squarks and gluinos. These bounds
are ghown in Fig IV.2. One sees from this fi-
gure that $ 80 GeV and $ 60 GeV are ex-
cluded. Actually, the UA, collaboration, can-
not also exclude a light gluino window. How-
ever, this light gluino scenaric has fallen
in theoretical disrepute °?, and I have ta-
ken the liberty of removing this window from
Fig IV.Z2.
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Fig IV.2 Limits on gluino and squark masses
obtained by the UA, collaboration ),

It would have been nice if the UA, collabora-
tion could have given a bound also on the
Wino. Aithough the mass matrix for the char-
ged gauginos is model dependent, for models
with a small supersymmetry breaking gaugino
mass, one of the eigenstates, W, is lighter
than the Wsi). So sequential decays like W 2
W : W -+ qgy are possible. These processes
give rige mostly to monojets, when one takes
into account of the UA, cuts. So the prepon~
derance of monojets in the missing energy
signal is at least not unfavorable to Winos.
in this _conference, Arnowitt3%} estimated
that a W mass Mj 2 40 GeV is still compati-
pie with the UA, signal. However, it is
clear that a reliable analysis can only be
done by the UA, collaboration itself.

Although the bounds on gluinos and squarks
obtained at the CERN collider are impress-—
ive, it is important to emphasize that if
these excitations exist near these bounds
then they wili be rather easiiy seen at the
Tevatron. This point has_been forcefully

- - - 3) -
made by Baer and Berger and Reya and Roy
84) .nd has been discussed at this conference
by Reya ). For given sparticie masses the
production cross section grows rapidly with
energy in the range from Js = 620 GeV to Js5 =
2 TeV and the signal reiative to standard mo-
del background also 1ncreases. As an ex-
ampie, I show in Fig IV.3, the event rate
for producing gluinos at ¥s = 1700 GeV for
various cuts on the missing energy, for the
cage = 2my . One sees that even for the
very safe cut of PPISS > 60 GeV one gets
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nearly 5 events per 100 nb*i, for gluinos as
heavy as 100 GeV.
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Fig IV.3 Gluino production at Js = 1700 GeV,
for my = 2 mg, as a function of various

PPLss ‘curs (Dot dash: total; dashed > 40 GeV;
golid > 60 GeV) from Ref 86. For similar cur-
ves see also Ref 83 and B4.

Secondly, at the Tevatron multijet events will
be a dominant feature of squark and gluino
productionss)sq’. Not only dijets will domi-
nate over monojets but also, for sufficiently
large gluino masses, trijets become quite im~
portant, as shown in Fig IV.4.
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Fig IV.4. Fraction of dijets (dashes) and tri-
jets (solid) to monojets for Vs = 1.7 TeV.
From Ref 8b.

Operating the Tevatron at Jys = 1.6 TeV one
should be able to discover ,8%) squarks and
giuinos if mg, ma € 150 GeV. This discovery
range can be pughed to near 200 GeV vhen Js is
raised to 2 Tev®?),



V FERMI SCALE PHYSICS - CHALLENGES AND HOPES

There is a minority of theorists, to which I
belong, who contend that the origin of the
Fermi scale is not directly related to pheno-
mena occurring at energies much above a TeV.
These present day heretics believe that Ap

is a dynamical scale, related to the pre-
sence of condensates of an underlying strong
interaction theory. The Higgs picture gives
only an approximate description of the true
theory, just like the Landau Ginzburg model
was an agproximation for the fundamental BCS
theory Thus questions of stability and
_nhaturainess are irrelevant for the Higgs sec-
tor and it is unnecessary to appeal to super-
symmetry to stabilize the theory. (Supersym-
metry might well exist, however, for deeper
reasons).

One can imagine that the role of the under-
lying theory is just to provide a mechanism
for generating the Fermi scale, as was the
case for technicolor®®). However, it is per-
haps more reasonable to suppose that this
strongly interacting theory is also respon-
sible for producing quarks and leptons as
composite bound states of more fundamental
objects - preons®®). The status of these
theories has been summarized by Harari at
this conference” in a very kind way, by
pointing cut that although the motivation
for compositeness remains as good as ever,
the major problems are largely unchanged!
Particulariy troublesome to me is the ab-
sence of any model which can really serve
as a paradigm, so one is left only with a
colilection of disconnected dynamical ideas.

One of the principal difficulties of compo-
gite models is related to the fact that one
is asking the theory to do two separate
things, which are hard to recencile. On the
one hand, one would like the theory to
provide the spontaneous breakdown of SU(2) x
U(1). Hence, it is natural to imagine that
the dynamical scaie of the theory, A, is

of the order of Ap: A = Agp. On the other
hand, one would like these theories to pro-
vide a mechanism for generating family repli-
cations and small fermion magses, while at
the same time avoiding large flavor viola-
tions. This last point seems vo demand that
A 2> Ap.

The physics of the underiying theory wilil ge-—
nerate, in general, effective non renormali-
zaDple terms which violate fiavor and which
musc be added to the standard medel Lagran-
gian™"
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£ M
Lopg = Lpy + {2 0y (v,1}
A
wiere the 0; are SU(3)xSU(2)xU(1} invariant
operators. Taking A\; = 1, an anaiysis of a
variety of flavor changing processes, repor-—
ted by Wyier at this conference”’, gives
typical bounds A 2 10% - 10° Tev. It 1s qif-
ficult for a model which has A of this order
of magnitude To generate Ap ~ 0.1 TeV. Even
admitting two different scales Axp and A, if
A 1s so large it is also difficult to get
fermion masses large enougn An example be—
ing ETC"*), where ms ~ A2/ A%

There has been realiy no theoreticai pro—
gress on the flavor issue. However, s&lrtlng
the flavor problem, some theoretical advan—
ces nas been made, which couid nhave some phe-
nomenciogical implications. I would like to
priefly discuss two recent examples, whose
lessons pernaps can be useful, even though
they do not illuminate the role of flavor.
One should keep in mind, in this respect,
that 1t is perfectly possible for the com~
positeness scale of electrons and muons in-
dividually to be of O(TeV), and yvet only to
be able to probe the e-y difference at: dis—
tances of order (10°Tev)~* %9),

The first example which I will discuss is
the, so called, composite Higgs model®®)
This model separates the scales A and Ap by
making the Higgs bosons essentially Gold-
stone bosons. One imagines that, in the 1i-
mit in which the electroweak interactions
are turned off, the underlying theory posess—
es a global symmetry G which is broken down
to another group H, producing certain bound
state Goldstone bosons ¢. Turning an the
SU(2)xU(1) couplings causes a realignement
of the vacuum and ¢ acquires a non zero
vacuum expectation value

<@> = Az = F(QOA (V.2)

The function f(a) is dynamicaily determined
and it is possible that A >> Ap. For the
vacuum realignement to actually take piace,
it is necessary that the low energy group be
bigger than SU(2)xU(13>??). Although H >
SUC2)xU(1), the unbroken group H shouid not
contain the full gauge theory, if one wants
the vacuum to reorient itself when the gauge
couplings are turned on. Amusingly enough,
therefore, the simplest realizatign of these
theories contains also an extra Z°, although
with characteristics quite different from
the superstring Z



Dugan, Georgl and Kaplangb’ studied a toy
model where the weak group is Hy =
SU(2»xU(L)xU(1)y and G = SU(S) while H =
0(5). In this model the effective Higgs
potential depends on a function of the ratio
of the SU(2)xU(1) and U(1)p couplings:

332 + g.2

= (V.3
Z
Ba

Co

and one can establish that Ap vanishes in
the limit as ¢, * 1, so that

fla) ~ f1-c, (V.4)

The Higgs effective potential is calculable
in the medel, ang therefore the Higgs mass
and that of the Z boson are given as func-
tions of c,. The dependence of these quanti-
ties on ¢, is displayed in Fig V.1. To be in
agreement with neutral current data M7 must
be high enough, which imn this case implies
c, > 0.6 ©}, For values of €o in the alloved
range, it is easy to see from Fig V.1 that
the Higgs mass lies in a band near 200 GeV.

The model discusses in Ref 96 is not quite
realistic since, for exampie, one needs Co
introduce spectator fermions to cancel some
of the anomalies associated wilh the extra
axial U(1)4 gauge interactions. Trying to
make the composite Higgs model more realis-—
tic has engendered a growing set of Dlzzare
and baroque, but clever, models: the moose
modeis” ?. Unfortunately, these models are
not yet ripe for phenomeroiogy.

The second example I want to discuss is the
strongly coupled standard model, which was
reported on, in this conference, by B.
Schrempp>?’. This model was proposed origi-
nally by Abbott and Farhigg’ and has been
recently reexamined in some detail by
Ciaudson, Farhi and Jaffeloo). The Lagran-
gian for the model is precisely that of the
standard model, except that all left handed
fields ¥ and the Higgs doublet ¢ are consi-
dered as preons. Most importantly, the SU(2)
gauge group is supposed to confine and not
suffer spontaneous breakdown. In the limit
of vanishing g’, and neglecting all Yukawa
coupiings, the theory possesses a global
SU{4ng)}x8U(2)y symmetry, where the last sym—
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Fig V.1 Masses of the 7 and composite Higgs
boson as a function of ¢, for the model of
Ref 96. Phenomenologically ¢, > 0.6

metry group arises from the 0(4) symmetry
properties of the Higgs potential. This sym—
metry can pe preserved in the binding if one
can find a set of massless composite fermi-
?E?;to match the giobal symmetry anomalies

. This set is trivially provided by the
ieft handed quarks and leptons constructed
as



i, q.

L%~ <¢L $) (V.5)

which obviously transforms as {4ng, 2) under
the gliobal group.

Since the SU(2) confines, one has to assume
that the weak interactions are mediated by
composite W* and Z bosons, which are bound
states of the Higgs field ¢. The crucial
difficulty in this model is to demonstrate
that these vector bosons are well separated
from other J=1 states in the spectrum. If
this is so, then, to a very good approxima-
tion, the strongly coupled standard model 1is
anaiogous in content to the spontaneocusly
broken standard model. The existence of a
1argfogap in the J=1, T=1 channel. can he
seen _’ to be equivalent to having My =

Kz cos@y and to having a small effective
coupling § for the W £, vertex, where fl is
a left-handed bound state fermion in the
theoryioo). Let me focus on this last point.
The effective coupling constant g can be
plotted as a function of (A/Ap)z, where A is
the SU(2) dynamical scale, and Ay is now
Just a parameter in the Higgs potential. For
A << Ap g is precisely the gauge coupling of
the standard model in the spontaneously bro-
ken phase, which vanishes as A » 0. For A »>
Ap, on the other hand, one is in the strong
coupling phase and following the perturba-
tive evoiuticn of § one would expect it to
become iarge. For the strongly coupled stan-
dard model to make sense, however, g, for
Az/AFZ large, must attain again a small
value, g = 0.7, since thig is what is dicta-
ted by phenomenclegy. The required dynamical
behaviour of § is pletted in Fig V.2, taken
from xef 100.

9 ———————~—Naive expectation

07F
Wanted behaviour

} } MAg P
Weak Strong

Fig V.2 Behaviour of the effective Wfjf;
coupling § needed for the strongly coupled
standard model to be consistent.

it is an unsolved problem whether dynamical-
i1y the strongly coupled standard model makes
sense; i.e. if the behaviour shown in Fig
V.2 for § really obtains. If this happens,
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however, one has a model which for mostu pur-
peses is equivalent to the standard model
but which, in addition, has a rich spectrum
of composite bosons and fermions*®®). Some
of the phenomenology of these stateg has
been discussed in this conference by B.
Schremppge). Here I wiil only comment on a
noteworthy class of candidates for the mo-
dei: spin zero difermions. These states are
bound states of two ¥ which are antisym-
metric in the flavor indices a,b of the

¥ 's, with a,b going from 1 to 4ne. That is

[a,b] .. 38 D
S ¢L WL tv.6)

The s$la.b) ¢ontain both charge ~1 dilepions,
charge -1/3 leptoquarks and charge +i/3 anti-
triplet diquarks. Hence their coupling to

the ordinary q?ark and 1?pton ieft handed
doubliecs D? = \ 4 lL s is given by

X i
Lere = - s, palcpb + h.c. v.D

Note that since these scalar excitations are
not Goldstone bosons, there is no reason to
suppose that M is proportional to the mass

of the bound state fermions. Korpa and

Ryzak ) used data on neutrine nucieon scat-
tering to put a bound on A\/Mg, where Mg is
the mass of the difermions:

Mg > 275 \ GeV (V.8)

Hence if A is of the same order of magnitude
as g, the leptoquarks in § would be in the
discovery range of HERA. Indeed, in this
case, as discussed by Wudka® ), the cross
sections are very large, since the lepto-—
quark production is a resonance process. Un-
fortunately the value of A, like that of g,
iz beyond our present computational capaci-

ty.
VI CONCLUDING REMARKS

I hope this report has demonstrated that
theoretical ideas beyond the standard model
are rich and varied, leading to potentially
very interesting phenomenology. However, phe-
nomeno iogy needs phenomena! Thus we are ali
waiting with extreme interest for the re-—
sults which shali be forthcowming in the com-
ing years from the Tevatron, SLC, LEP and _
HERA, as well as from non accelerator experi-
ments. Only then we shall know what kind of
physics, if any, iies bDevond the standard mo-
del. From this point of wview, the tremendous
theoretical investment in D>4 physics couid
be a bit premature. After all, Ferml scale
phiysics may well turn out to be different!
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