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PREFACE

The 1982 DESY Workshop on Electroweak Interactions at High Ener-
gies was held at DESY, Hamburg, from September 28 to 30, 1982.

The objective of the meeting was twofold: Firstly, to investigate
the present status of the Glashow-Weinberg-Salam theory (including ra-
diative corrections and best fits to the various parameters) together
with the room available for extensions (in particular Grand Unification
schemes and neutrino masses); secondly, to discuss novel interpretations
of electroweak interactions within the framework of supersymmetry as
well as connection with composite models of leptons and quarks.

The main outcome of the meeting was, that although the Standard
Model is in a very good shape, there do exist promising alternative
approaches, which can provide us with new structures in the TeV energy
region.

Many of the topics discussed during the meeting lay in the center
of Prof. J.J. Sakurai's interest. Being a prominent member of the Or-
ganizing Committee he not only contributed much to formulating the pro-
gram, but also inspired the discussions during the workshop by his pro-
found remarks and his challenging questions. His tragic and completely
unexpected death a short time after the workshop has taken from us a
very active and creative contributer in this subject matter. We have
dedicated these Proceedings to his memory.

We are grateful to many people for their help in organizing the
meeting and producing these Proceedings. Our special thanks go to the
DESY secretaries for their organizational work in connection with the
workshop and to Elisabeth Bdhr and Bdrbel Jahns for their helpful and
competent assistance in preparing the manuscripts for the Proceedings.

R. Kogerler
D. Schildknecht
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TO THE MEMORY OF

J.Jd. SAKURAI
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J.J. Sakurai 1933 - 1982
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The world of high energy physics was shocked by the sudden and
untimely death of J.J. Sakurai in Ferney Voltaire during a three-month
visit to CERN at the end of October 1982,

J.J. Sakurai was born in Tokyo, Japan, on January 31, 1933. He
obtained his university education in the U.S. Having received a B.A.
degree from Harvard University in 1955 and a Ph.D. from Cornell Univer-
sity in 1958, he joined the faculty of physics of the University of
Chicago and was appointed Full Professor in 1964. He left the Universi-
ty of Chicago for UCLA in 1969 as a Visiting Professor, and was
Professor at UCLA since 1970. He spent the academic years 1966/67 and
1975/76 at CERN, and the academic year 1981/82 at the Max-Planck-Insti-
tut fiir Physik und Astrophysik in Munich. Apart from these long term
stays, he was a frequent visitor to Europe as well as the Far
East. He contributed to numerous international conferences and summer
schools all over the world and had intensive scientific contacts with
theoretical and experimental colleagues in all major high energy
physics laboratories.

J.J. Sakurai Teft a list of publications with 124 entries includ-
ing three books. Right after having obtained his Ph.D., he became one of
the founders of the V- A Theory of weak interactions by writing a
widely quoted paper on the derivation of the V-A form from "mass
reversal invariance" (1958). Subsequently he turned to strong inter-
actions. In his 1960 Annals of Physics paper he made the "attempt to
construct a theory of strong interactions in analogy with electro-
magnetism, in which the notions of conserved currents and universality
play a fundamental role" (quoted from J.J. Sakurai, "Vector Mesons
1960 - 1968", in "Lectures in Theoretical Physics", Gordon and Breach,
Inc., 1969, ed. K.T. Mahanthappa, W.E. Brittin and A.0. Barut). This
paper contains the first application.of a nonabelian gauge theory to
strong interaction physics. The predicted vector mesons were subse-
quently discovered in the early 1960's, and are known as %, w, ¢ .

In the 1960's, in particular after high energy electron accelerators
had been put into operation, it soon became recognized that 0%, w, )
play a crucial role in photon and electron interactions at high energies.

ix



"Vector Meson Dominance" and later "Generalized Vector Dominance" and
"q?-duality" were strongly advocated by J.J. Sakurai and became most
important tools for interpreting the experimental data. After the dis-
covery of weak neutral currents in 1973, J.J. Sakurai devoted his full
energy to an analysis of neutral current phenomena "without gauge
theory prejudices". Our thorough knowledge of neutral current para-
meters owes much to his persistence and endurance in interpreting the
data. With Yw(o) mixing as an alternative explanation of neutral
current structure (1978), which implies boson mass relations less
stringent than the canonical ones of the spontaneously broken

SU(2) xU(l) gauge theory, he was eagerly awaiting the discovery of
charged and neutral weak bosons at the CERN pp collider, which he
expected to happen during his stay in Geneva.

J.J. Sakurai was a very successful teacher and published the
books "Invariance Principles and Elementary Particles" (1964),
"Advanced Quantum Mechanics" (1967) and "Currents and Mesons" (1969).
He left an almost complete manuscript on "Nonrelativistic Quantum
Mechanics" on his desk. It is hoped that it will be possible to com-
plete the book and publish it. Many of J.J. Sakurai's students have
meanwhile developed a reputation of their own in the field of high
energy physics.

I first met J.J. Sakurai during his first visit to DESY after the
1969 Vienna conference, and since then I saw him on numerous occasions _
in Europe as well as in the U.S. We saw each other last in Hamburg at
a delightful dinner given for the lecturers right after the end of the
workshop.

It has been the wish of his widow, Noriko, and of his two sons,
Ken and George, that J.J. Sakurai's unbounded interest in and love for
physics be perpetuated by establishing a fund in his memory, the J.J.
Sakurai Memorial Fund, to be administered by UCLA.

Dieter Schildknecht
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1. THE STANDARD MODEL AND ITS EXTENSIONS



STANDARD MODEL, LEFT-RIGHT AND OTHER EXTENSIONS

G.J. Gounaris

Department of Physics,
University of Thessaloniki
Thessaloniki, GREECE

ABSTRACT

The standard model is reviewed with emphasis on the
neutrino masses and the baryon and lepton number vi-
olation , arising from peculiarities of the Higgs
structure. A review of neutral current interactions
is also given in the context of left-right symmetric
and other gauge models. Theoretical indications for
possible non-standard behavior at high energies are

also discussed.

1. Introduction

According to the present philosophy the dynamics in Nature should
be such that the corresponding Lagrangian remains invariant under cer-
tain transformations, even when these are performed locally (say only
in Hamburg) and change with time. This invariance requirement under
local transformations naturally leads to Yang-Mills interactionsll

Their generators Ti’ as far as the matter-fields are concerned, are
given by T, = sz(x)dax, in terms of the currents J;(x). They couple
to the corresponding massless gauge vector fields like WtJlu.

For the gauge Lagrangian describing the electroweak interactions
the charge operator Q should be a linear combination of Ti’ and the
photon field Au should be a linear combination of the fields Wi . The
Lagrangian symmetry defined by Ti’ is not also a symmetry of the vacuum

This is usually achieved through the Higgs mechanismz], which gives

Ti[o >Z0

for some Ti' The states Ti|o > are massless spin-zero states which are



eaten by the corresponding gauge bosons wiu’ thereby giving them mass.

]

3-5
2. The Standard Model (general)

The gauge group is‘SU(2)L X U(l)Y. The corresponding currents are

> . R >
JLu 5 JYu » and couple respectively to the gauge boson fields wLu

s B
u
The normalization is chosen such that
g = gl g
u H Yu
The group assignment of any left-handed fermion fL is
arz ,2h (1)

where B , L are the baryon and lepton numbers respectively, while the

representation of a right-handed fermion fR is

(0, Q) . (2)
Using these we get
N
3 =7 E4 L
o = ; AN
i (3)
_ B-L, = -
Jyy = I & £yt ) QfRYfR
e R

and the fermion part of the interaction

_ __em Lu_ e we (3 _ . 2, emy _
;f; - eJu o sinb cos8 Z (JLu =25 ewJu )
W W
- W;T (WuJu+ + h.c.), (4)
W

where Zu N Wu are the neutral and charged weak boson fields respective

ly. The local current-current interaction, valid for

2 2 2 .
q << Mw N MZ is

N + _-u (3)_ . 2 em 42
{[eff = 2J§GF{JLu i+ eldp, - sin®e 3T 19Y, (5)
where
e2
8 le, = S (6)
M, sin @
W w



and M2
W =1

2 2
MZ cos ew 7)

©
1]

tolowest order in electroweak interactions,provided that the Higgs fields
transform like the (1/2 , 1/2)- representation of SU(2)L x U(l)Y. The

theory is broken either spontaneously or dynamically ; i.e.

-> I 4

T_ 10> 0

L ’ (8)
TY|0> £0 .

But U(l)em gauge invariance is preserved since the electric charge op-

erator satisfies

(3)

Q o> = (T,

+ TY)I 0> =0 (9)

Egs. (5) is in perfect agreement with low energy interactions,and

R 5 .. 6,7
I refer to various recent reviews for details ° ]

. Here I only note
that (5) is consistent with the suppression of the flavor-changing neu-
tral currents observed in K2 > u+u_ R Kl . K2 mass difference, etc.
Comparing lowest order theoretical calculations with neutral-current
data on wN and VN inclusive interactions, wN —+ viX, vp + vp, vue > vue,

- - + - - . -
vue - vue, ee *-u+u and hadrons, eD - eX - asymmetries, and atomic

physics experiments we gets-g]

sin28w = 0.227 +* 0.015 (10)
and

0% = 1.00 + 0.08 (11)

to be comparedwith the same-order-theoretical value (7).

If results from the next higher order are compared with the data

we getlo]
&
sin265 21-—=0.217 + 0.014 , (12)
M
7
and6,10]
2
B +
pexp 0.998 * 0.050 (13a)



while the corresponding theoretical one 110,61

2

Pep = 0.983 (13b)

Low energy charged-current interactions among quarks and leptons
are also consistent with (5). Assuming three generations, the quark

contribution to the weak charged current is given by

dy,
+ _ _ _
JLu = (uL s S s tL)YuU (:: (1)

where the Cabibbo-Kobayashi-Maskawa Matrix U has been determined

through the efforts of J.J. Sakurai and othersll]. A representative

form of U isS]
0.97 0.22 0.068
U ={ -0.22 0.85-0.66x10 i  -0.48+2.1x10 °i (15)
-0.046  0.48+3.2x10731 -0.88-1.0x10-3i

The imaginary parts in (15) supply a CP-violating interaction in agree-
ment with observations. We also note that CP-violation can alsoc come

from instantons, due to the interactionl2]

2.1 “uv
eQCD/(szn )Fuv . (16)

Ftv is the field-strength for gluons. Interaction (16) implies an e-

lectric dipole moment for neutron, and experimental upper limits on

those givela’sl

]qu|<2mD%. (17

It has recently been claimed that certain supersymmetry breakings can

W]

naturally guarantee such a small value

. 3-
3. Fermion masses 5].

The standard modelaccommodates the masses and mixings of the

quarks and charged leptons through interactions of the Higgs fields.

15]

They have the form



z P e
- Hff'(f Q)fR + h.c. = {18)

KX

where ¢ is the Higgs doublet and & = i12¢". Egs. (18) supplies Dirac

masses to all quarks and charged leptons. A Majorana mass is impossible
for charged particles since it would violate charge conservation. On
the other hand no firm predictions are available for the mass matric%g]
HN R HP R HL in the simplest version of the model. Extra assumptions
are needed for the horizontal structure and for assumptions concerning

the way that the theory (supersymmetrically) unifies.

We now turn to the neutrino masses. Here a Majorana mass implying
L-violation is possible, since no-breaking of any gauge symmetry is
ever involved. There are many ways to get v-masses in the standard

model.

i) In the simplest version one introduces Ve in the theory trans-

forming according to (2) under SU(2)L X U(l)Y' We then obtain the gauge

invariant interactionls]

(19)

which involves explicit L-breaking. Here C is the usual charge conjuga-

. . c _ = . N :
tion matrix ; i.e. vLTC = vR . The neutrino mass matrix then 1516]

0 m, v
1? R (vEC s VETC) (m Mi) (“E) + h.c. (20)

d



where

o]
v

Hdv
Ta T T2

_ L
@>, = — )

is the Dirac neutrino mass expected to satisfy

my v O(mp) ) (21)
and Mm is a Majorana mass. Since the Mm—term in (19) is invariant uncder
SU(Z)L X U(l)Y, Mm can be as large as, or even much larger than Y.

Grand unification schemes or Horizontal symmetry models can easily

suggest
Mm ~ 10lg GeV or ’\11013 GeV
. A . . 17]
Diagonalizing (20) we get a light neutrino
m
- - (=4,¢
Vo VL T VL (22a)
m
with mass
m = m2 /M << m (22b)
v d m p
m
in agreement with observations, and a heavy neutrino
m
_ ¢ d (23a)
N=v + (M )\)L
m
with mass
(23b)

™ =M
m
A non-vanishing value for m, makes possible neutrino oscillations, as

m
19
well as the appearance of neutrino-less double (BB)Ov decays ]

(A, 2) + (A, 242) t.e +e (2ua)



even in the absence of right handed charged current interactions. In
Fig. 1, the Feynman diagrams for the (BB)Ov and the competing process
(BB)Qv

(A, 3)>(r,3¥2) te+te+vtv , (2ub)

are shown. Other relatedprocesseswhich can in principle give informa-

tion on m, include neutrino-less double positron emission, electron
m
positron conversion

- + 5
e+ (& , B~ (4, 342) +e" (25)
and double electron capture
e te+ (A, z)~> (A, 22) (26)
Y
Of course with each of these processes there is a 2v related process
competinglg]. It is therefore very hard to draw useful conclusions for
m, from such measurements, particularly because theoretical calcula-
m

tions, being sensitive to nuclear wave functions, are rather uncertaig]
Notice also that it may be possible to enhance e.g. process (24a) with
respect to (24b), by restricting to e e  pairs having the highest pos-

sible energy.

ii) There may exist an (unknown) reason prohibiting any explicit

breaking of the global L or B or L-B symmetriesl7’lg]. There have con-
sequently been papers where these symmetries were broken spontaneously

through the introduction of extra Higgs fields. In such cases the sec-

ond term in (19) is replaced byl7’lg’20]

ct, ¢ (27a)
vL CvLAO

where A, is a new Higgs field transforming like (0,0) and having LA =0,
or by :
+ ++

A AT/ 3 v :

T T
(=G5 o TS (AO/Q —A+/Q) e (27b)

L



where LA: -2. Such couplings give Majerana masses to the neutrinos, and
at the same time imply the existence of some real Goldstone bosons

(majorons) or very light Higgs particles with interactions of the fo%%]

f: - % nm\_w + :2f— \_)(iYSM + x)v. (28)

Here M , x are such very light bosons and v = vy, + v: is a Majorana

neutrino field. Now, in addition to v-oscillations and (BB)OV’ we may

alsc have varying missing mass against 1t in the decay-processes

+
Ky~ 1y mor o, (29)

as well as astrophysical implications. Experimental data for process

(29) suggestzl] fg 7x10”°,

L, Baryon and Lepton number breaking.

Our freedom to enrich the Higgs structure of the standard model
is close to infinity (!). Using it to introduce even more Higgs fields,

and assigning suitable B , L eigenvalues to them, we can obtain proc-

esses involving AB = 2 and/or AL = 2 transitionsQQ]. The diagram of

Fig. 2a gives an example for the possible n-n oscillations, while the
. . . oo + +
one in Fig. 2b induces the transition pp + e e . The later may be very

23]

interesting, implying the decay
(A, 2) > (a2 , 2-2)e'e”

with a lifetime 'blO33 years, and a clear signal of back to back posi-

trons each carrying an energy of 1 GeV.
These AB = 2 and AL = 2 transitions are not necessarily relat-

ed to the GUT scale, since they are not generated by superheavy gauge
bosons, which are hoped to play a dominant role in genuine p-decays
like p » e+no. They just depend on the existence of some extra peculiar
Higgs fields with conveniently assigned B and L quantum numbers. I be-

lieve that it is important to look for such processes. Their discovery



will prove that there is something in the Higgs forces which is much
deeper than our present level of understanding. It is also safe to
state that the present great flexibility of the Higgs structure may

2u]

ply to the physics at superheavy energies. Of course, if we stick to

reduce the size of the window that B-wviolation will presumably sup-

the principle of simplicity for the Higgs-potential, then the above
processes, as well as the Majoron-type particles of the previous sec-

tion, should not exist.

5. Simplest Higzs coupling in the standard modela_s]

The simplest version of the Higgs potential in the standard model

includes only the famous douplet ¢ whiche] satisfies

1 0 -1/2
<¢>0 =7 (v) ., v= (V2 GF) = 250 GeV (30)

The physical Higgs boson H has a mass
5 &U:VJ-Z > (31)
" 2

and p , A are defined through

vo) = u?[o]? + 3 |o]* (32)

while its interactions with fermions f and the weak bosons are given by

g
_ = HZ 2 +.~u
gf: = “guf Hff + —7—-HZ t guu kuw N

1/2 33
Eyf mf(\r2- GF) (33)

= o2 1/2 -
Byy = 24, V2 G} » V=2 or W.

According to (33), if 2mb << my < 2mt the most importantH-decay modes
satisfy

T(H > bb) =+ T(H~cc) : T(H> T1) : T(H > 5s) : T(H + nu)

- 2 . 2 c 2 B 2 ) 2
3mb . 3mc A m_r H 3mS v mu

10



If e is smaller than the ortho-tt rass, then H could be seen in the

25] 3

decay Sl(ft) > Hy. We expect 5(381 - Hy) > 1%. If my S 100 GeV ,

then the best way to discover H is e+é_ + ZH sincee]

deZ—*Zﬁlao_l (34)

9t

for yS = 200 GeV. This mechanism will not work if the Higgs is a com-
posite particle like the neutral pseudo-Goidstone bosons PO’3 in the
technicolor model. In the later case there is no strong H22 coupling,

and the usual Adler-Bell-Jackiw anomaly contribution from a techni-

quark loop gives26]

0(e+e— > Zo+ Po’3

) ¢ 1073 - 107 (35)
slefe” + vu)
pt
So if you don't see anything produced against the Z in e e -annihila-
tiom, then the Higgs-particle is probably composite. A study of the

photon polarization in 3Sl(Et) -+ Hy could27] also discriminate between

the interactions Htt and iHEYSt.

6. The Masses and interactions of the weak bosons.

To lowest order and for sinzew = 0.227 £ 0.015, the standard model

. 6-9]
gives

_ +2.

M, = 78.2 570 GeV
_ +2.2

M, = 89.0 57, GeV ,

to be compared with the results expected if first order radiative cor-

rections are included

B +3.1
M, = 83.1 7000 cev
Mo = 93.9 T2:5 ey

11



Moreover gauge theories demand a specific form for the YWW and
the ZWW interactions. In particular their YW+W_ coupling demands canon-

+
ical W dipole magnetic moment, and no electric quadrupole moment;

i.e. uY =& R QY = 0. The ZW+W_ vertex has a similar form with
W Mw W

=&
8zuw tgh,

canonical weak W-magnetic moment

Z Ezuw

v, T—
W My

and no weak W-quadrupole moment; i.e.

In principle we could also have C , P or T-violating interactions in

the ZWW vertex, but no such terms are allowed in gauge theories28].

28]

ua , Qz as well as on the existence of C , P or T violating terms in

) + - + .- . . .
Measurerents in e e > W W may give information on u% s Q% 5

ZWHW. If some strong interaction is present at the 1 TeV range, then
final state interaction effects will also lcook like T-violation in

efe” > whWT; (Fig. 3).

7. Are there any viahle alternatives?

Can something non-standard be expected above 100 GeV?1I first ad-
dress myself to this question by remaining within the context of gauge

theories.

i) Left-Right symmetric models 2g]:'I‘he gauge group is taken to be

SU(2)L x SU(2)R x U(l)B_L or SU(2)L x U(l)L x U(1) » under which

B-L B-L
the fermions transform 2like
B-L
fLoov 2,0,59 (35)
B-L
fR ~ (0, 1/2 , —5—)

12



The electromagnetic current is

em (3) (3), 1 B-L
J =J + =
u T ’
and the interaction Lagrangian for the gauge bosons is
X= T3 i u 1.
- e g W eI+ gy RH.ER +eB 5 Jdp . (36)
where
- e - e 1 1 1 1
& T » ERFm v 5o t—t—5 = —
L R 2 2 2 2
L PR g g & e (37)
0 < xL + Xp <1.
- ) - 2 . 30,7]
The effective neutral current interaction at low q° is
NC
- 2 2, .(3) em,2 2. .(3) emq2
flﬂ-.zii 6{(p] + SONCANEE S b IR g, —xgdy 17+
(38)
(3) emy;.(3) em
+ -— -
2n92[JLu xLJu ][JRu xRJu 1,

having as independent parameters Ky s Xp o5 Pyos Py s T We note that

(38) becomes identical to Weinberg-Salam if pi + 9; = 1l,n+0 and

- 2 : - .7 - -
X = 51n29w. The n"-term is blind to vL—scatterlng ]. The contribution
of the np,~term to the e-q parity violating interaction is proportional
to X ~Xps SO that it vanishes if the condition g = g_ is imposed.

R L R
30]
neutral current data, which are shown in Figs.4, 5, 6. There exist im-

0 . 2 2
portant correlations among the independent parameters pl 5 02 > N, XL’

Barger, Ma and Whisnant ,- and also Sehgal - presented fits to the

Xp- The allowed range of these values for any symmetry breaking is
shown in Figs. 4, 5, 6. This range is significantly reduced if the sym-
metry breaking is required to arise from a Higgs mechanismao].The data

are consistent with x = 0.23 , pi = 1 :

: $0.05 , n~o0.17 + 0.17 ,

> D2 s
05 Xp $ 0.8 , and demand that the masses of the two neutral gauge

bosons satisfy

83 GeV < M, < 115 GeV ,
29

205 GeV < M
Z2

13



for the charged gauge bosons the most useful constraint seems to come

31]

from K. , KL mas difference which gives

s Mw > 1.6 TeV, (M  should

R L
be very close to the Weinberg-Salam value). Summarizing, if a left -

right symmetric model holds in Nature and M, > M , then a possible

R Z2
scenario of the symmetry breakings may be
SU(2); x SU(2)R x U(l)B_L
(with g gR) 2
> SU(2); x U(1)p x U(L)p =0 oD
g 2 R

ii) Minimal ExtentionsaQ—as]

. These extentions of the standard
model are based on SU(2)L x U(l)Y x G , where G is an arbitrary group
affecting only the Higgs fields. All quarks and leptons are invariant
under G, and transform under SU(2)L X U(l)Y in the standard way. The
spontaneous breaking mixes the G-gauge bosons with the SU(Q)L X U(l)y—
gauge bosons. So there may be many Z's. At low energies, the general

structure of the NC interaction is

NC
(3 . 2 2 1,2
ﬂdf 202 ¢, {(JLu) - sin ein"‘) + c(J‘:’”) } (39)

where (20, and vanishes for the standard model. Experimentss] suggests

C < 0.02 (95% C.L.).

Examples of such models are : (MZ is the standard Z—mass)33’3u’37]

SU(Q)LxU(l)YxU(l)’ — B0 GeV < le My —> C = cosuew )

. L4
SU(2)LXU(1)YxSU(2) — B0 GeV < le MZ — C « gin Bw 5
SU(2) xU(1),%SU(2°) — M, < 115 GeV — C « sin?0 cos’e_ .
1 w W
Concluding this section we remark that within the context of the

gauge theories, the experimental data suggest that the lightest Z can-
not be heavier than37] 115 GeV.



On the other hand Bjorken's seneral treatment based on[ﬂ”-y mixing

leads also to (39), with C « sin”ﬁw and vanishing in the one neutral

weak boson caseae]

9].

. This case has been thoroughly studied by Hung and

R . .
Sakurai It seems that if the lightest Z is found experimentally
above 115 GeV, then gauge theories are excluded and only the mixing

uo]_

new strong interactions in the TeV scale effecting the y—W(O) mixing,

schemes survive Such schemes would suggest the existence of some

. . + . N g
and being responsible for W , Z in the sence that QCD is responsible
* 0 -
for o~ , p , But the existence of such new strong interactions is not

necessarily inconsistent with standard Z and W masses.

7. (Theoretical) Difficulties of the Standard Model.

Since up tc now there are no experimental difficulties of the
standard model, we can only use theoretical arguments to motivate the
idea that something may go wrong at high energies. These arguments

start from the simplest Higgs potential

V() = —;12|¢1>|2 + 2 lo

'4
2

[ B
Higher order corrections to V(¢) coming from one-loop diagrams give a

. s . ) 2
quadratically divergent contribution to u

u2 u2 " 6u2 = u2 N g2A2

5 1.e.
>

- - 41 P .
where A is the usual ultraviolet cut-off ]. This is the hierarchy
o - 2
probler. The radiative corrections to p° tend to be very large, and

they can easily push p and My (see Egs. 31) in the TeV range where the

. . . . . 421
Higgs-forces are essentially a new kind of strong interactions ~° .

are i g
There two attitudes to take toward this. Either you like these new

strong interactions or you don't like them.

i) If you like them, then you can also find other traces of their

3
existence. This is done by a suitable interpretation of the W( ). Y
mixing which in the standard model creates the M" B Mz spilitting. Fol-

lowing Feynman and Sakurai we start from the kinetic energy part for

the fields w£3) and Bv in the Weinberg-Salam Lagrangian.



/ _ 1 (3) (3),2 1 _ 2 _
jG- Ty (auwv —aku ) T (BUB\) .a\)Bu) .

__1,..(3).2 g2, _ 1 2,g°2
_-E(ww)[1+(§)] u(Fuv)(e)

2
1 : (3) _uv uv  (3)
'E(Leg)[wqu + PV

n
(40)
W3 g w3 g (3
Hv v v
F =3 A -3A .
uv uv v
The wavefunction renormalization constants for W£3) 5 Av are
_ _ 2
ZSY (=.)" = cos 8, »
- g5y2-1 2
st(3) {1+ (g )1 cos"®
leading, in terms of the renormalized fields, to
) 1,(3)R2 1 ,R.2 1 (3)R, _(3)RR
= - = - = - = W W
e -5 0% g ) - A R W DR )
A = sinb .
w
The Y-W(s) mixing implies
em ., (3)_ _ .2 .
<0|eJ |W > = Mw 31n6w . (u2a)

Interpreting this mixing as due to a new kind of strong interactions,

and comparing (42a) with the QCD-induced mixing

2
em m
©ediMe> = e, (42b)
P
we getua]
2
sin® I A 2
== g x 10% < (22,
em /f QCD
' Tp
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which means that the scale of this new strong interactions may be as
liw as 1 TeV. At this point there are still two possibilities. Eitheﬁ3
W', 2 are ordinary bound states created by this new strong interaction;
or Wi s> Z are still elementary gauge bosons which eat some of the
Goldstone bosons of the new strong interaction (technicolor idea)uq].
In both cases there may be lots of surprises at high energies.At least
the W , Z - masses and the structure of e+e_ A may be completely
different from the standard expectations. The old days when humble
theorists were listening to their experimental colleagues will come
again.

ii) But many theorists don't like this. So the only way left is

5]

gences. Higgs masses can be kept low; i.e. NO(MW). And there will be

N . .
supersynmetry . Supersymmetry can save us from the quandradic diver-
no desert up to 1 TeV, since the supersymmetric partners of the known

particles should lie there.
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Fig. 1 Feynman diagrams for dd + e e vvuu and dd + e e uu.

st Sadad
T A TRy O Aw _I__A:<
L l
|Add [Au

Fig. 2 Feynman diagram for n-n oscillation (a), and process

pip > efe® ).
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Fig. 3 Sensitivity of the efe” > wt” cross section to the polarization

of the initial et at 100 GeV per beam. The solid curves are for
eie; , the dashed curves for e};ez . The notation for different
W-helicity is shown in the bottom part of the figure. (a) gives
the standard model prediction. (b) includes a T-violating con-

tribution in ZWW vertex.(see Ref. 98)
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Fig. 4 Correlation of parameters in left-right models. Solid curves de-
note boundary of the most general model. Dashed 1lines denote

boundary when the left-right gauge symmetry is broken by a Higgs

mechanism.
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Fig. S5 Correlation of parameters in left-right models. Dashed and solid

curves as in Fig. 4.
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weak interactions at low energies is reviewed.
"it" (i.e., the standard model) is fixed is discussed.

STANDARD MODEL REVISITED

Sandip Pakvasa
Department of Physics and Astronomy

University of Hawaii at Manoa
Honolulu, Hawaii

ABSTRACT

The standard model (of Glashow, Salam and Weinberg) of electro-

The extent to which
The extent to

which "it'" is tested, in both charged as well as neutral currents, is

described. CP violation in standard and near-standard models is
discussed. Potential problems are mentioned.
1. The Model

brief discussion of 'near-standard' models.

Higgs doublet.

and

I shall summarize the current status of the standard model with a

By the standard model, 1

t [+] o
L otr “Lrree™ 227750558507 + Lo + Ly + L

_ e.m.

lfé.m. € Ju Au

Ly = Lt
—J J
vz o

Lnc = 4 W3 - sinZo. 3°™)2
¥2 “Lu W

I mean sequential SU(2) x U(1l) with one
The low q2 effective Lagrangian is

n Ly, O

whereoi%ree contains kinetic energy and mass terms for all particles

(1b)

(1c)

(1d)



ifi H+ ... (1le)

d . e

(wet) v, Ugl s + (pvvgdy v, UL (1)
b/ T /L

JLu

and the dots indicate trilinear Higgs coupling and Higgs couplings to
W and Z. The relationship of the gauge couplings (of SU(2) x U(1)) g
and g', mixing angle 6 , Higgs vacuum expectation value v to the Fermi
constant and the masses is given by

2 G
1 _ g __F . _
__.__2_1/_ y gsmew—e, (2)
2v 8mw 2
g!
tanew = E—
2
M
M2=——l-w—- i (3)
Z
cosze
W

The last is a prediction of the model, which follows from the iso-
doublet nature of the symmetry breaking, to be tested.

How many free parameters are there in the model?

[ .

(gsg ’V) or (e, smew,GF) K3

mu:mc:mtsmd:ms,m-b; ei,G 10

m ’m ’m ’m ’m ’m ; ¢‘Jn 10
S T R i

mH 1

So there are 24 (25 if photon mass is counted) free parameters which
have to be fixed.

2. Fixing It

How many are fixed so far? We know (e,sin6é ,G_ ), (m_,m S gsM Ty
U ,,U ) and (m_,m ,m ); i.e., 13 out of 24! Actually, wedo%kndw 3
ud’ "us e’ it

little more about some of the other parameters, in particular, about
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ij ij . . .
UK&’ u*J and My, - Consider UKM first. To extract information about
Gg and Ugy it has to be assumed?) that a) all Mys = Oorb) U=1 or
c) all My; << Q in u-decay and other semi-leptonic decays. Then Gg is

fixed by u-lifetime and Uyq can be measured via ft-values of allowed
nuclear B-decays. Radiative corrections play an important role3) and
the final result for Uygy can be written as3-5)

|Uga|? = 192(In2) Tu (my/me) F (me/my) [1 - a/8r(n® - 25)] (4
FE(I + 8 (1 - 60 + &, - &)

where 8¢ and SR are Coulumb and internal radiative nuclear corrections,
AR and §;, are electro-weak corrections to B8-decay and p-decay. The
most accurate ft values are those of 0!4 and A121, Combining the
recent analyses, we conclude:

|Upd| = 0.9734 + 0.0025. (5)

The largest uncertainties are in 8. and in evaluating hadronic matrix
elements of quark operators.

Uys can be extracted in a similar way from K -+ me-ue and
Y + Ne“ve; albeit with less accuracy. In case of Kez, apart from Uus
and Gp there are two form factors £_(q*) and £:(4q?), whose ratio and
q* dependence is measured. |£,(0)|% is determined theoretically®)
(broken chiral SU(3) x SU(3)) to be about 0.98. Then one finds>.7)
|Uys| = 0.219 + 0.003. The hyperon semileptonic decays8) are slightly
problematic. One potential problem is the rate for T(Z~ - Ae"vg) which
is lower than SU(3) fits would like and the other is the electron
asymmetry in polarized I~ -decay(f~ - ne-vg) which may have the sign
opposite to the expected value. Now the first can be accommodated with
SU(3) breaking in the axial-vector current matrix element without
affecting the overall fit drastically whereas the second, if correct,
would require a profound change in our understanding of charged weak
currents. Ignoring this second problem, recent fits4,9) to hyperon
decays yield values for |Uu5[ ranging from 0.225 * 0.002, to 0.227 *
0.003 or even 0.228, all of which are somewhat higher than values
obtained earlier®), viz. 0.222 £ 0.003. For the present purposes, we
adopt a crude average from Kez and hyperon decays of

|uys] = 0.224 + 0.006. (6)

A better way to use the hyperon data is to make a two angle fit
(8y and 6p) and use only 8y to determine |Uys|, thus minimizing
dependence on the uncertain axial vector matrix elements.

From the bounds (at lo level) on |Uyq] and |Uyg| in Eq. (3) and
(4) and the unitarity of Ugy we find

U] < 0.1 (N
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in agreement with the earliest boundl0) obtained on |Ugp|. In
principle, |Uyp| can also be bounded by the same-sign dimuon rate in

Y N. This has a contribution from vjyu + u*b > p*c + p*u*x which can be
bounded by the unknown rate. However, due to the high o(9y > u+u¥),
the threshold suppression in b-production and the unfavorable
y-dependence, the bound obtained on |Uyp| is weaker than (7).11} A
more promising way of constraining [Uyp| may be to use the
"unexplained" part of c(\')u + ptp~ut) i.e., the observed cross-section
after subtracting the cross-section calculated from all conventional
sources.

The unitarity 1limit on Ucg from Uyd in (5) is |Ued| < 0.24. To
get a non-zero lower bound it was suggested that one use the valence
contribution to o(v, + u~1%) which comes from v,d - u-c ~ p~1*x. Using
the recent CDHS data for the fraction of valence in o(v, > u~u*) viz.
52%, one finds |Ugd| > 0.2. A more complete analysis by CDHS13) using
the identity

[c(u > yut) - gy > u*u”)]

|Ueq|? = _2 g(v > u-) “o(v > ut) (8)
3<B> I =R
where R = (v > y*)/o(v > u~) and using fragmentation function they
measured finds |U.q| = 0.24 * 0.03. So summarizing
0.2 < |Ugq| < 0.24. (9)

In the same analysis CDHS13) also find that (|Ues|?/|Ucql?) x
(2S/U + D) = 0.92 + 0.06 and from their charged current data
(0 + D)/(U + D) = 0.13 * 0.02. So if 25 < U + D they deduce the most
conservative bound |Ucs| = 0.59. But from CHARM analysisl4) of their
neutral current data (assuming s and d have identical neutral current
couplings) we know that 2S/(U + D) is close to 0.5. From this, it is
possible to use CDHS data to deduce a stronger boundlS on IUCSJ viz.
|Uecs| > 0.7 to 0.74. A similar bound on |Ucs| can be obtained!2) from
I (D* >~ K°e*ve). Using F*- dominance model for the form factors and a
calculated valuel® for |f_(0)[?=~ !, one finds |Ucs| > 0.8. The main
uncertainties are the values for B(D+ ~ e+K°e+ve) and t(D*). Includ-
ing the unitarity limit from IUCSI, then4

0.8 < |Ucs] < 0.98. (10)

It would be nice to check that indeed |ch| < 1 and that unitarity is
satisfied.

There are several ways of measuring the ratio |Uub/Ucb| as
reviewedl7) in Madison. CLEO has reportedls) on a new measurement of
<Ng>pn/<Ng>c = 1.88 * 0.28 from which a limit |Uyp/Ucp] < 0.4 can be
deduced. A stronger result from a study of the shape and the end-
point of the electron spectrum in B + evgx is reported to this confer-
ence by CUSB19):
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[Uub/Ugp | < 0.2. (11)

If B-decay is described well by quark decay, as seems likely, the
lifetime 1p is given approximately by

mn 5
S g 1 3 (12)
mg (|Ucd[™ + 2.5TUch[*)

With the new 1imit20) on g from JADE g < 1.4 x 10-'2 s, and the
smallness of |Uyl, |Ug,| should satisfy

0.57 > |Ugp| > 0.05. (13)

where the upper bound comes from unitarity.

n

B

e

We can now use unitarity to limit Ugi, €.g., we find IUtd' < 0.13
|Ugs| < 0.56 and 0.99 > |Upp,| > 0.82. Hence |Uts Utq| < 0.073.
However, a better bound on ?Uts Utd] is obtained from saturating the
dispersive part of Ki - p*u- amplitude?® by one loop graphs which are
dominated by t. If the fourth generation heavy quark contribution is
small compared to t, then for m¢ > 20 GeV, it can be shown that2)
[Uts Utg| < 0.035. |Utp|? + |Ufs|? + |Utd|? which should be < 1 can be
measured in principle in weak decays of topponium: (tt) >t + b + 1v

3

etc. The rate goes as Ggmi ZlUti|2 and the branching ratio can be as
i
high as 5 to 6% for Mtf ~ 50 GeV. A possible signature is prompt e/u

accompanied by hadrons.?2)  Since Tp < 10-*7 s, this may be the only
way to measure the absolute value of t-couplings. Relative strengths
such as IUts/Utbl can only be measured in t -+ blv, t > slv etc.

A summary of our present knowledge of Uyy elements is:

|Uud| = 0.9734 £ 0.024 |uyg| = 0.224 * 0.006 0 < |Uy,| < 0.1
Ugy ={0-2 < |Uql < 0.24 0.8 < |Ucs| < 0.98 0.05 < |Ucp| < 0.57
0 < |Ugqg| < 0.13 0 s [Ugg| < 0.56 0.82 < |up] < 0.99 J(i4)

A

If and only if there are three families, U,, can be parameterized 4 la

Kohayashi—Maskawazs) 5
El SICS SISS
id is
UKM = ‘SICZ C1C253-5253e C1C253 + CSSZe
id id (15)
5152 -CISZCS—CZS3e -ClsZS3 + C2C3e

where C; and S; are cos6;i and sin®j with 0 < 8 < 7/2 and 0 < & < 2w,
The value of |Uyq| fixes Sy = 0.229. The other constraints on Ujj

29



restrict S2 and S3 as shown in Figs. 1 to 3. In Fig. 1 and Fig. 2,

sind is small and & is near 0 and w respectively. In Fig. 3, siné is
large (»0.1). These constraints can be converted into other parameter-
izations24) for Ujj-

os &=0
o8
or

06 1U,1>0.2

0s 14,108
i

o3

02 N\
prefared by el 1U,1<0.l
o1 ,_____!_ﬂ} s
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Walfy, <02
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09 O~
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Bounds on 8j and § can also be derived from evaluating dmp_g and
Re ¢ for the K - Kg system.25) The principle uncertainty is the
evaluation of the hadronic matrix element. The bag-model evaluation is
too sensitive to the parameters chosen and even the sign is unstable.Z26)
There is also the factor of 2 to 3 uncertainty due to possible long-
range effects?7) (e.g., 70, n, n', intermediate states). Two recent
attempts to estimate this matrix element are very encouraging. OneZ28)
relates the AS = 2, AT = 1 matrix element for K® <> KO to the AS = 1
AT = 3/2 matrix element K° - #© in K* »+ 27 and obtains a suppression
factor of 0.33 compared to vacuum saturation. The other29) uses QCD
sum rules to place a bound on the form factor for vacuum - KK yielding
a limit of the suppression factor <0.6. Allowing for this uncertainty
and allowing my to range between 20 and 60 GeV, the range for Sy and Sz
preferred25,305 by the Kp - Kg parameters is shown on the figures.
Similar constraints21,31) can be obtained from K - u-u*.

>

In the lepton sector thing are not so good. For neutrino masses,
we have the limits

m < 50 eV
v
m, < 500 keV (16)

m_ < 200 MeV ,
\)T

where m refers to the mass eigenstate coupled dominantly to e, and so
e

on. From neutrino oscillation studies we have correlated bounds32) on
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6mij and |Uia U;al. Roughly speaking, for large (> 10 ev?) ém?, large

off-diagonal mixings are ruled out (4]UiUJ.|2 < 0.1).

3n Testing It

In charged currents there are many vulnerable tests of the V-A
nature of the coupling. Unfortunately, most of them have not been re-
peated in a long time, and the limits are not very good, e.g., in
nuclear 8-decay a V+A amplitude at 10% is not ruled out.33) From a
combined analysis of B-decay and p-decay, m, (coupled to V+A with the

R

gg = gL) can be constrained to be > 3 My Recent checks of V-A struc-

ture in v, N = p~x are almost as good as in u-decay; they constrain
admixture of V+A to be less than 0.095 at the amplitude level.34)
Limits on S, P, T couplings are not very strong;35) e.g., in u-decay
gr can be as large as 0.2 for vanishing gg and gp. In m > eve and

m = uv, g and gp can be quite large if they are proportional to my.
These limits can be made tighter by difficult experiments e.g., im-
proved measurement of et asymmetry in polarized p-decay (current limit:
gPy = 0.975 % 0.015); measurement of helicity of Ve and vy in

T + eve, uvp!

The 1ifetime of T should be given by

m, B
T—Tum—T B(t »> e)

=
(17)
= (2.81 t 0.25)10°13 sec.
to be compared to the current experimental value
T, = (3.31 £ 0.57 + 0.6 110-13%  sec. (18)

This leaves room24) for vr mixing with (say) a fourth neutrino v at a
level of € ~ 0.4 or a non-zero mass for v; (e.g., M, of 250 MeV
lengthens t¢ by about 15%). *

From the limit on |U.,| < 0.57 B mesons should live longer than
8.1071° sec. i.e.

1.4 x 107*? sec. > > 8.107 1% sec. (19)

"B
We know quite a bit about b from CESR data36) now. In particular

(a) all models in which b decays only semi-leptonically are ruled out;
(b) topless models with bL’ bR SU(Z)L singlets; bL’ dL’ s mixing
allowed need B + e*te™x at least at 2.5% level and are now ruled out;
(¢) models in which b decays dominantly into p's or t's are ruled out;
(d) a topless model in which b is an SU(2) singlet but(c) is a

bR
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doublet, while not pleasing can not be ruled out.37) The decay pattern
is just like the standard model with Uyp ~ O. This model would predict
TB ~ 3.107'5 sec. and a V+A form factor in decays such as B > Drniv.

In the neutral current sector, x2 has been measured in the Vy
couplings to u- and d-quarks. From thé observed strength, p=1 is
tested to about 1.5%. Hence all neutral current couplings are fixed.
This means vector and axial-vector couplings of all 12 fermions to each
other are fixed (counting 8y and g this is a total of 156 otherwise

free parameters). How many others have been checked? vue, Gue and

Gee are consistent with expected values. The coupling of e to u and d
was first seen in,the celebrated SLAC asymmetry experiment and is also
consistent with X, from v data. Last year, at PETRA, couplings of e

y
to e, e to p and also elg? u,d,s,c,b were checked to some extent. Two
new tests were reported ~’this year: one was the EMC experiment test-
ing p to u,d couplings and the other is the check of vu to ¢ couplings

in the diffractive y-production by v . 1In view of all these successes,

it is sobering to be reminded that3851 v

e Vu universality in neutral
currents is not tested accurately at all and that £(the ratio of VA to

vy, couplings}) can vary from 1.6 to -0.4.

From the above discussion of B-decays, except for the remote

possibility of (E) we expect a t quark to accompany b. At what mass
R

do we expect t? One surviving speculation for m¢ is
m./mg = mu/m.r . (20)

With this mass formula, making a QCD correction with a gauge invariant

quark propagator, with m.(m:) taken from analysis39) of Eg-spectrum in

D > evx to be between 1.74 GeV < m. < 1.87 GeV, one finds the threshold
for naked t to be given by4Q)

52 GeV > 2M_ > 46 GeV (21)

If this estimate is wrong and 2Mt is below 46 GeV PETRA should find the

t-quark in the near future. I think it will be delightful to find t in
either case.

4. Aside On D.F Decays

As stressed by Maiani?4) D+ > pyv, Tv, and F » pv, TV are vegz
useful and interesting. For fF ~ fD ~ 0.15 GeV, B.R.(D > uv) ~ 10 *,
B.R.(D > tvy) ~ 3.10 ", B.R.(F » uv) ~ 0.1%, B.R.(F > tv;) ~ 1.4%.

Detections of these modes serve variety of purposes. Absolute rates or
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branching ratios into pv modes are good f-meters and tell us about the
wave functions at the origin. Ratio of rates such as 'rv-r/uvu is a very
sensitive test4l) of m,_ e.g. for F, 1/u ratio goes from 14 at m,_= 0
to 1.1 at my;,_ = 220 MeV. In case of D, a mere observation of Tvy mode
limits m,_ < 60 MeV. Perhaps an attempt to find these modes at " is
not hopelgss.

5. CP Violation in Standard Model

In the standard model, setting 6Qcp = 0, the phase § in Ugy is
the only source of CP violation. Using the bounds on KM parameters one
can estimate CP violation in processes besides Kf, -+ 2m. The results
are disappointing.

In neutral meson systems, analogues of K°-K°, one defines two
parameters: the mixing parameter A4:

(sm/T)2 + 1(s1/D)?

b= s (Dt - /)2 (21)

and the CP parameter e:

iImMy, + %Imrlz
i/28T - 8m

Then in the process e*e™ - M°M® - g*e-, 2727, 2*2*, ¢72*, the observ-
ables r and a are related to A and €

by T = (N** + N"7)/N*= = 25/(1 + A?%)
and a = (N*+ - N--)/(N** + N-~) ~ 4Ree (for small €).

For CP violating effect, in this case the asymmetry a, to be observably
large, the mixing i.e. r must be large enough so the interesting
quantity is ar. To estimate a and r; ém and ImM;, are calculated from
box diagram with vacuum insertion and some assumption about the matrix
element i.e. for fp, fy etc. Similarly Iml;,, 6T are estimated from
the appropriate absorptive parts of box diagrams. Typical values from
a recent calculation30) are:

e = (22)

(23)

System r a

D°-D° 1077 to 107" 1072 to 10"

B°-B° 1075 to 0.7 1072 to 10 * 24)
BS-BS 0.5 to 0.9 107" to 10°°

Generally for B-systems when r increases a decreases and it is diffi-
cult to find ar larger than 10 “. So if a significant charge
asymmetry is seen in any neutral meson system it will be from outside
the standard model. This is equally true of Ty, Tc systems.

It has been suggested42) that there might be significant CP

violating effects to be found in differences in particle-antiparticle
decay rates to CP-conjugate channels. In principle such effects exist
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but are likely to be small as they need a) at least two channels in the
same final state (e.g., I = I and 3/2) b) non-zero final state phase-
shift difference between these channels and c) non-zero CP-phase
difference between the two channels. e.g., I'(B” »> n 1°) = » T(B*sntrn°)
has to vanish while I'(B~ + K™n°) - T'(B* » K*7°) can be non-zero. One
of the more promising possibilities43) with possible large 6T is

B. > 7D. One expects rather small effects (<10"%) in hyperon-anti-
hyperon decay rate differences.

e' in Kp decay in Zweig suppressed and expected to be very small.
If Penguin graphs play an important role in Kg - 2m then they can also
contribute significantly to e'. Some estimates?4) yield

let/e] ~ (1 to 4) 1072 (25)

to be compared to the present limit |e'/e| = 0.003 # 0.015. On the
other hand it is possible that Penguin graphs do not play an important
role in Kg + 2w, in that case |e'/e| may be practically zerod®

As shown by Shabalin46) electric dipole moment of the neutron
vanishes up to two loops. At three loops he estimates

dﬁ Z 10°3%* e cm. (26)

There are other contributions which are estimated46) to be -10"*°e cm
and optimistically47) to be ~10 3% e cm. I think it is safe to say
d: 210732 e cm for the standard model to be compared to the bound48)

<4.1072% e cm.

Manifestly symmetric left-right SU(2); x SU(2)g X U(1) model has
interesting implications for CP violation. From B and u-decay MWR

has to be larger than (2 to 3) MWI’ whereas a more model dependent

analysis of Kj-Kg mass difference constrains>0) MWR 31 to 1.5 TeV.

The first interesting result is a connection between neutron electric
dipole moment and €' viz.>

d® 3 6.1072° |e'/e| e cm. (27)
Further, in a four flavor model it can be shown that5?) g' = 0 and
this can be generalized by requiring Ugy to be real to six flavors?3)
It can be further shown that in this case to reproduce53’54) e, Wr
cannot be too heavy viz. MWR < 30 TeV.

In models where CP violation occurs only in the Higgs couplings
there are two cases. In class A, neutral Higgs are allowed to couple
as they may. Then at least two Higgs doublets are needed. The general
features of these models are: neutral Higgs couplings are important
and they have to be heavy enough to respect K; - uu rates and light
enough to account for K[, - 2m. In general Kj - ue will be expected at
accessible (~10 ! in branching ratio) rates; e' is nearly 0, neutron

electric dipole moment Z 10°3% e cm. In general, superweak is mimicked
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more closely than any other scheme.

In the other Higgs model class B (Weinberg model55)}) flavor
changing couplings of neutral Higgs are forbidden and at least three
doublets are needed.

In this model charged Higgs play the important role and cannot be
too heavy. The model is on the verge of being tested experimentally in
its predictions46- of |e'/el ~ 0.01, di ~ 1072% ¢ cm and relatively

light charged Higgs (current limit from PETRA is My * > 15 Gev). It
will be very interesting to watch these bounds being improved in the
near future.

6. Potential Problems

There are two experimental results®’) which potentially pose
problems for the standard model. One is the persistent indication from
various beam dump experiments that fluxes of prompt ve's and v,'s are
not identical. This cannot be explained away within the standard
model. Many simple explanations have been ruled out: v-oscillations
are ruled out for the relevant values of L/E, light neutral particles
decaying preferentially into Vusu are ruled out, charged Higgs exchange
giving higher rate for ¢ + spv; than ¢ + seve is ruled out .... 1In any
case a possible violation of e-p universality in charm decays should be
checked by comparing branching ratios for D + p and D » e directly.

The second is the observed rate for v, induced u~p~ production
has defied explanation by any known mechanism and remains an outstand-
ing puzzlel7)

I, for one, look forward to many such effects to give us indica-
tions of future directions beyond the minimal standard model.

I dedicate this paper to the memory of Jun John Sakurai, friend
and mentor.
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MASSES OF W~ AND Z° BOSONS

K.J.F. Gaemers
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ABSTRACT

In this talk a review is presented of recent work on
higher order corrections to the masses of the
intermediate bosons W and Z. QCD corrections to order
ag are considered and some of the problems that strong
interactions may pose are pointed out. In section I.
the standard model and its (many) parameters are
discussed. In section 2. one loop corrections are
discussed. In section 3. the order og corrections are
presented. Finally in section 4. a discussion of the
hadronic corrections is given.

1. Parameters of the standard model and lowest order results.

If we assume that the standard SU(3) & SU(2) & U(1l) model (with a
simple I=% Higgs-sector) describes nature accurately, we are faced with
the problem that this model needs very many input-parameters in order
to be able to make predictions. To start with we need three coupling
constants, one for each gauge group. Furthermore for three families of
quarks and leptons we need twelve masses and possibly eight mixing
angles. On top of this there are two extra mass parameters, the vacuum
expectation value of the Higgs-field. This parameter sets the scale for
the masses of the W and Z. Secondly the mass of the physical Higgs-
boson is a free parameter, and is needed to define the standard model.
Finally we have the QCD vacuum parameter ©. In total we see that we
need 26 parameters. Unfortunately not all of these parameters are known
accurately. The Higgs-mass (My) for instance is unknown because we have
not seen the Higgs-boson yet. On the other hand it is difficult to give
a precise meaning to the quark masses, because there is confinement.

The masses of the intermediate bosons (My and MZ) depend on the
parameters of the theory. In lowest order they can actually be
expressed in only three parameters i.e. the coupling-constants of U(1)
and SU(2) and the vacuum expectation value of the Higgs—-field <¢>.
Again in lowest order we can express ese three parameters in terms of
three low-energy parameters (o,G_,sin OW), in terms of these we have

F
the well-known expressions
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A mass prediction of this type can be used to test the model. In a way
it plays a role analogous to that of the prediction for the (g-2) of
the electron and the muon in QED. At present it is not yet possible to
see whether (1) is correct, because we do not know yet what My and MZ
are. A more practicle problem is the fact that the experimental value
of sin“0 has not yet been_determined accurately. As we can see from
(1) the uncertainty in sin Ow determines the uncertainty in My and M.

Another problem, which is of a purely theoretical nature is posed
by the fact that the expressions (1) are lowest order results, which
will be modified if loop corrections are taken into_account. These
corrections have been considered by many people =7y I like to stress
here that it will be a very important test of the standard model to see
whether the relation (1) and the higher order corrections to it will
fit the experimental data (which are of course not available yet).

2. One loop corrections.

In order to get an idea of the procedure involved, we may first
look again at the anomalous magnetic moment of the electron and muon.
It is well known that we can express it in a series of expansions:

O_e - 0.5 (%‘) ~ 0328 48 (;)1+ 1.211 (%)j -- - (2

This expression is used to calculate a. The value for o is obtained by
a careful measurement of the electronic charge. We may note however that
(2) may be used the other way around. If we have a precise measurement
of the anomalous magnetic moment, we can deduce from it a value for Q.
This value of o will be more accurate if we include more terms in the
series (2). The situation in the full standard model is more
complicated than the one sketched here. The most natural situation would
be where we know the masses of all particles and e.g. the coupling
constant of electromagnetism. From these parameters we could then
compute low energy parameters such as sin Ow and Gg- Since we do not
know yet the masses of the W,Z and Higgs-boson, we are forced to work
backward (i.e. calculate o from a measurement of g-2). This procedure
has been followed in [1] and [2]. A large part of the correction to the
Z and W mass is due to vacuum polarisation insertions in the Z and W
propagators, where the polarization tensor is calculated for leptons
and quarks. Following [1] and [2] we have the following expressions for
AM, and AMZ.
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Figure 1: Contributions to the vacuum polarisation

tensor from fermion loops.
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The Hli is related to the polarisation tensor standing for the self
energy graphs (figs. la,b). It is defined by

_— AV _ v = MV .

] i (q/) N /{“J. (92)? + /I(éaz)ii G Wz vy @
It should be noted that H2 does not contibute to the mass shifts. These
expressions can easily be evaluated for a single fermion loop and they
give, when inserted into (3) an ultraviolet finite result. This resnlt
depends of course on masses of quarks and leptons. At this point we are
faced with two problems i) What is the mass one should use for the up,
down and strange quarks, i.e. the current quark mass or the constituent
quark mass? For the ¢ and b quarks we may neglect the difference. ii)
What is the mass of the top-quark? We will look at the problem of the
light quark masses first. If we take the quark masses in a doublet to
be my and my we find in one loop the following approximate expression.

2z k3
Uﬁ’ = [ J&v\ MW 2/\4 Hw - ‘3‘] (5)
Mg qmt it

and a similar expression for ﬁM . In (3) g is the SU(Z) gauge coupling
constant. From (5) we see immediately that if we take ml,mﬁ*O we will
find a diverging mass shift. If we would take current quarﬁ masses of
a few MeV, (5) would predict large mass shifts As can be seen from
(§) we must evaluate the polarisation tensors at g =0 as well as at

o *Mw 'MZ . It is not so clear that perturbation theory will correctly

give H(q =0).

Since H(qz) may be given by a dispersion integral and since ImH(qz)
is described well (in average) if we calculate it by means of pertur-
bation theory using constituent quark masses, it seems the most
plausible approach to calculate (5) using for the up and down gquark
masses 250 MeV . The_net results for the mass-shifts due to fermion

loops is now given by
AHw:?)Og()Q)‘/

AMy = 23 G ,

These corrections also include corrections due to Higgs-boson loops.
The Higgs mass was taken to be 200 GeVv

(6)
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Note the threshold effect.
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EiN Order QS corrections.

It should be noted that the effects of strong interactions can
entirely be incorporated by using expression (3) and by inserting the
full hadronic polarisation tensors. If we assume that these tensors
cbey dispersion relations, we can try to calculate hadronic effects in
two ways. In the first place one could approximate the imaginary part
of the hadronic tensor by saturating it with resonances and a continuum.
This has been done in and . Another possibility is to use QOCD
perturbation theory and to make a systematic expansion in powers of ag.
In - the corrections to order og have been calculated. This has
been done by calculating the order ag imaginary part of these
polarisation tensors. Through a dispersion relation it is then possible
to calculate the real part. Since these dispersion relations have to be
subtracted once, care should be taken to obey Ward-identities as with
dimensional regularisation. The dispersion integrals were evaluated
?T?erically. Details of the subtraction procedure can be found in 10

In the results an interesting artefact of the calculation shows
for particular values of the top-quark mass. If this mass is such that
the mass of the W or 2 is close to the tb or tE threshold respectively
the real part of the vacuum polarisation amplitude becomes singular
logarithmically.

In figure 2. the order og mass shift is given for the W, due to
the top-bottom doublet only. Just above 70 GeV a sharp (negative)
singularity is seen. This is due to the singularity mentioned above.

A solution to this problem can be given by taking into account in some
way the full strong interaction effects to all order in ag. In the real
world, the vacuum polarisation tensor does not have the singularity
structure as shown in figure 2. Rather, due to the formation of
resonances, singularities of this type are absent.

In practice this problem is probably not very important since it
would need a fantastic coincidence in the masses of quarks and the W
and Z boson masses. It shows however as with light quarks that
thresholds cannot always be ignored and that non-perturbative effects
can become important.

4. Conclusions.

We have seen so far that it is possible to calculate higher order
corrections to the mass of the W and Z bosons. Comparison of the
results of these calculations with the physical masses of the W and Z
will be a good test of the standard model since the results do not only
depend on the tree-level theory, but include higher order corrections
as well. From a practical point of view there are uncertainties
connected with the values of %he quark masses. The light quarks give
threshold problems close to g“=0. The heavy quarks may give problems at
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2.2 g
q = MW'MZ' These problems could possibly be solved by using data in

order to get a handle on the structure of the n(qz) tensor.

It is known that also the presence of Higgs-bosons gives
corrections to_the intermediate boson masses. Their effect has been
calculated in 2). For Higgs-masses smaller than 200 GeV the mass-shifts
are of the order of 100 Mev.

We can conclude that the masses of the W and Z are presumably not

very good instruments to get information on the Higgs-sector of the
theory.
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WEAK NEUTRAL CURRENT EFFECTS IN e*e™ ANNIHILATIONS
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ABSTRACT

Recent results from PETRA and PEP on weak neutral
current effects in lepton pair production in ete”
annihilations are presented. Preliminary results

from quark pair production are also reviewed.

1. Introduction

Following the discovery‘) of weak neutral current effects in
neutrino scattering experiments in 1973, subsequent neutrino scatter-
ing experiments off electrons?) and nuclei confirmed®) the existence
of the neutral current. Its expected parity violating nature was
demonstrated by the polarized electron deuterium scattering experi-
ment*) at SLAC. These lepton-lepton and lepton-quark scattering experi
ments, characterized by relatively low spacelike momentum transfers
between 10~!'! and 102 GeV2, indicated a neutral current with contri-
butions from vector and axial vector currents. In bgief everything
agreed with expectations based on the parton model®) and the SU{2)xU(1)
simple gauge theory of Weinberg and Salam (WS)®).

The observation of weak neutral current effects in e'e” annihila-
tions became a reality with the operation of the PETRA (1978) and
PEP (1980) electron positron storage rings. These machines opened up
a new kinematic region with timelike momentum transfers of 10° GeV2.
The pair production of leptons and quarks, in the later case neglect-
ing fgagmentation, provides a very clean way of studying the proper-
ties?) of the neutral current. Further the large timelike momentum
transfer allows a search for the propagator effects expected in the
WS model.

In this talk I shall present recent results from PETRA and PEP on
weak neutral current effects in lepton pair production. Preliminary
results from quark pair production are also reviewed. In section 2
brief details concerning the contributing experiments, in particular
the integrated luminosities collected and the center of mass, Vs, are
given. This is followed in section 3 by a review of the expectations
from the parton and WS models. The radiative corrections applied to
all the data are described in section 4. In section 5 and 6 the
experimental results from lepton pair production and quark pair pro-
duction respectively are reviewed along with their implications.
Conclusions are given in section 7.
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For the data reviewed in this talk both PETRA and PEP operated
with unpolarized electron and positron beams which in conjunction with
the non measurement of final state fermion polarization result in
differential and hence total fermion paig production cross-sections
which are parity concerving quantities'®). The classic signal of a
weak interaction - parity violation is lost. With these restrictions
what then can we hope to measure?

The first order diagrams for lepton (2 = e,u,t) pair production
via y and Zg exchange are shown in Fig. 1. -

et [* et *
Y Zy
g I & -
V26 M
b - - i = %,z
M= 22T Gy geye . —-———Fz 2y (9§+Y59A)%Y“(93+¥5g§)e
s L (s-Mo+im,r,) M
padleso¥ ) (1)

Fig.1 First order vy and Z exchange diagrams contributing to lepton
pair production.

The differential cross-section would then be,

do 2 2 2 2 2
28 e % 2 2
deovs = 35T {(ecos?o) LezgflRe(x)(gF +o5 (ot ok ) 117
e L 2 2 (2)
+ 4cose[gAgARe(x)+29$gvgggA|X[2} }
where O is the polar angle between the e” and £~ and ¥ is the
propagator term
G . s << m2
=t - S Z _(2-107%)s (3)
2V2ma, (5_ o i@ ___Z_)
\si:Z
™z

The (1+cos?@) term in eqn( 2 ) is essentially the familiar QED
lepton pair production cross-section plus interference and propagator
contributions to the total ogy. The cos© term represents a charged
asymmetry. From WS at /s ~ 35 GeV,

o =0

" 1+ g3lx|*) =0 (1+0.003) (4)

UIJ(
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2. Details of contributing experiments.

The experimental resu}ts presented here come from the four PETRA
experiments CELLO®), JADE® J1?) and TASSO!!) and from the PEP
experiments MAC!2) and MARK 1113

The PETRA experiments have collected most of their data,
50 - 70 pb~! per experiment, in the center of mass energy range
30 - 37 GeV (Vs ~ 34 GeV). Small amounts of data, 2 - 3 pb~ 1. have also
been collected in the energy ranges, 12 - 14 and 22 - 25. GeV (CELLO
has received considerably less luminosity than the other PETRA experi-
ments due to sharing its interaction region with the PLUTO experiment).
The PEP experiments have each collected 20 - 30 pb~! at 29 GeV.

A11 the groups have similar detectors i.e., large volume magnetic
solenoids enclosing charged particle tracking chambers and surrounded
by electromagnetic calorimeters, muon identifiers etc. Detailed
descriptions of the individual detectors are given in the references
above.

3. Model expectations

In this section the implications of the WS model for fermion pair
production in ete™ annihilations is reviewed. The motivation for this
is to introduce some of the ideas which will appear later and to
introduce most of the definitions requ1red The WS model is choosen
because of its ability to fit the Tow g® neutrino and electron
scattering experiments. The WS model is an SU(2) x U(1l) gauge theory
whose properties ie, Mz mass of the neutral gauge boson, Z,, vector
and axial vector coupling constants 9y and gp, etc are f1xed by speci-
fying the mixing angle sin®¢y. From low q® experiments sin OH = 0.221%).
This value determines M7 ~ 90 GeV ie well above PETRA and PEP energies
(this could have been inferred from measurements of the muon pair
cross-section since no deviation from QED is observed). The lepton and
quark weak charges predicted by WS are shown in table 1.

Table 1. WS definitions of quark and lepton weak charges

Q 9 9y
Ver Yt Vg 0 1/2 1/2
e, U, T -1 -1/2 -1/2 + 251n2®w
d, s , b -1/3 -1/2 -1/2 + 2/3 SinZGN
u, ¢ , t 2/3 1/2 1/2 - 4/3 Sin2®w

PETRA and PEP are therefore operating in an energy region where
the single photon exchange strength has a 1/s dependence and where the
exchange strength is rising linearly with s (neglecting propagator
e?fects In this region vy - Z, interference is constant.
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The deviation from ogg is probably too small to measure. The
charge asymmetry, A, defined as

0 [o]
A 0ge(€ < 907) - 0,.(6 > 907) 23 (2107 )g2 — 5~ .10
28 Sen K I T-s7m2 :
(5)

is Targe and could be measured.

Having developed the discussion for lepton lairs one can extend
it to quark pairs. The total quark pair cross-section is then,

2 22 22 2 2 )
%4q = O 3 (X] {eq+29V93RE(X)+(gV +gp )(g] +gg 1| .2} (6)

where e, is the quark electric charge and 3 the flavour factor. The
quark charge asymmetry is,

q
9
Agq = A 3 7)
gpe
A~q
The presence of the neutral current will Tead to a change in
oqq ~ 1%, and give charge asymmetries A, sl = -0.30 and Au e -0.15.

4. Radiative corrections.

It has been pointed out that without beam polarization or
measgrement of final state polarization all neutral current effects
in e e~ annihilation are intrinsically parity conserving. QED can
therefore cause similar effects to those caused by Z, exchange. For
example higher order corrections contribute to oy, and produce a
forward-backward charge asymmetry by interference of graphs with
different C parity. In order to extract the neutral current information
it is necessary to subtract off the QED radiative correction. All
groups working at PETRA and PEP handle higher ord?r (a®) QED processes
by using the calculations of Berends and Kleiss!®/ or something
similar. The QED contribution to the muon pair asymmetry evaluated
in this way is ~+0.015 for |cos@| < 0.8, compared to the expected
asymmetry from electroweak origin of ~-0.10. Although not a large
correction it is useful to check the correctness of the calculations.
This can be done by comparing the predicted and observed collinearity
distribution of muon pairs, Fig. 2, which shows good agreement. A
further check has been made by observing the utu~y final state, this
has been done by JADE, Fig. 3, again good agreement is found. In the
follawing review the QED contribution will always be subtracted.

The full radiative corrections to the Z0 exchange graph are not
available, first order corrections'?) including hard photon emission
reduce the expected asymmetry by ~+0.01. This reduction is due primari-
ly to lowering the effective center of mass energy of the reaction
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acollinearity angle ¢ o

Fig.2 Acollinearity distribution for muon pairs
at /s ~ 34.6 GeV measured by MARK J. The acolli-
nearity distribution expected from radiative cor-
rections, QED (a®), is also shown (full line).
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Fig.3 Angular distribution between the outgoing muon
and the beam of the same charge observed by JADE in
utu~y events at /s = 34 GeV. The QED (a®) prediction
is shown (full line).
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by hard photon emission and hence moving away from the Z, pole. This
radiative correction is not applied to the results presented here.

5. Electroweak effects in lepton pair production.
5.1 Muon pairs

The criteria for selecting muon pairs are fairly standard. Events
are selected containing two reconstructed charged tracks which are
collinear to within 10 - 20°. The main backgrounds are from Bhabha
events, cosmic ray muons, tau pairs and two photon processes. Time of
flight techniques are used to eliminate cosmic rays, Bhabhas and other
non muon backgrounds are removed using particle identification by muon
jdentifiers and electromagnetic calorimeters. Two photon induced muon
pairs are removed by demanding both tracks to have high momentum
(typically more than half the beam energy). The collinearity and
momentum requirements reduce the number of tau pairs, where the taus
decays leptonically into muons plus unobservable neutrinos, in the
sample, but cannot completely exclude them. The residual background
contaminations are very small ~2 %.

The presence of a neutral current is not expected to produce
large deviations from the QED cross-section until /s o~ My. The devia-
tion predicted by WS at PETRA energies has already been shown to be
~0.3 %. For the present data samples available the statistical 1imi-
tations are ~2 % and the systematic uncertainties ~3 %. The systematic
uncertainty is primarily due to the luminosity measurement errors.
Under these conditions a test of QED is essentially a test of neutral
current contributions. The total cross-sections divided by QED are
shown in Fig. 4 for the PETRA experiments. The agreement with QED
and hence WS is good.

It has become traditional to measure deviations from QED by
cutoff parameters ie,

S

g =0 (13 —) 8
pu ~ CQED s - A2 (8)

the 95 % confidence limits for A are around 150 GeV. A can be re-

expressed as limits of gy as shown in Fig. 4.

Muon pair charge asymmetries have been measured by all groups.
Differences in polar acceptances are removed by fitting the measured
angular distribution to the form: 1 + acos® + cos?0 . This is
equivalent to extrapolating to the angular region |coso| < 1. The
results of each group together with the WS expectation is shown in
table 2.
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Table 2. Measured Muon Pair Asymmetries

. — % R
Experiment | = | #Events| A (%) A&S)(s1n26w=0.22)
CELLO 34.2 387 -6.4 £ 6.4 -9.1
JADE 34.2 2224 1-10.8 ¥ 2.2 -9.2
MARK J 34.6 2435 |-10.4 + 2.1 -9.4
TASSO 34.4 2390 |-10.4 + 2.3 -9.3
combined: 34.4 7436 |-10.4 + 1.2 -9.3
MAC 29 1515 -4.4 + 2.4 -6.3
MARK II 29 652 -9.6 £ 4.5 -6.3
combined: 29 2167 5.6 £+ 2.1 -6.3

The combined muon asymmetry seen at PETRA is -10.4 + 1.2 % in
good agreement with the value expected from WS. The differential
muon pair cross-sections measured by JADE, MARK J and TASSO are shown
in Fig. 5.

The c?mbined asymmetry, eqn(5 ) and |g§| = -0.53 + 0.035
measured'®) from neutrino electron scattering give |gf| = 0.53 = 0.10.
Further limits on gy, g and sinzew will be described Tlater.

5.2 Tau pairs

The selection of tau pairs is complicated by their short 1ife-
time!® = (3.4 + 0.7) x 107!3s, and the wide variety of decay pro-
ducts inc¥uding unobservable neutrinos. This makes event selection

and background rejection more difficult than in the muon pair analysis
and acccunts for the smaller statistics.

The analysis of tau pair results is essentially the same as muon
pairs. The cross-section behaviour, Fig. 6, 1is seen to agree with
WED. The charged asymmetries measured are shown in table 3 along
with the decay modes analysed.

f9
di

The combined tau pair asymmetry seen at PETRA -7.9 + 2.2 % is in
d agreement with the value expected from WS. As with the muon
| =0.39 £0.10 is in agreement with WS. In Fig. 7 tau pair angular
tributions measured by the PETRA experiments are shown.

0nx=riQ
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Fig.7 Differential cross-section for tau

pair production measured
by CELLO, JADE, MARK J and TASSO.
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Table 3. Measured Tau Pair Asymmetries

Experiment /? #Events ATT(%) AWSE%) Decay Modes
sin“g,=0.21

CELLO 34.2 434 -10.3 + 5.2 -9 ALL except ee,uu

JADE 34.2 853 -7.9 = 3.2 -9.2 ALL except ee,

(prelim) T, UT

MARK J 34.6 550 -8.4 £ 4.4 -9. uX

TASSO 34.4 517 -5.4 £ 4.5 -9. 1-3

combined: [34.4 | 2354 -7.9 + -9.

MAC 29 - -1.3 ¢ -6.3 ALL except ee,un

MARK T1% | 29 = -3.2 + -5. uxX

* |cos®| < 0.7

5.3 Electron pairs (Bhabhas)

The Bhabha behaviour is complicated by the existence of t-channel
exchanges. The extra y exchange diagram produces a large increase in
the Bhabha cross-section particularly in the forward direction. This
effectively swamps the neutral current effects. The QED normalized
Bhabha angular distributions for MARK J and TASSO are shown in
Fig. 8, along with WS prediction.

2 2
Bhabha events contain only electrons (positrons) thus 96 and gﬁ

can be directly measured from the differential cross-section as
opposed to the products of coupling constants measured from muon and

2
tau pair results. The fitted values of gs and gi are shown in table 4.

Table 4. g@ and gi from Bhabha data.
Experiment gs gK
MARK J -0.12 + 0.34 -0.16 + 0.54
TASSO -0.15 + 0.14 0.01 + 0.16

Assuming lepton universality and My = 90 GeV the results from the
individual leptonic channels can be added and give further constraints
on g, gf and sin®@y, as shown in table 5.

The coupling constants are in excellent agreement with WS and the
value of sin’gy is found to agree with low g’ experiments.
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Table 5. Fitted g@,gi and sinzew from leptonic channels.

Experiment | Reactions g\zl gf\ sinzew
CELLO et [-0.03 2 0.08 | 0.31+0.12 [0.21% 308
JADE ee,up 0.05  0.08 | 0.29 * 0.06

MARK J ee,uu,Tt | -0.02 + 0.05 | 0.28 + 0.06 | 0.26 + 0.09
TASSO ee,up |-0.04 : 0.06 | 0.26 = 0.07 | 0.27 + 0.07
MAC ee 0.18 + 0.10 | 0.24 + 0.10
MARK 11 e, 0.05 + 0.10 | 0.24 + 0.16 o
combined: -0.01 + 0.03 | 0.27 + 0.03 | 0.25 + 0.05
WS gte” 0.002 0.25 0.22

The agreement of the Teptonic results with WS though impressive are
no proof of the correctness of the model. The same results could also be
contrived from a four fermion coupling where the couplings agree with
those of WS. In order to exclude this possibility it is necessary to
observe neutral current effects due to the presence of a non infinite
mass exchange boson. This can be done by searching for propagator
effects in the charge asymmetry A. By reexpressing eqn.(® ) ie,

2

1 1 -4y A
YA
assuming 9 = 1/4 and using the combined PETRA muon pair asymmetry
M%— = (1.97 £ 0.67) x 107" corresponding to a 95 % limit of MZ > 55 GeV.

The size of the propagator effect predicted from the WS model and
that due to the four fermion interaction are shown in Fig. 9.
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measured as a

function of s by PETRA and PEP experiments. The ex-
pected behavious from a four Fermi (Mz = =) and WS
exchange boson (M7 = 90) contributions are also

shown.

57



Before PETRA and PEP the SU(2)xU(1l) model was often extended into
richer structure multi boson models by introducing an extra electra-
magnetic term into the lagrangian,

-4G 27 -4G 2
NG _ F olf3 _ oi2 em) 1 F [ qem) 10
Leff = ——/2_ [\JU sin @wdu J+_/2 c \JU ) (10)
Q._.V_—J —_—
WS extension

The electromagnetic nature of the extension is necessarily parity
conserving and also has no couplings to the neutrino because of its
charge neutrality. The addition is therefore hidden from neutrino
scattering and polarized electron scattering experiments. At PETRA
and PEP these extensions can now be tested most simply by looking at
their modification to the vector coupling constant i.e.

g > 7 (1 - dsin®e,) + 4c (11)

The magnitude of ¢ is determined by the mass spectra of the
bosons. The PETRA Timits on ¢ at 95 % confidence are given in table 6.

Table 6. Upper 1imits on ¢
Experiment ¢ {95% c1)
CELLO 0.031
JADE 0.089
MARK J 0.021
TASSO 0.018
combined: 0.015

The consequences of the combined result for the SU(Z)XU(I)XU(I)ZQ
and SU(2)xU(1)xSU(2)*') double boson models are shown in Fig. 10.

6. Electroweak effects in quark pair production.

With the substantial numbers of hadronic events now available at
high energies, for PETRA experiments approximately 20000 events for
/s > 30 GeV, it has been possible to search for electroweak effects.
In this section I shall present results on the measurement of sin’ey
from measurements of the energy dependence of the total hadronic
cross-section, 94q° and preliminary results on the measurement of
charm and bottom 'quark asymmetries.

The selection of hadronic events typically requires the presence
of 5 or more charged tracks to be found with a summed momentum greater
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than 30 % of the center of mass energy. Background from high multiplicity
two-photon induced reactions and tau-pair decays are estimated to be
2 and 1 % respectively.

6.1 Determination of sinzeu from the total hadronic cross-section.

The accuracy of published hadronic cross-sections is in general
limited not by statistics (~1 %) but by systematic uncertainties which
are typically of the order of 10 %. By carefully controlling all
systematic uncertainties the JADE?2) and TASS02?) groups have been able
to reduce the overall uncertainties to ~5%. For TASSO this error
has the following contributions: trigger acceptance 1.0 %, back-
grounds 1.5 %, radiative correction (mostly uncertainties in the con-
tributions from higher order graphs (>a®)) 2.5 %, uncertainties in
selection criteria 2.5 %, and uncertainties in the measured Tumino-
sity 3.4 %. In quadrature this represents an error of 5.2 %, 4.5 % of
which is an overall normalization uncertainty, independent of Vs,
and 2.7 % the point to point uncertainty.

We have seen in section 3 that the presence of a neutral current
can give the total hadronic cross-section predicted by the QPM an
energy dependence (see Fig. 11). QCD also produces an energy dependence
due to contributions from the gluon bremsstrahlung graphs.

This contribution has the form,

2

2 % O "
oo = O 3L el r T G () ) (12)

where ag is the strong coupling constant and Cp the strength of the
second order gluon diagrams. The value?*) of og is evaluated from the
rate of three jet hadronic events, Co from the” MS scheme2?®/. The
contribution of the QCD correction to the total hadronic cross-section
is ~b % as shown in Fig. 11.

The energy dependence of the JADE, MARK J and TASSO cross-sections
are shown in Fig. 12.

The value of sinZOw is obtained by fixing g and fitting the
cross-sections over the energy range with sin“gy free. The results
of this fits are shown in table 7..

Table 7. 5in%@,, determined from total hadronic
cross-section

Experiment o (fixed) sinzew
JADE 0.17 0.25 £ 0.05
+ 0.11
MARK J 0.17 0.44 - 0.19
TASSO 0.18 0.40 = 0.15 £ 0.02
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Fig.11 Measured total hadronic cross-section as a function

of /s(= W) from ete™ annihilation. The contribution from
QCD is indicated for vs = 35 GeV.

60



6.2 Quark pair asymmetries.

The requirement of tagging both the charge and flavour has so far
restricted the search for charge asymmetries in quark pair production
to charm and bottom quarks. I shall describe the two tagging methods so
far developed in searching for these asymmetries.

6.2a High PT muons from b and c quark semileptonic decays

The semileptonic decay of b and ¢ quarks results in a relatively
hard muon transverse momentum distribution (Py). The transverse momentum
is measured with respect to the sphericity or thrust axis of the
hadronic event. The Monte Carlo predictions for the muon Py distribution
from primary ¢ and b decays are shown in Fig. 13, as well as the Py
distribution expected from hadronic punch through and decay backgrounds.
By cutting at high values of Py it would seem to be possible to tag
primary heavy quark events.

According to current ideas on quark hadronization one is unlikely
to produce secondary b and ¢ quarks. It is however impossible to
separate pure b and ¢ quark samples by this method due to the large
overlap in Py distributions. The best that can be done is the enrich-
ment of the b or ¢ content by moving the Py cut. The residual conta-
minations have consequences for the measured asymmetries because a

u~ tags a b or ¢ and a pt tags a b or c primary quark.

The MARK J and TASSO groups have presented results on heavy gquark
asymmetries using this method. TASSO requiring the muon to have
Pr > 1 GeV with respect to the sphericity axis. MARK J requiring the
angle between the muon and the thrust axis 0 2 229. Their results
are shown in table 8. L

Table 8. Measured ¢ and b quark asymmetries and WS model

prediction.

- . WS, - (9 WS
Experiment Aee (%) Az (%) Ao (%) Aob (%)
MARK J -7.5 5.0 -4+ 1 -17.0 = 10.0 -5+ 1
TASSO - L -17.0 + 10.0 -8

6.2b D* Tagging

The production of charmed mesons, D*, at high energy has been
reported?®) by MARK 11, DELCO and TASSO. The TASSO group have used
the D¥ sample to estimate the c quark asymmetry. The technique used is
to identify the primary D*' or D*” mesons using the decay,
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An exclusive final state for the D° decay is choosen although it
only has a ~3 % branching fraction, in order to use the mass resolution
from the reconstructed charged tracks to give a signal. No particle
identification is required. The mass resolution is improved to
Ap/p? = 0.0105 (p in GeV/c) by refitting the tracks to @ common pro-
duction vertex, the DP T1ifetime can be neglected. Next the k™7t mass
region 1.8633 # 0.120 GeV around the measured D® mass is selected ie,
the 0° region. To further reduce combinatorial backgrounds x > 0.5 is
required for the K™vtrt system. For D** =+ DO the distribution
AM = M(K~mtrt) - M(K-n%) should peak at the known mass difference of
the D* and DO, ie at 145 MeV. Note that the n¥ produced in the D*
decay can only have a momentum of a few MeV/c, so that although the
O*(K-rtrt) and DO(K™nt) masses have measurement errors of +70 MeV,
the difference between their masses is well measured =3 MeV. The AM
distribution for the D° region is shown in Fig. 14 together with a
control region M{(K™n%) = 2.220 + 0.120 GeV. A clear D* enhancement
is seen. In the range of 0.142 < M < 0.148 MeV 47 combinations includ-
ing a background of 11 is found, leaving 36 D* events.

There is a compilation in the region M(K'ﬂ+) < 1.8 GeV where
events of the type,
D+t - Ot p*t > DO

|—-> K*—TT+ l ot

|—+ Korta® l—» TT+‘ITO

cause an enhancement in the K" mass spectrum around 1.6 GeV. The
explanation of non exclusive D® decays was suggested by the MARK II
group.

The average D* momentum in the TASSO sample is 0.8 of the beam
energy hence they are almost certainly due to primary charmed quarks
since the momentum distribution from b -+ ¢ cascade decays would produce
a softer momentum distribution. The ¢ quark asymmetry from this sample
is found to be -35 + 14 % compared with the WS prediction of -14 %.

The angular distribution for the D* events is shown in Fig. 15.

7. Conclusions

The results from experiments at PETRA and PEP demonstrate for the
first time the presence of neutral current effects in ete™ annihila-
tions in both the lepton and quark pair production channels.

The Tepton pair results are found to be in good agreement with

the predictions of the Weinberg-Salam model. Specifically the measured
axial vector, gi = 0.27 + 0.03, and vector, g§ = -0.01 + 0.03, coupling
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Fig.15 Differential cross-section for D* production.

constants are in excellent agreement with predictions. The lepton
results are also in agreement with the results from Tower q2 electron
and neutrino scattering experiments when gauged by the measured value
of sinzcw of 0.25 *+ 0.05. Although the data are consistent with the
Weinberg-Salam model they are not yet able to exclude the presence of
a four fermion point like interaction. The 95 % confidence 1imit lower

bound on the propagator mass measured from the muon pair asymmetry is
Mz > 55 GeV.

The quark pair results, excluding total cross-section measurements,
are confined at the moment to the heavy bottom and charm quarks where
charge and flavour tagging techniques have been developed. The results
from these channels, although encouraging, require more data to be
collected before allowing the measu.ement of quark coupling constants.
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EXPERIMENTAL RESULTS FROM NEUTRINO-SCATTERING
F.W. Bilisser

II. Institut filir Experimentalphysik
University of Hamburg
Fed. Rep. of Germany

1. Introduction

Neutrino scattering experiments provide many informa-
tions about the structure of weak currents, the main

topic, on which I will report.

The weak interaction can be desribed by an effective

Lagrangian of the form:
o
Jal

_ G + o=
Leff“@[ﬁ P U | (1
where Iy is the "weak isospin" current, which has the
following left-handed doublets

(2), (o, (e ), (0), G0,

+
Ji‘ represents the weak charged current, J{) the weak neu-
tral current and p determines the strength of the neutral
current relative to the charged current. At low energies

(s, Q2 << Mzz) J;) is well described by the following form
(standard model) :

o _ 3 _ _s.2 . em
Iy =3y sin®o - Jy7 (2)
i.e. composed of the third component of the "weak iso-
spin" current and the electromagnetic current mixed by the

Weinberg mixing angle 0

In my talk I will report on experiments testing the
validity of the (V-A)-theory for charged-current reactions
at high neutrino energies and on experiments determining
the space-time structure of the neutral current. Many of

these results are covered in some recent reviews [1-7].

67



2. Space-Time Structure Of The Weak Charged Current

The latest experimental evidences for the validity of
the (V-A) theory at higher neutrino energies are the follo-

wing:

i - +
2.2.1 u+—Polarization In The Reaction Vu'FFe-*u +X

Measurements of the helicity of muons produced in neu-

8)

trino reactions can solve the question whether the charged
current (CC) is of the V,A (Vector, Axialvector) and/or
S,P,T (Scalar, Pseudoscalar, Tensor)-type. Positive muons
from antineutrino interactions are expected to have posi-
tive helicity if the interaction is of V- and/or A-type

and negative helicity if the interaction is of S,P,T-type,
because of the known helicity of the incoming V. This was
meas?red in the CERN wide~band beam using the CDHS-detec-

9

tor as target (CERN - Dortmund - Heidelberg - Saclay) and

the CHARM—detector1O) (CERN - Hamburg - Amsterdam - Rome-
Moscow) as polarimeter for the primary produced muons. For
about 17000 muons, stopping in the polarimeter, the heli-
city was determined by means of the time dependent forward-
backward asymmetry of their decay positrons (fig 1). Details
of the experimental arrangement can be found elsewhere11p.
This asymmetry can be described by:

NL(t) - NF(t)

R(t) = W = ROCOS (ot + d)) + const (3)

Ro is a product of polarization and analysing power.
The data give R = 0.116 + 0.010 and b= -3.02+0.08

compatible with -n as expected for positive helicity.

This can be translated into a value of the longitudinal

muon polarization of P(u+)==0.80:t0.07(stat.):t0.10(systm).
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An upper limit of GS,P,T/otot < 0.20 with 95% confidence
level on S,P,T contributions to charged-current interac-
tions can be éiven at an average momentum transfer

Q2= 4.0+ 0.04 (GeV/c)z.Fig. 2a shows the amplitude Ro as

a function of the inelasticity y; there are no obvious
changes withy.Byanalysing the asymmetry in terms of y an
increased sensitivity to S- and P-contributions is obtained.
Fig. 2b shows the expected polarization as a function of

S5- and P-contributions for various bins in y. From the ratio
R (y<0.2) to R (y <0.5), which is independent of the
analysing power, one gets the result

OS'P/OtOt < 7% (95% CL).
This experiment shows, that the coupling is mainly of

V- and/or A-type.

The same experiment provides a limit for the violation
of time reversal invariance. Violation of time reversal in-
variance would manifest itself by the observation of a
polarization component perpendicular to the u+—production
plane, i.e. by the presence of a 6;- (é; X é;) term. No
such term was found. The following limit for the time-in-
varianceviolating cross-section for Q2==4.O (GeV/c)2 can

be given:
9r-violating/Ctot © 1% (95% CL)

2.2 The Inverse u-Decay

The data on muon decay at low energies are consistent
with a mixture of V/A-terms, but it is impossible to derive
the relative amount of V- and A-contributions,since only
the quantity ([gVI24-|gA|2) can be measured. Neglecting

possible S,P and T-contributions the differential cross-
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section for the inverse muon-decay vu-Fe_->u_-+ve can be

written as12)

2 -
-8 {:(1+P) (1-2) y2 + (1 -P) (1+x)] (4)

&8

with the polarization of the neutrino beam

N{vRJ - N{vL)
® = R F R )
YR s
and
*
A =.._EEE£EE_351— (6)
1 |2‘| '2
|gv = qA
A value of A = +1 would be a proof of the (V-A)-struc-
ture of the interaction, and P = -1 of left-handed two-

component neutrinos. The centre of mass energy of the reac-
tion is low because of the small target mass, but the ener-
gy threshold in the laboratory system is 10.9 GeV. Fig. 3
shows the result of two CERN-experiments13’14) in terms of
upper limits in the P-A-plane. The results favour the
(V-A) -structure of the charged currents and the two-compa-

nent neutrino theory (left-handed v).

2.3 Limit On Right-Handed Couplings In Inelastic Neutrino-

Nucleon-Interactions

The CDHS—collaboration15) has obtained a limit on

right-handed couplings using the charged-current reactions
v.Fe » p X
" 13

- +
v_Fe - X
" U
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If the current couples to left- and right-handed quarks

the cross-sections of these reactions can be written in the
form:

dzcv

a&xdy " ax) + pZa(x) + (1‘Y)2 [%(X) + ozq(x{

= q 0 + (-9 ? g
(7

dzcv

dxay " (1-y)2 [q(x) + DZFI(X)] + g(x) + p2q(x)
— 2
= (1‘Y) qL(x) + qR(x)

where g(x) and a(x) are the quark and antiquark structure
functions and p = [CR/CLl is the ratio of right- to left-
handed coupling. The different dependence on y for v- and
v-reactions can be used to determine the x-~dependence of
the structure functions for left-handed and right-handed
quarks. The ratio of the cross-sections dov/dy to dov/dy
is for large y and large x sensitive to the existence of
right-handed couplings. Fig. 4a shows the functions qL(x)
and qR(x) as a function of x for a particular Q2-range.
Fig. 4b shows the ratio (doV/dy) / (docV/dy) as a function
of v for different x-regions. For x > 0.5 and y > 0.66 and
<Q2> = 33 (GeV/c)2 the following limit can be derived

pz = CRZ/CL2 < 0.009 (90% CL)

This limit can be used to set limits on the mass mixing of
a second charged vector boson which is predicted in a left-
right symmetric theory based on SU(Z)L)(SU(Z)R)<U(1). The

mixing of the masses is given by
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2 L2
_ cos’ o sin“® . 1 _ 1 '
CL =N + M C-R = sin@ coso (—2 —2) (8)
2 M

1 2
In Fig. 5 the result is compared with the limits obtained

from the muon decay16)

2.4 y-Distribution For Prompt Opposite-Sign Dimuon Events

Opposite-sign dimuon events observed in neutrino- and
antineutrino interactions are produced by charm-changing
charged-current reactions and can be interpreted as being
due to the production and the subsequent semileptonic decay
of charmed mesons. Assuming only V- and A-contributions in
the Lagrangian the differential cross-section do/dy can be

parametrized as

-gL; =2 {a+ (1-a) (1-v) %} £ (y) (9)

where f(y) is a threshold factor, which flattens out at
higher energies. If the weak charged current is of pure
(V-A) type the y-distributions for neutrino- and antineu-
trino-interactions should be satisfied with a value of a
around unity. The CDHS-collaboration17) gives the following
limits on (1-a), what is equivalent to a limit on (V+A)-
contributions:

neutrinos (1-a) < 0.10 95% CL

antineutrinos: (1-a) < 0.30 95% CL

The CHARM—collaboration18) quoted the following value for a
antineutrinos: a = 0.85 % 0.10

Fig. 6 shows some y-distributions from the CDHS-collaboration.

Taking all experimental facts together one may conclude
that the weak charged current is well described by a Lagran-
gian dominated by (V-A)-terms.
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B Space-Time Structure Of The Weak Neutral Current

3.1 Introduction

The Sakurai tetragon19)(fig. 7) summarizes almost all

possible processes, involving neutral-current contributions:

(1) elastic scattering of neutrinos on electrons; coupling
constants:
gAI gV;

(ii) experiments on neutrino-quark scattering; chiral
coupling constants:

20)

Uy, Up, dL, dR as defined by Sehgal or a,B,v,5 as

defined by Hung and Sakuraiz1);

(iii) reactions induced by electrons, i.e. electron-quark-

scattering; coupling constants:
LACIS VR VIR V)
QIBIYIG;
(iV) ©pure leptonic experiments on e+e_—storage rings

- - VN
(e+e > 1+2 ,zi = lepton); coupling constants:

h h h

AA' VA’ VWV

(V) reactions induced by muons, i.e. the deep-inelastic
scattering of polarized negative and positive muons
on carbon performed by the BCDMS - (Bologna - CERN -

Dubna - Munich - Saclay)-collaborationzz).

The magnitude of the interference term between parity
violating weak and electromagnetic amplitudes observed in
longitudinally polarized electron-deuteron scattering23)
rules out a neutral current consisting entirely of S,P and

T-terms. The measured asymmetry
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_ L eRd Aem ’ Awaak " -
A= = = 10 7 Q (10)
+O'ed iA !2 + IA |2
L L em Tweak

is compatible with maximal interference between the weak

and electromagnetic amplitudes.

Since in electromagnetic interactions the lepton heli-
city is conserved, the weak neutral current must consist
mainly of helicity conserving parts, i.e. V,A-terms.

Small admixtures of S,P and T-terms in the interaction are

much harder to rule out.

For the following it is assummed, that the weak neutral
current consists only of V- and A-terms.

The two sets of coupling-constants u d_ and

L 9pr Ygr 9y
a,B,v,5 for the neutrino-quark scattering are related to

each other by the following definition of the current:

q._ 3 -
Jo oYy EJL“ +t vg) +ou 0 YS):‘U +
(11)
d L [éL(1 + Y5) + dR(1 . YS{}d
or
39=-av> +8a> +yv® +8a° (12)
a a a a a
where ur, dL, Up: dR are the left- and right-handed chiral

coupling constants of the u- and d-guark, and a, B the vec-
tor- and axialvector couplings of the isovector and vy, 6

of the isoscalar part in the current. The following rela-
tions hold:
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u; = % (a +B +vy + 8) up = % (o =B +vy - 86)
(13)
dp =g (-a=B+y+8 dy=1s(-a+tBty-8

and in the SU(2) x U(1) - model

s, = dL, Sg = dR, Cp, = Ups Cg = up (generation univer-
sality).

In any model involving a single Z-boson and assuming
generation universality, one needs only seven independent
parameters to describe all neutral-current phenomena corre-

sponding to the coupling strengths of v
d

L’ L’ °r’ Y1’ YR’
L dR, i.e. there are six factorization relations, which
connect the coupling constants for neutrino-quark and neu-
trino-electron scattering with the electron-quark and

electron-positron scattering ones. These are21)

VLV N
y/o = y/o ; &/B = 8/B
9y/9a = (@-B)/(B-a) (14)

2 2, B
hoy =9y /P i hap = 9,7/0 5 by, = 9.9,/

p is the relative strength of the neutral-current to the
charged current.

Taking these relations into account Kim et al.22)
determined two years ago the coupling constants in an
unique way using all neutrino induced experiments on lep-
tons and hadrons and the experimental result of the SLAC-
electron-deuteron scattering experiment. Since then many
more precise experiments, especially at the electron-

positron storage rings, were carried out.
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In the frame work of SU(2) x U(1) Kim et a1.2) made a
more generalized analysis by allowing for left- and right-
handed isospin multiplets.The coupling constants can then be

expressed as:

e (i) = o [%3L(i) -9, sinzew}

(15)
egli) = o [Tap(i) - 0 sin’oy

where T3L(i) and T3R(i) represent the third component of
the weak isospin for the left- and right-handed component
of the fermion i with charge Qi' For left-handed fields
the canonical values T3L(u) =1/2, T3L(d) = T3L(e) =-1/2
are assumed. In the Weinberg-Salam-GIM model the values of
T3R(u), T3R(d) and T3R(e) are identical to zero and p
equal to one.

Three fits to the data where done:

(i) Within the context of generalized SU(2) x U(1) the
weak neutral current is described by the five para-
meters:

2 2 .
o =M, /MZ coszew, 51n29w, T3R(u), T3R(d), T3R(e). A

simultaneous fit to the data gives:

Typ(1) = -0.010 + 0.040 ; T, (d) = -0.101 * 0.058
Typ(e) = 0.039 + 0.047 ; p = 1.018 + 0.045 ;
sinzew = 0.249 + 0.031

the values of the right-handed components are con-
sistent with zero.

(ii) set T3R(u), T3R(d), T3R(e) to zero. One is left with

a two-parameter fit for p and sinzew. The result is

p=1.002 + 0.015(+ 0.011) and sinzew = 0.234+0.013
(+ 0.009). The errors in the brackets are due to model-

uncertainties.
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(iii) If in addition p is set to one (Weinberg~-Salam-GIM

model) one gets a value for sinzew of

2

sin OW = 0.233 + 0.009 (+0.005).

There is good agreement of all data with the Weinberg-
Salam-GIM model.

In the following the more recent experiments and results
for the determination of the space-time structure of the

neutral-current will be described.

3.2 Electroweak Asymmetry In Deep Inelastic Muon-Nucleon-

Scattering

The BCDMS-collaborationzz)

the neutral current with the electromagnetic current in the

studied the interference of

deep inelastic scattering of longitudinally polarized muons

on carbon nuclei i.e.
e C o> X
+ +
uL C»>uX
They measured the cross-section asymmetry

+ -
do® (-A) - do (+1)
+ -
do® (-A) + dc* (+n)

B = (16)

for energies of 120 and 200 GeV, where A - the longitudinal
polarization of the muon beam - was 81% at 200 GeV and 66%
at 120 GeV. An asymmetry arises if the helicity and charge
of the incident muons are simultaneously inverted. The

A
asymmetry is due to the parity-conserving part Alepton' quark
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of the interaction and in the frame work of gauge modelsz4)

equal to

B(Z,A) = K(A vy T au) A- Z (17)

4 2

with K=G/Y2 - 1/21ta = 1.8 « 10 "GeV “ and

Z = (1—(1—y)2)/(1+(1-y)2) Q2 (y = inelasticity) "V and a

are the vector and axialvector couplings of the muon to

u

the Zo,and Ao is a ratio of structure functions and reduces

to a combination of axial-vector quark couplingszs)
Ao = 6/5 -(ad - 2 au) and is assumed to be known from other
experiments.

Fig. 8 shows the measured asymmetry at 200 and 120 GeV
vs. the quantity (1-(1—y)2)/(1+(1—y)2) 'Q2

In the general gauge-theory the couplings of the muon,
allowing for left- and right-handed isospin multiplets, can

be expressed as:

o L R .2
vu = I3 + 13 + 2sin Gw

(18)

au = I3 - I

These couplings are related to the slope b of the asymmetry

b o_a-y -au=1;%x—1)+1;ﬂx+1)+2xsn36 (19)

W

The experimental results are:

(- 0.147 + 0.037) - 1073 Gev™2 at 200 Gev

(- 0.174 + 0.075) - 1073 Gev 2 at 120 Gev

b

b

to be compared with the standard model prediction of
b=1.51 - 10~% gev2,
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The Q2 range was from 15 to 180 GeVz. The mixing angle of

the standard WS/GIM -~ model derived from the measured slope
parameter b is sin26W==O.23:tO.O7 (stat) £+ 0.04 (syst) using
L

I3 = -1/2 and I3R = 0. If they use sin26W==0.23 and

3R of I,5=0.00%0.06 (stat)

+0.04 (syst). This result rules out a neutral heavy lepton

I3 = -1/2 they give a value for I
of any mass in a right-handed weak isospin doublet with the

muon. One canconclude that in agreement with the standard

model the muon couples according to universality.

313 New Results On Purely Leptonic Processes

3.3.1 Scattering of muon-neutrinos and muon-antineutrinos

off electrons

The CHARM-collaboration has performed an experiment in
the horn-focussed wide-band beam of the CERN 400 GeV SPS to

measure the cross-sections of the processes v -+e_->vu-+e_
and 5u-+e--*3u-Fe- o) using the same detector. Fig. 9
shows the distributions of the v e and v_e candidate events
versus the variable E2®2 (squareuof momegtum transfer).
Shown are also the shapes and magnitudes of the two main

background sources; quasi—elastic(Gé scattering, and cohe-
(;L
and correction for the composition of the beam of the diffe-

rent n° and Y production by . After background subtraction

rent neutrino types, 42+ 11 events were attributed to
vue—scattering and 64+ 16 to 5ue—scattering.?ffer‘normaliza—
tion to the total number of charged-current vu interactions
the following cross-sections were obtained:

o(vHE) 42

- = [}.1 + 0.55(stat) = O.49(syst{}x 10~ cm2/GeV
v
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o(v,e) PP

o - [}.6 t 0.35(stat) = O.36(syst{]x 10 "“cm”/Gev

v

The ratio R of the two cross-sections determines the coup-
ling constants of the leptonic weak neutral current with an
experimental uncertainty which is smaller than in a measure-
ment of a single cross-section. The experimental value R
is:

+ 0.65
R =1.37 _ 5741 stat.

In the standard model of electroweak interaction R is
2

OW
dent of p,the ratio of the over-all strength of neutral-

a function of the weak mixing angle sin . R is indepen-

current and charged-current couplings.

.2 . 4
c(vue) 1-4sin OW + 16/3sin’0

R = - =3 5 7
c(vue) 1-4sin OW + 16sin’0

W

(20)
W

Fig. 10 shows R as a function of sinzew.

From R it was derived:

sinzew = 0.215 + 0.04(stat) * 0.015(syst)

To determine the parameter p the simultaneous measure-

ment of R and O(GHe) can be used with the result:

p=1.12 £ 0.12(stat) = 0.11(syst)

In terms of the coupling constants 9pr Iy the cross-
sections define elliptic domains in the g,, g,,~plane
A’ V7,28)
I

(fig. 11). Including the experimental results
the reaction Ge + e - ;e + e  at the Savannah River fission

reactor, two possible solutions are left. To distinguish
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between both on the basis of purely leptonic reactions one
needs the results from the electron-positron storage
ringszg'3o). At the e+e_—storage rings the coupling constant
hVV =p gV? is determined by measuring the deviation of the
cross-section for the reactions ete »ete”, v, 71 from
the pure QED prediction and the coupling constant hAA==p gA?
is derived from the forward-backward asymmetry of the out-
going lepton. Using p=1, as determined from the scattering
of muon-neutrinos and muon-antineutrinos off electrons,

fig. 11 shows the possible solutions for the coupling con-
stants 9a and Iy- Taking all purely leptonic reactions to-
gether the axialvector dominant solution is clearly favoured.

The values of the coupling constants are:

=-0.52 * 0.06 = 0.06 * 0.08

9a

i.e. in agreement with the standard model.

3.3.2 Neutrino-Trident Production

3) 1)

The CDHS- and CHARM—collaborations3

neutrino trident production, i. e. the coherent production

searched for

of a muon pair and a neutrino in the Coulomb field of a
nucleus i. e. vu-rz-+u_-+vu-+u+-kz. This process is allowed
by charged-current and neutral-current interaction. Both
groups give an upper limit on the diagonal leptonic coup-
ling constant, i. e.

CHARM: GD < 1.5 GF (90% CL)

CDHS: GD < 1.6 GF (90% CL)

The prediction of the standard model is:
1/2

2 _ . 2 _
Gp = (gL +9p ) = 0.77 G for sin O = 0.23
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3.4 Semi Leptonic Reactions: Neutrino-Quark-Scattering

To determine the strength and the isospin structure of
the coupling, one assumes, in general, V,A-structure and the

validity of the quark-parton model.

3.4.1 Inclusive Reactions On Isoscalar Targets

From the inelastic scattering of neutrinos and anti-
neutrinos on isoscalar targets the coupling constants

2 2 R
9L and gR , i.e.

2 2 2
gL2 =p (uL + dL )
(21)
2 2202 2
gg =P iuR + dR )

can be determined. Especially the Paschos-Wolfenstein-

relation
v v
_ ov(NC) oﬁ(NC) _ ng _ gﬂ? _ 92(1/2-sin26w) (22)
ag’(cCc) - o (CcC)

can be used to analyse the data within the Weinberg-Salam
model.

The CHARM—collaboration32) quoted the following values:

gi? = 0.305 * 0.013
gR? = 0.036 * 0.013

or expressing these values in terms of the parameters p and
L2
sin”0.:

o= 1.027 + 0.023 sinzew = 0.247 + 0.038

using the value of p=1 from the relation (22) the following
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value for the mixing-angle was obtained:

sin2®W = 0.230 + 0.023 E_ > 2 GeV

Fig. 12 shows a comparison of the results of the various
experiments on R = o¥(NC) /¥ (CC) and R = oY (NC)/a’(CC) with
the Weinberg-Salam model.

A QCD-corrected (Kim et al.z)) value of the electroweak
mixing angle from the cross-section ratios R and E of the
CHARM-collaboration is sin’g, =0.220 ¢ 0.014.

The CHARM—collaboration33)
inelasticity-distributions do/dy (fig. 13). From those they

measured in addition the

got compatible results for the coupling constants gi? and
2

9r

From the deep inelastic neutrino scattering on iso-
scalar targets alone only the coupling constants gl? and
2 A 2 2 2 2
gy can be determined. To separate uL B dL r Up dR one
needs in addition experiments on deep inelastic scattering
of neutrinos on neutrons and protons or on semi-inclusive

pion-production.

B. Inclusive Reactions On Protons And Neutrons

There are new results from the Bari-Birmingham-Brussels-
London (UC)-E.C.Palaiseau-Rutherford-Saclay collaboration7)
on the process v + p + v + X. The experiment was carried

out with BEBC at CERN. They obtain:

R, = M ) uL2 + dL2 + corrections
o(vp>u x)

= 0.49 + 0.05
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The Amsterdam-Bergen-Bologna-Padua-Pisa-Saclay-Turin-

7)

collaboration carried out an experiment with BEBC filled

with deuterium. They quote the following values:

RP = 0.48 + 0.05

s
I

0.26 + 0.03

]
1

0.33 = 0.03

From these results they derive the following values
for the coupling constants

u?=0.14 + 0.04; d.°> = 0.18 *+ 0.05;
L L
sinzeW = 0.210 + 0.030

Together with results from semi-inclusive pion-produc-

tion vN->unX also the squares of the right-handed coup-

ling constants can be determined:34)
u? = 0.03 + 0.01 a2 = 0.00 + 0.01
R ° - R - -

C. Exclusive Neutrino Reactions And Coupling Constants

The experiments so far allow a unique determination of
2 2 2 2
L9 ¢ Y% dg -
The relative sign of the chiral coupling constants is chosen

the squares of the coupling constants U

by uLz»O. Since |dR|3<D, there are four different solutions
left corresponding tc the two essential sign-ambiguities of

the products uL-dI‘and u determining the isospin and

L "R’
V/A-properties of the neutral current.

The following exclusive neutrino-reactions distinguish
between the different possible solutions.

84



(1) Observation of a strong A-enhancement in the reaction

of single no—production, i.e. vp > vpno

uy - dL < 0 NC isovector dominant .

(ii) Neutrino-disintegration of the deuteron35)

Ve d » Ce n p. Near threshold it is a pure Gamow-

, i.e.

Teller- (isovector-axialvector) transition
u, - up <o », NC axialvector dominant .

(iii) Elastic neutrino- and antineutrino-proton scattering.
Sh >S5,
The results are consistent with the result of (ii),

i.e. u, - u, < oO.
L R

(iV} Coherent production of n°, i.e. WN >wn°N. The Aachen-

Padua—Collaboration36) reported for the very first
time the experimental evidence of this reaction. They
give the following cross-section

-40

fo] = (15.7 + 5.1) x 10 cm2/A1 nucleus

v
The reaction constitutes a test of the axial vector
part of weak neutral currents, since in the extreme forward
direction, vector couplings do not contribute. In the weak
coherent interaction of neutral current is:
Jcoherent =BA 3, sa ©. (23)
u u u
The isovector coupling B describes coherent n° and the iso-
scalar coupling & describes coherent no production. For B
they quote a value of 1.3 * 0.67, which is in agreement with
the standard model (B=1). Since they saw no signal for

n-production the coupling constant & is about zero. They
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quote a value of 6§ < 0.5 (95% CL). From this experiment

again the solution U v up <o is favoured. All the experi-

mental data together deﬁermine uniquely the coupling con-
nr dpr Ygr dg (@, B, ¥, 8). It follows that the
weak neutral current is dominantly isovector-axialvector

like.

stants u

Using the experimental result from the scattering of
Zs) and the

factorization relations (equ. 14) from the coupling con-

longitudinally polarized electrons on deuterons

stants a, B, v, 6 values for the leptonic coupling constants

9p and gy can be derived.

23)
From that experiment the following combinations of

coupling constants were determined

wl=e

v
d+¥=-0.60:0.16 and B + & = 0.31+0.51

wlo e

Using the factorization relations one gets the follo-

wing equation:

v o8
gy B+3 | a+v/3 (24)
9 & + ¥/3 B + &/3
(I D
(vg) (eq) (vq)

which connects the neutrino - electron scattering with the
electron-quark and neutrino-quark scattering. It turns out,

that the allowed region in the Ipr -plane coincides with

9
v
the result obtained by the purely leptonic processes. The
factorization relation is satisfied, if one selects the

axialvector dominant solution.
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5. Checks On Universality Of The Weak Neutral Coupling

Within the model SU(2) x U(1) the coupling strength of
the electron, muon and t-lepton to the Z-boson should be
equal. On the quark side the coupling strength of the u, c
and t-quark on the one side and of the d, s and b-quark on
the other side should be the same. The following table
shows the results on sinze and p for the various types

W
of experiments, showing within the error that universality

holds.

. 12 .2 B
Coupling o sin ew sin Ow(p-—1)
vuq(CHARM)n) 1.027 +0.023 0.247 +0.038 [0.230+ 0.023
eq2V) 1.74 :0.36 0.29373:933 |0.223:0.015
ug?) 0.23 t0.07
L _30)
e e 0.259 + 0.051
CGl)le(CHARM)ZG) 1.12 + 0.12 0.215 #0.040

The experiments at the electron-positron storage rings
are testing the generation universality on the lepton side

H + - + -
by comparing the results for the reactions e e > e e,

- - - = . 3
e+e - u+u ’ e+e > T+T . They are all in good agreement O).
Also the electron-quark and muon-quark scattering experiments
are a check on the generation universality of the lepton

side.

The following experimental results testing the

generation universality on the quark side are available:
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33)

(i) The Charm-collaboration quoted a value of
gs2 = st + SR? which they determined from their

y—distfibutions (fig. 13). They got the result
g'sz/gd2 = 1.39 + 0.43

i.e. the total coupling strength of the weak neutral
current to the strange quark is consistent with being
equal to that of the down quark.

(ii) The CDHS—Collaboration37)

reported a result on the
J/V~-production by the weak neutral current. They
found in the invariant mass-spectrum of the two

muons produced in the reaction que-* u+u_x (where
only little hadronic energy is seen in the final
state) a signal (peak) at 3.16 GeV containing 45 * 13
events. They quote for the mass Mw = 3.16 £ 0.05 sz1 )
and a cross-section odiff(vN-évdnx) =(4.2+1.5) 10 “ecm“/N.
Their result agrees with the gluon fusion model, i.e.
vector- and axialvector coupling is needed. The

strength of the coupling of the c-quark to the Z-bo-

son is consistent with the standard model34).

(gcz/gu2 =2.1%+1.0)

(iii) At PETRA the cross-sections of the reactions
e+e—-»qa->hadrons are measured and compared with the
point-like cross-section. Under the assumption, that
all guarks (u, 4, s, ¢, b) take part in the reaction
and all quarks have the couplings predicted by the
standard model, a value of sinze was deduced from
JADE38) of sin20 = 0.22 *+ 0.08 and MARK39) of

L2 0.34
sin“e = 0.27 i0.08'

The main result is, that at large Q2 none of the quarks

has an unexpected large coupling strength.
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6.

(1)

(ii)

(iii)

(iv)

(V)

Conclusions:

Even at higher energies and Q2 the weak charged
current is of (V-A) type: there are still 10 to 20%
(V+A) contributions possible.

The weak neutral current is dominant of isovector-
axialvector type. The experiments are in good agree-
ment with the standard model. SU(2)L:<U(1).

The coupling of all leptons and quarks to the ZO is
of universal strength.

The factorization relations, which are only valid in
a model with a single Z-boson, seem to hold, but

there is a need of more accurate tests.

There is a need of a more precise measurement of the

mixing angle sinzeW (possible discriminator for GUT)
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10:

Figure - Captions

Time dependence of relative forward-backward
positron asymmetry. The sinusoidal function is
the best fit of eq. 3.

Asymmetry Ro as a function of the inelasticity

Expected polarization for different regions of y
as a function of S and P.

90% confidence limits on neutrino beam polarization
P and the value A (equations 4-6).

Left-handed and right-handed structure functions

in a particular Q2 range.

Ratio (dov/dy)/(dov/dy) as a function of y for
different x-regions.

Experimental limits on the mixing angle 0 as a

function of the mass-ratio.

y-distribution for opposite-sign dimuon-events from the
CDHS-Collaboration.

Sakurai tetragon or "Mount Elbrus".

The measured B asymmetry (equ. 16) at 120 GeV
and 200 GeV vs g(y)Q2=0%. ((1-(1-y)%)/
1+ (1-9?).

Distribution of candidate events for the scattering
of a) muon-neutrinos and b) muon-antineutrinos off

electrons as a function of E202,

Cross-section ratio R as a function of sinzeW com-

pared to expectation for acceptance-corrected ener-
gy range (full line) and uncorrected energy inter-

val (dashed line)
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Fig.

Fiqg.

Fig.

11:

12:

13:

Allowed regions in the gA-gv—coupling constant
plane. (I like to thank Mr. W. Krenz, who updated
the compilation of the data and prepared the

figure)

Comparison of various experiments on RV and R;
with the Glashow-Weinberg-Salam model.

Differential cross-section do/dy after resolution
unfolding and acceptance correction.
(a) cC (b) NC
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RECENT RESULTS FROM THE UAl COLLABORATION AT THE CERN
PROTON-ANTIPROTON COLLIDER

Aachen—Annecy (LAPP)-Birmingham~CERN-Helsinki-—
Queen Mary College, London—(Collége de France), Paris—Riverside—koma-

Rutherford Appleton Lab.-Saclay (CEN)-Vienna

Presented by Alan Norton
EP bivision
CERN
CH-1211 Genmeva

Switzerland

l. lntroduction

This workshop takes place at a critical time for the CERN SPS
Collider community. In a tew days, the UAl and UA2 collaborations will
begin an intensive two month period of data-taking, with expected peak
luminosities between lOza and 1029 cmzsec_l, and strong hopes to
produce exciting new results in the field of electro-weak interactions.
1 will indicate the high level of preparation to study new phenomena by
summarising results achieved so far by the UAl collaboration, using a
data sample taken at the end of 1981 at /s = 540 GeV and corresponding
to a total integrated luminosity of 22 ub_l. I will discuss the
results under three general headings which retlect the highly dynamic

nature of this field.

"OLD" Collider Physics (up to summer 1982) covering basic studies of the
general nature of Pp interactions at vs = 540 GeV. 1 apologise for
focusing here, and elsewhere, on UAl results ; in this case prolific
contributions have been made by all collaborations, UAl, Ua2, UA4

and UAS.
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"DEW" Collider Physics (summer 1982) dealing with existence of jets
and preliminary studies of their properties, first highlighted by
new results from UA2 and UAl at the XX1 Paris conference in July and

at the buropean Symposium at bantiago de Compostela in August.

"FUTWRE" Collider Physics (from end 1982). At the time of writing,
the tuture has already been reached, both for UAl and UA2, and 1 can
profitably conclude with a brief resumé of the first "electro-weak"

results from UAl, derived from the 1982 data.

2. THE UA1 DETECTOR

1he VAl detector has been extensively described in existing
literaturel), and 1 recall only general features which are
relevant to this presentation. The central region of the apparatus is
designed to provide detection of W, Z bosons via ditferent decay
modes. The interaction area is enclosed in a transverse dipole magnet
which c¢an provide a uniform magnetic field of maximum strength 0.7
Tesla. Closest to the interaction is the cemtral detector, a high
resolution cylindrical drift chamber complex, 5.8 m long by 2.3 m
diameter, which gives a detailed bubble-chamber quality image of each
event, and allows momentum analysis of individual tracks with a
typical accuracy of * 20% for a 1 m track at p = 40 GeV/c. The
central detector is surrounded in turn by fine-grain lead-scintillator
electromagnetic calorimeters and by iron-scintillator hadron
calorimeters, the latter incorporated in the return yoke of the
magnet. This allows localisation and energy measurement of high energy
electrons, identified by their characteristic energy deposition
protile, with a typical energy resolution of AE/E = 0.15//E GeV.
High energy muons will penetrate beyond the iron of the magnet, and
can be detected by 2 x 4 planes of dritt tubes installed around the
magnet on all 6 sides.

The calorimetry also permits measurement of global or local

hadronic energy deposition, with a resolution AE/E = 0.8/vE GeV,
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and with a coverage extended down to 0.2o with respect to each

beam tube by additional electromagnetic and hadron calorimeters in the
forward arms. This capability is important in two respects for W, Z
searches, namely the missing transverse energy can be determined per
event (characteristic of a neutrino) and high energy jets can be
identified and measured (hadronic decay modes, QCD "background").

For the 1981 run, 4 pairs of small precision drift chambers and
trigger scintillators were installed in the forward arms at * 23 m
from the interaction vertex to allow a specific analysis of elastic
scattering events.

During data-taking, various trigger processors can select events
which are primarily electron, muon or jet candidates ; at 10“—1()zs
luminosities the data rate can be then controlled below 1 event/sec
with a consequent dead time for rare processes < 10%.

The ensemble of elements for W, Z detection provides in UAl a
universal, near 47, detector adapted to a wide range of physics
topics. ln addition to those discussed here, 1 mention in particular
the study of heavy flavour decays, another important objective of

future running periods.

3. "OLD" COLLIDER RESULTS

3.1. CHARGED PARTICLE MULTIPLICITIES

The charged particle multiplicity distribution has been studied in
rapidity range Inl < 3.5 with a sample of 8000 minimum bias events
recorded without magnetic fieldz). Beam gas events have been
removed by timing and topological cuts, and corrections have been
applied for track finding efficiency (96%) and geometrical acceptance
(80%). Further corrections, estimated by Monte Carlo, have been
included for y-conversion, neutral particle decay and nuclear
interaction losses.

The distribution of the average pseudo rapidity density, dn/dn,
is shown in Figure 1, giving a measurement at n = 0 of 3.3 * 0.2,

2)

compatible with earlier results from UAS5 and UAl /. As illustrated

in Figure 2, this represents a 70% rise from ISR results at /s = 63
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L]
Gev. ) The shape of the distribution shows a narrowing of about 2
units with respect to a simple extrapolation from ISR energies.
Analysis of the moments of the distribution allows comparison with

other energies. Figure 3 shows the energy dependence of the following

three moments :

2
<(n-<n>) >
AL Bt o

Y2
<n>
3
_ <(n-<n>) >
Yy T ETETyTTET
<a>
L] 2 2
Y, = <(n-<n>) > - 3<(n-<n>) >
[

<n>

Little change has occurred between ISR and collider energies, i.e. the
moments are independent of /s, implying that KNO scaling is approximately

valid over this very large energy range.

3.2. SMALL ANGLE ELASTIC SCATTERING

Pp elastic scattering has been studied in the range 0.14 <|-t|< 0.26
Gev’® using a sample of 5437 elastic trigger events obtained at a
luminosity of ~ 10”° cmzsec_l with normal beta operation of the SPSS).
The detector was arranged to record elastic scattering events in the
vertical plane, and approximately 20% of the triggers gave a clean
coincidence of "up-down" or '"down-up'" single tracks in the respective
forward arms. The remaining triggers contained large splashes in one
arm, partly due to accidental coincidence of beam—gas secondaries and
partly to inelastic beam-beam events.

The acceptance of the apparatus has been studied in detail by
Monte Carlo simulation. The full acceptance regions of the up-down and
down-up categories have been combined for the final t distribution
shown in Figure 4 which is well described by the hypothesis dN/dt « ebt
with b = 13.3 % 1.5 GeV-z. The data is presented as a differential

cross~section, involving scale factors with systematic uncertainties,

the most important being 30% for the integrated luminosity measurement
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of 2.6 x lOJocmz. Figure 4 also shows the UA4 datas over
the range 0.05 < |~-t| < 0.19 GeVz, which give a measured slope
parameter b = 17.2 + 1.0 GeV_Z. The combined results suggest
that b increases with decreasing t, as observed in pp scattering at
the ISR,

A comparison with the compilation of Burq et al.’) in Figure 5
indicates that the forward elastic Pp peak is shrinking over the

ISR-Collider energy range.

3.3. SEARCH FOR CENTAURQ EVENTS

The expected characteristics of Centauro events, reported from
Cosmic Ray experimentss), are :

- high hadron multiplicity

-~ negligible fraction of electromagnetically showering particles

- high <p > per particle (above 1 GeV/c).

It is natural to search for similar features in collider events where
the equivalent energy on a stationary target is 155 TeV, always
admitting a possible higher threshold (typical Centauro energies are
estimated at around 1500 TeV).

Interpretation of Centauro events in the collider context is
difficult due to various uncertainties. One concerns the K factor
ie. the fraction of hadronic energy converting electromagnetically,
which depends on the pion/nucleon population. Another concerns the
accuracy of the vertex height determination which directly affects
measurement of <p >, The expected kinematics in the collider is
also dependent on the underlying mechanism, being very different for
the two popular hypothesis, namely collision with an air nucleon or
decay of a massive object.

With such reservation in mind, we have looked for equivalent
dramatic behaviour in a sample of 48000 minimum bias eventslo),
recorded with a magnetic field of 0.56 Tesla. A reasonable measure of
the overall e.m./hadron composition is given in the central
calorimeters by the respective energy depositions in the first 4

radiations lengths (e.m.) and beyond 12 radiation lengths (hadronic).
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Figure 6 shows a smooth behaviour in different relevant angular
regions, without any clearly anomalous events, and consistent with a
Monte Carlo simulation. The same is true for the mean transverse
energy of charged tracks as a function of their multiplicity, shown in
Figure 7.

A more detailed study has been performed on Centauro 1, the best
determined of the family of (currently) 6 events. Centauro 1 has been
transformed to the collider cms under various K and production
mechanism hypotheses. There is no concentration of collider events in
the predicted regions, which are nonetheless fully accessible.

With the qualifications mentioned above, we can give an upper
limit for Centauro-like processes at 155 TeV equivalent energy of

around 1 b.

3.4. CHARGED PARTICLE P SPECTRA

The inclusive transverse momentum spectrum of charged particles in

1)

s 1
rapidity range |yl < 2.5 has been measured up to 10 GeV/c ,

using the sample of 48000 minimum bias events taken with a magnetic
field of 0.56 Tesla. Track momenta were reconstructed in the central
detector which has a typical resolution ~ 280 p in the drift plane
and ~ 2.3% of wire length for the transverse coordinate given by
current division. The track finding efficiency was ~ 97%.
Corrections have been applied for geometrical acceptance and for
smearing due to resolution. Contamination near P, = 10 GeV/c is
estimated as < 17% due to bad track reconstruction and < 30% due

to particle decays. At this stage only about one third of the wires
were equipped with electronics.

2)

. . - . 1
Figure 8 compares the UAl inclusive spectrum with ISR results N

showing an increase of about 3 orders of magnitude in cross—section at
P.= 10 GeV/c. Both the ISR and collider spectra are in good agreement
3))

- . . . 1
with QCD predictions by Odorico . The UAl spectrum is also well

described by a simple empirical from :

3 n
Ed of = Apt°/(pt + Pto)n
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with Pro o 1.3 and n ~ 9.1

The spectrum is clearly dependent on charged track multiplicity in
the same rapidity interval. This is illustrated in Figure 9 where the
mean transverse momentum is plotted as a function of the charged
particle density ; the <p> increases from about 350 to 470
MeV/c, apparently saturating beyond a 10 particles per unit of
rapidity. This saturation may be kinematic, due to exhaustion of
available energy, but may also be interpreted as a thermodynamic
effect, involving a charge of state of hot hadronic matter, as

*)

suggested by Van Hove ' .

3.5. CORRELAT1ONS BETWEEN HIGHAEt CHARGED PARTICLES
5)

Extensive studies at the CERN ISRl have demonstrated strong
correlations in the production of high transverse momentum particles ;
these correlations are interpreted as hard scattering of partons,
where the scattered partons fragment into clusters of hadroms, or
jets. Similar correlations have been observed in UAl events)‘),
both in the minimum bias sample, and in a sample of 39000 events

recorded with a central transverse energy trigger, IE, > 30 GeV.

<

Selected events have been analysed which include a "software
trigger" particle of transverse momentum P, >4 GeV/c. Using the
trigger direction to define two regions, respectively 'towards" ie.
within azimuthal angle |ag¢l < 90° of the trigger , and "away",
Figure 10 shows the rapidity and azimuthal difference with respect to
the trigger for other particles in each region. For "towards"
particles, a clear trend is seen, increasing strongly with the P, of
the other particles, to cluster around the trigger in
rapidity/azimuthal space. This is further demonstrated in Figure 11
where the P, spectrum of particles near to the trigger is compared
with the inclusive minimum bias distribution.

In the away region, the higher P, particles tend to be produced
at A= % 1800, ie. coplanar, with respect to the trigger.

There is no obvious correlation with the trigger rapidity. However
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Figure 12 demonstrates a clustering of other high p, particles
around the highest P, particle in the away region.

This observation of two coplanar cluster, uncorrelated in
rapidity, and present in < 1% of minimum bias events, is the first
indication that parton jets are present in collisions at the SPS

collider.

4. "NEW" COLLIDER PHYSICS

At the time of this workshop, the most recent collider results
concern the production of jets, and in particular the dominance of jet
- . . 17_18) . .
production at high transverse energies * . From the jet physics
viewpoint, particle tracking and calorimetry are complementary ;
however, for analysis of the initial low statistics data samples,
separate analysis have been carried out, concentrating on different

P, regions and stressing different measurable characteristics.

4.1. LOW ENERGY JETS

Low energy jets, containing dominantly soft fragments which are
spread by the magnetic field, are most accurately measured in the
central detector (at least for charged tracks!). For the present
analysisls), a jet-finding algorithm has been developed to isolate
clusters which have low relative internal transverse momenta.
Initially considering each track as a cluster, the two clusters with
the lowest relative P, are merged and this procedure monotonously
repeated until the relative P, increases too steeply or crosses a
threshold. Various fiducial cuts are then applied, and events are
retained with at least one "central cluster (25° < B < 1550)
with P, >5 GeV/c. The following table gives the percentage yields
from different data samples recorded at 0.56 Tesla. The numbers are
approximate due to uncorrected acceptance effects and inefficiencies ,
but show clearly the increased fraction of "jetty' events at higher
global transverse energies, both for single and multi-cluster

production.

119



T T3

al 3

22 ]

N -

-}- N E

SN 3

SN 7

_I_ N ]

Il i | J_rJ_ 5 i
[F] D& 08 ) 10
Fragmentation function 0*(2)
T T T T ¥ T T

L Bl

150 =

L _
w
5

oo -
s
o

=z = —

S0 .

|J I L 1 | e i I
0 8 # 2L 32
Multiplicity
T T T T
L d

«»

o, -
s
-}

-4 -

L ] 1

1
0 0.1 02 03 04 06
<pt?> of tracks in jet (GeV?)

Figure 13. Properties of Charged Particle Jets
(259 < o < 1550),

120



TABLE 1

Data sample Number of Events > 1 cluster 3 clusters >4 cluster

Min. Bias 44887 2.1(£ 0.1) 0.96(% .05) 0.83(20.04)

High £, 37062 12.4(+ 0.2) 4.9(x 0.2) 6.1(x 0.2)
(> 30,40 GeV)

E. > 60 Gev 436 51(% 4) 12(+ 2) 34(£ 3)
in ay = £ 1.5

Events mixing and Monte Carlo techniques have been used to demonstrate
that the measured jet signals are not due to chance fluctuations. Im
addition there is only a weak dependence on the parameters of the
algorithm.

A first indication of intermal jet properties is given in Figures
13 (a), (b) and (c), although it is stressed that these results are
preliminary and much more sensitive to acceptance corrections and to
algorithm parameters. The normalised fragmentation function p¥(z) = 1/N
dN/dz is compared with the functions (1-z)/z and (l-z)z/z, and shows
a preference for the softer form. The mean multiplicity of charged

- . . . - 2 2
particles within a cluster is 4 8, and the mean internal P, is n 0.2 GeV .

4.2. HIGH ENERGY JETS

High energy jets have been studied by detection of large local
deposition of transverse energy in the central calorimetersl7).
The present analysis is restricted to the barrel calorimeters,
covering pseudo rapidity range {n| < 1.5, but will be exteunded
later to include the end-cap calorimeters [l.5 < |n|l < 2.6]. The data

samples were obtained by triggering on local transverse energy in the
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central calorimeters in excess of various thresholds ():Et > 20,

30, 40 GeV), representing a total integrated luminosity of 22 ub‘l.
The combined samples contain 6051 events with ZE, > 40 GeV, 279
with EEt > 20 GeV and 5 with zEt > 100 GeV. .

Any jet study depends on initial definition of a jet, leading to a
choice of algorithm and associated parameters which may influence
quantitative results, especially concerning jet properties. A simple
algorithm is however sufficient to demonstrate the presence of high
energy jets at the collider. In the UAl "window" algorithm, a jet is
declared present in one half-shell of the barrel calorimeters if at
least two-thirds of the transverse energy in .that half shell is
contained within 8 (out of 24) adjacent electromagnetic cells plus the
matching hadronic ones. This allows events to be clearly categorised
as O-jet, l-jet or 2-jet.

Figure 14 shows the fraction of such 2-jet events as a function of
total transverse energy. The decreasing fraction up to 40 GeV is
expected from multiplicity fluctuations, coupled with the dependence
of EEt on multiplicity, and has been reproduced by Monte Carlo
simulation (solid curve). Above 40 GeV, the fraction ingreases due to
onset of jet production which becomes dominant at the highest E,
values. This conclusion has been confirmed by scanning of individual
events on a graphical display system. For the five events with E, > 100
GeV, four of them are clear 2-jet events while the fifth contains a
multi-jet structure of three (or four) jets. The 2-jet events are
dominantly coplanar, as expected in a hard-scattering process, and are
roughly balanced in P.. Examples of different jet topologies are
given in Figures 15 (a), (b) and (c) which show the struck calorimeter
cells and the central detector track vectors above modest thresholds
of order 1 to 2 GeV.

The inclusive cross-section for jet production around r=0 has
been studied with both the window algorithm and with a more
sophisticated "cluster" .algorithm, to reveal possible sensitivity to
jet definition. The cluster algorithm associates a vector to each
struck calorimetric cell, and combines these vectors into clusters om

the basis of their separation in n¢ space. The inclusive cross-sectian

122



*£3asuy 9sisAasueil [EIOL SA SIJUSAY I°9[-7 FO UOTIOBIY] ‘91 2and1a

g (M9) *3%
ozl 00l 08 09 ot 02 0

| T T T T
e
—_——

!

90

JO  uOIjODI4

" 19[ ~OM} "

SJUdAD

123



Figure 15 3) 2-JET Back to back
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Figure 15 b)
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for both algorithms is shown in Figure 6. The results agree reasonably
well, with somewhat higher estimates from the cluster algorithm whuch
tends to include more "soft" cells from the fringe area around a2 jet.
The results are also in good agreement with the predictions of two
QCD-motivated models®®). This is again true for the 2-jet mass
spectrum, shown in Figure 17, which already extends to the region cf
W, Z decays. There is therefore a good prospect to detect these
particles via their hadronic decay into two (or more) jets from later
high statistics runs at the collider.
Addendum : At the time of writing this article, the jet cross-section
has been measured with 1982 data for a total integrated luminosity of
about 18 nb~' and has been presented at the January workshop in
Rome on proton-antiproton collisionSZI). The new spectrum is fully

consistent with our previous one but remains high with respect to the

published UA2 resule’®),

5. "FUTURE" COLLIDER PHYSICS

(...with the benefit of hindsight!)

Future collider physics became present-day reality during November
—December 1982, when UAl collected data with a fully operational
detector for a total integrated luminosity of 18 nb—l, with peak
rates of 5 x 10°" cm’sec™ . High energy electron candidates
were isolated and studied during the run, leading to a presentation by
Prof. C. Rubbia in January at the Rome workshop on proton-antiprotomn
collisions and to the first publicationzg) of events which are
entirely consistent with the Wi—decay hypothesis. Independent
evidence from the UA2 collaboration2~) was also presented at Rome.

The UALl results are based on 5 events, plus one with an alternative
interpretation, in which a high energy track in the central detector
matches in position and emergy with local energy deposition in the
calorimeters with an electromagnetic profile. A parallel search, based
on large missing transverse energy, yielded the same 5 events. To avoid
background contamination from 2-jet events with precocious jet

fragmentation, all events where the electron forms part of a jet, or is
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accompanied by a coplanar jet, have been scrupolously eliminated. Under
these conditions no significant background source has been found.

The analysis also reveals a sample of 1l events with a high energy
electron and an opposite jet. In Figure 18, we show the correlation of
the missing transverse energy and the electron transverse energy for
the electron-neutrino candidates and for the electron-plus-jet events.

The simultaneous presence of an electron and a neutrino which
approximately balance in P, suggests presence of the two-body decay
Wty ety ve Assuming W-decay kinematics and V-A coupling, and
correcting for the transverse motion of the W, the W-mass has then been

calculated as

s 2
o, = 81is GeV/c

: . . 2s
in excellent agreement with the Weinberg-Salam model ). The number of

events observed, after correction for inefficiencies, is also consisktent

with predicted cross-sections.
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Abstract: The cross section for fermion pair production e+e--+y,Z°,...->F?,
including transverse (natural) and Tongitudinal beam polarizations, and
the final fermion polarization is calculated in the standard electro-

weak model and in extended models. The results contain the 1-loop elec-
tromagnetic corrections to y and Z?k) exchange together with the

soft photon bremsstrahlung thereby taking account of the resoncance
character of the Z?k) boson(s)l). These QED corrections are the main
parts of the complete electroweak 1-loop corrections. The virtual pho-

ton contributions consist of y-self-energy, vertex corrections to vy

and Z?k) vertices, y-y and Y"Z?k) box diagrams.

The cross section for polarized e'e” - ff has the general
structure
d 1-P'P7) o, + (PH-P” + PPS
o~ (L=PP ) oy+ (PL-P)o +PPo
+ - ~ .
+ PTPT (oT cos 2¢ + or sin 20)
with .
- o' - ™
LT T I LT o ® Y Y Ly (BE)

longitudinal (Pf) and transverse (P;) polatization degrees ( GL is
only present in e'e” - e'e”™ ). The following results were presented:

1. Transverse polarization gives rise to an azimuthal asymmetry

AT=cﬂoU. 1-vy exchange predicts AT=1 w=9$) for f=u,T,q .
Radiative corrections to this QED part are negligibly small. Deviations
from 1 are purely weak effects, quadratic in the 7° propagator. For
s o< MZO , where AT changes its sign, radiative corrections to AT
become important. Above the resonance the radiative tail effect occurs,
strongly dependent on AE//S with AE = maximum bremsstrahlung energy.
On the Zz° resonance, AT is practically insensitive to radiative
corrections.

2. Longitudinal polarization: At PETRA energies an antiparallel spin
configuration of e’ and e increases the weak effect in Bhabha
scatferingz) from ~3% (unpolarized beams) to ~10% . The polarization
asymmetry AL = L/o s however, is small except around the ° .

In quark pair productionl), AL is sizeable (20-50%) already

136



in the vyZ interference region. Radiative corrections are also of im-
portance and practically independent of AE/V/s for /s < My . On
resonance, where AL is large, the corrections to AL are very small.

3. Final state polarization P. : For f = yu,t Pf is identical to

AL also in higher order, but Pf * AL for qq production. The radia-
tive corrections to Pf are important in the yZ region; on resonance
they are very small. Since Pf is 70-90% , the z° would be a good
source for polarized quarks, which can be used for investigations of
the helicity transfer in fragmentation processes.

4. Alternative models: In models with more Z° bosons the polariza-

tion asymmetry AL is differegt from the standard model prediction,
also in the case Mo =~ My . ). The inclusion of radiative correc-
tions on the (first) 7° resonance does not shift the values of AL s
as obtained in lowest order, neither in the standard nor in more boson
models.

1) For a single 7° boson see: M. Bohm, W. Hollik, Nucl. Phys. B204
(1982) 45

2) W. Hollik, "Higher order QED contributions to polarized Bhabha
scattering, preprint Wiirzburg, Nov. 1982

3) W. Hollik, Nuove Cim. 64A (1981) 114
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Abstract:

At least one neutral scalar Higg-boson (H) must "show

up
tions is correct. In the case the Higgs particle is not too

; if our present understanding of electro-weak interac-

heavy, m, < 100 GeV, there is a good chance for the Higgs to
be produced in future e+ef - and pp(pE) - experiments. H is
most abundantly produced in association with heavy particles
and it decays into the heaviest particles which are ener-
getically accessible.
The total Higgs-boson width varies widely with my [11:
Ty tor M) = 5x107%(10), 0.1(100), 2(200) Gev. Below the
WrW™ -threshold (2Mw) the decay into heavy fermions predomi-
nates and the Higgs-boson is expected to be pretty stable.
Presumably, the best "clean" (non-hadronic) production
process is [1] e+e—aZ*eZH which above the threshold VEZMZ+mH
highly dominates the process e+e-+ffH observed actually [2].
In the Born approximation the ratio R = oig/owvas a
function of the centre of mass energy E = Vs has a peak. The
values R(mH, EpeaJ = 1.23(10, 109), 0.74(24, 127) and 0.18
(100, 243) show that an "observation" of H.should be possible.
Since the energy involved in this process is rather high
(V$>100 GeV) the knowledge of radiative corrections might be
important. We have analyzed in detail the electro-weak one-
loop corrections including standard soft photon bremsstrah-
lung [3].

The corrected cross-section
g =0, ,+0, = oo(1+CF+CVB)exp CIR(xr)

includes contributions from virtual fermions CF’ from virtual
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vector-bosons CVB including infrared regular terms from QED

and soft photon bremsstrahlung.

CIR(xr) = - %;3 {1nx_(1-1ny) + % lnyl; v = °/m2

r e

is the standard QED infrared sensitive term, X, the fraction
of e+e_—energy carried by soft photons. The total correction
relative to o, is

AC(x_) = (1+C)eCIR-1 with C =cC_ + C

r F VB
the "weak" correction. Whereas C is specific for the process
e+efaZH, the bremsstrahlung correction CIR(xr) is universal
for all processes e+e_-»neutrals, depends sensitively on the
"counter resolution" X however.
Some of the results obtained (using standard values for

the parameters) are given in Tab. 1.

Vs GeV 100 200 500 1000
AC -6 -8.5 -11 -14
C 27.5 26.5 26 23.5
Cp 17 19 21 23.5
Cup 10 7.5 5 ~0

Tab. 1: Percentage corrections to Oolifor g;(h1.

Z

The following general features have been found:

- The "weak" correction C, for m_ < 2M , depends weakly on

My and slightly decreases with energy.

* For m < 2M , the fermion contributions dominate particu-
larly  at = higher energies.

. . 2

* Cp is independent on my and CVB = My for my > 2Mw.

+ As expected the "weak" corrections increase the cross-
section due to an increase of the effective couplings with
energy. This constructive effect is essentially cancelled
by the soft photon effects (for X, = 0.1).
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We notice that the "weak" corrections are not small and
the cancellation by soft photon effects, which have been
taken into account to all orders by exponentiation, need
not be at work for higher order corrections.

There is one major problem: the problem of heavy ferm-
ions [4]. We assumed the existence of a t-quark with m =
35 GeV. The results are independent on mt if mt< MZ/Z. How-
ever, there might exist additional super-heavy fermions. De-
coupling of heavy fermions fails in the GWS-model. Whereas
the existence of fermion doublets with large mass splitting
is restricted by low energy data (p-parameter) [5] heavy
mass-degenerate doublets are not excluded.

For mf< MZ/Z the cross-section o is essentially inde-

ZH

£ However, for mf>>MZ/2 we find a strong sup-

A

in both cases, for heavy single fermions

pendent on m
pression of Ouu
and for heavy doublets. When me > 300 GeV the perturbation

£> Vs

> MZ4-mH, the production of the Higgs particle by e+e_+-ZH

expansion breaks down. As an effect, in the domain 2m

could be heavily suppressed by (non-perturbative?) virtual

heavy fermion effects.
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Abstract

Massive neutrinos, with masses of a few MeV to a GeV or so,
will be discussed in this talk. We first describe the theoretical moti-
vation for having such heavy neutrinos and then - a new experimental
search for such neutrinos.

The present experimental 1imits on the three neutrino masses give
rise to the following perplexing questions:
1. Mye < 60 eV : Why is the electron neutrino so much 1ighter than
the electron?
2. m\,u < 500 KeV : Since cosmology tells us that stable neutrinos
must be Tighter than 50 eV , do we have to conclude that the mass
region between these two values, separated by four orders of magnitude,
is absolutely excluded? Or could the muon neutrino be made unstable to
avoid the cosmological constraint?
3l My, < 250 MeV : This limit being so weak, how could one improve
it to find out whether Vo is not heavier than a few MeV for in-
stance?

By first attempting to answer the first two questions we are led
to the introduction of right-handed neutrinos with masses of the order
of a hundred MeV (part I of our talk); we then answer the third ques-
tion by describing an experimental search for heavy neutrinos (part II).

I. Theoretical Motivation for m, =~ 0(100 MeV) 1)

1. We adopt the beautiful jdea of Gell-Mann, Ramond, Slansky and
Yanagida which answers the first question by attributing the 1lightness
of the left-handed neutrino to its Majorana character and to the ex-
istence of a very heavy right-handed partner. The two mass eigenvalues
which emerge from this scheme are My and m[z)/mM where the Majorana
mass  my obtains its value from the GUT scale whereas the Dirac mass

My is related to the corresponding charged fermion mass. The two mass
eigenstates are almost pure right and left chirality states, each con-
taining a tiny component mD/mM of opposite chirality. We will actually
work within the left-right symmetric modelz) in which parity restora-
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tion occurs at an intermediate energy Mo (mM may be smaller than ma
just as mg << MN ).

2. To answer the second question we note that when both Dirac and
Majorana masses are introduced for the neutrinos, the GIM cancellation
breaks down and flavour changing neutral currents among neutrinos are
allowed. This gives rise to the process T = T Ve, GEL with a rate
proportional to (mD/mM)“ which may avoid the cosmological constraint.
The two inequalities for mD/mM » which follow from the requirement

50 eV < m,, < 500 KeV , have a consistent solution which leads to the
following values of the masses of the 1ight and heavy muon neutrinos:
mVuL ~ 200 - 500 KeV , mVuH ~ 0(100 MeV) . The heavy (right-handed)
neutrino is expected to give rise to a secondary peak in K - uv de-
cay3) with a rate of the order of 10°° . For other consequences see
part II of this talk.

IT. Experimental Search for Heavy Unstable Neutrinos4)

3. If the T neutrino is heavier than one MeV neutrino beams will
contain a fraction of these neutrinos which while traveling in the
beam may decay into final states with electrons and muons. The feasibi-
1ity of the decay signals is demonstrated by showing their high sensi-
tivity to neutrino mixing parameters as small as 10-6(mu/mvT)5 . The
main conclusions of our study are the following:

a) The bound IUe3l2 < 10_6(mu/m3)6 may be derived from limits on
V3 = e—e+\)e as possible background to Ve Ve -

b) The very conservative bound er3|2 < 10'"(mu/m3)5 is obtained
from the number of prompt Ve charged-current events observed in beam
dump experiments. This bound may be improved by two orders of magnitude

by concentrating on low E events.

vis
c) Dedicated neutrino decay experiments are suggested to considerab-
1y improve these limits. A currently running decay beam dump experiment
is shown to have the potential of improving the bound down to

-8
IUe3|2 < 10 (mu/ma)6 .

d) Similar bounds may be obtained for IUUBIZ if mLL<nh <250 MeV .
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e) The natural "generation gap" assumption IUe3I < IUu3I attri-

butes the excess of prompt muon events over prompt electron events ob-
served in beam dump experiments to neutrino decay.

f) Similar, however somewhat different, Timits may be derived for
right-handed neutrinos and higher generation neutrinos. Neutrinos
heavier than the kaon may be produced and decay in beam dump experi-
ments.
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GRAND UNIFICATION-PHENOMENOLOGICAL CONSEQUENCES

C. Jarlskog

Department of Physics, University of Bergen,
Bergen, NORWAY

Sometime ago Reinhart Kogerler called me and asked me to give a
review talk on the phenomenological aspects of grand unification at
this 1982 DESY Workshop. I agreed without hesitation. My immediate
reaction was "what a wonderful task"; there was so much new material I
could discuss. But when Reinhart enumerated the topics I was not
supposed to touch (cosmology, neutrino masses and oscillations,
supersymmetry, etc.), as they belonged to other speakers, I felt quite
uneasy. 1 was asked to review mainly the present situation of nucleon
instability within the framework of old fashioned grand unified
theoriesl?2) (GUT), a saga which most of you have heard many times
before. So, I will not repeat it once more but shall mainly
‘concentrate on recent results obtained within the last year. I will
also discuss some other baryon and lepton number violating processes.
The topics to be discussed are:

1. Why grand unificatiom
25 Recent results on nucleon decay
2a. Family mixing
2b. Recent calculations of lifetime
2c. Nucleon decay in supersymmetric GUT

3, Double beta processes
4, Other baryon/lepton number violating processes
1. Why grand unification

The standard electroweak—-QCD theory (in spite of having provided
a decisive step forward in our understanding of nature) is unlikely to
be telling the whole story of nongravitational forces. Many
fundamental questions fall outside its scope. Some such questions are:

Why are there quarks and leptons? Our gauge theories would have
been simpler and more beautiful without them. Why three families?
Why is charge quantized? Why is the symmetry pattern U(l)y x SU(Z)L X

SU(3)C which gives for example V-A charged currents, etc.? There are

also a number of empirical facts which are not explained such as the
pattern of masses and mixing angles, the strength of the coupling
constants (g;,8,,g83) and the value of sinzew.

GUT p§ovide a framework for answering some of the above

questions.? The quantization of charge, in these theories, is as
natural as the quantization of angular momentum in quantum mechanics.
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Also by unifying the three interactions the coupling constants (gj,gs,
g3) are related. The "observed" fractional quark charges, the value
of sin Gw and the ratio of masses of b-quark and t-lepton are explained

in the minimal grand unified model, the SU(5) of Georgi and Glashow.

A very attractive feature of GUT is that they relate the quarks
and leptons and thus lead to baryon and lepton number nonconservation
which constitutes the most striking phenomenological consequence of
GUT. This is gratifying because we know of no fundamental reason why
baryon and lepton numbers should be good quantum numbers.

A famous German physicist who was once giving a talk on the
physics of the past fifty years said: 'Much has been learned during
the past fifty years; many problems have been solved. But the present
time seems to offer still more puzzels, and perhaps harder ones."

The physicist was Max Born and the year 1953. Now, thirty years
later the statement seems to be just as valid. Grand unification also
solves some problems but "seems to offer still more puzzels", such as
the hierarchy problem and the monopole problem.

2. Recent results on nucleon decay

The present experimental situation3) in a nutshell is that the
Kolar Gold Mines Collaboration reports”) three fully contained proton
decay candidates and a lifetime T _=8 x 1030 years. The Mont Blanc
experiment®) has a number of full} contained neutrino events and one
possible proton decay candidate which could be p+K0u+, p>K*v, p>3u,
p*pop+ or with a small probability a neutrino event vn*umn, with an
interacting pion. Assuming that the event is a proton decaying ome
finds rp=(0,8—1,6)r x 103lyr, where r is the branching ratio. Other

experiments in progress have not yet reached the necessary sensitivity
level.

On the theoretical side the major question is what is the
predicted value of the nucleon instability lifetime? I shall now
discuss some new theoretical developments.

2a. Family mixing

Altschiiler et a16) and Nandi et a17) have examined, in some
detail the question of Cabibbo-like mixing angles in the nucleon decay
hamiltonian of SU(5) as I shall now sketch.

. + . .
Just as the interactions of quarks with W are not diagonal in
family, it is possible that the interactions of quarks and leptoms ,

with the gauge bosons X(ih/a) and Y(t1/3) of SU(5) are not diagonal in
family. 1If one is unlucky the proton decay hamiltonian may prefer
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3. + . . .
the tramsition p~>T 70 which is however forbidden by the energy-
momentum conservation law.

In SU(5) the interactions of the X and Y with the matter fields
are shown in Fig. 1.

ey /(343)

—1eafs)
7 = o
R D’R(—:_/_g) s Uiph)
) L 4f)
>MN’XM3) >._,‘ S
p ety
Egi Fig. 1 Uo

In Fig. 1, D', U', etc. are related to the physical fields by unitary
transformations,

f—‘/) ‘4-; (“) &'
D% (5 = e D 2L s HLR.
L b{ b ) 4

H g

H(Q) is a unitary matrix, and Q denotes the electric charge.
Note that the vertices in Fig. 1 are not the most general ones allowed

] 1
by charge conservation. For example ER(+) - UR(2/3) + Y(1/3) is

+
R
The vertices in Fig. 1 give

1
missing because the E_ and UR belong to different multiplets of SU(5).

QI

- - 4 . l/ -t - 'S
L[ BN+ O/ EY DS DTy +[BLE* DeErr UF U] = % B, Re14)Lt0) N
_ _— . . - * +)
+D, LemLenE, + Uf R(6)LESID TY+§ B Leplaners DRRf"é)R(*')Eiw
40 Rl{ﬂla)L(ilz)UL}x 5 M
where we have dropped the y-couplings and the hermitian conjugate terms.

R(L) projections are (l*ys)/2 and C denotes charge conjugation. Thus,
for example

s T * Pl *, -
Ng = ”TXECA/’ = 1%7‘_263/0/\/ =c.yo(i’_::£/v Y=ty N =

= Cb",'L’(o) N = L*(o).)\/c,

Ut .o* axd¥e U i =Uf L.

We note also that
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* +
L@ =R, ComLl-s)=V,
where Vc is the Cabibbo (Kobayashi-Maskawa) matrix for two (three)

families., The coupling of the charged leptons to W-boson defines the
neutrino

=4 N, = E CenLon, .

Since the neutrino is massless in SU(5) we may put L+(—1)L(0)=1.
Then with the definitions

U=Rewlo,  U=Lemlen, U=Repnlep,

we have . - n
CegyLen=Y Uy, Remles)= Us V.
Putting these into eq. (1) and using L(0)=L(-1) gives
= el ) —
INg DR U|N§‘\'U‘_\/CU2 EL +Uf U3DL}Y+
+§ DU Eq +D,_ U, 7+ UF Uy U X whec. 2)

The nucleon will be stable if the transitions involving the light
quarks (u,d,s) should vanish, i.e.,

(U, =Wy =0 (V)= O

For three families U and V are three by three unitary matrices, then
the conditions (3) imply

\ ( U'A)g‘ =1
+
+ + _
(Usvc )= (Us),a(Vc )5 =0 > (v Vg =0
i.e., Vub=0' The only point of the above exercise is that ome camn't

reliably predict the nucleon lifetime, unless one knows more about the
pattern of the spontaneous symmetry breaking and family mixings.

2b. Recent calculations of lifetime

The possible mechanisms for nucleon decay in SU(5) are two quark
fusion,®’ quark decay,?) three quark fusion?) mediated by X and Y
exchange; some examples are shown in Fig. 2.

Higgs exchange contribution is expected to be small.8)

::%::Zwmiﬂks:;:::q w————<é£E:f<:::’§ < > e”
g i 1 t 4 "
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The quark decay is much suppressedghue to the three body phase space.
Previously it was estimated®that also the three quark fusion mechanism
is unimportant because the nucleon has to be far off mass shell q2~0.
Recently some authors!?>11) have given estimates which are larger" than
one would have expected a priori. Note that the three quark fusion is
relevant, for example, in the pole diagram (Fig. 3) calculations.

!/K
ra -

e‘t
Fig. 3

Approaches used in calculating the nucleon lifetime are

- SU(6) quark model

— Bag models

- Current algebra

- Pole dominance model and dispersion relations.

There is a clear tendency seen in the more recent calculations: the
estimated lifetime in the minimal SU(5) and with Mx’ etc. as in

Langacker's review article,l) is now in a serious difficulty with
experiments.

In the pole model, for example the main uncertainties are the 3
quark wavefunction at the origin and the value of the pion nucleon
coupling constant g(Mg,mﬁ,mi). Berezinsky et alll) write a dispersion
relation for the coupling constant g(Mg,mi,t) in the variable t and
saturate the imaginary part with the nucleon pole whereby the coupling
constant fallsoff gently. They find t(pre¥n¥) ~ 5x 1028yr. The
current algebra approachlz) gives a very similar result. Also a new
bag calculation!3) by Thomas and McKellar using the so-called cloudy
bag model finds t_ is again smaller than the experimental limit.
Actually, they fihd a large cancellation between th§ pole and non-—
pole contributions. Very recently Isgur and Wisel® , in a
nonrelativistic quark model calculation, taking into account the pale
and non-pole contributionsagain find that t(p>nle*) is about an order
of magnitude shorter than the experimental limit.

Does all this mean that the minimal SU(5) is out? I believe that
the answer is no. All the theoretical calculations done so far
contain assumptions which, in spite of looking reasonable, may in fact
be wrong. L

As far as the neutron baryon number violating decay is concerned
it was first considered by the author and Yndurdin (Ref. 9). 1In
SU(5), the decay n*e™n” has a nice signature. However the rate in the
SU(6) quark model is expected to be somewhat slower than that of
pre*n0. Experimentalists don't seem to care much about it, perhaps
because of 7~ absorption in matter.

2c. Nucleon decay in supersymmetric GUT
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In supersymmetric (SUSY) grand unified theories (GUT) each spin
{ fermion has two spin zero companions and each gauge boson is
accompanied by a spin } partner. In a nutshell what happens is that
there are many more scalars and spin i fermions around. The 8-
functions which govern the evolution of coupling constants become
smaller. Thus the strong and the SU(2) coupling constants fall off
more slowly than in GUT and meet later giving a much larger unification
mass. The X and Y mediated decays become much less important.
Generally in SUSY-GUT the nucleon instability is due to Higgs exchange.
As the Higgs couplings are proportional to masses one usually has that
transition to heavier fermions is favoured. Therefore the family
mixing angles could be more important here than in GUT. The nucleon
instability in SUSY~GUT has been studied by many authors!>). The major
decay modes are expected to be p-vK*, n+GKp, which i1f true is very
unfortunate. However the SUSY-GUT models so far seem to have very
serious difficulties and there is no reason to put much confidence in
their predictions. For example Masiero et all®) py introducing a 50-
plet of Higgses can completely change the previous picture. The
nucleon would then decay essentially as it does in GUT. But ''who
ordered the fifty?"

Now I will turn into some other lepton/baryon number instability
phenomena. Tt is indeed essential to look for all possible
manifestations of baryon and lepton number non-conservation. As one
says in this country

"Nur die Fulle fuhrt zur Klarheit

Und in Abgrund wohnt die Wahrheit'.

3\ Double beta processes

The double beta decay was invented!7) by Maria Goeppert Mayer in
1935, nearby half a century ago and only one year after the Fermi
theory of beta decay was published. Her double beta process 1is shown
in Fig. 4.

Z.7(Z+Z)+26+2§,

(§,h)  (E+1A) (Z+2,A)
Fig. &4

Of course she didn't have the W-boson, but that is irrelevant (the WJ_r
were introduced by Oskar Klein in 1938). A few years later it was
realized by Furry!®) that if the neutrino is its own antiparticle (i.e.
a Majorana neutrino) then the neutrinoless double beta process shown
in Fig. 5 may take place.
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Z5>(Z+2) + 2€.

z Z+2
Fig. 5

Furry realized that this lepton number violating amplitude is much
enhanced by phase space and that the neutrinoless process could have
many orders of magnitude shorter lifetime than the lepton number
conserving double neutrino process of Fig. 4. It is sad that in spite
of nearly half a century of efforts there is as yet mo convincing
evidence for the double beta decay. Recently just because of GUT
double beta decay has come into the focus. The experimental activity
in the field has increased and theorists have looked for new
mechanisms for it, for example exchange of exotic gauge bosons and
Higgs particles, as shown in Fig. 6.

Fig. 6

Experiments on double beta decay are either a) geochemical where omne
looks for the daughter isotope (Z+2,A) in old rocks containing the
mother isotope (Z,A). In order to see an effect the daughters should
stay at "home" for a long time (~10° years), which they don't seem to
do. That is the major problem with these experiments. Also the (Qv)-
and (2v)-modes are not distinguished because the electrons are not
detected and so one doesn't know if there is any missing energy due to
neutrino emission. The second kind of experiments are b) direct or
laboratory experiments, where the electrons are observed. The present
experimental situation in a nutshell is as follows: A direct
experiment!9) reports the observation of 82Se+82Kr+2e™+ .. where the
reaction is presumably the (2v)-mode, as energy is missing. However
the measured partial lifetime is an order of magnitude shorter tham-
the total lifetime 928e+82Kr+ .. measured in geochemical experiments.
So something is wrong. In the Te-Xe system, as suggested by
Pontecorvo2®) one compares
: 130Te4130%e+2e™+ .. and 128Te>128Xe+2e™+ ...

The rate for each is assumed to be the sum of the (2v)- and (Ov)-modes.
The ratio of the rates is very sensitive to the (Ov)-mode. For purely
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left-handed currents, for the (Ov)-mode (see Fig. 7)

Z 251
Fig. 7

the leptonic current eYA(l‘YS)Ve enters at two vertices. Now v, is

assumed to be a linear combination of fundamental Majorana neutrino
fields Vj with well defined masses mj, i.e.,

2
%= Uiz, T
Here Uj are in genmeral complex constants. The diagram gives a factor

g = -
(Z’_ s UJ Yeu-¥s) e = <my>E0-Y5)e
J
where the quantity denoted by <m > is not the neutrino mass (it need

not even be real) but is a kind of effective mass. The rate for (Ov)-
mode is then proportional to |<mv>|2. If one knew the nuclear matrix

elements one could extract this neutrino mass from data. Until
recently an experiment?! measuring the Te-Xe system and indicating

the existence of the (Ov)-mode was used by several theoristszz), who
depending on their choice of nuclear matrix elements, were obtaining
different values for the Majorana effective mass of the meutrino,
ranging between 1 eV to 30 eV. There is now a contradicting
experiment?3) by T. Kirsten and his collaborators who find that there
is no evidence for the (Ov)-mode. So one will get an upper limit om
<m >. Other double beta experiments give so far only lower limits on

the lifetimes. For example, the Milano group23) is now at the level of
1022 years (Ge>Se) and plans to penetrate into 1023 years range in the
near future.

By "crossing" the double beta reaction Z+(Z+2)+e +e + .. one
obtains a number of associated reactions such as

€re y (Z+2) = Z
€ +e”+ (Z+2) > Z+2e+e

€ +(Z42) » Z+ et
etc. - Zxet+2+ 3,

The first reaction, the double electron capture (with no neutrinos) is
specially interesting as it may induce mixing between different atoms.
The neutrinoless double beta capture was studied?*) a long time ago.
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A recent paper by Georgi et a125) triggered our26) interest to start
a serious study of this topic. We are looking for cases in which
mixing looks favorable. Unfortunately we have no results which I
could report on.

4. Other baryon/lepton violating processes

In this section I would like to mention a number of other baryon
number and/or lepton number violating processes, which have been
considered so far. One such process is neutron - antineutron
oscillation which is not allowed in the mimimal SU(5) by the B-L
conservation rule but well may happen in some GUT, as was emphasized
by Glashow?7’One knows, from an experiment in progress at Grenoble,
that the n-T oscillation time is longer than 10° sec. In S0(10) model
the n-n is allowed but the estimate of t(n-n) is very model dependent
as multi Higgs exchange is expected to give the dominant
contribution.

Hydrogen - antihydrogen, H—ﬁ, oscillation is allowed in the
minimal SU(5) but is suppressed as it involves the exchange of more
than one superheavy gauge boson (or Higgs).

The oscillation H-H has an interesting astrophysical signature:
the groduced H annihilates and gives energetic photons. Feinberg et
al2%’) using the effective hamiltonian

-c Cr extu-¥s)p ey (1-
‘}C_c,ﬁfe)’(i 5)P €%.(1-¥5)P, o

and from absence of the expected annihilation photons give GI10 .
These authors also quote upper limits on a number of other processes

such as
Pen— ety
n+n 5 etye”
P+P— e+e”

Recently the process n+5e*-v has been considered by Gupta et a130),
who calculate the rate in a Sole model (Fig. 9).

%Ve
n - n F

In this model, using the result T(n-m ) 2105 sec., they estimate
T(mpe v)>2x 10% years, and improve by several orders of magnitude
the limit given by Feinberg et al.?

There are also other processes such as muonium - antimuonium
oscillation, p*ey, etc. which might happen in some GUT but I have no
time to discuss them. The decay u»ey is specially interesting as the
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limit will be improved in the near future.

5. Concluding remarks

One of the greatest virtues of GUT, in my opinion, is that they
have triggered the interest of the physics community to seriously
undertake a new kind of fundamental but very difficult experiments.
Without GUT few would have had the desire or courage to do such nuli-
locking experiments. For all we know the experiments may turn out to
find nothing but limits. Nevertheless they will widen our horizon
considerably. If we are lucky baryon and lepton number violation will
be found with good enough rates for us to study. Such a2 state of
affairs as J.J. Szkurai would have put it "would promise us many
exciting develoy?ents which will keep us busy until the dawn of the

2
2lst century".= We shall miss him, his joy and enthusiasm.
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THE FIRST MILLION YEARS
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ABSTRACT

. This talk offers a predestrian walk in
the early universe. It is arqued, that several
puzzling astrophysical phenomena can be explained
on a straightforward way by assuming a nonvanish-
ing rest mass for the heaviest stable neutrino in
the region of 30 eV .

Expanding Universe

In the past centuries research performed in physical laboratories
clarified the fundamental equations of motion in form of differential
equations:

F=Fy) (1)

where F describes the interactions among the constituents of matter.
In order to get the present state y(t) of the universe, beside the
differential equations (1) one needs the initial values

y(0) = a (2)

as well. This could not be learned by experimenting in laboratories.
One tried to borrow it from theology, from philosophical arguments.
Scientists of the last century were worried about this alien element in
science. To be able to explain the material worldby itself, they tried
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to postulate a steady state for the universe, at least on large scale

dy _

ri i 0

In this way they hoped to deduce the specific steady state Yo of the
actual universe by solving the time independent equation

Flyy) =0

Detailed investigations have shown, that this static world pic-
ture contains some inherent difficulties, which were expressed by three
famous paradoxa of the history of science: the Olbers paradoxon (dark-
ness of the night sky), Clausius paradoxon (heat death) and Seeliger
paradoxon. The third paradoxon is connected with the mathematical fact,
that the classical potential equation of aravity,

v = 4n G p

has a homogenous-isotropic-static solution ¢ only in the case of

o = 0 . Expressed on a more picturesque way: any mass M is the source
of 4 GM gravitational lines of force. All existing masses M are
positive, so these lines do not cancel each other. If gravitational
force is present in space, the masses must accelerate along these
lines. This is the theoretical background of the simple observation,
that a stone cannot stand still steadily near to a large body. It must
fall into, orbit around or run away from the other body. Only an empty
universe can be static.

These paradoxa produced a lot of headache at the turn of the cen-
tury. A shock treatment by history helped to break the mental barrier
(Petrograd, 1922). Alex Fridman was the first to conclude from physical
equations of motion, that our world cannot be and is not static. It
must be either contracting or expanding.

For sake of simplicity we shall postulate the homogenity and iso-
tropy of the world on large scale. (It will be shown later, that this
assumption has been confirmed by astronomical observations to a high
degree of accuracy.) In such a uniform, but unsteady world the galaxies
move like grains ona stretching rubber sheet (Figure 1).
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If we are stretching the sheet uniformly, the coordinate of a specific
grain can be written as

X (1) =R(t) ¢, . (3)
Here <, is a constant, characterizing the n-th galaxy and R(t)
describes the universal time dependence of the sheet, coming from the
way we are stretching it. (If the distance X; of the first galaxy
doubles during a time interval t,- t, , this is the consequence of
R(ty) = 2R(t1) , so the distance of all the other galaxies will be
doubled during the same time.) From eq. (3) one gets the velocity of

the galaxy:

Yoty = R(t) e, (4)
of by eliminating <,

vo(t)y =l ox o, (5)
where

H = R(t)/R(t) (6)

is a factor of the dimension of time. The proportionality of the velo-
city of galaxies to their distances was discovered by Edwin Hubble
(Mount Wilson, 1929). The general red shift in the spectra of galaxies
indicated, that the galaxies were running away, each galaxy from any
other. The material universe is in the state of general expansion. The
best present value of the Hubble factor is

plo 153 kms (7)
~ 105 Tight years
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This number has an interesting interpretation. By rewriting Hubble's
Law (5) in the form

Yy = Yo M

one can say, that a galaxy with a higher speed has a larger distance.

Assuming a steady velocity, the present separation can be deduced from

a state of zero separation, if the elapsed time is H . From eq. (7)
H=(21x4)-10° years = 214 Gy . (8)

This origin has the nickname "Big Bang". The actual time passed since
the Big Bang is actually shorter, because the mutual gravitational
attraction decreases the speed of galaxies with time:

t <H=21%3 Gy

A galaxy at a distance x_ is attracted by the mass enclosed by

n
a sphere of radius x with us at the centre (Figure 2).

galaxy

Figure 2.

B G
Ko w (T e (9)

G 1is the Newtonian constant of gravity, p 1is the homogenous mass
density of the universe. By substituting the expression (3) into the
equation (9), one gets

R(t) = - T o(t) R(Y) . (10)

Here the time dependence of p(t) is related to that of R(t) through
the theorem of mass conservation:
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%

4

M= T R(t) o(t) = const. (11)
)

N GM

R(t) = = w . (12)
(The same equation is given also by the general relativity.) Eq. (12)

can be integrated:

GM

1 -
-2‘ R(t)z - —W = E = const. 5 (13)

This first order differential equation is soluble by the separation of
variables. E.g., for E = 0 one gets

R(t) = (96M t2/2)7% . (14)
The corresponding time dependence of the density is
3M 1
o(t) = mREyT “Eweer - (15)

(This is valid for a cool “"dust": nonrelativistic mass conservation,
negligible pressure.) From formula (14) one gets

H=R(t)/R(t) =3¢t , (16)
so if the Hubble factor is taken from (8), the present age of the uni-
verse is

t=2n-1:20 , (17)

assuming E =0 .

E > 0 gives faster expansion, E < 0 results in a turnover of
expansion into collapse. In the latter case the world has only a finite
Tife span. (And the space has a finite volume, according to general re-
lativity. R(t) is the radius of the homogenous curvature.) (See Fig.
3.) The universe is infinite in space and time, if

E=ghe-2Eopzo (18)
ie. if

<

P =Perit
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where the value of Pepit Can be obtained from the measured red shift
factor (7):
o)

- 3~ a-26 3
crit “Bm Rz - 10 kg/m', (19)

corresponding to 10 protons per m® . If p s smaller than this cri-
tical value, the kinetic energy dominates over gravity in eq. (18), so
the expansion will last for ever. If p is larger than the critical
value (19), then gravity dominates over motion, a total collapse will
come within a finite time.

The optical mass density of galaxies is about 1.2% of the cri-
tical density. The ionized gas of the intergalactic space may add about
nucl My be 3 of 4%
of the critical value. If this is the only mass present, the universe

twice as much. So the nuclear mass density p

has a positive energy constant, motion dominates over gravity, space
will expand forever.

E>O0
E=0

-~ H — Figure 3.

(The actual mass density cannot be much higher than the critical
density. A high density would give an age t too short to explain some
facts of stellar dynamics and it would produce a considerable decrease
of expansion speed with time. The expansion rate would be considerably
smaller now than it was one billion years ago, so the observed red
shift factor H ' of nearby galaxies would be smaller that that of
galaxies being one billion 1ight years away. There is no indication for

such a strong distance dependence, so p < 2 Perit 2}
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Hot Universe

If the overall density was extremely high in the early universe,
the shortranged nuclear forces had to bind the nucleons to the almost
stable medium-heavy nuclei. But the present universe is dominated by
light elements (73% H, 26% He) . The only explanation is, argued G.
Gamow (1948), that the early universe was very hot, preventing the for-
mation of composite nuclei.

Penzias and Wilson, radio engineers of the Bell Lab, observed
(1964), that the universe is filled isotropically with an electromagne-
tic noise, corresponding to T = 2.7 K temperature. This means 550
million photons per m® , compared to less that 1 proton or electron
per m® . This many photons cannot be of stellar origin. They originat-
ed in the early hot universe.

The present nuclear mass density is pnuc1(t) = 10 %%kg/m® . The

present radiation density, as calculated from the Stefan-Boltzmann law

- b 2
Orag = 2T/ €7 (20)

is 10'31kg/m3 , negligible compared with the mass of stars and ion
clouds. But this was not so all the time. Light means a sinus wave
drawn on a stretching rubber sheet (Figure 4).

R T ~

<3=:,/,f"'“‘\\\\\\h‘__”//’;:C>

o QJ; N
Figure 4.

Its wave length increases proportionally to the dilatation factor R(t):
A~R(t) . (21)

That means that the temperature of the thermal radiation drops (due to
the scaling property, expressed by Wien's displacement law):
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T~RE)T . (22)
Taking this in eq. (20) into account, the time variation of the radia-
tion density is aiven by
-4
Praalt) ~R(O™ . (23)

The time dependence of the stellar (nuclear) mass density is described
by the nonrelativistic mass conservation (11):

o ~R(t) . (24)

nucl
Going back to smaller and smaller R(t) values, we reach a time when
radiation density dominated over nuclear mass density. In this early

"radiation era" the density p of eq. (13) was proportional to R

and it was big. The constant term E was negligible compared to the

density term:

R2
%:%gp . (25)

If p 1is proportional to R ' , then

oo = -8R/ R = -4(8G o/ 3)'/2
The equation

0"/ = (128067 3)/?
can be integrated directly:

) - e a5

in the radiation-dominated universe. (Here the constant of the second
integration is zero, if the time of Big Bang is t = 0 )

If the early universe contained n different types of radiation
(n different sorts of relativistic particles), eq. (20) gives

o(t) = naT*/c2 . (27)

Combining eq. (27) with eq. (26), the temperature of the early universe
turns out to be

T(t) = (o) /" . (28)
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By substituting the values of fundamental constants, for

nZ1l one
gets the orienting formula
1 MeV
kTﬂ= .
= (29)

sec
(Here k 1is the Boltzmann constant, a = 8n°k*/15¢®h® .) The thermal
history of the universe is shown in Figure 5.

KT T
Lok
TeV -
10"k
=1 \\\\‘\\\\\
Mev- 10" K N
ke
- 10% K
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today
t
] I ] T 10
1075056 10 7" gec 1 sec 10 sec
Fiagure 5

According to the formula (22) the rate of the geometric expansion
changes as

R ~ t1/2

Going back enough in time, one can reach any high values of density and
temperature. The formulas (26) and (28) are free of arbitrary constants
of integration. This answers the century-old question about the initial
condition. The laws of matter, as we learned them by lab experiments,
do not have singularity-free solutions at all. (Even in an inhomo-
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genous-anisptropic universe the time axis of the solution cannot be ex-
tended into’jnfinity on both directions, as proved by Hawking and Pen-
rose.) The singularity, following from the very nature of these laws,
offers a natural initial condition, which is rather free of arbitrati-
ness.

The First Millisecond

When t <10"s , then T > 0.3x10'2K and KT > 30 MeV . This
early era was dominated by hadrons and their strong interactions. Under
these conditions the physics is not well understood, which makes the
era difficult and exciting. People call it "the poor man's high energy
laboratory".

The universe started from a specific, but unknown microstate of
high energy density. At such extrem densities the collisions were so
frequent and vehement, that the universe reached its thermal equili-
brium very fast (within Planck-time), forgetting the peculiarities of
its initial microstate.

At such a high temperatures all kinds of particles were produced
and destroyed immediately. While mc? < kT , the unstable particles
were as abundant as the stabel ones. When the temperature dropped be-
Tow mc2/k , the unstable particles were not created any longer. In
thermal equilibrium their concentrations vanishes as

exp(-mc2/kT) << 1, if kT <mec?2 . (30)

But the decay probability is a given number, so the particles need a
certain time to be decayed. Ti11l then an overcooled gas of the unstable
particles is present: the universe departs from thermal equilibrium
for a while. Later the unstable particles disappear by irreversible
radioactive decay and so the thermal equilibrium gets restored.

This is, how heavy bosons (postulated by GUT) survived for a
while, later they decayed charge-asymmetrically on an irreversible
way, turning over the original quark-antiquark balance of the universe.
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The quark excess is calculable: it is very small compared to the number
of photons. (The quark excess ment a positive baryonic charge, which is
carried by nucleons in our present universe.) The presence of protons,
however, contradicts the condition of thermodynamical equilibrium. But
the proton life time expected by GUT is so long, Tp ~ 10%1y , that the
present world still contains these transient particles. The number of
protens is low compared to the number of photons:

-9l
Np/NY =10 s (31)

but due to their large mass they play now an important role in the
gravitational history of the universe.

The jumps in the straight line of Figure 5 are due to changes of
n . The superheavy bosons decayed. Quarks condensed into hadrons. Ha-
drons decayed into Teptons. Electron-positron pairs annihilated into
photaons. Finally, only photons and neutrinos survived, with a s1ight
proten-neutron-electron contamination.

The First Second

Between t = 10_3 seconds and t = 10° years the average energy
per particle decreased from kT = 30 MeV to kT =1 eV . All the
short lived particles had already disappeared. So this energy region is
a world with well-known and simple Tinear physics. The conditions of
thermal equilibrium make the reconstruction of this era straightforward
and easy.

Below 30 MeV the existing particles were photons, electron
pairs and neutrinos (with a negligible contribution of nucleons, due to
the tiny charge asymmetry created in the previous era). A1l these par-
ticles were in thermal equilibrium with each other. A1l the neutrinos
exchanged energy with the elctrons via weak neutral current interac-
tions (vi-re' - e--kvi) . But as density and eneray decreased, the
weak collisions became less and less frequent. When the temperature
dropped below kT = 10 MeV , the average collision time for neutrinos
grew larger than the age of the universe. This meant that each indivi-
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dual neutrino got decoupled from the other components of the plasma.
The only change the rieutrinos suffered was the increase of their wave-
length (Figure 5). But due to the absence of any scale, the dilatation
A~ R(t) initiatedacooling T ~ R(t)_1 . In spite of having been de-
coupled the energy spectrum of neutrinos could be characterized by a
temperature TV which was equal to the temperature of photons TY .

At the end of the first second the temperature cooled below
1 MeV . The elctron positron pairs annihilated into photons, but they
were not regenerated, because the collision energies were not enough
for pair creation any longer. The energy of the electron pairs heated
the photon gas up with respect to the disconnected neutrino gas. For a
more quantitative orientation, let us imagine an adiabatic transition
of a photon-electron-positron gas with entropy

- _4 s 4.7 s 4.7 13
S; =S5 + Se_ + Se+ =g aliV + = galiv + = g aTiVv

to a photon gas of equal entropy:
S, = 3 aT3v

(The factor 7/8 takes into account the Pauli exclusion for fermions.
Otherwise relativistic electrons behave rather similarly to photons.)
Putting the two entropies equal, the photon temperature T, after
annihilation can be expressed by the photon temperature T, , which
would be valid if the annihilation had not taken place:

Since this transition the neutrinos are a bit cooler (TV =T;) than
photons (TY =T,) :
B 4 1/3
i = (TT) T

g (32)

The present proton temperature is measured: TY = 2.7 K . The corres-
ponding neutrino temperature can be calculated from eq. (32):
TV =~ 2.0 K . We have today NY = 550 photons per cm® . The corres-
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ponding number of neutrinos is

N, = rx%xTz‘IxN = 150 r neutrinos per cm® . (33)

Here r 1is the number of the different types of neutrinos (r =3 for
Vor V> vT) . 3/4 ds due to Pauli exclusion. 4/11 reflects the tem-
perature difference.

The First Three Minutes

In the thermal equilibrium the neutron to proton ratio is expect-
ed to be

n

mc?-mc? 1 if kT > 1.26 MeV
S )u{ .(34)

Nn/Np = exp - (

kT 0 1if KT <1.26 MeV

After the first second, when temperature dropped below 1 MeV , no more
neutrons were formed in proton collisions, but the existing ones sur-
vived for about 15 minutes, due to their long 1ife time. The presence
of free neutrons in a cool environment meant again a transient devia-
tion from thermal equilibrium, which made the formation of the first
nuclei possible by capture of these overcooled neutrons:

n+p- 2H, 3He, “He, Li, Be, B

The fusion chain stopped after a few minutes because the free neutrons
became either captured or decayed. The quantitative chemical composi-
tion of the produced material depended on the concentration of avail-
able nucleons among the photons. The present aboundance of 2H , °3He °
and Li , Be , B can be explained only by this early nuclear build-
up. (These loosly bound nuclei could not be formed in stars, because
they are excellent nuclear fuels and would burn fast to helium.) The ob- -
served N(2H)/N('H) ~ 10"° ratio gives Ppyct = 3-5¢2.0% of o .\,
in excellent agreement with the direct astronomical evidence (0live).

An other valuable information, coming from the observed deuteron
concentration, is that the overall mass density (dominated by radiation)
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could not be very high, because large mass density would have resulted
in a fast deceleration. If the speed of expansion had been too large,
it would have left only a time too short for the formation of such a
guantity of deuterons. The existing forms of radiation were photons and
r types of neutrinos:

aT! aT* aT*
7%V 7 ,4.4/3 Y
prFtrg -l gl g

The quantity of existing deuterons limits the value of this radiation

density: r <5 . If all the neutrinos (ve, V., v_ ...) are stable,

[T
one cannot expect more than one new neutrino type.

The First Million Years

The first 10° years were dominated by radiation:

+
&) << P D\J

nucl Y

The electromagnetic interaction coupled the photons to the few elec-
trons and ions, providing a uniform temperature TY . The decoupled
neutrinos were characterized by a lower temperature Tv . At about

t = 10° y the temperature dropped to kTY <1 eV, so the protons and
other Tight nuclei became able to capture electrons, to form stable
atoms. These neutral atoms were transparent for electromagnetic waves,
so Tight had got decoupled from heavy particles. The photons of the
radio noise, discovered by Penzias and Wilson, originated to this time.
Since then they were distorted only by the geometric dilatation of wave
length. The high isotropy of the present radiation (ATY/TY'<5.10_5)
indicates that the plasma was also very homogenous at the time of atom
formation!

At about the same time the fast decreasing radiation density
(orad ~R(t)™) got smaller than the nuclear density (pnuc]nuR(t)-s),
because photon mass is devaluated by the cosmic red shift (21). From
this time on the universe was dominated by nonrelativistic matter, re-
sulting in a dust-1ike expansion R ~ tz/3 instead of the earlier
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radiation-1like expansion R ~ t'/* . The main actor is the cool (a bit
dirty) hydrogen gas. This is a new era, again with well-known physics,
but it is far from being simple. The complication comes from the non-

linearity of the hydrodynamical equations with gravitational interac-

tions.

Before the neutral era any local inhomogenity (produced by sta-
tistical fluctuations) dissolved quickly because radiation transferred
mass and energy from high density regions to places of low density.
(The only surviving inhomogenities were larger than the horizont: time
was then not yet long enough to level up on such large distances.) But
with the advent of a neutral era the gravitational instability came in-
to force. A mass concentration of radius L became stable and started-
growing by gravitational attraction, if its surface gravity exceeded
the thermal motion (Jeans stability condition, Figure 6):

G 41 5
T (7? L? o) mp > kT . (35)
Ate
<
b L
v F
== t
- radiation — -=neutral —
era era
Figure 6.

The smallest of the stable masses was formed most frequently by statis-
tical fluctuations. This critical size and mass is

KT/

_ _ o, 3k%T? 1/
Lcrit B (In Gp

_b4n s
> Mepig =3 L0 = g
(36)
o s the density and T is the temperature of the neutral gas. At the
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time of atom formation = 10K and

T1:hen

- i . ,
othen/ptoday - (Tthen/Ttoday) (10% 7 2.7) i

so all quantities are known. One gets Mcrit = 10° MSUN . This is the
sjze of globular clusters, it is much smaller than the size of galax-
ies. There is no way to understand, how such big objects Tike galaxies

and clusters of galaxies could be formed in the neutral era.

An even greater discrepancy concerns the time scale of the evolu-
tion of inhomogenities. We have found that Ap/p was < 5.107° at the
beginning of the neutral era. If p = 3.5% of Perit ° the inhomogeni-
ties could increase only by a factor 15 wup to now. If p = Pcrit *
the inhomogenities could increase only 1000 fold. But to get dense
astronomical objects, the inhomogenity has to reach Ap/p =~ 1 , where
the nonlinear effects begin to work. To be short: the time of the neu-
tré] era seems to be too short for the formation of galaxies (Rosga-
cheva - Sunyayev, 1981, Figure 7). Galaxy formation supposes a higher
nonrelativistic mass density: p =~ Perit ! Atomic matter contributes
only 3.5+2.0% to this, so about 95-97% of the nonrelativistic

mass of our universe is "missing".

l Ag/s
1+ « — Necessary
-1 valve
10+ _ .
10.2_ if @=9crit
.3
8 if @=35%of
10_1’ N crit
10— present radiation
isotropy
—= time
kT= eV
—-radiacion —s —=— neutral —=
era era
Figure 7.
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Thermodynamics forces us to suppose that there are Nv = 150
million neutrinos per m® (of each type) in the universe, compared to
Np 1 proton per m® . It has been suggested by A.S. Szalay and G.
Marx (1976) that the missing mass can be explained by assuming a non-
vanishing rest mass at least for one sort of neutrinos:

o . -26 -3
m, = m?x? " g T =y = 30 eV

This proposal created large interest when Lubimov et al. reported (1980)
that the B spectrum of °*H decay indicates an ?z rest mass of si-
milar value (16 eV < m, < 45 eV) .

Neutrino Superstars

The cooling process of decoupled particles is described by the
law (21). The energy change of the photons is the following:

£, (1) = h (1) = s ~ s ~ T (8)

: — 10%
From the decoupling (Tdec = 10*K, kT

shifted to the present value

) T(t) 2.7K _ —ay
e, (t) = levxﬂi—ﬁy = 1eVxZ: K« 2.7x107%V = 2.7mev

If the neutrinos posses a rest mass m, in the few eV region,
when the temperature dropped below

KTyg = (%41)1/3 m, c? (37)

dec = 1 eV) the photon energy was

they become nonrelativistic.
2 hZ/ZmV

. = = ~ 1 ~ 2
ev(t) = 2"'_\) = XA T RE)Z TY(t) > (38)
so ‘the present value of the average neutrino energy may be
k2T2
T2 4.2/3 Y
t)=m, ¢t X = () f (39)
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E.g. for mvc2 = 30 eV one has now

e (t) ~3-10"% eV = 3 nev = kT. ,
v . v

corresponding to an effective neutrino temperature Tv = 0.00004 K .
Today their average speed is v, = 6 km/s . This is smaller than.the
escape velocity from the Earth! The relic ultracold neutrinos must be
very sensitive to gravitational instability.

In the relativistic era the only mass accumulations were the
statistical fluctuations of the size of/or larger than the horizon
(L = ct) . The neutrinos became nonrelativistic when the temperature
decreased below the value (37). The number of neutrinos is comparable
to that of the photons, it may exceed the number of protons by a factor
10® or 10° . If mvc2 > 10 eV , in the nonrelativistic era they are
the main source of gravity. (The contribution of the redshifted photons
became negligible.) The beginning of the nonrelativistic era is charac-
terized by the equation

3C2 1/" 2

kKTne = & sz gantzs GantNR) =met (40)

where n = (11/4)“/34-3- (7/8) = 6.5 takes into account the presence
of photons (TY = (11/4)1/3 TV) and the Pauli exclusion for neutrinos
(7/8) . Eq. (40) gives the time tNR and the corresponding size L0
of the horizon.

3kH )1/2

Ly = ¢ e = (3 Ganm? c* (41)

This is the size of the neutrino inhomogenities inherited from
the relativistic era. The question is, whether such an inhomogenity is
stable or not? Let us quote the Jeans stability condition (35) for neu-
trinos:

2

m
6 (P12 p) > Klyp =me

This is satisfied if

L > ¢ 3¢c? )1/2 - 6k" )1/2
4nG o, T\ Gam; cH
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This stability condition is more or less fullfilled by the value (41).
So the statistical neutrino concentrations, inherited from the relati-
vistic era (t < tNR) turn out to be stable in the nonrelativistic. era
(t > tNR) : they survive, start contracting and attract further neutri-
nos. These "neutrino superstars" were the first astronomical objects in
the universe. They were created early in the radiation era.

The radiation era ended later (kTY = leV) . The plasma had been
homogenized by radiation (Ao/p = 10'“) > but at the end of the radia-
tion era the newly formed neutral atoms got decoupled from radiation
and they found themselves in the inhomogenous gravitational field of
neutrino superstars. In the gravitational valleys of the neutrino su-
perstars huge hydrogen clouds were formed.

The original separation of neutrino superstars was given by eq.
(41). This distance increased as a consequence of geometrical expansion:

T m c?
- R(t) _ NR _ v 11,1/3
L(t) =L, g ol L, T = Yo kTYt ) : (42)

[TY(t) = 2.7 K today.] The separation L(t) 1is inversely proportional
to m, - The biggest objects of the present universe are the super-
clusters of galaxies. Their average separation is now 10® Tlightyears.
If we assume, that the superclusters were born in the womb of neutrino
superstars, we can put L(t) = 10° Tlightyears, and from this equality
we can calculate the rest mass of the neutrino. We get ch2 T 30 eV
(A.S. Szalay - G. Marx, 1976). This rest mass makes the present density
of the universe equal to the critical density, so it solves the time
discrepancy of the galaxy formation as well (Figure 8).

The neutrinos of 30 eV rest mass may make about 95-97% of
the mass in the universe. They became nonrelativistic at TV = 300000K ,
tNR = 1000
years old. The young superstar filled the whole horizont, its radius

so the neutrino superstars were born when the universe was
was just Lo = 1000 Tlightyears. Since then the photon temperature de-

creased by a factor 107°, correspondingly each distance increased by
a factor 10° . This gives 10° lightyears for the present separation
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of superstars. The superclusters were born much later (t = 10%) in-
side the superstars, thus the present distance of superclusters is also
10° lightyears.

| WAYY/

; : —== time
kT=myc® KkT=leV T=2.7k
Figure 8.

Voids

Thermal pressure is isotropic. The interplay between pressure and
gravity results in spherical objects. But neutrinos do not collide.
They do not produce pressure.

Neutrino concentrations originated from statistical fluctuations.
Let us follow the fate of a homogenous neutrino gas, which shows veloci-
ty inhomogenities. Perturbations smaller than the horizont (L < ct)
were eliminated in the relativistic era. The smallest surviving pertur-
bation had a wave length A = ct . Let us choose the x axis in the
direction, in which the velocity perturbation has the largest amplitude
(Figure 9). In a short time this velocity disturbance will make a flat
pancake out of the homogenous neutrino cloud (Ya.B. Zeldovich, 1970).

As a matter of fact, an isotropic shrinking would be very excep-
tional: it supposes equal diagonal elements for the velocity fluctua-
tion tensor (Figure 10). A general tensdr (Figure 11) makes a flat
sheet (or a rod) out of a cube.

The astronomical evidence confirms this prediction. Galaxies
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(indicators of the neutrino concentrations) prefer to be distributed in
layers and filaments. On the sky we see just opposite of what was ex-
pected by the “hot hydrogen gas" hypothesis of the galaxy formation.
Instead of bright spheres, separated by dark regions, we find huge
empty voids, separated by dense layers and filaments of galaxies (Fig.
12). One can say: these voids are the largest and possibly oldest
"things" in the universe (Kirschner et al., 1981; Gregory et al., 1982).

j A")’x

VLS 21N N

-~ -

/2,: Ct —_—
Figure 9.

Y

Figure 10.

The detailed evolution of the two component system (collision
free neutrinos plus colliding atoms, held together by gravity) is a
rather difficult dynamical problem (Bond - Szalay, 1981). This mixture
will be granulated into galaxies and stars; to the end galaxies will
concentrate in spherical clusters. But this relaxed state is not yet
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reached everywhere in the universe. The clear message is that
observed Targe scale structures are still young, in the state

lopment. They offer a fresh and attractive field for research.
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Figure 11.

Figure 12.

Galaxies

the
of deve-

Some clusters of galaxies look already to be stable relaxed for-
mations, with an equipartition of energy among the member galaxies. The
Coma cluster is a fine example for this. If it is stable, its dynamical

energy has to be negative:

1 G
E=E-2-MV2--R(EM)2<O

The value of the kinetic energy can be obtained from the observed red
shift values, that of the gravitational energy from the counting of
member galaxies. But this empirical estimation gives a positive value
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for E ! In order to explain the stabiTity ¥ the cluster, one has to
increase its total mass by an order of magnitude! Well, this extra mass
can be explained again by an invisib]e'ha]o of massive neutrinos around
the cluster (A.S. Szalay - G. Marx, 1976). With m = 30 eV the neutri-
nos are able to stabilize the Coma cluster.

The discrepancy between dynamical mass (obtained from its gravita
tional effects) and optical mass (obtained by counting of stars and ga-
laxies) is a well-known puzzle in galactic astronomy (Peebles, 1973).
The discrepancy appears also in the case of single spiral galaxies,
1ike in our Milky Way. By observing the Kepler period of bodies orbit-
ing around the centre of mass at a distance r , one can calculate the
total mass M(r) of the galaxy within the radius r . One can extend
the method to larger r distances, using satellite galaxies, tidal
phenomena of twin galaxies etc. The surprising conclusion is that M(r)
increases linearly even beyond the optical boundary of the spiral ga-
laxy (Figure 13, Peebles, 1973). This calls also for an invisible halo
around the spiral galaxy, what is made of lighter particles and which
produces a rather extended flat potential well, in which the stars of
the galaxy are placed (Figure 14, Marx, 1964, 1967, 1976).

JM(F) | &)

neutrinos

optical boundary
A r

] i
10% 10° 1y
Figure 13. Figure 14.
On scales smaller than a galaxy (stars, globular star clusters)
one finds high atom concentrations, which make the contribution of neu-

trinos negligible. The orbit of the Earth can be explained completely
by taking only the attraction of the nuclei and electrons in the Sun
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into account.

Conclusion

The missing of the mass is a rather general phenomenon in extra-
galactic astronomy: it comes up at the level of cosmology, at clusters
of galaxies and at giant spiral galaxies. These discrepancies can be
explained by a simple hypothesis: a certain type of stable neutrinos
has a rest mass of cca 30 eV (within a factor 2). This neutrino has
to be weakly coupled to other sorts of matter. (Particles with fainter
interactions, e.g. gravitons, decoupled much earlier, in the hadron
era, so their number is too small to produce observable gravitational
consequences. )

This astrophysical conclusion seems to be supported by the lab
observations, which indicate a similar rest mass for Vo - There are
double B decay measurements (!28Te/'%°Te ratio in very old rocks),
which indicate a Majorana mass for Ve but the experimental values
are controversial (Hennecke, Kirsten). Lubimov et al. reported
16 eV < m, < 45 eV limits for the Vo Mass form 3*H decay spectrum
(1980). This experiment is being repeated in several laboratories, so
we shall have a clear conclusion in one or two years.

The surprising convergence of astrophysical investigations and
some laboratory experiments to m, = 30 eV s worth of sceptical inter
est. The unified theories may tolerate m, # 0 , but from the masses of
the charged leptons (me = 0.5 MeV, m, = 105 Mev, m_ = 1800 MeV) one
would expect m(ve) < m(vu) < m(vT) . But if both Lubimov and astro-
physics are right, then vy and Vo either have the same mass as Ve
or they are lighter, perhaps they are unstable, not as simpleminded
theoreticians would expect.

A possible "explanation" of the "convergence" to m, = 30 eV can
be offered by the old joke (Figure 15). Gravitational arguments can be
used for neutrinos only if

m, Nv > mp Np
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Figure 15.

Now Nv= 10°Nb, mp = 10° eV , so astrophysical indications can work
only if m, > 10 eV . - B spectra are disturbed by complicated mole-
cular fields in the eV region, so they have a similar sensitivity
limitation: m, > 10 eV . - It has been shown earlier, that cosmologi-
cal evidence (lower 1imits on the age of the universe)allowes only the
possibility of m, < 50 eV (Zeldovich and Gerstein, 1966; G. Marx -
A.S. Szalay, 1972; Cowsik - McLeland, 1972). Accurate B spectroscopy
has put an upper limit m, < 55 eV on the Z% mass (Berquist, 1979).
So only a tight window 10 eV < m, < 50 eV has been left open for an
empirical approach to m, - If someone is about trying to explain any
discrepancy by neutrino mass, the only allowed range is m,= 30+20 eV.
One will either find the neutrino mass indeed here within a few years,
or one will conclude: m, < 10 eV . In the latter case no further pro-
gress can be expected concerning m, in this century.
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If we are Tucky and the m, = 30 eV value will be confirmed by
laboratory experiments, it will give answers to a series of questions
concerning the origin of astronomical objects. But it will have a mes-
sage also to particle physicists. It will say that beside the conven-
tional weakly coupled Tefthanded neutrinos we have also the righthanded
ones among us, which are very peculiar objects. They seem to communi-
cate with the rest of the world only through the tiny m,, parameter.
This small number brings us a piece of empirical information from a
faraway continent of dreams, called "superweak interaction" or "Higgs
sector" or "grand unification" or "supersymmetry". It may make the 1life
of theoreticians more exciting again.

The Last Million Years

As it was mentioned above, neutrino superstars were the first
things in the universe. What will be the last ones?

If GUT is right, nucleons (and planets, stars, galaxies) will de-
cay in 10°!*! years. After them only photons and neutrinos will be
left. But if some neutrinos have a rest mass, the annihilation

V+Vs Y +Y

is an entropy generating reaction, so neutrino matter will change slow-
ly into electromagnetic matter (producing photons with a sharp energy
hv = mvc2 ).

This neutrino annihilation goes through the electromagnetic form
factor of neutrinos. The diagrams of Figure 16 dominate at low energies.

e
a‘ N —_—— )
€ W
LN —-—— - 5
& ~ S
Figure 16.

The corresponding transition matrix elements will be proportional to «a
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(fine structure constant) and g (Fermi constant of weak interactions).
The contribution of Figure 17 is . 2 times that of Figure 16, so one
has to pay attention only to the last mentioned diagram. In low energy
limit it can be simplified to Figure 18.

T-"‘-\..-"\.-‘ e ¥ [N Y
e Pln s i \’/ 9 -z B
. Z T SNl -
PanaslL e <3 A8 LY
Figure 17. Figure 1%.

This triangle diagram is well known in literature. It gives an effec-
tive coupling ~a g FGB FaB Eb Ys wv ,» giving the annihilation cross
section (Balog - Marx, 1982)

2 6
- O -
721’[ me VV

(c-»0 if m, - 0, and o is very small if m, is as small as
30 eV .) The average Tife time of a neutrino can be estimated from the
formula

t=(chvv)1
Today the average neutrino density is NV ~ 150 cm ° , giving a Tife
time of 1055 years, much longer, than that of protons. As time passes,
however, the average neutrino density decreases as t? » S0 the actual
1ife span of a lone neutrino may turn out to be considerably longer.
But neutrino superstars are stable bound systems. They have a central
density which may exceed the average value several thousand times. So
the life time of neutrinos, making a superstar, can be estimated to be
of the order of 10%° years. Neutrino annihilation is slow compared to
proton decay (but it may be fast with respect to black hole decay).
Neutrino superstars were the first macroscopic objects and they may be
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the last ones as well. They always remain invisible for us, but while
they exist, they play a key role in making galaxies (and stars and pla-
nets and people) and in keeping them together. (The picture is valid if
neutrinos have a rest mass of 30 eV indeed.)

After 10°%-odd years only zero rest mass particles (photons} will
be left over in state of maximum disorder. The universe will return to
the complete thermal equilibrium, to the state with maximum entropy
once again. (It was in equilibrium already in the first 107"° se-
conds.) Quarks and protons and neutrinos and stars and life is only a
transient noneauilibrium phenomenon, forced to matter by the violent
expansion of space. But this tendency for runaway expansion comes from
the very structure of the laws, and scientists discovered these laws by
investigating matter in terrestrial laboratories.

Is this a sad conclusion? I do not think so. A tragedy in 5 acts
(1ike Hamlet) may be of higher value than an endless (consequently a
bit boring) TV serial.
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PHENOMENOLOGY OF SUPERSYMMETRY : A SHORT ‘SUMMARY
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ABSTRACT

We review the main consequences of supersymmetric
theories, in particular the experimental constraints
on 2 new neutral gauge boson.

In this paper we intend to present, briefly, some of the main
consequences of supersymmetric theories. We refer the reader to more
complete articles for additional information and references 1).

1. Supersymmetric theories

Supersymmetric theories associate bosons and fermions in multi-
plets. This leads one to introduce, next to ordinary leptons and quarks,
spin-0 leptons and spin-0 quarks. At the same time the gauge bosons are
associated with spin-1/2 particles sometimes called gauge fermions or
gauginos : the photon is associated with a spin-1/2 photino, and the
gluons with an octet of spin-1/2 gluinos. Moreover with a suitable choice
of superfield representations one can construct theories in which the
massive gauge bosons are associated, (together with massive heavy
fermions) with the physical Higgs bosons ; i.e., charged and neutral
Higgs bosons (w¥, z, ...) appear as extra spin-0 states of the massive
gauge bosons (W¥, Z, ...).

A continuous or discrete R-invariance allows one to distinguish
between ordinary particles (leptons, quarks, gauge and Higgs bosons),
which have R = 0, and their superpartners (spin-0 leptons and quarks,
photino, gluinos, etc.) which have R = £ 1.

If supersymmetry were conserved, leptons and quarks would be degen-
erated in mass with their spin-0 partners. Similarly the W%, for example,
would have the same mass m, as the charged Higgs wf and two charged
Dirac fermions. '—_"

In a globally supersymmetric theory it is necessary to extend the
gauge group beyond SU(3) x SU(2) x U(1) (or SU(5)) if all spin-0 leptons
and quarks are to receive large masses at the tree approximation. This
Teads us to consider SU(3) x SU(2) x U(1) x U(1) theories, in which the
extra U(1) is responsible for spontaneous supersymmetry breaking and the
generation of Targe masses for spin-0 leptons and guarks 2)s
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Alternately by using a different method of spontaneous supersymme-
try breaking 3) relying on a particular set of interacting chiral super-
fields one may be able to avoid the introduction of the extra U(1l) group
and generate large masses for spin-0 leptons and quarks by radiative
corrections at the several Toop level 4).

Finally the super-Higgs mechanism of supergravity may also be used
to generate large masses for spin-0 leptons and quarks 5). This leads to
another class of models, such as those of refs. 6,7), with a heavy spin-

3/2 gravitino of mass m > 20 GeV/c2, and interesting mass relations,
3/2 ~
such as 7) .

. (spin-0 lepton or quark) = |-1nr\«3,2 £ My g I (1)
d 2
an o~ ( w—t) B mz(w-t) . 4 ”"':/,,
*m.i(z) ='m’(2)+l.m»;'/} (2)

The latter equations relate the N* and Z masses to the masses of the
charged and neutral Higgs bosons w? and z which are associated with them
under supersymmetry. At the same time the photino and gluinos can also
have arbitrary masses, which may reasonably be expected to be of the
order of m3/p- This leads to the possibility, unpleasant from an experi-

mentalist point of view, that for m3/2 2 LY all superpartners have
large masses 3 my- (Note, however, that m3/2 cannot be much Targer
than my if no fine-tuning is to be performed.)

2. Spin-0 leptons and photinos

What do we know experimentally about the possible existence of the
new particles ? Spin-0 Teptons produced in e'e annihilation 8) and
decaying into a photino or a goldstino (the massless Goldstone fermion
of supersymmetry, absorbed to give the extra polarization states of the
massive spin-3/2 gravitino 9) ) have been systematically searched for at
PETRA and, more recently, at PEP 10). This gives the following results :

Table 1 : Limits on the masses of spin-0 leptons.

Excluded mass range for spin-0 leptons
Se S, S
CELLO 2 > 16.8 3.3+ 16 L 3.8
6 - 15.3
JADE <16 = 4 > 13
MARK J - 3-+15 m_~> 14
MARK I1I - - L 9.9
PLUTO <13 = -
TASSO <16.6 <16.4 -
(2 spin-0 Teptons)

189



These limits are close to the maximum beam energy available. It is,
also, possible to produce a single spin-0 lepton, in association with its
spin-1/2 partner and a photino or goldstino. This may allow one to improve
the lower Timit on the spin-0 electron masses 11). Of course in the future
a good way to 1gol_< for spin-0 particles would be to search for their pair-
production in e e annihilation at the Z pole.

But there is a way to know, re]atively_soon, about spin-0 electrons
and photinos, by looking for the process e e — phgtjno antiphotino.

The cross-section is significantly larger thag foree =» Vv , if
spin-0 electrons are lighter than a 40 GeV/c™ and photinos not too
heavy 12). By looking for single photons emitted in the process

= ete” — ¥ photino antiphotino (3)

(see Fig. 1) one may be able, if no signal is detected, to exclude the
existence ofzh'ght photinos coupled to spin-0 electrons Tighter than
~ 40 GeV/c™.

¥

e photino

1
R
e /\ antiphotino

Fig. 1 : A diagram contributing to the radiative
production of a photino pair in e'e  annihilation.

In a similar way one can study the process e+e'—> gravitino anti-
photino, and
efe” — ¥ gravitino antiphotino (4)
(see Fig. 2).’_The corresponding cross-sections are proportiona]+tg
GNewton / M3y - An experiment looking for single photons in e'e

annihilation may lead to an improved lower limit w 10'6 eV/c2 on the
mass ms o of the spin 3/2 gravitino 12).

+ v .
e gravitino

e antiphotino

. Fig. 2 : A diagram contributing to the radiative
production of a gravitino-antiphotino pair in e'e” annihilation. (The one-
photon exchange leads to a local four-fermion interaction proportional to

(Gwan_ bt )’7 Moy )
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3. Gluinos and R-hadrons

The octet of spin-1/2 fermions - gluinos - associated with the
gluons might a priori be massless, light,or heavy. These fermions could
combine with quarks, antiquarks, or gluons to give new color-singlet
states called R-hadrons 13). R-hadrons could be unstable and decay into
ordinary hadrons by emitting an unobserved photino or goldstino (gravi-
tino). Limits on the existence of such particles have been obtained from
calorimeter and beam dump experiments 13,14), The reinteraction cross-

section of photinos with matter 15) 1is’proportional to me® , in which

me is the mass of the spin-0 quarks exchanged in the procgss. As a result

9. . . . .
the Timit obtained, from beam dump experiments, on R-hadron production
cross-sections, and therefore on R-hadron masses, depends on mg . By

subtracting about 1 GeV one gets the corresponding limits on gluino
masses. The Fermilab experiment 14) implies :

if 'm,A<40 GeV me>5 GV or m > (~ 4 GeV)
%

gluino

if -m47< 100 GeV me> 3.5 GV or m (~v 2.5 GeV)

gluino > (5)

Gluinos, therefore, may still be relatively light. Their effects

on nucleon structure functions and deep inelastic scattering have been
studied in detail in Ref. 16).

4. Searching for a new neutral gauge boson

In theories in which the gauge group is extended to SU(3) x SU(2)
x U{1) x U(1) the existence of a new neutral gauge boson U may manifest
itself in a number of processes 1,17,18) : neutral current effects in
neutrino scatterings, e e annihilation (asymmetry, etc.), parity-
violation in the electron-nucleon interaction (SLAC and atomic physics
experiments). If the ney boson is sufficiently Tight it could appear as
a narrow resonance in e e annihilation, with a typical electronic width

oo~ 100 eV mu3 (Gev/c?) (6)
or, also, be produced in the decays of kaons, ¢ 's, P 's, etc.

A large number of experimental constraints now exist, which re-
strict the possible existence of such a particle. A potentially useful
remark is that U-exchange amplitudes are proportional to

G e
F 1 FY
m . +9 (7)
As a result U-exchanges do not affect the neutral current phenomenology
if the U is sufficiently light, i.e. if my, is smaller than the momentum

transfer q in the experiment considered. This leads us to consider with
special attention the possibility that the U may be light.
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A sufficiently light U could be produced in the radiative decays
of the ¢ and the 7T . One then runs the risk of a conflict with the

results of the experiments which have been looking for single photons
emitted in the decays

Y —>» ¥ + "nothing"

T- —> ¥ + "nothing" (8)

and have excluded the existence of a standard axion 19). In our case
however the situation is slightly different 18) : only a fraction of
the events in which U is produced may result in events of the type (8),
due to the various decay modes of the U particle. While a_very 1jgbt ]
would be quasistable, a heavier U can decay into vv, e'e, ppoor
qq pairs, etc. One has

B(Y > ¥+U (» "nothing")) x B(T > ¥+ U - "nothing"))

~ (50r6) 1072 x (2 or 3) 1074 x B(U=» "nothing")z(g)
The experimental results on Y and T decays 19)
B(Y - ¥  + unobserved neutrals )¢ 1.4 107° (10)
lighter than 1 GeV/c
B(T > ¥  + unobserved neutrals 2)( .5 107 (11)
lighter than 4 GeV/c

lead to a constraint on the product (9). They allow for the existence
of a 1ight U, provided its branchingratio into unobserved neutrinos
satisfies

B(Us>vV)E 25¢ (12)
Equation (12) may be satisfied as soon as my is somewhat larger
than 2 Mg s provided the neutrino decay modes of the U are somewhat in-
hibited. (Remember, in addition, that m, between ~ 2 m, and 7 MeV/(:2
is forbidden by beam dump experiments, while a U lighter than ~ 300

MeV/c2 might possibly have been produced in the decay K> Tt 18).)
Since the U couplings to left-handed and right-handed fermion fields
are proportional to (cos¢ -1) and (cos ¢ +1), respectively, the

neutrino decay modes Vv, T)_,' s V \J’L s V¢ Y, are sufficiently in-
hibited, compared with the electron decay modes, as soon as

1
cos lepton X 3 : (13)

Alternately in the absence of such constraints on cos @ the U
should be sufficiently heavy to have sizeable rf }» ~ and hadronic
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decay modes. We shall see that atomic physics expemments imply that the
hadronic part of the U current 1is mostly axial (cos ¢ quark ~ 0). The

hadronic decays of the U would then be those of a 1 particle, forbidden
by parity and angular momentum to decay into two pions only. Moreover an
isoscalar U would have even G-parity and is forbidden to decay into three
pions ; therefore there is a threshold at my = 4 my for the hadronic

decay modes of the U. In that case my cannot be much smaller than 1 GeV/c

It is, however, very important to note that such constraints get
relaxed if one introduces, in the theory, additional Higgs singlets,
which have the effect of making the U almost "invisible" : the couplings
of the U to leptons and quarks are multiplied by a factor 2~ < 1. U-ex-
change amplitudes, as well as U- productmn cross sections and decay rates,
are then multiplied by a factor rl < 1, which can be small 17,18). As an
example _the ¥ and T decay experiments now imply only that, for m, <
1 GeV/c%, one should have, instead of (12), the new 1nequa11ty v

'z,z B(U-)v;) < 25 % (14)

Let us now consider the asymmetry in e'e” - p—+ [—- (orz *tz7).
If no extra Higgs singlet is introduced (which would make the U effects
invisible) and in the absence of Z-U mixing we find the following
(simplified) expression for the asymmetry 1) :

A~x_ 2 _GLA_ l: -'rn.; + o
2 M2« ™, -4 my -4 (15)
The asymmetry measured at PETRA 20) (at VA_:!34.4 GeV)
Ap = - (10537 1.239) (16)

inete P +|"- agrees well with the expected value in the standard

model ( =~ - 9.3 %), but not with about twice this value. Under the
above hypothesis, the experimental result Ar.,)- 7 % 1implies

my < 17 Gev/c? (17)

P 0 + - — .
In addition, searches for narrow resonances in e'e annihilations exclude

the existence of the U in most of the 1 to 8 GeV/c2 mass interval 18},
as well as in the 7T region.

If we confine ourselves, for simplicity, to models with no extra
Higgs singlet and no Z-U mixing, we find that the U may exist in the

(7 MeV/c? > 1 GeV/c?) or (8 17) GeV/c? mass intervals.
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There are, in addition, other constraints that the couplings of
such a U particle should satisfy. Remember, at first, that the axial
couplings of the U are universal while its vector couplings are para-
metrized proportionately to a factor cos ¢ . Neutrino scattering ex-

periments imply that the coupling of a (not too 1ight) U particle to
‘ﬁ* should be depressed, i.e. cos (ﬂ‘E;I/Z. Moreover the U couplings

to quarks should be mostly axial, in such a way that U-exchanges do not
lead to unacceptable parity violation effects in atomic physics 1,17).

The cesium experiment 21) implies that the weak charge of the nucleus,
Qw(Z, N),is given by 22) :

Q=" 57.1 + 9.4(stat.) * (~ 4.7)(syst.) (18)
One should also include an estimation of the theoretical uncertainty from
atomic physics effects ( § 8.5), before comparing (18) (see ref.22) with the
expected value of QN in the standard model
Gt = -68.6 ¢ 3 (19)
For a (not excessively light) U the expression of the weak charge is 17)

Q,, (Z,N) =[Z(1-han’0)-N]+ 3Z+N) = Q + Oy ()

The extra contribution QwU must satisfy, at the 90% confidence level

g = 152317 (21)
With Z + N = 133 for the cesium this gives
- .05 Leos @, < .11 (22)

Under the above hypothesis the cesium experiment constrains cos q;
to be very small : the hadronic part in the U current should be mostly
axial. (This implies, as a byproduct, that the two spin-0 quarks sq and

tq associated, respectively, with the left-handed and right-handed spinc%

quark fields should have nearly equal masses.) One can then see that the
SLAC experiment 17,23) leads to no useful constraint on the factor
cos e which parametrizes the vector electronic part in the U current.

We have focused here, for a greater clarity of the discussion, on
the simple situation with no Z-U mixing and no extra Higgs singlet, which

favors the 7 MeV/c2 to 1 GeV/c2 and (8 to 17) GeV/c2 mass intervals for
the new particle. But more generally any mass is possible for the U, and
one should remain particularly attentive to deviations from the standard
mode] phenomenology, which might signal the existence of the new particle.

5l Constraints on the gravitino mass
Finally we briefly remind the reader that a number of constraints
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exist, from particle physics and astrophysics, on the mass of the spin-
3/2 gravitino. They are discussed ip detail in Refs. 1). A crucial fact
is that, for a light gravitj_no the - 3/2 polarization states are almost
non-interacting, while the = 1/2 polarization states (which behave like
the goldstino of global supersymmetry% have interactions of effective
strength fixed by the ratio GNewton/m 3/2 9,15). As a result, gravitinos,

depending on their mass, may have decoupled sufficiently early, and be
less numerous than neutrinos. By studying the effect of gravitinos on
the abundance of primordial helium, and on the total energy density of
the universe one finds that for quasistable gravitinos the preferred
mass interval is

1072 ev/c? ¢ myp < 100 keV/c? (23)

On the other hand gravitinos may also be heavy, provided they decay
sufficiently early. This leads to the alternate possibility 1,24)

" % 10* Gev/c? (24)

These bounds, however, should not be taken too seriously. In particular,
the attractive possibility Myjp ~ My should not be disregarded.

As we have seen supersymmetric theories offer a rich array of new
phenomena. If supersymmetry is an invariance of the world it could be
discovered relatively soon. There exist, however, models with no new
neutral gauge boson, in which all superpartners have large masses compa-
rable to m,. In such cases, supersymmetry could still remain well
hidden for some time.
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SUPERSYMMETRIC GRAND UNIFICATION
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Rutherford Appleton Laboratory,
Chilton, Didcot Oxon OX1ll 0QX
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Pembroke College, Oxford Unmiversity, Oxford

1. Introduction to SUSY-GUTs

There are several reasons for studying supersymmetric models,
perhaps_the best of which is “because its there”. 1In fact it has been
shown L)that it is the only possible type of symmetry not yet used in
addition to the Lorentz group and internal symmetries based on Lie
groups (which commute with the Lorentz group). Supersymmetry relates
fermions and bosons and may provide a natural home for the elusive
scalars needed to spontaneously create gauge symmetries. It relates
matter and radiation, a massive supermultiplet containing spin
components (the gauge fields) together with spin % fields and spin O
Higgs scalar. It 1is presently the only candidate for unifying particle
physics and gravity (local supersymmtrey generates gravitational
interactions), although the largest viable group with a nontrivial
connection between space-time and internal symmetries has a local gauge
symmetry So(8) which is too small to accommodate the standard model?) .
A§ such 1t is probably relevant only as a theory for constituent fields
3 (at the Planck scale?).

Recently there has been renewed interest in a more modest class of
supersymmetric models, namely those based on a direct product of the
gauge group G with a global supersymmetry. The reason_ for this
interest is that it may solve the "hierarchy” problem™’and if so the
supersymmetry must be %ood at low energies 0(1 TeV) (low relative to
the Planck scale of 1018 GeV!). As the hierarchy problem is at the
centre of the recent studies of low energy supersymmetric models I will
spend some time reviewin§ it.

The standard model?)»6) of the strong, weak and electromagnetic
interactions, based on the local gauge symmetry SU(3)xSU(2)xU(1l) is
renormalisable and (provided the Higgs boson, H, has mass $1 TeV)
perturbatively unitary ) Thus radiative corrections are (apart from
renormalisation terms) finite and calculable and scattering amplitudes
have a good high energy behaviour. Since the model also agrees
remarkably well with experiment why do we need to go beyond it?
Admittedly there are 18 parameters which, one bellieves, ultimately will
be related, as, for example, are the three gauge couplings in grand
unified theories (GUTs), but this is no reason why the SU(3)xSU(2)zU(1l)
model should not be a good effective theory valid until the grand
unification scale Mw (=1015 GeV). However there 1s a flaw in this

plcture — the flaw is known as the "hierarchy problem”.
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Once we accept that ultimately the parameters in the standard
model will be related (as in a GUT) we can treat the radiative
corrections to them as meaningful and not just to be absorbed in a
counter term. For example the graphs in Fig 1 contribute to the Mass M
of the Higgs boson H. This (running) mass depends on the scale u at
which it is measured and calculation of the graphs of Fig 1 gives the
result

M) = MA(M) + Zegoy M2 (1.1)

where c¢; and a; are coefficients and couplings depending on M - For the
necessary result’) that M2 (1 TeV) <1 TeV we see that this may only be

achieved by an unnatural cancellation of the large terms on the RHS of

eq(l.1). It is unnatural in the sense that the parameters of

the microscopic scale Mx combine to give a low mass (= massless) scalar
only at the macroscopic scale p. ie simplicity is only apparent at the

macroscopic scale®

x -

Fig 1. Graphs ééatributing to the Higgs scalar mass H. I and X are
the additional Higgs and gauge bosons of the GUT and ¢ are the fermions
coupling to H.

This means that the standard model will break down at a scale =1 TeV, a
scale which will be probed by the next generation of experiments! What
could this new physics be?

There are three obvious possibilities. One is that the
perturbative analysis leading to eq(l.l) fails due to an interaction
becoming strong. If this happens only in the scalar sector the GUT
predictions may still be valid for gauge and Yukawa couplings will not
be greatly affected. In this case the departure from the standard
model will be relatively difficult to see until the scalar mode 1is
measured. For example e'e” »> w{w will have strong interactions in the
final state as longitudinal WS are generated by Higgs scalars (clearly
this is not a first generation experiment!)

A second possibilit; is that there are no elementary scalars,
as in technicolour models?) or in other composite models. In this case
the calculation leading to eq(l.l) fails for Mx = scalar binding energy

Provided this energy is{l—%gl— there will be no hierarchy problem.

Finally it may be that (Zcjay) = 0. However it 1is not enough to
arrange this only in leading order perturbation theory for then the
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next order will require fo'L—E%!— and so on. If we are to arrange this
cancellation involving both fermion and boson loops as in Fig 1 we need
a symmetry and the only known symmetry that can_do this is
supersymmetry . Supersymmetry achieves this by associating all
scalars with fermion partners so that the scalar mass is equal to the
fermion mass. Since fermion masses can be forbidden by chiral
symmetries the associated scalar mass too may be forbidden by a chiral
symmetry. As a result in a supersymmetric theory there are
cancellations between fermion and boson graphs of fig(l) and eq(l.l) is
teplaced by

=2 2y Y
ML)
w2(u?) = MEud)| 227}:"27 } (1.2)

so that M2(u2) vanishes if MZ(Mﬁ) does. Thus there 1is no strong

constraint on MZ, and the supersymmetric model may be valid up to the
GUT scale. Supersymmetry breaking in the gauge nonsinglet sector
cannot occur much above 1 TeV, otherwise this evasion of the hierarchy
problem will fail.

2.1 A supersymmetric standard model

The simplest sypersymmetric model which can be constructed is a
direct product of the interngllzymmetry gauge group with a global .
(N=1) supersymmetry The basic building blocks are mass-—
less supersymmetry multiplets(ls) of the chiral or vector type as shown
in Table (1).

Table 1
Fundamental massless supersymmetric
multiplets in N = 1 supersymmetry

2 component majorana fermion
Chiral (*) 2 real scalar fields (= 1 complex)
vy 2 component massless vector
Vector ( 2 component majorana fermion

Thus the supersymmetric version of the standard model contains at
least twice the number of particles needed in the nonsupersymmetric
version. The minimal SU(3)xSU(2)xU(l) model can be made supersymmetric
simply by assigning the usual states to supermultiplets of the type
given in Table 2 12,13),
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Table

2

Multiplet structure of the minimal
Supersymmetric SU(3) x

SU(2) x U(l) model

Vector Supermultiplets Spin J
ga=1...8 Gluons 1
Ve ~a=1,, .8 Gluinos %
i 1
v Wu, Zu W, Z bosons
w o ~
W, Z Winos, Zinos %
A Photon
v Nll
Y Photino
Chiral supermultiplets Spin J
S .T aL:9r Quarks 1
g ai,ak Scalar quarks 0
$ .57 lL,ER Leptons
> ~ ~
£ Ao Scalar leptons
roge Fermionic Higgs ]
S,T w':’wl-
$', ¢ Higgs doublets 0

This leads to the multiplet structure of Table (2).
new superpartners carry the same SU(3)xSU(2)xU(l) quantum numbers as
Note that there are two Higgs doublets
(plus their supersymmetric partners) rather than the single one usually
This proves to be necessary if there

their conventional partners.

included in the standard model.
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is to be a reasonable mass spectrum13). In addition there will be a
massless goldstone fermion, the goldstino, the goldstone particle
resulting from the breaking of global supersymmetry. The coupling of
supersymmetric -particles is simply related to that of their
conventional partners. For example the photino coupling follows from
the photon coupling to charged particles just by the replacement

of the photon by the photino and one of the charged particles by its
superpartner —eg see Fig (2).

Fig. 2
Photon and photino coupling to charged fermions and their scalar
partners

g8 t t- £

The other fermions in vector supermultiplets ('inos) have
couplings similarly related to the gauge couplings of their partners.
The scalar quarks and leptons have gauge couplings with the vector
supermultiplets, as in Fig(2), and also couplings to other chiral
supermultiplets related to the usual Yukawa couplings necessary to give
masses to the quarks and leptonms.

The goldstino_couples to the partners in a supermultiplet with a
strength givenzby1

= + Am”~

ey ) (2.1)
where 2m2 is the mass difference of the superpartners and d 1is a
dimensional quantity related to the scale of supersymmetry breaking
(= 1 TeV), and the sign depends on the chirality of the fermlion
considered.

2.2 An SU(5) SUSY-GUT

In the previous section we discussed the spectrum of states
necessary to build a supersymmetric (SUSY) version of the standard
model. The masses of these states are not predicted until we have a
model for supersymmetry breaking, but if the solution to the heirarchy
problem is to be preserved they should not have masses greater than
0( Y ). In fact the breaking of supersymmetry proves to be the

most difficult part of conmstructing a viable model. At the tree level
supersymmetry breaking in a supersymmetric version of the standard
model splits the scalar from fermlon masses in a chiral supermultiplet
but still leaves one scalar state lighter thanm its fermion partner.
Since we would have seen a scalar electron lighter than the electron
this 1s untenable. One possibility16) is to extend the standard model
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to include an extra U(l) factor. This of course means that one cannot
then grand-unify in the minimal SU(5). A second possibilitylZ,13,l4,
is that radiative corrections to masses may generate an acceptable
mass spectrum. Remarkably even in the winimal SUSY-SU(5), this
possibly works, generating radiatively reasonably large masses for
superpartners, and also triggering SU(2)xU(l) breaking
and thus relating My to Mgygy, the scale of supersymmetry breaking. We
will discuss in detail only this second possibility here. The simplest
SUSY-GUT 1s based on the gauge group SU(5)x[N=1 global supersymmetry].
The supermultiplet structure is analagous to Table 5 with now an SU(5)
adjoint representation, L, of SU(5) as a vector supermultiplet of
gauge bosons and associated fermions, together with three families of
(5 + 10) chiral supermultiplets, ¢% and Xiy6 respectively, containing
the quarks and leptons together with their scalar superpartners.
Finally we have Hy and H), two chiral supermultiplets containlng the
Higgs fields and transforming as 5 and 5 respectively. The colour
triplet and antitriplet components of H; and H) mediate proton decay

and must have a very large mass ().0(1010 GeV)). The doublets however
must be relatively light (0(102 GeV)) in order to generate SU(2)xU(1)
breaking. One of the main differences in constructing a viable model
is to generate this split multiplet pattern in a natural way. The
fermion gartners must also be split (super-symmetry breaking is only of
order 10° GeV in this sector) and consequently they cannot be the usual
quarks or leptons. For this reason we have had to Introduce two
completely new chiral supermultiplets.

The SU(3)xSU(2)xU(l) content of these SU(5) representations is as
given in Table 3. 1In addition, if we want to break supersymmetry
explicitly we need additional SU(5) singlet chiral superfields A,B,C
and two further chiral superfields ¢1 and ¢2 transforming as 5 and 5

under SU(5) respectively.

Rile Notation SU(5) Representation Content
Matter Y2 Xa o Ne x (5 + 10)

Hyge HY (5+5)
Higgs I, 24

z 1

O'Raifeartaigh A,B,C 3 x (L)
Sector -
Coupling to ¢ ¢B 5+5
Gauge Sector 1y "2 L“)

Table 3: Chiral supermultiplets used in model-building
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To specify the model completely it is necessary to write down the
Yukawa and scalar couplings. These are related by supersymmetry and it
is most convenient to describe them via the superpotential P. P is a
gauge invariant function of dimension < 3 constructed from the chiral
superfields of the model (but not their complex conjugates). Then the
Yukawa and scalar couplings are given in terms of P by

- a2p

[ Yukawa = f,j 36,955 ¥ ¥y (2.2)
(58P 12 _ oo *

[scalar = |i:-§%; |12 = IRy Fy (2.3)

Here ¥, ¢ refer to the (LH) fermion and scalar components of the chiral
supermultiplets respectively and the sums over i,j rum over all the
chiral supermultiplets. The F; are the auxiliary fields.

For the minimal set of supermultiplets of Table 3 P is taken to be

P =Por * Pgp + By + Py
where
- 2_ 2
Pog = Ap ABM + X, (a2~ u2)c (2.4)
- a 2
Pap = A3 917958 + A AM (2.5)
Poy = M. S 0% x 1B + m(Weab¥0, L g (2.6)
5= Miy U0 XggHp M3 1,656
8 8
Psz = H)(NZ + YpuDHy + =3 20 + —% pr? (2.7

Supersymmetry is broken at the tree level through Por- Pep
couples this supersymmetry breaking to the gauge nonsinglet fields
¢1,¢2 and includes a soft term breaking residual R invariance and
allowing the gauginos to acquire radiative masses. Pgy generates quark
and lepton masses once H; and Hy develop vacuum expectation values
(vevs). Pgz; is responsible for breaking SU(5) and splitting the Higgs
multiplets H; and Hy.

2.3 The pattern of spontaneous symmetry breaking

In order to discuss the predictions of the model introduced above
it is necessary to consider in detail the breaking of the underlying
symmetries. This happens in several stages.

At a scale M, which could be as large as Mpy,,.k» Pgg induces

spontaneous breakdown of the N = 1 global supersymmetry. This is clear
for it is a feature of supersymmetry that the potential V is positive
semi~definite and supersymmetry 1s broken if and only if V ) 0. Using
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(2.3) we see P contributes the terms to V

il 2 2 _ 2 2
Vor lxlAM | + lAZ(A M )| + |A13M+2xAc (2.8)

For no value of A does (5.10) vanish and so supersymmetry is broken.
Without considering radiative corrections the supersymmetry breaking is
confined to the supermultiplet A. The remaining fields at tree level
are still invariant under SU(S)X[N = 1 global supersymmetry].

We turn now to the effect of Pg,. 1%t is easy to check that the
potential coming from Pg, has (at least )) thFee degenerate minima
with Vgy; = O (remember supersymmetry is unbroken in this sector).

These minima correspond to the gauge symmetries SU(5), SU(4)xU(l) and
SU(3)xSU(2)xU(1l) remaining unbroken. We assume that nature selects
the SU(3)xSU(2)xU(1l) minima and that I develops the corresponding large
vev breaking SU(5) at a scale which is proportional to p. (Whether
this minima is chosen depends oun radiative corgections and temperature
dependent effects that we do not discuss herel )) We thus have, at
tree level, a SU(3)xSU(2)xU(1)x[N = 1 global supersymmetry] model as
introduced in section (5.1).

The breaking of supersymmetry in this SUSY standard model proceeds
only through radiative corrections. The graphs of Fig 3 generate a
gluino mass of order

a

A2 m,,2
my = 55 2:3 1In (Efﬁz) A (2.9)

where § and ¢ represent the fermion and scalar components of A.

However the superpartners of the gluinos, the gluons,; are
prevented by SU(3)c gauge symmetry from acquiring a mass radiatively.
Similarly the Winos and Binos may acquire radiative masses.

A <A> A
<, X (A> <A>X -~ - "-‘ <A>
\\ ’ X p.3 h\
v/ *. & AN
LY % \\ I, [ 1 A +
s # At vor
- '
ﬁ Val N ¢" ,@\ \ 4
’ \ ’ S S=

Y

o

as?
»

SN e T 4

<A
x
]
# :
I ey e~ q o Rr
-
e PO \\‘ ¢‘ PR : s\\ "
’ 1A N
’ / \ M 4 ' S
1 i 1 1 ) : \

1
L d & A q r ’, a
9 Y Al *a I 3 g . 3
t 4
Fig 3. Graphs contributing to gluino in two loop order.
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Once the 'inos acquire mass they can generate masses for the
scalars via the graphs of Fig 4a; because there is no longer perfect
cancellation between fermion and boson contribution. This gives

2 4a 2
m
ny = 37> In (_Lmz) mg~2 (2.10)

and mTZ = &m?

4
3 2
T,S = 4% In (:“;—zJ mg” (2.11)

While the contribution (2.11) to the light Higgs and slepton masses is
positive, there are also negative contributions.to the Higgses (but not
the sleptons) from the squark loops in Fig 4b which are of order

2 2 2 2.12
bup § = - 25 by p % 1n (—‘L) mg (2-12)

where hy D, 2re the quark-Higgs Yukawa couplings to up and down quarks
respectifely.

o= A
- N / N
VA ! i
N ,,'
i e - -_-- co g e Bt - -
32n Lh G 4L FEy 4t
q.0u
a,
q
l"\\\
| ! \
/

Fig 4. Graphs contributing to scalar masses.
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It is easy to check that the negative contribution of eq(2.12)
overwhelms the positive piece of (2.11) and triggers spontaneous
symmetry breaking of SU(2)xU(1l) by the Higgses (and not the sleptons)
if we choose

hui2>, of —45-\ te m) 25 GeV (2.13)

Once this happens the piece of Pg, in eq(2.7) involving H; and H,,

automatically gives the triplet but not the doublet components a large
mass as 1s required. This happens because on minimising the scalar
potential Z (the "sliding singlet") develops a vev to make

B (42 + Yy, I 2+ JONZ + vy, Zgg ) Hy| 2 (2.14)

This 1s just the required comndition.

To summarise,scalar partners of quarks and leptons and fermionic
partners of gauge bosons are heavier than their conventional partmers
and thus need not have been seen yet. 1In addition the supersymmetry
breaking scale is related via radiative corrections to the SU(2)xU(1l)
breaking scale: there is no need to input by hand a second scale. It
is also easy to introduce a term that automatically splits the Higgs
multiplets, as is required if proton decay 1s not to proceed too
quickly. The final mass spectrum of the model is summarised in Table &
with a more visible version in Fig 5. It is remarkable that radiative
corrections have automatically generated a reasonable spectrum.

_T_ (-o®w) 3

v

tno —_— "t = ¢ ¥

e /A & = >
. - C)(ia?- up’titv)

(bﬁu) ‘I’ {
(“’-"}th.) od‘lo 6‘9
v

= ¢ v

LK ; —— ]

Fig 5. Low Mass spectrum for SU(5) SUSY-GUT.
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Fermions Mass Characteristics
W = 4 ... Mainly I = 1, vector-like neutral weak couplings
ﬁt . 5zzv;Vz Mainly I = i, vector-like neutral weak couplings
Ll o décaying into H°® +(Lv or Jq)
"L Lo Mainly I = 1 wino
g0 2(%)m; 4 Mainly I = O bino
+ oaas 3E mw inly B

s v 3-v2HY N Szg"z\ . Mainly I 5¢% shiggs decaying into
= v ar Sng gl H="+ (2v or qq)
5o - Vaiifeviig - Mainly I =L shiggs: end of all
. v = supersymetrlc decay chains
OR
- . Mixture of I = % and I = 0, lighter one stable,
sy, = ?‘-(S°:!°) 2‘2! ET _ heavier‘one quasistable decaying
i L4 into lighter one +(2*2” or qq)
Bosons (Mass)? Characteristics

q
vaH3 + voHS ..

v

ﬁlzvi + gk

1
I;,

min.ly coupled to charge
quarka

viH] - voH} gi+et 2 I =L, mainly coupled to charge
v - L B ~§ quarks
- N1V2-nz2vi Pseudoscalar coupling, larger for charge
a g M¥zclavy few GaV? e s

vlﬂf-v:Hf
v

22
gvi. ...

Conventional charged Higgs boson

1?

0(A2v2)?

I =0 scalar and pseudoscalar,
very weakly coupled to light quarks

Table 4: Broken Supersymmetric Spectroscopy
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3. Phenomenology of SUSY-GUTs

The spectrum of Fig 5 illustrates the expected mass pattern in a
minimal SU(5) class of supersymmetric models in which radiative
corrections are responsible for splitting the gauge non-singlet
supermultiplets and in which R invariance 1s broken, allowing the
gauginos to become heavy. Other schemes, based on tree level breaking,
have been considered although they are more difficult to grand
unify. The major difference is they have a light goldstino and/or
photino, giving rise to a different decay pattern for the new
supersymmetric states. This affects the pattern of decay of
supersymmetric states and consequently the phenomenological signals.
For thezggdels with a light photino these signals have been extensively
studied . Here we will mention some of the novel features of the
more recent models with the spectra of Fig 5. First, however, there
are several predictions insensitive to the low energy structure of the
theory. 1In particular the predictions for sin® and M are changed from
the usual grand unified predictions due to the new supersymmetric
states (masses 11 TeV) which contribute tgsghe B function. This gives

21),26) M = {uxlO16 GeV and sinzew = {:zzgfor Aﬁg = {%88 ggg, with
the minimal SU(5) supermultiplet structure of Table 3 assuming light
states are ( 41 TeV) and heavy states have a mass = M;. M, is about 20

times the non-supersymmetric value mainly because the adjoint of
fermions introduced in the vector supermultiplet make the 8 functioms
smaller in magnitude, slowing up the evolution of the couplings. It
may be seen that sinzew is increased from the SU(5) value of .205 and

is in poorer agreemeg&)with the current best (radiatively corrected)

value for sin?6_ of .210 * .005. This result is somewhat
sensiitive to tHe masses assumed for the heavy states; for examg%§

the colour Ea%plets of H, and H_, had a mass = 1010 GeV, then
2 . 1 2
sin? = {'218
With such a high value for M; it might be assumed that proton

decay will be negligible. This is not the case for new processes occur
involving the new sugzgpartners which, in the minimal SU(5) theory,
medifate proton decay (see Fig 6).

Fig 6. (a) Fermionic higgs contributions to proton decay
(b) Vector boson contribution to proton decay.
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These give

« MHI 2 Mw o X Yukawa couplings.

Because Mzﬁ’g,g él TeV and MZH = M,ZK this rate is potentially much

less than the usual SU(5) procesé of Fig 6(b) which gives Tp < M;. In
fact,_because of the Yukawa couplings, the rate turns out to be = 1030
years - However, because the fermionic Higgs of Fig 1(a)
preferentially couple to heavy states the dominant decay mode is P

+9 K* in contrast to the "°e’ mode in usual SU(5). Unfortunately this
is not an unambiguous prediction of SUSY-GUTs. For example in some
models the graph of Fig la does not exis% and the dominant diagram may
be through colour triplet Higgs exchange with dominant decay modes
P+9 K R utk® or evenZ3,26) through the original SU(5) diagram of Fig

6(b).
Another sensitive testing ground for unified models is in rare K
decays. The most sensitive process is K°-K°, contributing to the K;Kg

mass difference. In addition to the usual graph of Fig 7(a), there are
also scalar;quark contributions coming from Fig 7(b).

~
d. w s d w S
— AN - —
~ o~
"Ikﬁ{t“ E we 't.s
AN E—— e 1 ¢
s w 4 s ") d
a. 4

Fig 7. Graphs contributing to AS=2 processes.

Eva}uating these graphs gives the constraint on the scalar quark
masses?

This is a very strong constraint on the mass difference of scalar
quarks, but it 1s satisfied in models of the type in section 2 1im which
scalar quarks acquire mass radiatively. For them there is a large
flavour independent term coming from gauge couplings and a small
flavour dependent term coming from Yukawa couplings. Thus the scalar
quark mass differences are naturally of order of the quark mass
differences .

We turn now to the spec&f%? properties and signals of the
supergymmetric model of section 2l ). There 1s a counserved quantum
number of the new supersymmetric states introduced in Table 3 which
means that these states are only produced 1In pairs amd that they cannot
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decay entivdy into conventional states. Thus all new symmetric states
will ultimately decay ianto the lightest such state; in the case of the
minimal model of section 2 it is mainly the fermionic partner of the

Higgs (mass )20 GeV)(cf Table 4). In models with the "sliding singlet”
Z, there are two such states gi and these may be produced via the Z

vector boson and may give rise to the characteristic signal of Fig 8.

.39

[T

Fig 8. Characteristic production and decay pattern of the lightest
new fermion states 5%

The other Higgs fermion states, the ﬂt, are also relatively light, will
be produced in ete™ annihilation and will have characteristic neutral
current couplings which will be able to distinguish them from a new
family of heavy lepton or from a Wino (see Table 5).

Particle gv =9
]
e T, T -§+2sinzew =0 +%
|
v? vi-vh
T eel” -1 2 in%e =~ -3 | L(Ii- 2 .
W +eH 2 2(&gﬁ?)g2 + 2sin ew B 2(7§?W?)g2 =0
2 2
o o= L 2 .2 L 1 ,Vl-V§ 2 _n
H -eW 1 (azﬁfjgz + 2sin Sw = -3 {rm )gz = C

Table 5: Neutral Current Couplings of Charged Fermions
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Another characteristic of supersymmetric models is that there are
two multiplets of Higgs doublets together with Higgs singlets and
consequently the Higgs scalar spectrum is quite rich. Table 4
summarises the expected properties and masses of this sector.

4. Mass scales in SUSY-GUTs

One of the reasons for studying SUSY-GUTs was the hope they would
solve the hierarchy problem. 1In section 2 we found that they indeed
allowed scalars to remain massless even in the presence of a superheavy
scale M;. However there remains the question of why the bosonic mass

scales are what they are. Ideally one would like to explain the
relative sizes of Mpjancks My, Mgygy and My.

4.1 Mgygy?

In section 2 we discussed a mechanism by which a large value for
the supersymmetry breaking scale Mgygy would still give a small value
for My, the difference in scales being given by a high power of the
coupling. It 1s tempting to try to choose Mgygy = Mpianck = My as the

single mass scale in the theory. However this is not possible without
including the effects of gravity, for gravitational corrections are
suppressed only by powers of (MSUSY/MPlanck%' Recently thisgoupling to
gravity of N = 1 supersymmetric models has been worked out . At tree
level the scalar potential is modified, eq(2.3) becoming

I
scalar 2 2
L e 1 {l%%%;+ K¢1*Pl - x[2(} (4.1)

where K = l/Mglanck' In the limit K = 0 eq(3.1) reduces to the usual

N = 1 global superpotential. The form of eq(3.1) gives the canonical
form for the scalar kinetic energy term. Relaxing this condition would
allow more general arguments for the exponential in eq(3.1). It is
clear from eq(3.1) that there are new contributions to scalar quark
masses at O0(K), whose natural order of magnitude is

2
m, = k2 |p|2 (4.2)

If we insist the two terms in eq(3.1) cancel, giving zero cosmological
constant, then IPl2 is related to ths ?$p?§ﬁymmetry breaking scale
i

= i
parameter =z + K¢ *Plx e . Thus the condition that
Msusy = ¢ | E¢i 1
the Hﬁggs doublet should be less than 1 TeV translates to the condition
SUSY 2 10 .q29)
that y"—=—— (1 TeV ie <10 GeV . It 1s possible to
Planck‘ MSUSY"

avoid this bound by arranging that this mass squared term be negative,
driving a Goldstone mode in which scalars remain massless at tree level
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because they are (pseudo) Goldstone bosons. However even in this case
radiative corrections of the type shown in Fig 9 will generate a
scalar mass because the gravitino acquires a mass

~

¥
o, = exp(f o IPl X (4.3)

and spgiling the cancellation between these graphs. Estimates of these
graphs30) give MSUSY\-<\1013 GevV.

G
¢ -.5-( )%5-0
v

b

Fig 9. Graphs contributing to scalar masses. G and G3/2 are the -
graviton and gravitino respectively.
Thus it appears that Mgygy cannot be as high as Mpjanck- Does

this mean a new hierarchy problem has arisen? Probably not for there
are several possible ways to get a small value for Mgysy -

(1) It should not be forgotten that nonperturbative supersymmetry
breakdown has not been ruled out for the models of interest with
complex fermion representations. If this happens we would expect MoyygyX

5 2
e /g Mpjanck: However the lack of definite evidence for or against

has caused people to look elsewhere for more tractable methods.
(i1) Since MSUSY is related to a vacuum expectation value of a
potential at its minimum it is oot surprising if Mgysy should be less

than any of the magi scales M' in the ﬁzfential. In fact it is easy to
construct examples ) with Msusy © Mo anck giving an arbitrarily

anc
small value for Mgysy-

(1ii) Another possibility is that large vacuum expectation values
(0Mpjanck)) 1n eq(3.1) may mean that gsgvitational effects glve large
suppressions in the effective potential ). As a toy example choose P
so that V vanishes at the minimum. This may be done for a single
chiral field ¢ by setting

B o+xe =/ e (4.4)

This cannot be solved for an analytic function P but instead use the
equation

%% + K9P = /(3K) P (4.5)
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This gives
P(¢$) = M3exp [~/ 3K ¢ - K$2/2] (4.6)

which, at the minimum has ¢I =0, and V = 0 for any value of ¢ . 1In
this case the supersymmetry breaking term is

o 1012 KI_%% + R¢*P I 30" K ¢ 2 - 2Re(Y3K ¢ + K¢2/2 )

-2 /3K ¢p
= 3 N 2
3 e M (M/”Planck) (4.7)

M3ysy

even with M = Mpj, o> for large ¢p the value of Mgygy may be very
small.

Mt
The simplest solution for My is My = Mgygy- However other

possibilities have been discussed. The firstlg), discussed in section

2, 1s that My = f(%ﬁ) Mgygy, and that a large number of loogg combine
to give a small ratio for MW/MSUSY’ An alternative scheme, ) the

geometric hierarchy scheme, generates My through radiative corrections
too, but in this case the equivalent graphs to Fig (4) involve massive
(gauge non singlet) states,with mass ~ M,. Then it is easy to see on
dimensional grounds My = E§§§1 . Unfortunately in this class of model

the sliding singlet trick of section 2 fails due to radiative
corrections and models constructed so far have to adjust parameters to
arrange the necessary splitting in the Higgs multiplets.

Mp?

The simplest idea 1s to have My = O(GMPlanck)’ or 0(% MSUSY)lg)'

Both of these possibilitiei look feasible and reasonable. Another
suggestion due to Witten 34) is that Mo (and also MPlanck!) may be
related to Mgygy ™ My by radiative corrections generating an inverse

heirarchy

2
M, = ec/8 Msysy

where ¢ is a coefficient determined by calculation of (perturbative)
radiative corrections. Unfortunately the original idea does not appear
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to work for with realistic values for c and g a hierarchy of only of

order e‘:/g ~ 10 is natural33). However it may be possible to resurrect
the idea of a low fundamental scale for Mgygy in a different guise
although in these schemes there 1s no understanding of Mpj,,.x relative

to Mgygy-
5. Conclusions

Global supersymmetry solves the hierarchy problem in a way.which
requires many new states, However it is expected these states should
be heavy and would not yet have been observed, although not so heavy
that they will elude detection soon 1f they exist. Viable models have
been constructed and there are plausible explanations for the relative
magnitude of the bosonic mass scales. The Inclusion of gravity may
render the models more elegant in the symmetry breaking sector and
allows for the cancellation of the cosmological constant; although its
cancellation is unnatural and understanding this problem remains a
fundamental stumbling block. However it 1is an exciting fact that we
may, for the first time in particle physics have phenomenological
reasons for including gravity and for moving towards a truly unified
theory.

0f course the whole construction is pure theory at present;
encouragingly these models are testable and experiment will decide.
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SEARCH FOR NEW PARTICLES IN e+e_ ANNTHILATION

Ginter Fliigge

Kernforschungszentrum and Universitit Karlsruhe
KfK-IK1, Postfach 3640
D-7500 Karlsruhe

Germany

ABSTRACT

Extensive searches for new particles have been performed at e'e sto-
rage rings. No new leptons or quark flavours have been found up to
centre of mass energies of 36.75 GeV. Also the search for new scalars
has been negative. In particular, supersymmetric leptons must have
masses larger than 16 GeV and charged technipions and "standard" axi-

ons can be excluded.
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1. Introduction

As the title indicates, this is a report on the discoveries which
have not (yet) been made at ete” storage rings. Motivations to search
for new particles come from many sources. Even in the "standard" GWS-—
GIM-modell’z) several particles are still missing. Numerous alternati-
ves and extension to this model call for a large variety of other or

additional particles:

Besides the top quark and the T neutring for which direct evi-
dence is still missing,further families of quarks and leptons
(sequential leptons) may still exist. More exotic leptons (sta-
ble, excited, or neutral) are predicted in specific models and
fractional charged quarks (and monopoles) are under heated dis-—
cussion again. Moreover, supersymmetric theories predict spin O

partners of quarks and leptons (squarks, sleptons).

~ Vector Bosons

.
The mediators of the weak interaction, W and Zo, are not the
only particles on the shopping list for new vector bosons.

Again, in particular supersymmetry, predicts fermion partners.

Some of them, photinos and gravitinos, will be discussed.

— Scalar Bosons

Whereas the standard model asks for one single physical scalar
(Higgs) boson Ho, also charged Higgses, axions and technipions

are predicted in other models.

Many of the new particles suggested above are directly or indi-

. . + - . - o . .
rectly accessible in e e reactions. In e+e annihilation the direct
production of charged (eq), pointlike particles is given by (B = v/c,

8 = centre of mass energy squared, o D= 4ra?/3s

QE
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_ . 2 B(3-BY)
o %QED e 5
2

- 2 3
g OQED eq 1/4 B

spin 1/2 1

spin O (2)

i.e. the production of scalars is 4 times smaller and suppressed by an

additional threshold factor with respect to the production of spin 1/2

fermions (see Fig.

and then proceed to scalar particles.

1+ s:=1/2

05

0. I

15. 20. 25. 30.
Epeam [GeV]

1). We will start with the discussion of fermions

Fig. 1

Threshold behaviour of
pointlike scalars and spin
1/2 fermions in e*e™ anni-
hilation3¢)

This report will include searches carried out by the MAC, MARK II,

PEP12 and PEPl4 experiments at PEP, the CELLO, JADE, MARK J, PLUTO, and
TASSO experiments at PETRA, the CLEO and CUSB experiments at CESR, and

the Crystal Ball and MARK II experiments at SPEAR. Similar reports have

been published previously3).

2. Search for New Fermions

2.1 The "01d" Sequential Heavy Lepton T

Before we talk about new lepton families, let us first have a

quick look at the last oneh).
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The T lepton has so far not shown any deviation from the straight-
forward predictions for a sequential heavy lepton. Latest results from

high energies show pointlike behaviour

5)
= +0. +0. CELLO
- OQED (1.03 £0.05 £0.07)
+ +0.06 MARK IT 6)
Orp = OQED (0.97 £0.05 +0.06)
and a charge asymmetry in the angular distribution
7)
A = -8.0% 2.3 PETRA average

in good agreement with the prediction of the standard model
A = -9.3 % 0.2 Theory

As reported in Paris, several groups have now been able to measure the
lifetime of the T lepton. In particular, the beautiful measurement of
the MARK IT group yields

13 8)

T, = (3.31%0.57 £ 0.6) - 10 '7s MARK II

in agreement with the value expected from e-p-T universality

TS (2.8 £ 0.2) - ]0_]3 s Theory
Apart from the value this measurement has in itself, it bears heavily

) . . 4b
on the question of whether or not the T neutrino exists ).

Already before the new measurements on the T lifetime were per-
formed in 1982, it was known that an extra neutrino was involved in T
decays and that this neutrino was different from vU’ GU and Ge AC).
However, the one case vT =W could not be excluded. Now, arguments
similar to those which already led to the exclusion of VT = vu can

also be applied for v,.
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Let us consider the coupling strength e(T - ve) of a hypothetical
T-V, vertex. 1if S(T—Ve) # 0, this would lead to a production of T's in

Ve interactions. In a beam dump experiment, the BEBC group has deter-

9)

mined an upper limit

E(T—ve) < 0.35 of universal coupling strength (90% C.L.)

from the comparison of charged/meutral current Vo interactions. On the

other hand, the MARK II lifetime value constrains the value from below
E(T-ve) > 0.75 of universal coupling strength (90% C.L.)
This contradiction indicates that V., cannot be identical to ve. Thus,

by exclusion of all alternatives, we have indirect experimental evi-

dence for a new meutrino Vo in T decays.

2.2 The Next Sequential Heavy Lepton L

The production and decay of a hypothetical new heavy lepton L is

shown in Figs. 2a and b. As an example the predicted branching ratios

10)

for a mass of 16 GeV are given in Table | . The signatures which

Table 1: Branching ratios for a hgpothetical sequential heavy lepton
L of mass My, = 16 Gev 10

BR(L~>2wW) = 10.72 (L = e,Uu,T)
BR(L +vud) = BR(L +Vves) = 32%
BR(L *vus) =~ BR(L »ved) = 2%

can be used are similar to those for T detection (Figs. 2c¢,d,e). Sig-
nature (¢) — a U acoplanar with a jet of invariant mass larger than

the T mass -~ has been used by most groups to search for a new lepton.
Signature (d) - two acoplanar jets of invariant mass larger than the T

mass — has been used by JADE, the signature (e) —acoplanar e U pair -
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Fig. 2:

Production (a) and decay (b) of sequential heavy leptons and

different experimental signatures (c,d,e).

by the MARK II group. The results are summarized in Table 2.

Table 2:

Experimental lower limits (95% C.L.) on the mass My, of a new

sequential heavy lepton L

experiment mass limit Ref.
CELLO M.L > 16.3 GeV 11
JADE ML > 18.1 GeV 3a
MAC ML > 14.5 GeV 12,13
MARK J M'L > 16.0 GeV 14
MARK IT ML > 13.8 GeV 12
PLUTO M.L > 14.5 GeV 15
TASSO M'L. > 15.5 GeV 16

The cases of ortho (uL = ve,vu,vT) or para (vL = ve,vu,vT) lep-
tons have not been evaluated in detail, but would lead to similar 1li-

mits.
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2.3 Stable Cnarged and Heavy Neutral Leptons

New lepton families may exist, in which the neutral partner is

heavier than the charged one”):

( ii ) with Mo > M (3)

This would lead to lepton signatures much different from the sequen-—

ttal case discussed above.

If the new lepton family has its own conserved quantum number,
the charged partners are stable and behave like additional ' pairs"

with low momenta

+ +
ee -+ LL L~ stable (4)

The MARK J and JADE groups have searched for such signals. Fig. 3

= T T
£
S
':120 L Fig. 3
o Experimental limit on
&5 oor the production of stable
2 8b} charged leptons
2 |__________®mcL \ (MARK J)19)
o ®r
w
5t i
lnl.l 20 - -
o«
e 1 1 []

'] 5 0 15

MASS (GeV)
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shows the upper limit deduced from u pair production in MARK J compa-

red to the expected number of events. The JADE group has looked for

excessive stable charged particle pair production (see below). The ex-—

perimental limits of the two groups are (95% C.L.)

MLt > 12 GeV JADE 18)
(for charges > 2/3)

MLi > 14 GeV MARK J 125

It should be kept in mind that these limits only hold for

MLO S ML_ 4a)

slightly heavier, L~ decays of the type

. If both masses would be similar with the charged lepton

L -+ 1% +e + v, etc. (5)
would be very difficult to detect. Because of the low electron energy
and large missing mass they would probably be indistinguishible from

2y events.

For the heavy neutral lepton in 2 hypothetical new family the
following phenomenlogical cases have to be considered (£ = e,u,T)
(Ref. 4a)

* New conserved lepton number, charged (L_) or neutral (vl?partner

b =
° - vt 2+ 2 or v + hadrons® (6a)

° > L+ Q+ + vy or L™+ hadrons+ (6b)

* No new conserved lepton number, "old" lepton partners (2—,vg)

L° - \)'Q + 0. [ or Vl + hadrons® (6c)
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| A v+ 2° or 2 + hadrons' (6d)

Since the production of L° can only occur through weak interac-
tions (Fig. 4), cross sections will be low. The cross section of

pair production via 7° (Fig. 4a) is estimated to be of the order ofzo)

+ - 0.0 - _
(e e > LL°) = 0.016 OQED (Vs = 40 GeV)

at PEP/PETRA energies, corresponding to about 60 events/100 pb_l. Note

. S . 2
that the cross section ratio increases like G/o ~ s .

QED
For the particular case of 2 being an electron in (6d), the heavy
+
neutral electron E° can also be produced via W exchange (Fig. 4b)

with a substantially higher cross section

+ - =0 =
o(e e > E ve) = 0.1 OQED

at PEP/PETRA energies. This possibility has been studied by the JADE

group3a’c) for the case, where E° decays into an electron and hadrons.
The experimental signature and the expected cross section are given in
Fig. 5. No event has been observed, which corresponds to the following

95% C.L. lower limits on the mass of E° in case of V+A or V-A interac—

tionZI).
M(E®) > 24.5 GeV  (V+A) JADE
M(E®) > 22.5 GeV  (V-A) JADE
a) b) oy Fig. 4
et L° e* E® . _
° Production of neu
_Z_. tral leptons in
ete” annihilation
e- L° W2
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2.4 Excited Charged Leptons

If leptons were composite particles,one would expect to observe
finite structures and excited states. As far as structures are concer-

ned, no deviation from pointlike behaviour of e, 1, and T has been ob-

served up to 0 (100 Gev) !,

There are two reactions through which excited leptons (heavier
particles with the same quantum numbers as the corresponding leptons)

could be produced directly in ete” annihilation (Fig. 6)

ee o pkpF )]
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a)

+
e * y
Fig. 6
e 1* Y Production of excited charged
1 leptons
b) ot |
t* Y
e- —
l
ete” o+ Ry (€:))

Whereas the cross section for (7) in the case of a pointlike ¥ with a
mass less than the beam energy would be given by (1), reaction (8) would

require an umconventional current of the typezz)(coupling strength )

A o 9
eA ¥ Ty ¥, ©
The cross section then reads (MU* = mass of u¥)
2
= B 22 (/9P (42 Kyls) (10)
Ih) 1Y

If p* decays rapidly

o> op+y
one would observe a signal

fe” > WY M an

which has to be separated from the radiative QED background. Mass 1i-

mits on M , are of course restricted to less than the beam energy in
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reaction (7), whereas higher values (5 vs) can be reached in reaction

(8).

Searches for excited muons 1*have been performed by the CELLO,
JADE, MARK J, and MAC collaborations. For masses below beam energy,
mass limits can be deduced from the observed limits on excess events
of type (11) compared tothe expected cross section (1). The experimen-

tal limits are summarized in Table 3.

. . + -
Table 3: Experimental limits on p* masses from reaction e e - p*p*

Experiment Mass Limit (GeV) Ref.
(95% C.L.)

CELLO > 16.9 11

JADE > 10 3a

MARK J > 10 19

MAC > 14 12,13

In the case of reaction (8),an excited muon would show up as a peak in
the invariant mass distribution of the uy system. As an example, the

data of the MAC group]3)

are shown in Fig. 7. No such signal has

been observed. From a comparison with the QED expectation, upper limits
on the observed cross section for reaction (8) can be obtained. By
means of the expected cross section (10) this can be transformed into
limits on the coupling constant A as a function of M ,. Figs. 7 and 8

i) and MARK J]9 groups. Similar

show two recent results from the MAC
limits were obtained by the CELLO and JADE collaborationst). Fig. 8
also shows the constraints on A which can be obtained from the anoma-

. 2
lous magnetic moment of the muon 3).

At SPEAR the MARK II collaboration has also searched for signals
of excited electrons and muons. They can put stingent limits on the
production of e* and u¥ up to masses of about 3 GeV. The results are

shown in Fig. 9 24).
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Experimental limits on the pro-—

167k J duction of excited muons u* and
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Virtual Excited Electrons

If currents of the type (9) would exist, they would interfere

with the electron exchange diagram of the reaction

ee > .YY (12)

in the way indicated in Fig. 10. This modifies the cross section for

(12)

o = O (1 + (s2/A%) sin?8) (13)

where A = Mk VAT and \' is the relative coupling strength of current

9.

Many groups have looked for deviations from QED in reaction (12)
for which radiative corrections have been calculated up to 0 (a®) and
which is unaffected in lowest order by weak interactionms. Figs. 11 and
12 show two recent results of the MARK IT and CELLO collaborations.

Both agree well with the QED predictions. According to (13) this can
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Possible contributions to
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Fig. 11

Invariant differential cross
section for the reaction ete™ -
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QED prediction to O @

(MARK 11) 12

Fig. 12

Invariant differential cross
section for the reaction ete™ -
YY. Data are corrected for ra-
diative effects to 0 (a®) and
compared to lowest order QED
(CELLO) 25)

be transformed into a limit on Me* = YA'. Table 4 summarizes the re-

sults obtained by different groups at PEP and PETRA:



Table 4: Experimental Limits on Me* /X' (95% C.L.)

ﬁxperiment Moy N Ref.
CELLO > 59 GeV 25
JADE > 47 GeV 26
MARK J > 58 GeV 19, 27
MARK II > 50 GeV 12
PLUTO > 46 GeV 15,28
TASSO > 34 GeV 29

2.5 Search for New Quark Flavours

One of the main objectives of the high energy e'e machines is
the search for new quark flavours. I will only very briefly sketch the
extensive experimental program which has been carried out at highest
PETRA energies to search for thresholds or resonances in the hadronic

. 3a,b,c)
cross section .

Search for Thresholds

Variations in the total cross section, event shapes and inclusive
lepton rates would be indicative of new quark thresholds. No such
changes have been observed up to center of mass energies of v/s =
36.75 GeV. This excludes new quark flavours with charge 2/3 (from to-

tal cross section) or 1/3 (from event shape analysis).

Search for Narrow Resonances

The highest energy region 33 GeV < Vs < 36.75 GeV has been scan-
ned in steps of 20 MeV to look for narrow resonances. No resonances

have been found. Quantitatively, an upper limit of

Bh ' Fee < 0.65 keV 907 c.L.)
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Fig. 13

fee « + w o The reduced leptonic width Tee/qé
=y ay ++ + of the known vector mesons compa-

9 o red to the experimental limit at
=Y highest PETRA energies3c)

T, €a= %3
L 5 " 1 " I
04 1. 2 5 "10. 2. S0
M(Gev)

can be deduced from the combined PETRA data where By, is the hadronic
branching ratio and ree the leptonic width of the resonance. If we as—

sume B, = 0.7 this gives an upper limit of

Fee < 0.93 keV (90% C.L.)
In Fig. 13, this limit is compared to the width of known narrow vector
mesons in terms of Fee/e;, eq being the quark charge. If we assume
Fee/e; to be about constant, as previous data suggest, we can safely
exclude a tt bound state with e, = 2/3.

2.6 Search for Free Fractionally Chareed Quarks

Searches for fractional charges have been performed in several
experiments at PEP and PETRA. They all rely on a measurement in the

specific ionisation

dE/dx ~ efl « £(B) ; (14)

The JADE group measures dE/dx and the reduced momentum p/eq in a "jet

chamberls). The PEP14 collaboration has no magnetic field and uses
dE/dx and TOF measurements in scintillation counters30’31). In addi-
tion, tracks are defined in proportional chambers. The MARK II group
combines the dE/dx and TOF information from scintillation counters

. . . 2
with a p/ep measurement in the drift chambers3 ).
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All three groups have searched for the exclusive production of

quarks

ee -+ qq (15)

JADE and MARK II have also determined limits on the inclusive produc-—

tion
efe” + qqx (16)

No signals have been seen. The upper limits relative to the pointlike

cross section GUU as a function of the quark mass are shown in Fig. 14
(Ref. 3a).

2.7 . Search for Monopoles

Monopoles (which, strictly speaking, do not fit in here, but are
somewhat related to the question of fractional charges) were originally

proposed by Dirac to symmetrize the Maxwell equations and to quantize

. 32 .
the elctric charge ) These Dirac Monopoles have a magnetic charge g

which is related to the electric charge e by
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g/le = n/2a ~ 68.5n3; =n=1,2,... a7

The mass of these monopoles M.M is predicted to be (Mp = proton mass)

My ~ 2.56 n? - MP L)

Later, T'Hooft and Polyakov34)

pointed out that monopoles appear
as soliton solutions of the classical field equations and must exist
in unified gauge theories. Their mass is much higher than that of
Dirac monopoles, MM ~ MG/a, where MG is a t¥zica1 mass of the gauge,
e.g. 100 GeV for electroweak theories or 10 ~ GeV for unified theories.
Clearly, this kind of monopole is inaccessible in e+e_ interactions

and our search is restricted to Dirac monopoles (18).

. + - . .
To search for monopoles in e e reactions, we make use of the high

specific ionisation which is expected from (17)
2 ~
dE/dx (g/e) (dE/dx)min for B ~ 1 (19)

This is about 4700 times the ionisationof a minimum ionising particle

for n =1, and rises quadratically with n.

The experimental procedure to look for these highly ionising par-
ticles is quite simple and has been applied at PEP and PETRA. Plastic
foils are wrapped around the vacuum pipe near an interaction point and
later analyzed for traces of heavily ionising particles. Searches in
the PEP16 experiment have yielded an upper limit for monopole produc-—

tion3o)

n_
< - .
o(e e - monopoles + X) 0.007 cp01nt

for Mﬁ <14 GeV and n=1. For n >2 these simple experiments are insensi-
tive because the particles are absorbed in the beam pipe. Therefore,

foils have been put into the vacuum of the beam pipe in the MARK J de-
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tector at PETRA. No results have been reported yet.

3. Search for New Scalars

Motivation to look for new scalar particles has recently come

from two sources:

a) To explain symmetry breaking, models of increasing complexity
have been proposed which require one or several (many) new scalar

35)

particles

. . . 36,3d)
b) Supersymmetry associates a new scalar particle to each fermion s

As already mentioned above, the search for scalars in e+e_ is rem
dered more difficult compared to fermion searches by a factor 1/4 in
the asymptotic cross section and a slowly rising threshold function
~ BY (see Fig. 1).

3.1 Search for Supersymmetric Particles

In supersymmetry, each fermion with spin J has one boson counter-
part with spin J * 1/2 and vice versa. Thus, to each particle, there

3d)

exists a supersymmetric partner (sparticle™) . Table 5 contains a

few examples which will be relevant to the further discussion.

Table 5: Supersymmetric Partners

Particle J Sparticle J + 1/2
lepton 1 1/2 slepton sy ty 0
photon Yy 1 photino AY 1/2
graviton 2 gravitino A_ 3/2

Some properties of these hypothetical particles are illustrated in

Fig. 15. The sleptons Sys ty (one for each helicity state of the lep-
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a) b) Fig. 15
Production and decay of
<//,/’ 2 ~ "9 supersymmetric particles
Y e
— i a) Supersymmetric lepton
Se:te = decay
N SAyoAg Y ’

b) Model-dependent pho-—
tino decay,

c) production and decay
of supersymmetric
leptons in e*e” anni-
hilation

ton 1) decay rapidly into the related leptons and a photino AY or gra-
vitino Ag (which could also be a goldstino if gravity were mot inclu-
ded in the theory). The photino may be stable or may decay into a pho-
ton and a gravitino (Fig. 15b). This process is strongly model-depen—

dent and will be discussed later.

3.1.1 Search for Direct Production of Supersymmetric Leptons

Pointlike sleptons are pair produced with the cross section (2) in
ee” annihilation and decay rapidly according to Fig. 15. Thus the sig-

nature is (1 = e, U, T)
efe” > 1t1” (acollinear) (20)

Although this is a simple and clean signature in principle, background,
in particular from radiative QED processes,has to be eliminated care-

fully. Many groups at PEP/PETRA have searched for sleptons. As examples,
the results of the CELLO group on supersymmetric electron (tl’sl) and

muon (tu,su) searches and of the MARK J collaboration on a supersymme-—
tric tau (tT,sT) search are shown in Figs. 16and 17. It should be noted
that the additional graph of XY exchange contributes to the supersymme-

tric production and increases the expected rate considerably (Fig. 16a).
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Fig. 16

Experimental limits on super—
symmetric electrons and
muons (CELLO) 37

(a) suypersymmetric elec-—
trons

(b) supersymmetric muons

Fig. 17

Experimental limits on super—
symmetric taus (MARK J)39



This improves the experimental limits which can be obtained. The signa-
ture used by the MARK J group to search for supersymmetric taus is si-
milar to (2¢) in the case of the sequential lepton search and the hy-
perpion search discussed below. The results of the experimental sear-
ches at PEP/PETRA are summarized in Table 6. The value derived from

the anomalous magnetic moment of the muon is also included.

Table 6: Experimental Lower Limits on the Masses of Supersymmetric
Leptons in GeV (95% C.L.)

*
SRtQ sut1J sTtT Ref.

CELLO 16.8 16 15.3 37
JADE 16 14 38
MARK J 15 14 14,39
MARK IT 9.9 40
TASSO 16.6 16.4 41
MAC 13 13 13
g-2 13 42

* mostly from hyperpion search (c.f. Fig. 24)

The experiments quoted usually also give upper limits for the
lower masses. These values have not been included in the table since
the low mass region is already excluded by precision measurements on
electron and muon pair production, in a way similar to that indicated in.

Fig. 17a for the case of T's.

To improve the supersymmetric mass limit, a study of the single

. . . 4
production shown in Fig. 18 was suggested »

. The electron would stay
invisible in the beam pipe and a single supersymmetric electron would

emerge under large angle and decay into an electron and a photino.
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Fig. 18: Single production of a supersymmetric electron in e e -col-
lisions

Thus the experiment would have to look for single electrons at
large angle. The authors claim that the supersymmetric electron mass

limit could be pushed to about 1.25 times the beam energy.

3.1.2 Search for Virtual Supersymmetric Electrons and Search for

Photinos

One may try to study the supersymmetric analogue to reactiom (12)

as given in Fig. 19a

e’e + AAX (21)

As AY,and Ag are supposed to interact only very weakly, they will
be invisible if they do not decay in the detector. Therefore, the only

way to study this process experimentally would be through initial state

44)

radiation (Fig. 19b) as suggested by Fayet . The expected rates of

O(AYXYY) ~ 0.3 pb for MSe 20 GeV

~ 0.1 pb for Mse 40 GeV

would lead to a signal of 10 $30 events for 100 pb-l. In view of the
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Fig. 19: Production and decay of photinos in ete” annihilation

experimental problems of triggering on a single photon of 2 to 3 GeV
and fighting the background from radiative QED processes,this is cer-
tainly a very low signal. It requires a very good trigger and complete

solid angle coverage for electromagnetic showers.

A_ 1s unstable
¥ us

If the photino is massive, with a mass larger than the gravitino

mass, it will decay according to Fig. 19c¢ with a 1ifetime45)

2
T = -STT_d_ (22)
lY MX 5
y
where MAY is the photino mass and d is a parameter characterizing the
symmetry breaking, which is unknown. If TKY is such that AY decays in-
side the detector, the process (21) would lead to two photons in the
final state (Fig. 19d) with the experimental signature

ee —+ Yy + missing energy (23)

The CELLO group has searched for events of this type46). Fig. 20
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shows the correlation of the energies of the two photons in reaction
(23). All events pass the missing energy cut indicated in the figure.
Fig. 21 shows the constraints which can be derived on the mass of the
photino and the scale parameter d assuming mg, = 40 GeV, together with

56)

limits from cosmological arguments
42)

and search for the decay
J/Y > nothing

3.2 Search for Hipgs Particles

3.2.1 Search for the Neutral Higgs Particle H°

In the Standard Model with one Higgs doublet only, one physical

particle, the neutral Higgs Ho, emerges after symmetry breaking.

Since H° couples preferentially to large mass fermions, the best
. = + - e O :
way to look for it in e e annihilation would be in the decay of heavy
onium O 47) (Fig. 22a). The relative width is estimated to be

(mo,mH = onium and Higgs mass)

n +iHE G, m*
(0 Hy) .. F o (l

2
- = = EZ ) (24)
Fro+ee) 4 V2w ma v Mg
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which leads to the following branching ratios48)

CELLO
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this experiment

Fig. 21
10° - Experimental bounds on the
mass of the photino as a
= G52 | function of the scale pa-
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s metry breaking (CELL0O)46)
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Fig. 22
a) b) Production of
neutral Higgs
Q ~H particles in
o et _H° ete” reactioms
a = a) Decay of
_ heavy onium
M‘a\Y e Y

b) Production in
the continuum

BR(J/Y » H°Y) ~ 1/2 « 104
BR(Y - H%Y) ~ 2 - 10"
BR(tE(3S]) > H°) =~ 102 Mz = 40 GeV)

An upper limit on the J/¢ branching ratio of 10--3 is quoted by the

Crystal Ball grouphs).

Even if the mass of H® were sufficently low, it would be very

difficult to detect H® on the J/Y or Y because of the low branching

243



ratios. Toponium would certainly be an ideal place to look for HO.

. . . + - PR . -
Another possible way of producing H® in e'e annihilation is
shown in Fig. 22b. This production in the continuum is however highly
suppressed since it involves heavy quark and vector boson loops. The

. 49
cross section of )

olete” »8%) =~ 10°%¢

is hopelessly small. Fig. 23 shows the radiative background

e+e > Y+ aqq > Y + hadrons (25)

From the absence of any structure or deviation from the expectation
2

OQED can be deduced

for (25) an upper limit of 0(e+e_ > HOY) < 10
(Ref. 3c,50).

3.2.2 Search for Charged Higgs Particles and Hyperpions

There are several reasons why the Higgs sector may be more com-—
48)

plicated than proposed in the Standard Model e.g.
=~ CP violation may be due to Higgs fields
- asymptotically the electro-weak interaction is left-right symme-
tric
- Higgs particles have supersymmetric partners

— the strong CP problem is solved by Higgs particles.

+
In all these cases, charged Higgs particles H will occur.

Moreover, in dynamical schemes of symmetry breaking like extended
technicolour (ETC) many Goldstone bosons become physical particles and
acquire mass (pseudo-Goldstone bosons, PGB). Some of these lie in the
mass range accessible to high energy e+e_ machines. In particular, in
a minimal ETC, the colour singlet O PGB's acquire their mass from

. . k.
electroweak interaction. The mass of the charged states, P~ is then
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Fig. 23

Search for neutral Higgs in the
reaction ete™ + Yy + hadrons

a) hadronic event with an iso-
lated photon as seen in the
CELLO detector>0)

b) Photon recoil mass spectrum
(JADE) of events with an
isolated photon3c)
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predicted to be in the range35)

<
5 Gev < M, S 14 GeV (26)

Extensive searches for charged Higgs particles or hyperpions have
been carried out at PEP and PETRA. Both types of particle have the

same production and decay properties
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or PP decay into heavy fermions Q@7)
'> es, cb, T Vv

- = 4
> cs, cb, T v

The relative branching ratios for hadronic and leptonic decays are

given by

BR(H' + c3)

(28)
BR(H® » T'V)

Frolof
>

where X is,a priori,an unknown parameter. In different models, X may
51)
. We

shall, therefore, consider X as a free parameter and discuss the follo-

vary over a wide range (X = 3 for Higgs, 1/3 or 27 for PGB's)
wing cases (Fig. 24):

+ +
a) X << 1: H -+ 1Tv Predominant

This situation is illustrated in Fig. 24a. Both H decay into T
and v. The events look identical to the ones expected for supersymme-
tric t's. If AY is undetectable, 0 decaying with 100Zbranching ratic
into TV is indistinguishable from Sp 0T . Therefore, the limitsg de-
rived for H production can also be applled to st (special case of

BTV = 1007 in Fig. 25, c.f. Table 6).

37)

The CELLO and MARK J 39) groups have used the decay 7 + 1 prong

- signature (1) in Fig. 24a - to search for H signals: an acoplanar
pair of particles with missing energy. Signature (2) implies T decays
into all channels: 1 prong acoplanar with 3 or 5 prongs in the opposi-
te hemisphere. The JADE collaboration used this signature in the com—
binations (1 prong - 3 prong) and (! prong - 5 prong) whereas the MARK
I group looked for the (1 prong - 3 prong) combination. The mass of

the 3 or 5 prong system is restricted to less than the T mass (< 2GeV)
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b) x=1

In this case, both the leptonic and hadronic decay modes ocecur

with similar branching ratios. The situation is described in Fig. 24b.

Four groups have looked for events characterized by one or three
prongs (originating from the T) acoplanar with a hadronic jet of mass
MH > MT (c.f. Fig. 24b)

group MH T~>P MP Ref.
JADE > 2.5 GeV 1,3 prongs + Y's < 2 GeV 38
MARK II > 2 GeV 1 prong + Y's < 2 GeV 40
MARK J > 2 GeV I = 39
MAC > 2 GeV u = 13

The results of searches a) and b) are summarized in Fig. 25 which
shows the experimental boundaries for Hi production as a function of
mass and branching ratio. Combining the results of all groups, the
mass range from about 3 to 13 GeV can be excluded except for very low
leptonic branching ratios of about 10%Z. This interesting area is again

shown in Fig. 26.

JADE EXCLUDED

MAC EXCLUDED ll'.}

T o %73 Fig. 26
g 50% LN A BRI L S S U S R 50/05. & .
@ =, NN NN = IR A 5 Experimental bounds
S B0% N ¢ J4%Z  like in Fig. 25
g _ 3 L JADE C
> 70% - 30% @ (PR HAQ)
5 ] 5
S 80% J20% §
& 2 o
L 90% =10% 2
] 1 ]
E 100% [ o0 1o Tty lalalylad 0% E
6.0 1 10.0 20 140
cb
SRS maeen
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TASSO
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& 6% q wx b Fig. 27
g . i =
€ % 3o & Experimental bounds
g ] g on the hyperpion mass
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@ 4 @
. - o
§ 9% — 0% g
g i 8

100% 0%
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- % T T T T
2 £ > I bl |3apE] —=3 ] .
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2 00 4 0% &
= 1 2
£ B =
§ 80% - 20% &
& 1 &
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S 90% - 0% g
3 ] a
o ¥ @
T T ) . ] -

100% T T T T A s T 0%

[ 1 ] 3 n 17 g e
(4]
threshold region m,, (Gev}

To fill in the gap in Fig. 25,the TASSO collaboration has studied

52). 75 pb_] with about

Hi decays into hadrons according to Fig. 24c
20 000 hadronic events at Vs = 34.5 GeV energy were analysed. The expe-
rimental procedure is illustrated in Fig. 24c. The group has searched
for four jet events and determined the jet energies,Ei,and the opening
angles,Bij,between jets. Cuts are then applied according to the con-
straint that two pairs of jets have to form systems of equal invariant
mass with beam energy. Two events survive in the 5 to 7.5 GeV mass
range, no candidates are found between 7.5 and 13 GeV. The resulting
limit on the leptonic branching ratio as a function of Ht mass is

shown in Fig. 27. Together with the limits from Fig. 26, this excludes
charged Higgs particles or technicolour particles in the mass range 5

13
to 13 GeV. Similar results are quoted by the MAC group ).
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o Fig. 28
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3.2.3 Search for the Axion

To explain the absence of P and T violation in QCD, it has been
proposed to introduce two Higgs doublets ¢] and ¢2. In suchsg)model,
a light neutral pseudoscalar particle appears, the axion a . Simi-
lar to Ho, heavy quarkonia decay into an axion and a photon (Fig. 28a).
The branching ratio for the decay of J/y and Y can be precisely pre-
dicted up to a parameter X = <¢2>/<¢]> which is the ratio of the ex-
pectation values of the two Higgs fields. Since c and b have opposite
weak isospin, the two branching ratios have different proportionality
to X

BR(J/Y —+ vya) ~ X%

(29)
BR(Y > Ya @~ 1/x2

so that the product of the two is a precisely predictible number
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2.2 2

Gim
BR(3/Y > Ya) X BR(Y + ya) = B. ~p>/V Fcp
WHMM 22
= (1.6 2 0.3) x 10 . (30)

The experimental signature for reaction (29) is rather clear

(Fig. 28b)

+ -
ee > J/Y or Y > Y + NOTHING (31)

if the axion decays outside the detector (Ma << 10 MevV).

The Crystal Ball group has published a negative result for a
54)

search at the J/{ resonance

BR(I/V > ya) < 1.4 * 10> . (32)

Recently, the CUSB and CLEO groups have loocked for a signal at
the Y({1s) and Y(3s) resonances. Fig. 28 shows the CUSB result. No

events have been found (arrows in Fig. 28) which implies the following

limitsSS)
CUSB: BR(Y¥(ls) - ya) < 3.5° 1074 (9% c.1.)
CUSB: BR(Y(3s) > ya) < 1.2+ 107%  (o0% c.r.) (33)
CLEO: BR(Y(1s) > ya) < 9.0+ 107 (90% c.L.)

The combined result of (32) and (33) is then

BR(Y - ya) BR(J/Y > ya) < 0.6X 102 (o0% C.L.)

which is more than an order of magnitude lower than the expectation

(30). Thus the "standard" axion is ruled out.
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4. Summary

We can summarize the search for new particles as follows

Fermions

- There is now (indirect) experimental evidence that the "old" se-
quential heavy lepton T has its own neutrino.

- No new leptons (sequential, stable, neutral, excited) have shown
up in the PEP/PETRA energy range.

- The mass limit on toponium is larger than 36.75 GeV.

- No free guarks or monopcles have been seen at PEP/PETRA.

Scalars

- If they exist, supersymmetric leptons have masses larger than

about 16 GeV.

- Charged Higgs particles are excluded in the mass range from

5 GeV to 13 GeV.

= Charged technipions do not exist in the proposed mass range
from 5 GeV to 13 GevV.

- The "standard" axion does not exist.
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PRELIMINARY RESULTS FROM THE NUSEX EXPERIMENT ON NUCLEON STABILITY

Enrico Bellotti

Dipartimento di Fisica dell'Universitid e
Sezione INFN
Via Celoria, 16
Milano - Italy

This paper will be mainly devoted to the NUSEX experi-
ment on nucleon stability which started operating a
few months ago at the Mont Blanc Laboratory; recently
published data from the Kolar Gold Field experiment
will be also discussed.

The NUSEX experiment 1)

The laboratory. Our detector is installed in the "Laboratorio di
Cosmogeofisica del CNR", in the Mont Blanc Tunnel connecting Italy to
France. The overburden of the laboratory has a complicated shape, due
to the structure of the mountain-chain, but it is always thicker than
4.5-103 m of water equivalent (Fig. 1), allowing a great reduction in
atmospheric muon flux.

The detector. It consists of a uniform sandwich of iron plates 1lcm
thick interleaved with layers of limited stramer tubes (Fig.2). The
total volume is 3.5 x 3.5 x 3.5 m3 corresponding to a total mass of
2150 tons (v 134 tons of irom and ~ 16 tons of PVC). Resistive cathode
limited streamer tubes are the basic elements of the sensitive part of
the detector. These tubes, developed in Frascati by Battistoni et al.22
show a large high voltage plateau, large output signals, good effi-
ciency and moreover do not need an external trigger and allow a very
simple method for bidimensional read-out of multitube layers. Resistive
cathodes are transparent to the pulsed e.m. field associated with any
pulsed current generated around the sense wire; thus pick-up electrodes
can be placed outside the tubes and pulses collected by these electro-
des. In our case both coordinates of the streamer are read by means of
external strips (Fig: 3).

In total there are 43.000 limited streamer tubes and 82.000 read-
—-out channels.

Signals from read-out strips are fed in amplifying, discrimina-
tions and recording circuits on Le Croy cards (32 channels/card) and
finally collected by a PDP 11/60 computer.
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Trigger. At present the basic element for triggering the data
acquisition is a prompt OR among signals from strips of a whole plane.
The counting rate of a single plane is * 350 Hz. "Good triggers" are
selected requesting the following patterns
- an AND among four consecutive planes
— an AND among three adjoining planes and two other consecutive planes
- other configurations of greater complexity.

Trigger rate is about 6 h™!, and is dominated by radioactivity coinci-
dences.

Starting from the beginning of August a new piece of data has been
added to the previous ones. Whenever a '"good trigger" is recorded, a
clock for each plane is started, and it stops only either when the first
hit is recorded from that plane or when it is reset by the computer.
This procedure allows to store the relative time delay of hits and
eventually the one that comes from the decay of a muon stopping inside
the detector.

Efficiency for y 1is almost O (due to the u being absorbed in Fe
nuclei before decay), while it is = 35% for u ; time resolution is
= 100 nsec.

In this way we can say in 17% of the cases which way the track
goes, and its charge.

Tests. During '8l a test module with the same features (1 cm iron
plates, 3.5 m long tubes, same electronics ...) as the Mont Blanc
detector, but smaller dimensions, was exposed to e, m and v beams at
CERN.

The v data are of special interest, in fact the unavoidable back-—
ground that can mimic genuine nucleon decay is due to atmospheric
neutrino interactions.

Atmospheric and accelerator v's have similar spectra (Fig.h)
except in the very low and very high energy regions, but accelerator
beams contain vy only and have a single direction, while both v,'s and
ve's are present in cosmic radiation and enter isotropically the
detector.

Cur test detector was exposed to an unfocused v beam from 10 GeV
protons, in two geometrical conditions: at 0° (i.e. with beam ortho-
gonal to the iron plates) and 45°. In total & LOO events (50% at 0°
and 50% at 45°) were collected. They have been classified according
Table I, but a new and more refined analysis is in progress.

257



TABLE I

Neutrino events from test rums

1 prong 209 event's
2 prongs 98 "

2> 3 prongs 32 "
1 prong + e.m. shower 19
2 prongs + " " 6

neutral current candidates 17

Results. The detector started operation on May '82 for preliminary
tests, with 2/3 of the volume active. Up to now useful data have been
collected during two periods: June and July (n 1050 hours) with 84% of
the resistive tubes in operation, August and September (~ 1160 hours)
with the detector fully active. The two runs correspond to ™~ 3L.5 tons x
x year; collected data are synthetically reported in Table II.

TABLE II
single muons 2490 (n1.18 u/h)
muons stopping in the detector 21
parallel muon 3k
fully contained events N

Examples of these events are shown in Fig. 5; azimuthal angle
distribution for single u's, shown in Fig. 6, reflects the shape of the
mountain covering the detector. Atmospheric muons not only provide an
useful and continuous monitoring of the detector, but they also are
interesting by themselves. However discussion will be restricted to
fully confined events which are directly connected with the problem of
nucleon stability.

Ev. 9-532 (Fig.Ta). It is a single track event; if the particle is
a i, its total energy is Eu=320 + 15 MeV.

Ev. 122-526 (Fig.Tb). It is interpreted as a single p accompanied
by soft electrons; its total energy is E,=370 + 20 MeV.

These two events are probably due to vu or UL interactions.

Ev. L0-52L (Fig.Tc). It consists of two prongs plus an electro-—
magnetic shower; the interaction point and the direction of the
primary particle are ummistakable; two interpretations are possible:

vu(vh) + N >N +p+ ach 4 50 o

v (V) + N >N + e+ aCh 4+ ych
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The computed v energy and momentum are 1.3 * 0.2 GeV and 1.1 * 0.2 GeV;
these figures support the v interpretation, being nearly equal.

Ev. 19-503 (Fig.7d). It is a 3 prong event, of ~ 1 GeV total energy
and approximately balanced in momentum. Let us consider first the proton
decay hypothesis.

a) p > 3u. All the track are assumed to be muons; the total energy is
0.90 + 0.15 GeV and the total momentum 0.3 * 0.1 GeV.

b) p > KO + u+. Track AB is interpreted as a p while AC and AD should
be pions from KOS decay; the 7 invariant mass is 0.55 * 0.08 GeV
and the u total energy 0.38 * 0.15 GeV. This last value must be
compared with the predicted one (for a proton decay at rest) of 0.34
GeV. Total visible energy is 1.0 + .2 GeV and momentum is 0.4 + 0.2
GeV/e.

c) Other possibilities like p ~ K%y (K* - Kgn) or p » pp? (p% =+ n+n—)
are kinematically consistent with the above mentioned hypothesis.

Now the crucial point is a correct estimate of the v background.
We could envisage only three possibilities:

i) Avinteraction in A producing three charged particles. Visible
energy (1.0 + 0.2 GeV) and total momentum (0.4 * 0.2 GeV) are
largely inconsistent. Furthermore, in our v sample collected in
the test runs, only one of the 3-prong events shows an angle
between the u candidate and any one of the two other tracks
greater than 140°, while track AB and AD form an angle of 160° * 7°.
We conclude that the probability that the event be neutrino indu-—
ced is $ 17%.

1i) A neutrino interaction in D producing z u (DB) and a w(DAC) which
scatters in A. The angle between the particles must be < 10°. In
the neutrino test run, we did not observe any two—prong events
with an opening angle less than 15°. We conclude that the proba-—
bility of such a hypothesis is < 1%.

iii) A neutrino interaction producing a single pion; the probability
of this hypothesis is negligible in comparison with (i) and (ii).

In conclusion, the event is kinematically compatible with a genuine
proton decay, if one takes into account the error measurements and
Fermi motion in nuclei.

The probability that it is due to a v (or a n) interaction is small
(v 0.05 event expected), but not completely negligible and partially
based on the v test run data which refer to v impinging on the detector
at 0° and L45° only.

Nucleon mean life is given by
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3 P
_ mass x time x efficisncy

T = ]
nucleon n. of events 2

therefore assuming an overall efficiency of 0.5, 1 event corresponds to
103! y's. This figure can be considered as a lower limit or as a rough
estimate of the mean life, according to the preferred interpretation of
the candidate event. This limit (or value) is indeed for Bt, when B is
the branching ratio for decay modes in "visible" particles (u, w3 w0,

K ... but not v's).

Comments on the Kolar Gold Field data 3)

I was requested by the organizers to comment the recently published
results obtained by the Indo-Japanese collaboration in more than one
year of measurement with a detector installed in the very deep mine of
Kolar Gold Field (KGF). It is not an easy task, because it is always
difficult to collect and analyze all the details of a detector and to
envisage all possible interpretations of few and "delicate" events
like those we are considering.

Certainly the pioneering work of this collaboration must be
acknowledged but, at least in my opinion, their positive conclusion
about the existence of the nucleon instability is weakly supported by
their experimental data.

Table IIT summarizes (and compares) the main feature of the KGF
and Mont Blanc experiments and it can help in understanding some of
the considerations which follow.

TABLE III
KGF NUSEX
overburden 7000 m w.e. L4500 m w.e
p flux ~ 1.8 p/d v 1.2 u/h
mass 140 t 150 t
iron thickness  (1.2+0.46)x2 cm per view 1lecm

n. of detectors 1600 proportional detectors, ~ 42000 limited streamer
10x10 cm? cross section tubes, 1x1 cm? cross section

measure of the deposited
energy in counters (+30%)

calibration energy deposition in tubes tests to e, m and v
with radioactive sources beams
v induced con- 0 in 461 d's 3 in 2000 h's

fined events (+)

p decay candi- 3 " " 1 " "
date confined

T
(+) The v flux is different at different latitudes.

260



The 3 fully confined events are shown in Fig.8. Two general remarks
can be done: i) the granularity of the detector does not allow an easy
identification of the topology of the events (i.e. interaction or decay
point, number and nature of emitted particles) because of the very low
(a few units) number of hits per view; ii) the absence of fully
contained v induced interactions.

Let us now consider the 3 events in some more details (Fig.8a,b,c).

Ev. 867. The authors interpret this event as due to a proton decay
in a 70 and a v(p > nwCh v ), because the total pion energy is k35 (#7)
MeV, in agreement with the decay kinematics. I would remark that this
interpretation is based on a single hit (hit nearby point C in 6M view).
How large is the probability that this track is due to a W produced
in.a Yo elastic interaction and captured at the end of its range with
emission of a soft y or n? In any case I believe that the observation
of a single track carrying s 1/2 of the total energy liberated in a
nuclecn decay cannot be assumed as a proof of the existence of this
process.

Ev. 587. It has been interpreted as p > em decay; possible back-—
ground reactions are:

(1) v (5) + ¥ >eT(eh) + W

(i1) v(¥) + N » w(¥) + 70 + N’

The number of events due to reactions (i) and (ii), as evaluated by
the authors, is {(in total) < 0.5 event, then not negligible. The v
hypothesis is disliked on the basis of Monte Carlo calculations on
electromagnetic showers. In view of uncertainties in the v flux and
cross sections and in M.C. computations without experimental checks

on the very same detector, it seems to me quite difficult to reject the
hypotkesis that this event is due to a v interaction.

Ev. 877. Two interpretations are given: n - e+nCh and p - uKOs.
The second one is very hard to be demonstrated; in fact the two pions
from KOS decay give 3 hits in total in one view (6M view) and one
pion leaves no track in the other view.

First hypothesis is compatible with the observed pattern of the
event. I would only remark that: track BA is not so clearly due to a
showering particle (in fact the authors also interpret it as a charged
m) and the interaction point is somewhat undefined. Moreover other
interpretations could be exploited; for instance, tracks CB and BA form
2 single track due to a u of ~ 600 - 700 MeV, the extra hit in 6M view
being due to some soft y-ray.

All this criticism is, of course, due to the relevance of the

problem and to the difficulties of such a kind of experiment where
background is not completely known and statistics is very low.
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Conclusions

L)

I belive that present situation ' can be summarized in the follow—

ing way:

- the KGF data cannot prove unambiguously the existence of the nucleon
decay at a level of Tp 2 1031 y's, because the detector granularity
does not allow a clear identification of the event topology;

- the Mont Blanc event is a reasonable good candidate, but the hypo-
thesis that it is due to a v interaction cannot be completely exclu-—
ded; so it is appropriate to wait for more statistics;

- if the e+n0 KGF candidate is a genuine p-decay, the IMB experiment,
at present in operation, would give a clear answer in a short time
unless background problems due to cosmic rays in their quite shallow
laboratory will result too severe.

- the Freyus experiment, which would become operating next year, would
give valuable information on processes like p -+ k0.

- present data seem to justify the construction of a new and improved

(in respect to the Nusex detector) digital calorimeter of large mass
(> 1000 tons) possibly in a short time.
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Fig. 7. Confined events (see text).
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Abstract

We have examined the possibility of extending the standard
SU(2)L>< U(1) electroweak theory by adding only U(l)z)factors within
the context of S0(10) and E¢ grand unification. *"’ Besides consi-
dering the left-right symmetric breakdown of SO0(10) through an
SU(4)><SU(2)L><SU(2)R stage which can Tead to an
SU(Z)LXU(I)Rx U(l)B_L electroweak group we consider the breakdown
S0(10) - SU(5)><U(1)x (via an adjoint 45 Higgs) which leads to an
SU(Z)Lx U(l)YXU(l)X gauge group and no new physics in the "desert"
except one additional U(1l) , i.e., a second Z . This U(1)X is gene-
rated by the linear combination 275 Tag - /375 To_p - Breaking this
symmetry by giving vacuum expectation values (VEVs) to the neutral
members of SO0(10) 16's we obtain the usual charged current inter-
actions and the neutral current interaction

4G
NC _ 5 . 2
Hso(10) = 7 [W3L = s1078, Jep)
1 _3 2 2
*R (I3p B P8 ‘]em) 1

where R = V?/v? 4s a ratio of VEVs. A similar expression is obtained
for the left-right breakdown with the substitutions sinzew - ez/gi
and 3coszew/5 - e2/g§ by a suitable rotation of the diagonal genera-
tors.4) This interaction is identical to the standard model one for
neutrinos. Parity violation experiments in atomic physics and measure-
ments of the forward-backward asymmetry in e'e” - 2%2” Timit R to
be bigger than 10 . This forces the lighter Z; (now almost the 7° )
to satisfy 1.0 > Ml/Mzo 2 0.98 while the heavier Z, (now nearly the

Zx boson) must have M2/Mzo 22.5-3.0.

A similar analysis is performed for the "minimal" breakdown of
Ee - SO(10) x U(l)w - SU(5) x U(l)xx U(l)w which allows three low mass
Z's. The neutral currents can also be arranged to coincide with the
standard model predictions for neutrinos and similar limits are ob-
tained on the masses of the 1ight Z and the two additional heavy Z's.
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Abstract

We investigatéjthe general structure of the minimal supersymmetric
extension of the standard model of strong and electroweak interactions.
Certain terms in the effective Lagrangian, which may yield too Targe a
neutron electric dipole moment, are not allowed by R invariance. The
hypothesis of a partially conserved R current suppresses also the
transition u- ey as well as dimension-5, B- and L-nonconserving
operators; furthermore, it has interesting implications for the strong
CP problem. The interplay of soft supersymmetry breaking terms and
gauge interactions allows for a generation of fermion masses without
Yukawa couplings. The mechanism necessarily renders the neutrino mass-
less.
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There are three fundamental problems in the minimal supersymme-
tric SU(5) model of Dimopou]os-Georgi-Sakai1): i) An unnatural fine
tuning of parameters is necessary to adjust the masses of Higss doub-
lets to zero. This problem has been handled by Ibahez, Ross, Nanopoulos
and Tamvakisz) by the introduction of a gauge singlet superfield decou-
pled from the rest of fields and, therefore, with an arbitrary v.e.v.
However, this method changes the fine tuning of a mass parameter by
that of a v.e.v., which is not much more natural. i) There is not any
invariance that prevents a violation of the baryon number at d < 6 .
In particular, d =5 operators give a short proton lifetime ~m§
(instead of mi ). A solution to this problem has been advocated by
E119s, Nanopoulos and Rudaz3) showing there are suppression factors
coming from renormalization effects. However, they come into troubles
when four (or more) 1ight higgses are used. Anyway, it should be desir-
able to get rid of d = 4, 5 baryon number violating operators. iii)
SUSY has to be broken softly and, therefore, it is not possible to give
a mass to the higgsinos.

Problems ii) and iii) have been already considered by Weinberg4)
in the supersymmetric standard model. He comes to the conclusion of the
necessity of introducing an additional T(1) preventing the presence,
in the superpotential, of terms violating baryon number. A1l three pro-
blems can be solved in a U(n) SUSY GUT. Since U(n) 1is not semi-
simple two additional problems do arise: a) In addition to (SU(n))3-
anomalies, there are (SU(n))2T(1) and U(1)3-anomalies which must be
eliminated, otherwise the theory is not renormalizable. b) A ED-term
is perturbatively generated, i.e. E ~ mz] , unless trY =0 %) or
T(1) ds unified in a semi-simple groquS.

We shall study the symmetry breaking pattern U(5+n)x SUSY -
U(5) x SUSY - U(l)xSU(3)XSU(2)XU(1)><SUSY » where the first breaking
is accomplished via the Higgs superfield @rl___rn s ¢£i) , i=1,...,n,
and the second breaking through the adjoint representation = . The
condition D =0 will Tead to the canonical assignment of charges: for
a tensor with m upper and m' Tlower indices, Y =m-m' . The model

we propose is given by the superpotential f = Atre®+mtrs2+m'H'SH
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where Higgs chiral superfields in the fundamental (H) and anti-fun-
damental (H') representations, suitable for the electroweak breaking,
are introduced. SUSY conditions fz = fH = fH' =0 lead to massless

WS doublets without any fine tuning between m and m' 7). The problem
of anomalies can be solved as follows. Let fL be the set of Nk
chiral supermultiplets otk (k=1,...,n) . The condition of can-
cellation of anomalies implies Ni = g a . (i=1,2,3) with

al'l < c(k-3)k-2) rin- 1y ser(k-1) p(n-k) 2l = (k-3) r(n-2)/
P(k-2) r(n-k) and al’) = -r(n-3)/r(k-3) F(n-k) . Thus, for any
set (Nu,...,Nn) of integer numbers we get an anomaly-free set. Let us
note that the ED-term is not perturbatively generated since tr¥ = 0
for the above solution.

The above ideas can be particularized for the "minimal" U(5)
SUSY GUT. Absence of anomalies leads to p 1light (ordinary) families
10(2) +5(-6) and p heavy families 10(-3)+5(-1)+1(-5) . Four
higgses are needed with non canonical assignment of ¥ charges, but
free of anomalies and with trY = 0 : 5(6)+5(4) , which give a mass to
heavy fermions, and 5(-4)+5(-6) giving a mass to the ordinary fer-
mions. B and L violating d = 5 operators due to the exchange of
massive Higgs triplets do not appear because U(1l) conservation. To
draw a realistic model, electroweak and SUSY breaking patterns must be
described. The problem of SUSY breaking is the hardest one since a
Fayet-Iliopoulos scheme, T + 0, is very difficult to achieve since
squarks and sleptons can acquire non vanishing v.e.v.'s leading to a
supersymmetric vacuum breaking colour and/or lepton number. A way out
is to introduce N = 1 supergravity coupled to the SUSY GUT, and a
Higgs superpotential like f = p5(6) 5(-6) +u5(-4) 5(4) +A . Neverthe-
less, this superpotential is forbidden by R-invariance8 unless E =0,
which is technically permitted since trY = 0 for canonical solutions.
This would achieve a possibly realistic Tocal U(5) SUSY GUT.
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Abstract

We construct a complete supersymmetric SU(5) model where all terms
consistent with R-invariance and gauge symmetry are included in the
superpotential. For all values of the tree parameters the model exhi-
bits a spontaneous breakdown (S.B.) of supersymmetry (Susy), R-invari-
ance, and SU(5) with unique breaking patter SU(5)-SU(3)xSU(2) XIJY(I).
Within a broad range of the tree parameters radiative effects trigger a
second breakdown SU(2)x UY(l) - UQ(l) at a scale which is hierarchi-
cally small. Apart from heavy particles and the phenomenologically re-
quired light particles the model contains an invisible Goldstone fermion
stemming from the S.B. of Susy and an equally invisible axion related
to the S.B. of the anomalous T-invariance. As a by-product the strong
CP-problem is solved. Flavour changing neutral currents are suppressed
by a super-GIM-mechanism.

The superpotential W s composed out of the following parts:
1. An O'Raifeartaigh partl) to obtain S.B. of Susy and SU(5)
Wop = X(g tr A2 -m?) + f tr YA?

The complex fields A and Y transform as 24 under SU(5), X is a
singlet. The minimum of the potential V = all E%e]dslBW/3¢lz+ gauge part
is uniquely acquired for <A> << diag (2,2,2,-3,-3) , the magnitude

of <Y>e<A> is fixed by radiative corr‘ectionsz)
2. A hierarchy-generating part with a sliding singlet Z

My = H'(Y2uZ +v:2) H + h;. HOMo T s s
with Higgs fields H' and H (5 and 5 under SU(5)) to break
SU(2) x UY(I) - UQ(l) and give masses to quarks and Teptons which are
contained in M, and md (10 and 5 wunder SU(5); 1i,j=1,2,3...7
is a family index). = s a 24 under SU(5) and gets vev
<z>el diag (2,2,2,-3,-3) . The vev <z> is undetermined at tree level
and slides so as to make the doublet components of H' and H mass-
less. It thereby generates a natural hierarchy without finetuning3).

3. A piece to copy <A> on <Z>
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wcopy = tr x(o ¢1+-r/2 I+ad, A)

x s an additional 24, the fields ¢ are singlets with R-charge given
by the subscript. (Each term of W has R-charge 2.)

4. A completion of the 0'Raifeartaigh part to give non-vanishing
vevs to the singlet fields

N -m2 2 2
wsing]et = X(& Op G- ) + 6 Oy bopor t s 9y b7 _op -

(The term -m?X is already contained in the first part wOR .)

5. A piece to fix the value r of the singlet R-charges

Wrix = €1 6 014 py2 * €2 914 v/2 91721/

t € b0 r/8 93780 v/8 ¥ S S3/a4ryg T ECA
The value of r = 18/5 turns out to be sufficiently complicated to ex-
clude additional terms not listed above. Without arbitrarily finetun-
ing terms to zero we can therefore keep the singlet <Z> sliding and
obtain a natural hierarchy with correct SU(5) breaking pattern. Granted
the structure of WOR-+NH , the model has the minimal structure suffi-
cient for the solution of the hierarchy problem.
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Abstract: Recently Georgi and G]ashowl) proposed the so called unextended
technicolor models (uTc). uTc models assume the technicolor theory to
be a fixed point theory. The electroweak and strong interactions are
unified in a simple group (in our case SU(5)). In contradistinction to
extended technicolor models, no unification of technicolor with strong
or electroweak interactions is performed. Fermions get their masses
through heavy scalars (Ms ~ MG) . Georgiz) advocates that, in the
neighbourhood of the fixed point, this strongly interacting theory can

be rewritten as an effective, asymptotic free theory.

Assuming such an effective theory, we derive sinzew and the
proton lifetime in the framework of SU(5) unification. Following Wein-
berg3), we define below each threshold Mk a new model wherein only
particles with a mass less than Mk contribute to the running coupling
constant. At each threshold the B function is approximated by a step
function and the running coupling constant is continuous. We obtain
the formulae:

. -1 al?
s1n28w (Mw) =E { (B2-Bj3) +0.—3 (B, -B2)

- CZ((BI‘BZ) Asp + (B3-B2) Azy) s

M
1 6 _ -1 1 1+C2

>0 In W = E ! (a - o - (c2A13+A23)) >

A, = (2m)”! o (65 - by - (k1 pkely) b = 8
ij ALY i bj by =By

bi are the coefficients of the different B functions.
E = ((B2-B3) + Cz(Bl'Bs))

The different thresholds are defined by the technicolor scale (1 Tev)

and the masses of the Tow-Tying bound-states. In all our numerical re-
. . _ B -1

sults, we use the input parameters: %ep = 0.12 and aém-(128.2) .

We consider two types of effective models:

Model A: The technifermions carry SU(5) quantum numbers, an ex-
ample being the one family model of Dimopou]os4 . The technifermions
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are a copy of the ordinary fermions. Below the technicolor scale, the
model is defined by the bound states (Table 1). In this model the
technifermions contribute equally to each B function, therefore
sinzew and MG are independent of the dimension of the technifermion
representation.

Complex representation: sinzew = 0.205 Mg = 1.5 - 105 GeV

Real representation: sinzew = 0.202 My = 5.0 - 1015 GeV

G depends on the dimension of the technifermion representation. A
proton lifetime of 10%° years restricts the dimension to be smaller
than 4 . This model is ruled out because of new proton decay channels

(through scalars).

Model B: The technifermions carry only electroweak quantum num-
bers. - The one doublet mode14). - If the technifermion representation
is complex, the model has no Pgb's. In the case of real representation,
the model has 6 Pgb's. The results depend on the dimension of the
technifermion representations.

d

3 4 5 6
Complex representation: sinzew = 0.214, 0.220, 0.223, 0.225

Mo = 3.3, 2.3, 1.6, 1.1 10* Gev
Real representation: sinzew = 0.215, 0.221, 0.224, 0.227
Mg = 2.6, 2.0, 1.3, 0.9 10'* Gev

In this model o is independent of d . It is in agreement with ex-
perimental data on sinzew and the proton lifetime.

References

1) H. Georgi and S.L. Glashow, Phys. Rev. Lett. 47 (1981) 511

2) H. Georgi and I. [icArthur, Hutp-81-A054
H. Georgi, Hutp-81-A057

3) S. Weinberg, Phys. Lett. 91B (1980) 51
4) S. Dimopoulos and L. Susskind, Nucl. Phys. B155 (1979) 231

289



Table 1

Complex representation:

SU(3) SU(2)L u(1) M b, b, bs
8 0 270 GeV 0 8/3 4
8 1 0
3 3 -2/3
3 1 -2/3 | 160 GeV | 32C2/9 2 473
+ their antiparticles
1 3 0

0 1/3 o

1 1 "

Real representation: The 60 Pgb's of the complex representa-
tion plus

SU(3) . SU(2), (1) M b, b, | bs

6 3 1/3 | 270 GeV

. . . 4c?/3 4 5
+ their antiparticles

3 3 -1/3

3 1 -1/3 | 160 GeV | 10C?/9 2 5/3
3 1 -1/3

+ their antiparticles

i | 3 -1

2c? 2/3 0
+ their antiparticles Mw /
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Abstract: In the frame of an SU(8) grand unified model incorporating an
SU(3)TC techricolor subgroup we show that with certain assumptions
concerning the technicolor dynamics a realistic fit of the quark-Tepton
mass spectrum can be achievedl). The minimal anomaly free fermion re-
presentation containing 3 families is

3[T1+ 2[2] + [31 . (1)

Above [m] are the antisymmetric tensors of rank m whichwe denote by
w&k), x(k)AB, Oppe > With k being a family index.

otp)
03 ™
! \\SUfJJrc
021\ | g,
#rc TS,
PN surs)
o1 1 *
Ul 0w U |Pe

10° 10’ 10 g0 Al

Fig. 1 shows the symmetry breaking scheme and the energy dependence of
the running coupling constants for different subgroups.

Our main dynamical assumptions are:
1. The symmetry breaking at the scales ug and us is due to ele-
mentary Higgs fields.
2. The extended technicolor (E.T.C.) mass scales Us and UWs can
be taken arbitrarily large due to a mechanism proposed by Ho]domz).
B The global symmetry due to the repetition of irreducible repre-
sentations in (1) is explicitly broken by Yukawa couplings to scalar
fields with masses of O(us) :

AB D AB D
Ly = [As K (TIAB L (1)CD g, y(2)AB, (2)CD Haged
(1) *ABCD
+V d)A @acp H (2)
4. The technifermions condensates at a mass scale Wre = 1 TeV break
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the Weinberg-Salam group. The subgroup alignment is determined by other
perturbing interactions: U(l)e m.’ SU(3)C > and E.T.C. interactions.

Assuming that the E.T.C. interaction (2) dominates, one obtains
in first approximation the following mass pattern: The t, ¢ and b
quarks and the t 1lepton become massive with mo=m . Also one ob-

tains the relation mt > Zmb/Uub between t, b masses and Uu

b
which implies my > 70 GeV . Other

E.T.C. interactions induce small masses to u, s, d quarks and p and

Kobayashi-Maskawa matrix e]ement3)

e Tleptons. The mass relation my = Mg Uub results in a natural way.
Also the Vo neutrino becomes massive. ve-vu mixing occurs only as
a second-order effect.
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ELECTROWEAK INTERACTIONS IN COMPOSITE MODELS -
PHENOMENOLOGICAL ASPECTS
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Germany

1. Introduction

Recently, the opinion has been advocatedl), that Teptons and quarks
may not be elementary but composed of more fundamental subconstituents
("preons"). The general properties of such bound states together with the
necessary ingredients of the corresponding models will be described in
the talks by Harariz) and Barbieri3). Therefore 1 can restrict myself
to some short introductory remarks concerning the main arguments for
and features of the subconstituent picture.

Among the numerous arguments, which have been advocated in favour
of composite leptons and quarks, the following two are most convincing:
a) The generation pattern among the "fundamental" fermions (leptons

and quarks): We have at least three groups (generations) of fer-

mions, which show similar behaviour under SU(3)cx SU(2)yx u(l) .

They differ only by their masses and (mass-like) mixing angles.

Futhermore, within each generation, quarks and leptons are very

similar. Their electric charges cancel exactly. This generation

pattern can be naturally explained by assuming that quarks and

Teptons are composed of subconstituents and that the more massive

generations represent higher excitations.

b) The singular nature of weak interactions as compared to strong and
electromagnetic interactions: Within the standard scheme (SU(3) x
SU(2) x U(1)) and within grand unified extensions, the weak part
of SU(2)xU(1) 1is the only spontaneously broken local gauge
symmetry, all other local gauge symmetries being exact. On the
other hand,all global symmetries seem to be broken (with the possi-
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ble exception of B-L ). Since global (gauge) symmetries have a
rather vague physical significance (they only show up in selec-
tion rules, but their charges are not sources of a field),

there is no convincing argument,why they should be strictly valid.
On the other side,one would expect - at least from aesthetical
reasons - that all Jocal gauge symmetries are exact. Subconstitu-
ent models open the possibility for such a situation4), as we
shall discuss in a moment. There, the presently observed weak pro-
cesses ought not to be interpreted as manifestations of a local
SU(2)-gauge symmetry but are rather connected with a (broken) glo-
bal symmetry. Within that picture,one can easily avoid the exis-
tence of fundamental (Higas) scalars,which constitute another un-
wanted feature of the Glashow-Weinberg-Salam-model.

In the present talk I will exciusively dwell on the second aspect
of subconstituent models, mainly because there is some progress on that
field.whereas no really convincing model has been constructedswhich
could describe the genera*tion pattern in terms of the underlying sub-

constituent dynamicss).

2. General Dynamical Features

Very little is known about the forces which bind the subconstitu-
ents inside leptons and quarks. Therefore people have tried to Took for
inaredients of a theory,which are suagested either by comparison with
phenomenology or by our knowledge about QCD. The following features are
usually believed:

- Subconstituents are bound by a superstrong force, based on some
unbroken nonabelian local gauge symmetry. The corresponding gauge
aroup GH (which forsimplicity is assumed to be some SU(n) or
a product of SU(n)-groups) acts on an internal degree of freedom
called hypercolor. The theory is asymptotically free and shows
confinement at some scale. Since the confinement radius has to be
smaller than 107'7cm ,one expects that the mass scale of the
hypercolor dynamics Ay is larger than 300 GeV .
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Physical particles (quarks, leptons, intermediate vector bosons,
eventually Higgs mesons) are hypercolor singlets. Some of these
singlet states (leptons, quarks) are light (m << AH) , others may
have masses of the order of Ay (f.i. intermediate vector bosons
or Higgses). A convenient way to explain the existence of almost
massless fermionic states is provided by the assumption that
chiral symmetry, which is present on the subconstituent level,
(partially) survives the confinement mechanism and thereby guar-
antees massless fermionss). On the other hand, it is not clear,how
such simple arguments can account for the gigantic range of the
physical Tepton and quark masses, which extends over 9 orders of
magnitudes.

Between GH-sing1ets a residual hypercolor force (in addition to
electromagnetic and color forces) is acting much in the same way
as there are residual color interactions between color-singlet
hadrons. At low q®> (i.e. for distances much larger than Aal ).
these van der Waals like forces represent weak interactions.

If intermediate vector bosons exist,they are also composed of sub-
constituents; the same is true eventually for Higgs-mesons. On
the other hand,gluons and the photon are considered to be elemen-
tary. Therefore, the full local gauge group contains at least
GHx SU(3)cx U(l)EM as a subgroup.

The dynamics of physical particles at length scales much larger
than Aﬁl (where the internal structure of quarks and leptons is
ineffective) can be described by an effective Lagrangian contain-
ing the GH—sing1et fields as (quasi-) local quantities. This
Lagrangian includes all ordinary QED- and QCD-terms; additional
unusual terms (anomalous magnetic moments of Teptons and quarks7l
flavour-changing termsg), baryon number vio]atings) terms) are of
higher dimension and should consequently be suppressed by appro-
priate powers of Aﬁl . We will neglect those contributions in
the followina.

Having now sketched the general frame for the subconstituent dy-
namics,we go over to a more detailed discussion of the expected struc-

298



ture of weak interactions within that scheme.

As we have stated already, weak interactions, as we observe them
today, are interpreted as the Tow q2 (g% << Aﬁ) residual hypercolor
interactions between (hypercolor singlet) leptons and/or quarks. An im-
portant open question concerns the relative magnitude of this residual
force scale (given approximately by G;l/z =~ 300 GeV or by m ) and
the underlying hypercolor force scale éﬂ . Although it may well be
that Ay >>m, o, we will take in the following the extreme attitude that
AH ~ O(G;l/f) ~ O(mw) , Since that assymption will yield a very simple
and appealing explanation for the weak interaction scale.

The residual forcé may be described by the exchange of (GH-sing—
let, composite) intermediate vector bosons w*, W
is depicted in Fig. 1.

, 28 LA typical case

Figure 1

The Tow q2 behaviour of the diagram in Fig. 1 is given by gz/nﬁ .
which due to phenomenological reasons has to be equal to 8GF/J7 :

86 i

t

g 123 GeV (1b)
=¢ = g-123 GeV . ,
86772

Since the coupling of the W's to leptons or quarks is of the type of

From this w

g
T
e ge
My
a strong coupling, the corresponding coupling constants are not bound
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to be small,but rather may be of order one. If we tentativelyput g2 1
in eq. (1),we would get

>
my = 123 Gev

Thus, there is no a priori reason for the intermediate boson masses to
coincide with the values predicted by the G-W-S-model. On the other
hand those specific values are not at all ruled out and we will show
later,how they appear naturally as a consequence of rather general dy-

namical assumptions.

To account for the phenomenology of charged current processes,one
has to assume that the effective Lagrangian (of composite fields) shows
(at Teast when electromagnetic interactions are switched off) a global
SU(Z)w symmetry ('"weak isospin") with the usual doublet assignment

() ()

L cL
Within most of the models,which are presently on the market, this glo-
bal SU(2) symmetry is already established on the fundamental Tevel.
Then, in addition to W', W and W(’) | which are members of a Su(2)-
triplet, there should also exist an electrically neutral SU(2)-singlet
vector boson w(°) coupling to some isoscalar current. Since the iso-
scalar contribution to the (axial) neutral current is measured to be
small (if existing at all),we have to assume that the mass of the N(o)
is much higher than the W-masses.

Since all intermediate vector bosons are compound objects,we ex-
pect that in addition to the lowest lying ones (W, w(°)) there should
also exist higher excited states (W', w(°)', W",...), which again
couple to quarks and Teptons. On the other hand,the excitation energy
should be of the order of AH , therefore these excited states will Tije
fairly high in mass (mw. > 300 GeV) and their contribution to the
residual interactions should be small.

The photon couples directly and pointlike to the subconstituents,
but since leptons and quarks are composite states, their coupling to
the photon is of a more complicated nature (like the hadron photon
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coupling) and has to be described by formfactors. We expect that the
g®-dependence of those lepton- or quark-formfactors is somehow deter-
mined by the hypercolor scale Ay (which is near to ™, in our case).
In addition, as long as w(a) and w(°) are composed of charged sub-
constituents, there should be a transition coupling of the photon both
to w(a) and to w(°) (see Fig. 2).

w w @ % A

Figure 2

This generates a mixing mechanism between v, w(3) and w(°) , which
will be important for the weak neutral current structure.

Having summarized the main expectations as to the weak interac-
tions within subconstituent models,we recognize a striking parallelity
between hypercolordynamics and weak interactions on the one hand,and
colordynamics and strong hadronic interactions on the other, which is
designated in the following schematic way:

Colordynamics (QCD) Hypercolordynamics (QHD)

Strong interactions between color Weak interactions between hyperco-
singlet hadrons are manifestations | lor singlet Teptons and quarks are

of residual QCD-interactions. manifestations of residual QHD-in-
For example: teractions. For example:

9
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Colordynamics (QCD)

Hypercolordynamics (QHD)

Effective couplings of the ex-
changed bosons are invariant un-
der strong isospin (SU(2)).
There are SU(2)-triplet (pi, po)
and SU(2)-singlet (w)
butions.

contri-

Isospin is broken by o°-y and

w=-Y mixing.

The energy scale of QCD is in the
GeV-region.

Effective couplings of the ex~
changed bosons are invariant under

global weak jsospin (SU(Z)W)V

There are SU(2),-triplet (W*, Z
and SU(Z)N—sing]et
butions.

)
W)y contri-

SU(?)“ “is broken by w(®) . Yy and
w(°)- Y mixing.

The energy scale of QHD is in the
TeV-region.

We should add a short historical remark here. In 1960,J.J. Sakurai

had proposed a non-Abelian gauge model for strong hadronic interactions

with p and ©

(yet undetected at that time) playing the role of

gauge vector bosons. Later, it became clear that hadronic interactions

should only be viewed as an indirect manifestation of the interquark
forces, which themselves are of a gauge type (QCD). Twenty years later,
a similar development seems to occur with weak interactions. Whereas

Glashow, Weinberg and Salam have tried to explain weak interactions as
generated by a local gauge theory,it may happen, that they also are
the residue of a local gauge interaction acting on a deeper lying (sub-

constituent) level.

In spite of the numerous parallelities between hadronic and weak
interactions one should not overlook the drastic differences between

both. History does not really repeat

itself! Among the apparent new

(unorthodox) features of the residual (weak) interactions between lep-

tons and quarks are:

- Parity-non-invariance of the effective Lagrangian: Where does pa-
rity violation come from? One could either imagine that parity is
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violated genuinly'®) (i.e. that Teft- and righthanded subconsti-
tuents transform differently under GH),or that the fundamental
Lagrangian is left-right-symmetric with parity being spontaneously
broken (f.i. by right- and lefthanded fermion-fermion condensates
with different vacuum expectation values).

V-A-structure: Weak interactions seem to be exclusively described
by vector and axialvector exchange. Why are there no (pseudo-)
scalar or tensor exchanges,which on the other hand contribute so
drastically in hadronic interactions? One could imagine several
possible answers to this question. Maybe that the vector channel
is much more attractive than scalar (S) of tensor (T) channels
within QHD. It is also possible that there are cancellations
between S- and T-contribution and/or between different parity con
tributions (parity is not a good quantum number, after all). The
most simple explanation would be, of course, that the scalar and
tensor bosons have much higher masses than the vector bosons, or
that their fermionic couplings go proportional to the fermion
masses and are therefore small.

Isovector nature of the (axial) neutral current: Why is the con-
tribution of the w(°) so small (if existing at a11) as compared
to the isovector (w(a)) contribution? If that stems from a
high w(ﬂ)-mass: Why is it such high? A possible explanation could
come from a comparison with the m-n-system, where the isoscalar
state (mainly n ) is also approximately three times more massive
than the pion. Maybe that this comes from a large (hyper-) gluon
annihilation part within the isoscalar bound state.

We see that the whole picture has to contain a lot of novel fea-
tures,in order to provide for a correct description of weak interac-
tions. And it will be a big challenge to construct specific models,
which can account for those new requirements.

3. Mixing and N-Dominancell)

The expected features of weak interactions which we have described
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before,may seem convincing - but do they really provide us a framework
for the presently experienced weak phenomenology,which has been so well
reproduced by the Glashow-Weinberg-Salam model?

In answering this question we fortunately can use the results of
a small group of physicistslz),who ~ contrary to the overwhelming
majority - have looked for alternatives to the G-W-S-descrip-
tion. Their works showed, that both charged current and neutral current
phenomenology (at low g2 ) can be successfully described on the basis
of global SU(2) invariance of lefthanded current couplings, once mixing
between the photon and the neutral carriers of weak interactions
(ZO,.:.) is assumed to occur. Since global SU(2)-symmetry is a (natur-
al) assumption within,and y-ZO-mixing is even a necessary consequence
of subconstituent models, we can hope that the main features of weak
interactions will be reproduced correctly within the scheme proposed
before.

a) General Mixing Effects

Let us shortly show how mixing accounts for the structure of
neutral current phenomenology. For simplicity, we thereby take into
account only one (isovector) neutral intermediate vector boson, which
we call w(a) (which after diagonalization will show up as the physic-
al particle Zo ). The mixing between the fields wﬁ’) and Aﬁ {which
is the primordial photon before diagonalization) can be described by
the following term in the effective Lagrangian13):

Lot = = ) P 4 Fioo W) (2)

(*) . () . () . gL - |
(W, =8 W77 -3 W 30 Fl, = o, Ay - a AY)

which yields for each w(a) - Aﬂ vertex a contribution Aqu(see Fig.3).

qu
a-f'\w

Figure 3
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Such a transition coupling has the following consequences:
- 1t changes the w(a)—propagator in the manner indicated in Fig. 4.

qu qu

-— 00— 0——0—2

——m————— &

Figure 4

In formulae this reads like

S ) T S T S 0 0 L

:qz-mﬁ qz_mﬁ qz qz'mﬁ
_ - 1 ~ -1 _-1/1-x7
qz_mbz|| 1_12 q2 'qz(l—lz)-wﬁ‘ mblz
- AR =y

The full prepagator has a pole at q? = mﬁ/ 1- A2, which defines the
mass of the phys1caL Zo-part1c1e, Mw :
i

M=t zm - (3)
The mass of the Z0 is thus shifted by the mixing mechanism to a value
higher than_the primordial mass my (which is equal to the mass of the
charged intermediate boson W* because of the SU(2)-symmetry of the
non-mixing parts of the effective Lagrangian). Of course, the exact
value of Mw is not predictable as long as A 1is unspecified. But we
can derive a bound on A from (3)14):

A2 <1

- A further consequence of mixing is, that NC neutrino processes
are in lowest order (of weak coupling and mixing) described by two dia-
grams {see Fig. 5) instead of single Zo-exchange.
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Aq?
gJ3 w(3) gJ3 + gJ3 w(3) eJem
v e v e
Figure 5

The resulting matrixelement therefore takes the form (at low qZ):

- -1 -1 (e)
Te; = 9 ) R g of®) 4 q a¥) Ez—_—"ﬁ’\q qz e Jg
-1
= g3V o ¢ (2§®) - a2 9(2)y
— 2 V) (gfe) - &3
o0 ™ ( )

This is equal to the Weinberg-Salam result for the same quantity, if

8G
??iwf:Vz‘ , (5)
and if
A % = s*inzew . (6)

The detailed treatment done in ref. 11) shows that these conditions re-
main true when mixing is taken into accout to all orders.

N Eqs. (5) and (6) imply a connection between the charged boson
mass - m, and A :

Y-S S S o

F S1n9w s1new

The first part of this product is equal to the prediction for the wh-
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mass within the G-W-S-model:

WS) _ /ma 1 1
my>) =/ 76 ey 37.3 GeV S 77.9 GeV (8)

where a value of sinzew = 0.23 has been used in (8). Therefore (7) can
be written as

Wzmb(“ws);.%ﬁﬂez GeV-2 . (9)

Together with (4) ,that yields the upper bound14)

mw-f 162 GeV . (10)

As a result of this schematic view one realizes that mixing can
account for the rough features of NC phenomenology, although mixing
alone {(with g and A unspecified) does not specify the values for
the W-masses. On the other hand, the mass values predicted by the G-W-
S-model can be easily reproduced within the mixing scheme, if appropri-
ate values of g and A are postulated. In fact, the so-called "uni-

fication condition"lz)
x=8
a

is sufficient to guarantee W-S-mass values. But this condition does not
follow from the pure mixing postulat. Therefore, there is no convincing
reason to assume its validity at the present state. We will see that
(11) is a natural consequence within the subconstituent scheme.

b) Effects of Compositeness, W-Dominance

Now, let us concentrate our attention to the physics of composite
quarks and leptons. Mixing is automatically guaranteed there, but in a
more extendend version, namely mixing of the photon with w(a) and
with W(o) . The latter is described by a Lagrangian analogous to (2)
but with a different mixing coupling AY .

What will radically change now, is the structure of the photonic
coupling of the fermions, since they have an internal structure, thus,
these couplings have to be described by means of form factors. Without
detailed knowledge of the hypercolordynamics we are not able to calcu-
late the leptons- and/or quark-form factors. In such a situation it is
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tempting to adopt an approach, which has been successful in a similar
physical situation: We know from the electromagnetic interactions of or
dinary hadrons that hadronic form factors can be described by saturating
the hadron-photon vertex by those vector mesons, which couple to the
hadrons in a Zweig-allowed way (o and w for the nucleon form factor). In
the same spirit we treat here the coupling of the photon to leptons and
quarks by saturating the vertex function by those vector-bosons, which
couple directly to the fermions, i.e. with w(a), w(°), w(a)',... Gra-
phically that is pictured in Fig. 6.

e‘#l

]
+
+

e:ﬂa
u,d,

Figure 6

As a consequence,there is no direct coupling of the electromagne-
tic field to leptons or quarks. On the other hand, the mixing Lagran-
gian (2) alone cannot represent the whole amount of photonic interac-
tions, since it vanishes for real (q? = 0) photons. Due to the work

of Kroll, Lee and Zuminols)

we know how the Lagrangian has to be com-
pleted in order to yield the correct electromagnetic interaction within
the vector dominance picture. The corresponding full Lagrangian for our
case (two vector bosons) can be found in ref. 11)16). In order to uti-
lize this Lagrangian for calculating weak interaction matrix elements
one could now start to diagonalize the theory (i.e. its inverse propa-
gator matrix). This has been done in ref. 11), and the result of the

exact diagonalization procedure is discussed there. For our demons tra-
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tive purpose within that talk,we adopt a more transparent way of diago-
nalization by using a perturbative approach. Thereby we treat the weak
couplings

gy I, M+ gy g Wl (12)

JOu
in first order, but the electromagnetic mixing couplings Aw and AY
to all orders. This is necessary since we will (a posteriori) find
rather large values for the corresponding coupling constants.

In order to simplify the situation and to obtain more specific
predictions, we neglect, in the first instance, the higher excited in-
termediate vector bosons and take into account only the lowest lying
ones (W and w(°)). Since the corresponding mass splitting should be
of the order of AH (i.e. at Teast 300 GeV ), that may not be a too
bad approximation for describing low energy pheonomena. But we cannot
be sure about it (there might be excitations of different sort, Tike
those which constitute the higher fermionic generations) and therefore,
we will discuss the corrections, steming from higher states, in some
detail Tater.

For the moment, we stick to three isovector bosons (w+, W, w(a))
and one isoscalar boson (N(o)) . A typical Towest order charged curr-
ent matrix element is depicted in Fig. 7.

v[l Figure 7 e
The corresponding effective four-fermion Lagrangian takes the form
2
-1 g(+) 4o Wg(+) 4
“2%S, =2 = 3\ — 3y . (13)
eff = M T, u qz-0 W M
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Comparison with lTow q* phenomenology yields the already well known
calibration relation

g2 8G

W_ F . _ -5 -2
ﬁﬁ-— v with GF = 1.166x 10 ~ GeV . (14)
As a next step we consider a typical neutral current process.

The contributing diagrams (in the indicated order of perturbation ex-
pansion) are shown in Fig. 8.

v (e)
HNJ:; + QVH
v (e)
:} VV(3) vv(3)<: Vv«)) VV(O)
+ 2 x
vv(3} VV(O
Figure 8

The shaded blob denotes the full (all orders of mixing) propagator of
the photon (D{q?)) ,which will be discussed in a minute. The diagrams
in Fig. 8 correspond to an effective four fermion interaction Lagrangian
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(for weak neutral current and electromagnetic interactions) of the

following form17)

2 2
NC + EM 9 ¥
2L =J3 5—— J3 + Jyg —5—=J
eff 3 qz_ 2 3 [} qz_m 0
o ¥ ) (15)
(J g A.w -—mw +J g A mY )2 D(qz)
“\Ys = 0 a2z - mz
W qZ - mZ Y Y g2 m§

An expression for the full photon propagator can also be found by dia-
grammatic means. Fig. 9 indicates the series of contributing diagrams.

Figure 9

We find

2 2 2 2
Las s a S (= ™ qz)2 £ )
iy om0 Ty 9o m

D(q?)

0o

1 1

e 16

] X (16)
1_21;‘1 M

The poles of D{(g?) represent the physical (diagonalized) particles.
One pole evidently lies at q® = 0, which corresponds to the physical
photon. The locations of the other two poles define the masses of the
(physical) isovector and isoscalar bosons Zo and Y , respectively.
The corresponding mass values are given by rather complicated expressions

which can be found in ref. 11. A simple approximation formula is ob-
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tained in the following way: The poles of D(q?) are determined by the
zeros of A
Ai q

2-m2
q 1

1 -3z
For those values of g2 ,which Tie near to a pole (g% = M.) , we can
neglect the second part of the sum, because the physical masses Mi
will be near to the bare masses m. »as long as the mixing couplings
Ai are small. We can therefore approximately write

A2 M2
1--" L ~0 |, i=W or Y |,
M% - m%
which gives
m.2
1

Formula (17) is correct up to terms of order A? S

Now,let us analyse in more detail the content of the effective

Lagrangian (15). For comparison with weak interaction phenomenology we
NC +EM

need the form of Leff at low q? . Therefore we expand everything
in powers of g2 . For D(q?®) , which has a pole at q2 = 0 , we get
1 A2
2y - 1 2
D(q*) = - 9z i ? ﬁﬁ-+ 0(q") . (18)

Consequently,the Lagrangian at q2 ~ 0 contains terms proportional to
179> and terms of order (q2)° . The contribution of the former is

NC+EM _ 1
Pless =gz (33 Gy Ay + Jo gy AP +0((a2)°) . (19)
This expression has to represent the photon exchange contribution,
therefore JagwAw + JogYAY must be equal to eJem » which implies

%Y Aw =e=gy AY . (20)
We call this relation "saturation condition", because it follows direct-
ly from saturating the electromagnetic form factors (of leptons and
quarks) by the lowest lying vector mesons. The first part of (20) is
identical to the unification condition within general mixing schemes}2
where it had to be put in by hand,in order to establish the W-S mass
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relations. Here it is a consequence of the subconstituent dynamics.lg)

Using (20) and taking into account also the terms 0((q%)°) we

obtain the following low-q2-form of the effective Lagrangian

2
NC+EM _ €2 ., _ %

32 2
2 Lefe g2 “em ﬁﬁ'[(Ja My Jem) +
2 2
rnw gy 2 2 2
A AURE DS EL I (21)

The first part within square brackets represents the W-S-form of the
NC-interactions. The second part gives an (weak) isoscalar contribu-
tion, which according to experimental indications has to be less than
10% of the isovector one. This suppression is guaranteed if

my > 3my
On the basis of this assumption we can neglect the second term in (21).
The remainder of (21) reproduces correctly the low-gq®-behaviour of the
W-S-neutral current Lagrangian if we put

Aﬁ = sinzew ~0.23 . (22)

Note that due to eq. (14) we also get the correct normalization of the
neutral current relative to the charged current Lagrangian (p = 1) .
Equations (22) and (20) imply

e 0
=L . 23
Aw 3, s1n% (23)
Since (23) represents the unification condition, we should not be sur-

prised that it also yields the Weinberg mass formula. In fact, (9) to-
gether with (23) gives exactly

NG N R T (24)
mN S1n6w e

What about the Zo-mass? According to (17) we get

mz, =T 1_“—1Aﬁ M+ 00> Ay)

Together with (22),this yields
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2
2 ITM .
T 2
ZO cos ew

(25)

which is (in this approximation) identical to Weinberg's mass relation.

In summarizing,we see that within a picture of composite quarks
and leptons one should not only expect the correct low-q2-structure of
CC- and NC-interactions but also mass values for W' and Zo , which
are very near to the canonical values.

c) Extendend W-Dominance

The main dynamical input, which leads to that rather unexpected
behaviour, is the assumption of single-W-dominance of the form factors.
Therefore, this assumption has been the subject of some debate, which
concentrated on the question of a possibly large non-resonance contri-
bution. It has been arguedlg) on the basis of asymptotic freedom QCD

sum ru]eszo)

that it is only for those models, where the sum of the
squared electric charges of subconstituents exceeds that of the quarks
and leptons, that one can approximately neglect the continuum contribu-
tion. On the other hand, within the spirit of (generalized) vector do-
minance (which has not yet been derived from QCD) one would expect that
continuum effects are accounted for by including higher excited vector
mesons. Therefore, it seems interesting to study the influence of higher

excitations (which have been neglected up to now) on our predictions.

A first approach into this direction has been done by Kuroda and
Schi]dknechtZI). They take into account a series of vector meson reso-
nances  (W{*), w{®), 121,2,...) . Then, eqs. (14) and (20) generalize
to

02
8GF “W.
=5 =G (26)
7z .M
and
z 9, =e=12 g s (27
A . ; Avi Y )

respectively, and the Tow-g2-behaviour of the effective four fermion
weak-NC-Lagrangian can be written as
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86

NC+EM _ e o, F ., ) o
2 Loge T 9z Yem =PV ((Js - sin By Jem) + € o)
(28)
where
%,
i
E-rn—r
Iy
p=l+—0— (29)
9.
i
N

and sinzew and C are complicated expressions of bare masses and
coupling constants. (Note that C =0 if only lowest lying vector me-
sons are contributing.) Thus, again, NC-phenomenology is well repro-
duced, if p, C, sinzew are compatible with experimental results,
which indicate

sin’g, = 0.23 (30)
p=1%0.03 € < 0.015

It is clear that there are too many parameters now, in order to fix the
values of My and my uniquely. To investigate the accessible regions
for those quantities, the authors of ref. 21) took into account only the
first excitation of w(a) (w(3)') thereby assuming that isoscalar
excited states are very massive (which must be the case in order to
keep p sufficiently near to 1 ). Furthermore, they assume that

AY '~ Aw , and that Aw. and Aw are connected by the duality relation
Ay /Aw = mw/ LT This reduces the number of unknown masses and coupl-
ing constants to 5 (mw, Py Aw, Myts pw.) , which are connected by
the three relations (26), (27) and (30). Consequently two parameters
(f.i. LY and r = mw./ mw) remain undetermined. There are neverthe-
less restrictive bounds on the possible combinations of LY and r ,
either steming from the required positivity of 1- Aﬁ-xﬁ. or from the
experimental bound on C .

The resulting allowed regions for My and r are depicted in
Fig. 10. Also included there is a bound steming from the additional
dynamical hypothesis that the (quasi-hadronic) coupling of W to fer-
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mions is larger than the W'-coupling. We see that m is expected to
lie between 65 and 105 GeV (from C < 0.01), or even between 68
and 94 GeV , an absolute upper bound being

m, < 135 GeV . (31)

Thus,the single W-dominance prediction seems to be rather stable against
contributions from higher excited vector bosons.
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Figure 10

Let us finally add two remarks as to the consistency of the whole
picture.
- We have mentioned that the electromagnetic mixing coupling Aﬁ
is numerically (approximately, in the case of higher excitations) equal
to sinzew , i.e.
)\1'21 =~ 0.23

This value seems to be astonishingly large for an electromagnetic coupl-
ing constant, especially if one compares it with the analogous p-vy-
coupling
2~
Ab =~ 0.008
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Therefore, an independent additional information on the size of Aw
would be welcome. It comes from duality sum rule 2), which connects

the high-q®-behaviour of the vacuum polarization (governed by the charge
square Qg of the subconstituents) with its low energy behaviour. Once
the Tatter is saturated by the lowest lying vector boson (w(3)) one
gets )

)‘1/21 3T[ S QZ A_I‘ﬁg ? (32)
where Ns denotes the number of (color and hypercolor) degrees of free-
dom of the subsonstituents. For instance, in the case of the so-called
hapion mode1?®) (N =9 and Q2 = 1/2) , A} can be as large as 0.23
provided that the mass-splitting am? is of the order of 0.4 TeV .
That would imply My = 600 GeV , which is inside the expected range,
if AH =~ 300 GeV . We realize that due to the high mass scale of hyper-
color dynamics, Aw can easily take a value much higher than expected
from Tow energy hadronic phenomenology. Of course, there again rises
the question of possible continuum contributions to the sum rule which
has been investigated (within QCD-sum rules) in ref. 19).

- Universality. A crucial problem in all subconstituent models is
connected with the fact that different generations (of leptons, at
least) behave identically under weak interaction. Within the previously
described picture that would imply

Yee © gwuu = e (33)
and similar relations for the gY's . Why should these couplings be
equal,though e, u, T (and u, c, t) are states with different preon
contents or with different dynamics?

Recently, an answer to this question has been proposed24), which
utilizes once more the above described similarity between hadronic and
weak interactions. The argument roughly goes like follows. We know from
ordinary hadronic phenomenclogy that the o couples with the same
strength to all hadronic states of equal isospin (f.i. to K mesons,

D mesons, B mesons). We also know that this follows from the assump-
tion of local (strong) SU(2)-current algebra (which is realized by the
quark currents J (x) = q(x) v, % q(x) » q = (3) ) and from o-dominan-
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ce of the (strong isovector) form factors.

Let us transfer this idea to the case of composite leptons and
guarks. We assume that the weak-isospin charges, which generate SU(Z)W,
can be constructed as integrals over local charge densities ﬁﬁi(x):

dax?]?w

and that those local gquantities obey an equal time current algebra

W W . W 3I2_2
Go,i(x)ﬁo,j(y”x‘ﬁyo =1 Eijk?o,k(x) & (x-y) . (34)
This assumption would be a trivial one, if leptons and quarks

would be point-like and elementary (then the local weak currents would
be the usual bilinears in the quark and lepton fields), but it becomes
highly nontrivial for composite fields. Nevertheless, there might be
the possibility that SU(2)w is already established on the subconstitu-
ent level,and then the weak Tocal current algebra could be realized by
means of currents which are bilinear in subconstituent fields. This is,
e.g., the case in the so-called haplon model. Once (34) is assumed,we
sandwich the equivalent version of the commutation relation (34)

5, 1412000, 1120 ]y oy, = 2o 3(0) B(X-3) (34

Xo=)’u 0,
by isodoublet states [|A> (all lefthanded Teptons and quarks are mem-
bers of isodoublets!) and integrate over d3y . The right hand side can

be expressed by means of a weak form factor FA(qz) »and we get

Fa0) =<1¥>, . (35)

Thus, the form factors (at g = 0 ) of all lefthanded doublet states
are normalized universally.

Within the spirit of the fundamental assumption about weak inter-
actions it is suggestive to assume that the spectral function for the
~weak SU(Z)w—currents can - at Tow q> - be saturated by the lowest-Ty-

ing vector boson pole (W) . Then we get

2 =
PA@) = %, Sumn T —ar (36)
where fw is the W-decay constant. For g2 =0, (35) and (36) imply
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) W
Iyan = fu<la>p - (37)

We recognize that IWAA is the same for all isodoublet states. This
guarantees universality of weak (CC and NC) interactions.

4. Experimental Signatures of Compositeness

An important issue within subconstituent models is to single out
experimentally accessible indications of a composite structureof Teptons
and quarks. It is easy to list a whole number of spectacular phenomena,
which would occur at utopically high energies (E>>AH) . For instance,
radial and orbital excitations of leptons and quarks should appear,
thus prolifering the number of (quasi fundamental) fermions. At even
higher energies.we expect that the hypercolor degree of freedom itself
starts to get melted up. Then,the difference between leptons and quarks
will become uneffective,and leptons will be copiously produced by pro-
cesses at such high energies.

Here we don't want to investigate utopia, but Took for indica-
tions,which could show up at energies which are accessible at present
day or in the near future (LEP). In the early stage of the subconsti-
tuent philosophy it has been believed, that a spectacular consequence
of the subconstituent picture of weak interactions would be that the
masses of intermediate vector bosons should deviate grossly from the
values predicted by the Glashow-Weinberg-Salam model. Yet, the more
detailed investigations, whichwe have sketched before, show that this
need not be the case. Even more: Depending on the W-excitation spectrum,
we expect that those masses 1ie very near (less than 20% deviations)
to the canonical value. Thus, masses are not a good criterion as to
compositeness.

On the other hand, if we stick to the simple model presented be-
low, one should not overlook the fact, that it coincides with the stan-
dard picture (WS) only at Tow g2 . At q? > mﬁ it leads to a beha-
viour,which is apparently different from the G-W-S-predictions (for de-
tails see ref. 11)):
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- For q? ~'M§ both weak couplings and weak mixing angles should
deviate from the values at Tow g2 (which are the fixed values of GWS).
This would also influence the asymmetry around MZ .

- At g% > M% sisoscalar contributions to NC processes will be-
come sizable. In connection with it,we expect the appearance of currents
with a different relative weight of vector and axjalvector contributions.
- It might also happen that (pseudo-)scalar and/or tensor exchanges
become important at some (completely unknown) energy.

- For energies high enough.higher excited intermediate vector

bosons shouid come into the aame.

Further indications of the composite nature of intermediate bo-
sons have been recently studied by Renard25). He recognized that a com-
posite Z0 should show a decay pattern different to that of an elemen-
tary (G-W-S) boson. Firstly, multifermionic (multileptonic) final
states will be more important. Secondly, some specific decay modes,
which are rare modes within the G-W-S-scheme,will be enhanced by three
or four orders of magnitude. For instance, the mode

ZO - 3 gluons (38)

which shows up as a 3-jet-final state, could have a branching fraction
as large as 10% for a composite Zo , whereas in the G-W-S-model it
proceeds via quark Toops and is suppressed down to 107°% due to the
additional quark propagators. (38) is an especially interesting mode,
since it is also sensitive to the color assignement of subconstituents.
Other crucial decay modes are

Z, > Yy , Z, ~ 99v (39)
Thus, a detailed study of the Z0 could yield some indications of a

composite structure of particles,which originally have been believed to
be elementary.

5. Conclusions

In this talk we have discussed a possible interpretation of elec-
troweak interactions within the subconstituent picture of matter. Rased
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on the assumption of global SU(Z)w-symmetry we have shown that both
charged current and neutral current phenomenology at low g2 can be
easily accounted for, mainly because mixing of the photon with (com-
posite) intermediate vector bosons is necessarily implied by the compo-
site structure of the latter.

To describe the electromagnetic coupling of (composite) leptons
and quarks we have adopted the view of W-dominance. In its most radical
version (dominance of the lowest-Tying bosons) it leads to mass values
for W* and 7° ddentical to the (uncorrected) values predicted by
the G-W-S-model. Inclusion of higher excitations would only imply
corrections of 15-20% to this prediction. Thus, contrary to the
original guesses, the intermediate boson masses are expected to lie
near to the canonical values, even within subconstituent models.

Within this picture, the weak mixing angle (sinzew) is inter-
preted as an electromagnetic effect, its relatively large size being
connected with the large mass scale of hypercolor dynamics.

Although the predictions of the new scheme coincide with the G-W-
S-results at low q? , at higher momentum transfers (q? > mﬁ) drastic
departures from the canonical picture are expected. Clearly, a deeper
knowledge about the subconstituent dynamics is needed in order to get
more detailed predictions on the high energy behaviour.
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™
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- ) o i
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COMPOSITE QUARKS, LEPTONS AND WEAK GAUGE BOSONS
R.Barbieri

Istituto di Fisica dell'Universita, Pisa
and

I.N.F.N., Sezione di Pisa

The motivations for looking into possible substructures of some
or all the "elementary" particles of the standard model are not lacking
(1). The computability of the basic parameters, the rationaleof the
quantum numbers and the economy in the fundamental degrees of freedom
can be quoted among these motivations. They are generally shared by
alternative (or complementary) attempts to go beyond the standard model
with a different focus put on the various cases. Grand unification, as
an example enphasizes the rationale of the quantum numbers, e.g. charge
quantization, but may have little to improve on the economy of the
basic fields and on computability.

Clearly an increasing degree of radicality is involved in
considering as composite particles:

a) the Higgs scalar;

b) quarks and leptons;

c) W and Z;

d) photons and gluons.

That the Higgs particles come first in this list is quite natural.
Technicolor is an interesting idea whose problems (read extended
technicolor) may find a solution by going to step b).

To go further, a picture of composite gauge vector bosons is not
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without problems, to say it mildly. This is why in the above list W and
Z come after quarks and leptons. On the other hand, are they gauge
particles with the same status of the gluons and, even more, of the
photon? As especially emphasized by Pati and Salam, a composite picture
for the gauge bosons, including the photon and the gluons, is advocated
by the requirement of economy in the basic degrees of freedom.

Quite in general it must be said that there is no sharp boundary
between the various possibilities, since one can have compositeness
scales which are vastly different from each other and stay in different
ratios to the masses of the particles. Let me consider the case of
composite vector bosons. Can a field theory model be conceived of where
vector bound states exist with a mass M negligible relative to the
inverse size (the compositeness scale/”?&f this is the case, arguments
based on the high energy behaviour of the effective interactions
between these vector bosons require them to be gauge interactions,
spontaneously broken if M# 0. So for all energies E<</|”, such a model
would not be distinguishable from a model of fundamental vector bosons.
However, do we know of anything else but gauge invariance itself that
may possibly give rise to light vector bosons? - Indeed the same
considerations of the high energy behaviour may require that the basic
lagrangian be gauge invariant, with fundamental, rather then composite,
vector bosons if renormalizability is demanded. On the other hand, for

the W and the Z one can entertain the possibility that their mass is

not much smaller than their inverse size (AH’ £ 1 Tev). In such a

case, one would have a situation at the border between a g -like

+)
In these respects supersymmetry may provide a completely new

and favorable situation.
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picture and a gauge picture for the weak vector bosons.

The possibility is considered that a compositeness scale of

quarks, leptons and weak gauge bosons be related to (or some what

-1/2
bigger than) the Fermi scale GF / . This is an interesting possibility
per se, - it might give a more physical significance to the Fermi scale
than in the fundamental Higgs picture, - even though it is not clear at

the momentum how it could meet the motivations already mentioned.

Some explicit models exist in the literaturel)’z). They are
generally based on a preonic lagrangian with a gauged symmetry
including colour, electromagnetism and the binding hypercolour interac-
tion. The chiral global symmetry is assumed to remain at last partly
unbroken to ensure the presence of massless (light) fermionic
composites. This unbroken symmetry also includes the SU(2)L of the weak
interactions, with electromagnetism turned off, and may contain the
Pati Salam SU(4) - symmetry when colour too is neglected. Many of the
proposed models have fermionic as well as scalar preons, which might
call for a supersymmetric generalization3

Within this general context a few selected topic represent
potential problems of the nearby compositeness picture. In examining
them, I expressely take the view of the ? ~like picture, but I keep in
mind a situation at the bolder with the gauge picture as I have
explained.

i)Unwanted effective interactions.

A too low value of the compositeness scale brings forth

unobserved effective interactions between the composite fermions.

327



Otherwise stated, to have precisely the interactions mediated by the
weak composite vector bosons emerging from all the expected effective
low energy interactions is difficult. At least the effect of a weak
isoscalar vector exchange should show up at some levela). The present
limit for the strenght of the weak isoscalar current—current interac-
tions relative to the standard isovector term is q:)/C,F; r<v 570 .

2
ii)The value of "sen 3”" and of the W and Z masses.
w

Here is another issue which strongly calls for an anomalously
light W-boson. Infact the observed structure of the neutral current
interactions is accounted for by an admixture between the elementary
photon and the composite W-boson. As such the effective mixing
parameter, analogous to sen2 (22 of the standard model, is of orderd
and therefore expected to be too small4 . This unless the proximity of
the W to the photon mass on the scale of the binding interactions
produces a dynamical enhancement of this mixing parameters). In
principle an ideal way to study this problem is offered by the
framework of the asymptotic freedom sum rules applied to the binding
"hypercolour" gauge theory. In analogy with what is done in the QCD
case for the g -photon mixing, by introducing the W-photon mixing

parameter through
(mux)

V
L7 = AW, FY 0

6)

one can have

2 z 2 ,ﬂz
o2 (- Wy ) (L

where Q is the charge in units of e, and M is the mass where the

. . . : . + -
perturbative preonic continuum sets in for example in e e annihila-
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tion. Preesumably H = 65‘.:'/10) A’H , so that HW 5/‘# might give
the wanted enhancement. Eq.(2) is meaningful only for a total squared
charge over the preons bigger than that over the composite quarks and
leptons. Otherwise the quark and lepton continuum itself saturates or
even oversaturates the sum rule with no room left for a significant
contribution of the W-resonance.

Needless to say, none of these arguments says what Mw should
precisely be, nor what its relation with the Z-mass should be. No more
insight is gained other then the limits given by the general analysis
of Bjorken4) and Hung and Sakurai7). Only the following comment can be
made related to what I said in the introduction. The lighter the W
needs to be relative to the compositeness scale, the more the ? -like
picture goes into the gauge picture, as require by consistency. Then
only relatively small deviations may be expected from the values of Mw
and MZ predicted by the standard model.

iii)Quark-lepton and interfamily universality.

In the extreme ? -like picture of the weak interactions, the CVC
concept is lost+. This poses the problem of quark lepton universality
in an apparently severe way. If however the preonic theory possesses a
Pati-Salam symmetry the situation can be remedied. This is because the
violations of quark lepton universality relative to those existing in
the standard model are only due to gluon exchanges occurring within the
size Aldll\u of the composite quarks and leptons.

Let us look more closely at the phenomenological situation.

+) The presence of a conserved preonic SU(2)L current cannot be

related to quark-lepton universality unless additional hypotesis

8)

are made
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Because of Cabibbo-like mixings a test of quark-lepton universality
cannot be disentangled from interfamily universality. In terms of the
Kobayashi Maskawa parameters, the present knowledge is summarized by

saying that in the standard model, the relation
A
2 Z 1w -
b )5+ s |+ [Yub| + ... =1

puts an upper limit

‘%ublz+ " 540/0

on the couplings of the u-quark to the b-quark and the possible heavier
quarksg). It is worth noticing that this analysis includes a radiative
correction to (u,ul" -related essentially to cos & - which
significantly reduces the zeroth order value of about 3%. On the other
hand the source of this anomalously large correction can be traced bach
to a logarithmic divergence of the pure four fermion interaction, cut
off in the standard model by the intermediate boson mass.

In a composite model with an approximate SU(4)PS symmetry the
right hand side receives a correction of relative order O‘S[A“’)/Tr ,
namely 2 - 3% for /\'H,=102 < 103 GeV, due to gluon exchanges within the
size AIA“;ﬁ‘the composite quarks and leptons. This calls for an effect
of violation of quark lepton universality which is of the order of the
present uncertainty. On the other hand in a composite model too, on top
of the effective four fermion interaction there will be a radiative
correction effect similar to the one occorring in the standard model
and cut off at the compositeness size. In other words, the logarithmic
correction alone cannot be considered as a really distinctive test of

the standard model.
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iv)Flavour changing neutral currents

In the previous discussion I have tacitly assumed in the
composite model under consideration the validity of interfamily
universality. Such an assumption goes together with the fact that one
does not know yet how to describe families, except by introducing the
corresponding explicit degrees of freedom in the preonic lagrangian+.
In this last case interfamily universality is enforced by a symmetry of
the basic lagrangian, which of course has to be slightly broken. This
happens explicitly for example in the Abbott Farhi model.

Assuming then the family universality, the GIM mechanism to
suppress the flavour changing neutral currents may not be a distinctive
feature of the standard model. For that it is important to recognize
that the standard radiative correction diagram, giving rise for example
to a A S=2 effective lagrangian (Fig.la), can be contracted, in the
limit of infinite W-boson mass, to the still finite diagram of fig.1lb).

This is because of the occurrence of the GIM cancellation.

w

Fig.la) Fig.1b)

Diagrams giving rise to the effective AS=2 lagrangian.

3
) Here again supersymmetry may have something new to say
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In the last diagram only the point-like four fermion interactions
appear and the typical momentum running in the loop is of the order of
the relevant quark masses. Now the diagram of fig 1b) would also be the
appropriate description of the AS = 2 effective lagrangian in a
composite model with a family universal four-fermion interaction. A GIM
cancellation still takes place and no reference is made to the details

of the model at energies of order /\H.

Why to contrast the neat picture of the standard electroweak
model with a "scenario" which is still, at best, in the clouds of an
unknown strong interaction dynamics and with so many potential
problems? Admittedly all this seems a rather marginal point of view.
However the idea that the Fermi scale be somehow related to a new
compositeness scale has its appeal. True enough, the standard
description of the Fermi scale, with a fundamental scalar field
acquiring a non vanishing vacuum expectation value is much more
concrete. But it has drawbacks too, wich infact motivate a lot of

research. In any case its seems fair to let experiments decide.

332



References

1) For reviews and references see H.Harari, these proceedings;

2)

3)

4)

5)

7)

8)

9)

R.Barbieri, Pisa preprint SNS 4/1982;

R.Peccei Max Plank preprint MPI-PAE/PTh 69/82.

L.Abbott and E.Farhi, Phys. Lett.161B (1981) 69;

H.Fritzsch and G.Mandelbaum, Phys. Lett.102B (1981) 319;

R.Barbieri, A.Masiero and R.Mohapatra, Phys.Lett.105B (1981) 369;

R.Casalbuoni and R.Gatto, Phys. Lett.103B (1981) 69.

R.Barbieri, Pisa preprint SNS 8/1982;

J.C.Pati and A.Salam, Trieste preprint IC/82/99.

J.D.Bjorken, Phys.Rev. D19 (1979) 335.

H.Fritzsch and G.Mandelmaum, CERN preprint Th-3203 (1982);

P.Chen and J.J.Sakurai, Max Plank preprint, MPI-PAE/PTh (1982).

R.Barbieri and R.Mohapatra, City College preprint CCNY-HEP-82/14.

P.Hung and J.Sakurai, Nucl.Phys. B143 (1978) 81.

H.Fritzsch,

157;

D.Schildknecht and R.Kogerler, Phys.Lett. 114B (1982)

R.Kogerler and D.Schildknecht, CERN preprint TH 3231 (1982).

See M.A.B.Beg and A.Sirlin, Rockefeller Univ. preprint RU82/B/21.

333



Composite Models for Quarks and Leptons #*
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Abstract
We discuss the motivation for constructing composite models for
quarks and leptons, the hopes we have for a successful model and the
difficulties encountered, so far, in this field. This paper
corresponds to the contents of lectures given at the SLAC Summer
Institute (August 1982), at the DESY Workshop on "Electroweak
Interactions at High Energies" (September 1932) and at the Solvay

Conference at tne University of Texas, Austin, Texas (November 1982).

1. Foreword

The possibility that quarks and leptons are composite, plays a
peculiar role in present-day particle physics. On one hand, it is the
most natural extrapolation of the development of modern physics and
the least imaginative proposition for extending our theoretical ideas
beyond those of the "standard model" of electromagnetic, weak and
color interactions. On the other hand, any attempt to construct an
explicit composite model immediately faces serious difficulties,
necessitating assumptions and ideas which are at least unusual,
possibly ravolutionary. Thus, we are dealing with an approach wnich
is, paradoxically, extremely speculative and somewhat unimaginative
at the same time. In this lecture we review the present status of
this field, emphasizing the hopes as well as the difficulties. de do

not discuss specific models in any detail.

*Supported in part by U.S.-Israel Binational Science Foundation.
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2. Compositeness and the Fundamental Interactions.

Every level of compositeness in the history of modern physics,
led to a major revision of the list of fundamental forces. The
understanding of atomic structure showed that Van-der-Waals forces
are residual electromagnetic effects and are therefore not a separate
fundamental interaction. The substructure of the nucleus revealed the
existence of a new short range force (the Strong or Nuclear or
Hadronic Force) and led to the identification of an even
shorter-range force (the Weak force). The hadron substructure
uncovered the Color force and showed that the Nuclear or Hadronic
forces are residual color effects. It is almost certain that a
possible substructure of quarks and leptons, if found, Will reveal
one or more new forces. It is also possible that it may demote one or
more of the existing "fundamental interactions" into the role of a
"residual interaction".

New fundamental particles may be found in the future and may
have escaped detection in the past in several different ways:

(i) The production of high mass free particles requires
experiments at sufficiently high energies. The W and Z bosons and the
toponium bound states have presumably escaped detection in such a
way.

(ii) Low mass (or even massless) particles may escape detection
if they interact weakly with all visible matter. That is how the
neutrino eluded experiments for several decades. We may have a
variety of light neutral particles, especially Goldstone or
pseudo-Goldstone-bosons escaping us now in such a way.

(iii) Confined particles, even if they have small effective
masses, require experimental probes with energies far exceeding their
confinement energy scale. Only such probes can reach into small
distances in which the confined particle can be indirectly observed.
Thus, many Gev's were needed for indirect evidence for light quarks
and massless gluons, where the confinement scale is A 100 MeV If

there is a second confining force with a scale AH' we will need
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energies wnich substantially exceed Ag in order to "observe" the new
confined states.

In close correspondence with these three methods, there are at
least three ways of discovering a new fundamental interaction:

(i) It may be a short range interaction corresponding to
distance scales and energy scales beyond those presently available.
That is how the strong nuclear force remained unknown until the
1930's.

(ii) It may be an extremely weak force, not necessarily with a
short range. Such a force can be uncovered only by increasing the
sensitivity and accuracy of low energy experiments.

(iii) It may be a confining force, mediated by a massless boson
but possessing a confinement scale beyond present energies.

Any of these possibilities may "hide" additional new
interactions which could play an important role in quark and lepton
compositeness. There may also be a fourth, hitherto unknown, method
by which new particles and new interactions may escape detection.
After all, had we discussed this subject 15 years ago, we would have
listed only the first two items in the above lists of possibilities.
Ade would not have anticipated the possiblity that an extremely strong
force with massless force-carriers (Color) could have escaped
detection. Today, Wwe may be equally blind. The binding force of the
constituents of quarks and leptons in perhaps eluding us in a new

clever way.

3. Why Do We Wish to Go Beyond the Standard Model?

The standard model of electromagnetic, weak and color forces is
based on a renormalizable local gauge theory, wnere SU(3)chU(2)xU(1)
is the basic gauge group, and its spontaneous breaking via a Higgs
mechanism leaves an unbroken SU(3)ch(1)EM gauge group. Ignoring
temporarily the Higgs sector, the model involves massless quarks,
leptons, photon, gluons and weak bosons with only three independent
parameters representing the coupling constants of the three
interactions. The Higgs sector induces all the necessary masses,

increasing the number of arbitrary parameters to twenty or more.
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There are several reasons which lead us to believe that the
standard model, in spite of its elegance, self-consistency and
experimental success, cannot be the final answer. Every one of these
reasons is, to some degree, a matter of taste. However, the emerging
overall picture convinces us that there must be some new fundamental
physics beyond the standard model.

Why do we wish to go beyond the standard model?

(i) Too many parameters. It is unlikely that the laws of
physics contain over twenty independent parameters and that the
various Cabibbo angles and quark or lepton masses are as fundamental
as the fine structure constant. A theory beyond the standard model
may enable us to calculate most of these parameters, starting from a
small number of constants. Such a calculation will hopefully explain
the peculiar mass spectrum of the observed quarks and leptons.

(ii) Generation Puzzle. The standard model contains no clues

explaining the existence of several generations of quarks and
leptons. There is no good reason for having three generations (or any
other specific number of generations). We do not know what
distinguishes the generations from each other. A new quantum number
or a new property which "labels" the generations can emerge only from
theories which go beyond the standard model. Any hope of calculating
the mass matrices for the quarks and leptons must involve an
understanding of the distinction between fermions of different
generations.

(1ii) Pattern within one generations. The mysterious

triplication of generations enhances the significance of another
puzzle, namely- the pattern observed within one generation. The
standard model does not explain why quark and lepton charges are
quantized in a related way. It does not explain why the color and
electric charge are correlated (integer charge always comes with
color singlets; noninteger charge with color triplets). It also does
not explain why the quarks and leptons possess identical 3SU(2)
properties (left-handed doublets; right-handed singlets) and why all
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integer multiples of Q:% between Q=-1 and Q=+1 appear but no 1Q)>1
fermions seem to exist. All of these features would have required
explanation even if we had only one generation. Since the same
pattern occurs three times, there must be a particularly good reason
for repeatedly having that specific pattern within the generation.

(iv) Unification. One other motivation for going beyond the
standard model is the obvious hope of unifying the three
interactions. We must remember that the SU(2)xU(1) gauge theory
provides us with a beautiful and important connection between the
electromagnetic and weak interactions but it does not fully unify
them., We still have an independent coupling constant for each
interaction.

(v) Hierarchy problem and fine tuning. These may count as two

problems or one problem depending on one's point of view. In any way
of looking at it, we have here a mismatch between different energy
scales. Assuming that there is an important energy scale beyond the
standard model (be it the Planck mass or a somewhat lower energy
scale of some other type of new physiecs), it is difficult to
understand how particles with masses corresponding to the low energy
scales of the standard model can survive enormous self-energy
corrections. Vector bosons and fermions may be protected from such
corrections by a gauge symmetry or a chiral symmetry, respectively.
Scalars are not protected, in general.

The above five arguments are not compelling in any rigorous
sense, However, after considering them, it is difficult to avoid the
conclusion that some deeper theory must lie beyond the standard

model, settling at least some of the above issues.

4, Avenues Leading Beyond the Standard Model.

We have listed five reasons to go beyond the standard model: (i)
Too many parameters; (ii) Generation puzzle; (iii) Pattern within one
Generation; (iv) Unification; (v) Hierarchy problem and fine tunning.
At least five different classes of approaches have been proposed for

handling these issues. There is no one-to-one correspondence between
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the five problems and the five classes of models. Let us briefly

review each approach:

(a) "Horizontal Symmetries": These are alleged new symmetries1)

connecting the different generations. Such symmetries cannot settle
any issue except, possibly, the generation puzzle (ii). We return to
some of these ideas in section 9. No convincing horizontal symmetry
scheme has been proposed, so far.

(b) "Technicolor". The fine tuning problem (v) may be resolved
or at least postponed, to higher energies, by postulating that the
Higgs scalars are condensates of new fundamental "technifermions"

bound by a new confining "technicolor" inberactiona)

. This approach
does not shed any light on problems (i)-(iv). In fact, it normally
leads to additional particles and additional free parameters. The
technicolor idea is a limited version of compositeness, in which
scalars and, consequently, the longitudinal components of massive
gauge bosons, are composite objects. Quarks, leptons, transverse
gauge bosons and technifermions are all fundamental. 1In order to
produce quark and lepton masses, technicolor schemes must be extended
to include new gauge bosons which connect quarks to techniquarks3).
Such bosons usually play a role similar to that of Horizontal gauge
bosons, thus incorporating the Horizontal symmetry approach into the
technicolor scheme. Here, again, no satisfactory model is presently
available.

(e) Grand Unification. This approach satisfactorily settles

points (iii) and (iv). The structure of one generation is beautifully
accounted for in any schemeu) based on 0(10) or any of its candidate
subgroups (SU(5) or SU(4)xSU(2)xSU(2)). The three interactions are
clearly unified. However, the number of free parameters is increased
beyond those of the standard model, no explanation is given to the
generation puzzle and the hierarchy problem remains unanswered. In
addition, we must face an energy "desert" spanning twelve orders of
magnitude and the controversial possibility of heavy magnetic
monopoles. Proton decay is the earliest crucial test of grand unified

theories.
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There are ambitious attemptsS)

to combine Grand unification,
technicolor and horizontal symmetries in all-encompassing schemes
based on large groups such as SU(7), SO(14) etc. No convincing model
has been found.

(d) Supersymmetry. Supersymmetry, besides being an attractive
mathematical "toy", provides a hope for settling the hierarchy

6). Unfortunately, the particle spectrum is doubled,

problem
introducing alleged supersymmetric partners for all gauge bosons,
quarks , leptons and scalars. Thus we have more particles and more
parameters, without solving any of the problems (i)-(iv). Grand
unification can be combined with supersymmetry, thus combining
possible solutions to points (iii)(iv)(v), but the price is, again, a
significantly more complicated spectrum of particles as well as
additional theoretical problems.

(e) Composite Models. Here we assume that quarks, leptons,

scalars and possibly some gauge bosons are composite objects of some
new fundamental constituents. Here, again, no satisfactory model is
available., In the following sections (6-12) we discuss the hopes and
difficulties of such models, vis-a-vis the various reasons for going
beyond the standard model.

But, before we move on to our discussion of composite models, we

must discuss the question of experimental tests.

Bl. Experiments Beyond the Standard Mode)

Theories which go beyond the standard model, like all other
theories in physics, must pass two types of tests: self-consistency
and agreement with experiment. The requirement of theoretical
self-consistency is not as simple as it sounds. We must remember that
in all previous stages in the understanding of the structure of
matter, from the Bohr atom to the quark model, the original version
of the theory had many correct ingredients but suffered from serious
theoretical inconsistencies. In all cases, experimental clues played
a crucial role in the acceptance of the correct ideas. The

satisfactory theoretical self-consistency came only gradually, with
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modifications which were partly discovered by pure reasoning and
partly through new experimental facts. Our main difficulty today is
the total lack of any experimental facts which might force us to go
beyond the standard model. To rely entirely on arguments of
theoretical self-consistency is dangerous. It is not clear that such
arguments would have allowed the quark model to be developed!

We therefore believe that experimental clues are crucial., In
order to review such clues we must first discuss the relationship
between the hypothetical new theory which goes beyond the standard
model, and the Lagrangian of the standard model. In all cases we do
not wisn to discard the standard model. We would like to keep it as a
good aproximation of the ultimate theory, valid at energies well
below the new high energy scale. Schematically, we may consider the
following situation: We have a new theory at small distances and high
energies. Its Lagrangian, LNEw is useful for describing high energy
phenomena. It hopefully corresponds to a renormalizable theory which
is fully self-consistent. At lower energies we may have an effective
Lagrangian LEFF which, in principle, can be derived from the
fundamental high energy Lagrangian. It is presumably approximately

equal to the standard-model Lagrangian LSM'

Lyew > Lerr = Lsw
Ahen we search for experimental tests of the new theory, we may look
for two general classes of tests:

(i) Tests of Lyew- These are, necessarily, high energy tests
involving future high-energy accelerators. If the energy scale of
Lygy 18 Ay, we may look for particles of mass AH (e.g. Horizontal
gauge bosons in Horizontal symmetry schemes, Monopoles in grand
unified theories, Technihadrons in Technicolor models, ete.). We may
alsoc look for light particles which are confined within small
confinement radii corresponding to a high energy scale AH (e.g.

preons in some composite models, techniquarks ete).
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(ii) Tests of the small difference between Lgpp and Lgy. The

low-energy phencmenology of the new scheme is, presumably, almost
identical to that of the standard model. The small differences
between the two may actually provide us with the first clues for
physics beyond the standard model. Such clues may come from a variety
of terms in Lgpp. A few examples:

(a) Lgpp may contain high-dimension four-fermion operators such
as uude” or Te@e. These must be preceded by a coefficient of order
Aﬁe. Such terms induce transitions like p->e+n° or u - 3e,
respectively. These are low-energy processes which, if observed,
would necessitate some physics beyond the standard model.

(b) LEFF may show slight deviations from certain
coupling-constant relations of the standard model. For instance, the
coupling constants Bdey® gwuv which are identical in the standard
model ("universality") may turn out to differ by terms of order ml/AH
as a result of some e-p difference which is revealed only at the
scale of Ay.

(e) LEFF may contain weak*y coupled light Goldstone bosons
Wwith Yukawa couplings such as Iexée. Such bosons are difficult
to detect. If they exist, they could provide hints for some new
physics.

The above classes of experimental tests are relevant to any
theory which goes beyond the standard model. They are also true for
composite models of quarks and leptons. The right-hand side of figure
1 indicates the general orders of magnitude of the new energy scale,
corresponding to various theoretical approaches beyond the standard
model. On the left-hand side of the same figure we show some of the
experimental bounds which are relevant to composite models of quarks

and leptons. We now turn to a discussion of these bounds.

6. Experimental Constraints on Composite Models of Quarks and

Leptons
Any attempt to construct a composite model for quarks and

leptons, must take into account several experimental constraints:
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Experimental limits on the energy scales of

theories beyond the standard model.
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(i) The anomalous magnetic moments of the electron and mucn
provide us with an (almost) model-independent constraint7). It has
been argued that if a composite structure at a scale Ay leads to
deviations from the QED predictions for g-2, and if the composite
model has a chiral symmetry, we expect:

ml 2
8(g-2), ~ 0|

By

In the case of the muon, present g-2 experiments yield Ay >500GeV.
If we relax the chiral-symmetry assumption, the bound is much more
severe. The 500GeV bound for the muon is essentially
model-independent. However, it is only an order of magnitude
estimate, and factors of T could easily change it in either
direction.

(ii) If electrons are composite, we expect LEFF to contain a
four-fermion term of the form €e€e. Such a term would contribute to
the cross-section for e*e™ + e*e™.The present agreement between this
cross—-section and QED places a new model-independent bounds) on AH'
Here, again,one can only estimate the order of magnitude, obtaining
AH>7OOGeV. Similar related estimates may be obtained for e*e™ » p*fu~
and for neutral current neutrino reactionSS).

(iii) The absence of the decays w*ey , uw>3e, K>pe, K>mpe and the
reaction uN + eN provide us with model-dependent bounds on
compositeness. If the muon and the electron are prevented from
transforming into each other by some selection rule or by a strong
suppression-factor which depends on their detailed internal
structure, no useful bounds can be derived from the present
experimental limits. However, it is possible that the muon and the
electron can easily convert into each other, the transition being
supressed only by the physical dimension of the composite system. In
such a case we would expect LEFF to include effective four—-fermion
terms such as KZ Leee OF—ZSdeu. These would enable us to derive
limits of the order of AHﬂ40—1OOTeV for various processes, We

emphasize, however, that this case is very different from the
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previous item. No selection rule can forbid an eeee effective
interaction, but it is perfectly reasonable to expect a small
suppression factor basad on some selection rule, appearing in an
expression of the form ij‘ pege. If A is sufficiently small, the

bound on AH may become totally useless.

(iv) A related experimental bound follows from the well-measured
KS—KL mass difference. The observed value can be accounted for by
the standard model. A composite model for quarks might allow an
effective term of the form X%§d§d contributing to AM. Here, again,
the constraints are model dependent. If ¢ is sufficiently small, due
to a selection rule based on the different internal structure of s
and d, no useful beund can be deduced. If env0(1), wWwe may obtain a
very strong bound around 1000 TeV. However, it is somewhat unlikely
that any composite model would allow en0(1).

(v) HMany composite modelsg) may involve massless Goldstone
bosons or extremely light pseudo-Goldstone bosons X, whose Yakawa
couplings to ordinary quarks and leptons are of order %g or %%. Such
bosens can easily escape detection in terrestrial experiments.
However, the process y+e > x+e which must occur frequently in stars
places a limit10) on the xee coupling, and through it - on the
compositeness scale. From the known limit on the allowed energy loss
of red giant stars, we obtain: for a massless Goldstone boson -

e’ e
obtained in this way. Thus the constraints are extremely sensitive to

AH>109GeV; for mx=%m A>105GeV; for mx=m no useful limit is
the boson mass.

(vi) Proton decay provides another crucial, but model-dependent,
test for the compositeness scale. If no selection rules or supression

factors exist, we find the usual result:

leading to AH>1O1SGeV. However, proton decay is actually forbidden in
some composite models. In other models it may proceed in second

order'!) (giving ny>107 GeV) or in third order'2) (giving Ay>10°GeV)
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The overall picture is the following: At present, there is no
experimental evidence for quark or lepton compositeness.
Model-independent bounds tell us that Ay0.5 TeV or r<u.10'17cm. Any
specific model must be compared with a variety of model-dependent
tests. For instance, anyone who wishes to suggest that quark and
lepton compositeness will be revealed already at energies around,
say, 10-1000 TeV, must provide strong suppression factors for proton
decay, and the KS—KL mass difference, as well as avoid massless
Goldstone bosons which couple to electrons and up and down quarks.
Additional experimental tests which one must consider involve
sin zew. the W-Z mass ratio, the W magnetic moment, the possible
existence of "right-handed" weak bosons, etc.

7. Requirements from an Ideal Composite Model

What do we hope to achieve by constructing a successful
composite model of quarks and leptons?

(i) Such a model should include a few species of fundamental
objects interacting with each other through few types of fundamental
interactions. The total number of parameters is presumably extremely
small: several coupling constants and possibly (but not necessarily)
a few mass parameters. All masses of the composite quarks and leptons
should, in principle, be calculable from the parameters of the
fundamental theory, in the same way that all hadronic masses and
coupling constants are, in principle, calculable from the QCD

coupling and a few gquark masses.

(ii) The pattern of quarks and leptons within one generation
should be fully explained in terms of the features of the fundamental
fermions. For instance, if both quarks and leptons are composites of
the same set of fundamental fermions, their charge quantization must
clearly be related. The peculiar relation between electric charge and
color may simply emerge from the color and charge of the fermions.
The restrictions on |Q| may be related to the number of constituents
within a composite quark or lepton, in the same way that the
limitations on the strangeness or isospin of hadrons follow from the
number of valence quarks in a hadron.
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(iii) The different generations may be excitations of a

composite system, similar to excited atoms, nuclei or hadrons. The
type of excitation in each case must be different, however.

(iv) The scalar particles, as well as the quarks and leptons,
are presumably composites of the new fundamental fermions.

Hopefully, no fundamental scalar particles are necessary. The
fundamental fermions may be massless or may have explicit mass terms,
but need not gain masses through symmetry breaking. The problem of
fine tuning may thus be avoided.

(v) Other features are left open. Color, Electromagnetism and
the weak interactions may all exist in the underlying theory.
Alternatively, one or more of these interactions may turn out to be a
residual force, appearing only in LEFF' Additional color-like or
other types of forces may be needed in order to bind the new fermions
inside the quarks and leptons., The underlying theory may be
left-right symmetric, with Parity being spontaneously broken at the
composite level. Alternatively, the fundamental theory may already
include explicit parity violation.

Tt is not at all clear that a composite model with all the above
desired features can be constructed, but it is certainly worth
exploring. So far no one has come close.

Among the various problems which face model builders, we choose
to discuss four in some detail:

(a) The problem of scales, JQuark and lepton masses are much

smaller than any possible compositeness scale. This is the most
difficult problem for all composite models, and it has several

interesting aspects, which we discuss in section 3.

(b) The generation puzzle. If quarks and leptons are composite,
what kind of quantum number distinguishes among generations and what
kind of excitation can yield a higher-generation quark or lepton? We
discuss this issue in section 9.

(e) Structure within one Generation., Can we select a simple set

of fundamental constituents, such that the entire pattern within one
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generation will be fully accounted for in a natural way? We propose

an answer in section 10,

(d) Possible Compositeness cof Gauge Bosons. In addition to the
quarks, leptons and scalar Higgs particles some of the zauze bosons
of the standard model may be composite. If they are, the
corresponding interactions become residual and do not appear in the
fundamental high-energy Lagrangian. Among the various zauge bosons,
the mest likely candidates for compositeness are the W and Z bosons.

We discuss their possible composite nature in section 11.

8. The Problem of Energy Scales

We have already explained why composite quarks and leptons must
be approximately massless with respect to their compositeness scale
Ay Such masslessness must emerge from a symmetry principle. The
simplest symmetry which may prevent a fermion from acquiring a mass

is a chiral symmetry13)

. We may therefore wish to look for a
composite model with a chiral symmetry.

The chiral symmetry is essentially automatic if the fundamental
fermions appearing in LNEH are massless. However, the existence of a
chiral symmetry in the fundamental Langrangian does not necessarily
guarantee its preservation at the composite level. The chiral
symmetry may be broken spontaneously, leaving no reason for massless
fermions at the composite level.

Thus the necessary logical sequence of assumptions is as
follows:

(i) Tne fundamental Lagrangian contains massless fermions and
therefore possesses a chiral symmetry.

(ii) The full chiral symmetry or, at least, a chiral subsymmetry
remains unbroken at the composite leVel.

(iii) The chiral symmetry of the effective Langragian containing
the composite fermions, prevents the latter from gaining a mass. We
have composite massless fermions.

Three questions imediately arise:
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(a) If the new fundamental fermions are massless, why don't we
observe them?

(b) what is the interaction which binds the fundamental fermions
inside the composite quarks and leptons?

(¢) If both fundamental and composite fermions are massless,
wnat provides us with the necessary "compositeness scale" AH?

All three questions can be immediately answered by one
postulate13). if we assume a new color-like force ("hypercolor")with
a scale parameter AH' All fundamental fermions carry hypercolor. They
are confined by nypercclor forces of characteristic scale AH into
hypercolor-singlet composite fermions with an effective radius rmA§1.
The confined fundamental fermions cannot be experimentally observed.
The binding and the scale are provided by the hypercolor gauge force.

The above scenario is an attractive framework for the
construction of a composite model. However, it is crucial that the
chiral symmetry or at least a chiral subgroup must remain unbroken at
the composite level. This is not apriori impossible but it differs
from the observed pattern of chiral symmetry breaking in QCD. No
composite massless fermions emerge in QCD. The hypercolor situation
must, for some reason, be different!

We now face a dilemma which stems from the following statements:

(i) We believe that in two-flavor massless QCD, the chiral

symmetry is completely broken. No chiral subgroup remains intact.

(ii) If we neglect all interactions except hypercolor (all other
interactions are probably much weaker at the AH—scale), a hypercolor
nodel with K fundamental massless fermions is isomorphic to K-flavor
massless QCD.

(iii) In order to have massless composite fermions, some chiral
symmetry should remain unbroken in the hypercolor case.

(iv) In no case do we have a full dynamical understanding of

chiral symmetry and its breaking.
It is hard to reconcile statements (i), (ii), (iii), but no

negative proof can be given. What are the logical possibilities?
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(a) A resonable attitude, advocated by some theorists, is simply
to declare that (i), (ii) and (iii) are inconsistent. In that case
one should not continue to pursue our discussion beyond this point
and the hypercolor idea should be abandoned., Perhaps this is true.
Perhaps not.

(b) One way out is to consider a composite model in which left-
and right-handed fermions have different transformation properties
under the gauge group. Such a model is not isomorphic to QCD and
statement (ii) does not apply to it. In such a model an Tf condensate
cannot break the chiral symmetry without breaking the original gauge
symmetry. Two options are open: Either there is no condensation or
the gauge symmetry breaks itself into a smaller subgroup. The first
possibility has been studied by various authors and no realistic
model was found. The second possibility is the interesting "tumbling"
approach1u). Here, again, no realistic model was found.However, the
left-right symmetric classification may still be the correct
solution.

(e¢) It is possible that the pattern of chiral symmetry-breaking
depends on the number of flavors K. This could happen at least in two
ways. There may be a phase transition at some K-value, K>3, leading
to a different pattern for QCD and for a hypercolor theory with K>3
flavors of fundamental fermions. It is also possible that the general
SU(K)LxSU(K)R chiral symmetry always breaks, leaving a small
conserved chiral subgroup which is trivial for K=2 but is nontrivial
for large K. An example could be a discrete ZK chiral group. A
chiral Z2 cannot protect any fermion from acquiring a mass. A chiral
Zu or 26 can do it. There is no dynamical reason to expect any of
these speculations to be true, but there are no complete arguments
against them.

(d) Another possible speculation is that the presence of the
color or electroweak interactions somehow influences the pattern of
chiral symmetry breaking in a hypercolor scheme. This is the most

obvious difference betweeen the hypercolor case and QCD. The
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simplest attitude would be to treat color and electroweak
interactions as minor perturbations which cannot substantially change
anything. However, subtle effects may occur. For instance, imagine a
situation in which the chiral symmetry can break via Tf or TfTf
condensates, the potential having two similar minima. A small
perturbation could conceivably change the balance between the two
minima, making the TfTf condensate the likely one. At this point we
may also add that the usual Nc > o argument for the breaking of
chiral symmetry in QCD15) does not necessarily remain valid if Nc/Nf
is held fixed. In some composite models, such a fixed ratio may be a
necessary requirement.

The above discussion can be summarized very simply: One can
speculate about scenarios which provide the required pattern of
chiral symmetry breaking for a composite model. All such scenarios
are not supported by any decent dynamical arguments, but they cannot
be ruled out.

Even if we succeed in producing a composite model with a chiral
symmetry which is not completely broken, we still have to worry about
the anomaly-matching condition13)' to which we now turn.

Let us assume that wWwe have constructed a composite model of
quarks and leptons based on an SU(N), hypercolor gauge group and
containing K fundamental massless fermions, all assigned to the
N-dimensional representation of SU(N)H. The underlying Lagrangian
automatically possesses a global SU(K) xSU(K)pxU(1) symmetry. The
U(1) factor is a vector charge counting the number of fermions. An
additional axial U(1) factor is broken by instanton terms .

The model contains "flavor" triangle anomalies corresponding to
products of three SU(K) currents or to products of two SU(K) currents
and the U(1) current. Such anomalies are perfectly legitimate, since
the SU(K)LxSU(K)RxU(l) symmetry is not gauged. However, in the zero
momentum limit, a given anomalous term can be exactly calculated both
from the underlying theory and from the low-energy effective theory

containing trhe composite particles. The results must be the same,
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thus imposing a severe constraint on the spectrum of composite
particles.
If, in the underlying level, the anomaly deoes not vanish, the

theory must produce massless composite particles13)15).

We may
consider three logical possibilities:

(i) The chiral symmetry is not broken at all. There are
composite massless fermions. Their contribution to each anomaly must
be exactly equal to that of the fundamental massless fermions. Thus a
severe constraint is imposed, connecting the fundamental fermions to
the composite fermions. This is the famous 't Hooft condition13).

(ii) The chiral symmetry is completely broken, No chiral
subsymmetry remains. The only massless composite particles are
Goldstone bosons. Their contribution to the anomaly is equal to that
of the fundamental fermions., However, since the Goldstone bosons have
unknown couplings, the anomaly constraint can only be used in order
to compute these couplings, leading to equations similar to the
Goldberger-Trieman relations.

(iii) The chiral symmetry is broken, but a chiral subgroup
remains conserved. The chiral subgroup may be continuous or discrete.
In this case, massless Goldstone bosons must exist but massless
fermions may also exist. The combined contributions of the massless
composite bosons and fermions must balance the anomaly of the
underlying theory.

The anomaly constraint is particularly powerful in case (i). It
is not very useful in case (ii), but we are interested in massless
composite fermions, and they do not occur in that case. Case (iii)
allows composite massless fermions, and the anomaly constraint is
somewhat less powerful.

We suspect that case (iii) is the most likely candidate for a
realistic composite model. In particular, we may consider the
interesting possibility of a continuous chiral symmetry in the
original Lagrangian, broken into a discrete chiral symmetry at the
composite level. Such situations arise naturally in simple

unrealistic "toy" models17).
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Ir case (iii) tne massless composite termions are accompanied Dy
massless Goldstone bosons. Such bosons appear in a wide variety of
composite models. They may escape detection because their Yukawa
couplings to quarks and leptons are of order m //\H and mZ/AH '
respectively. We have mentioned the resultirg experimental
constraint in section 7.

Ae have gone here through an elaborate maze of difficulties, all
stemming from the fundamertal mismatch between the compositeness
scale AH and the masses of the composite objects. If the chiral
symmetry hypothesis, together with a new hypercolor force, will not
solve the problem, what other options do we have? The most likely
possibility is some new fundamental force with some new features, not
resembling any of the known interactions. Various ideas in that
direction have been considered, including magretic monopoles 18).
dimensional compactification19). ronlocal theoriesZO), ard quarks and
leptons as massless supersymmetric Goldstore fermion521). It is
difficult to believe that the correct theory can be found without

some experimental hints.

9. The Generation Puzzle

The existence of quark and leptorn generations is, perhaps, the
most striking experimental fact which guides us beyond the standard
nodel. Let us first discuss the general problem, then turn to the
possible description of generations within composite models of quarks
and leptons.

We have three identical generations of quarks and leptons. The
standard model does rot contain any quantum number which
distinguishes among the gererations. Yet, we suspect that such a
quartum number must exist. Three classes of solutions have been
considered for a gerneration-labelling quantum number. Ir all cases we
are looking for a symmetry which is already spontaneously broker at
the stage of creating the fermion masses. The existence of Cabibbo

mixing tells us that any "generation rumber" cannot remain exactly

conserved.

The three possibilities are:
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(i) A discrete generation label., A discrete symmetry is

introduced, such that each generation obtains a different eingenvalue
under the symmetry operation. It is necessary that, say, e, ! and T
have different eingenvalues. It is not necessary that e and u have
the same eingenvalues, although it would be more elegant if they do.
The scalar particles must have well-defined transformation properties
under the discrete symmetry and the allowed Yukawa couplings are

severely restricted by the symmetry. The mass matrix for analogous

states in different generations contains matrix elements contibuted
by different scalar fields. If scalar fields with a non-vanishing
generation number obtain vacuum expectation values, the discrete
symmetry is broken and Cabibbo mixing is introduced. There is no real
theoretical difficulty in describing the generations using a discrete
symmetry. The only drawback of such an approach is the fact that all
such discrete symmetries appear completely arbitrary and artificial.

(ii) A Continuous Global Symmetry. A variation on the same

theme would be a continuous global symmetry under which each
generation obtains a different eingenvalue. Here we face a serious
difficulty: If the continuous symmetry is spontaneously broken, an
unwanted Goldstone boson appears. Here, again, the ad hoc nature of
the symmetry is usually unattractive.

(iii) A Gauged Generation Label. A third possibility which

avoids the dangerous Goldstone boson is to consider an extra
"horizontal™ gauge group under which different generations form a
gauge multiplet. The simplest example is a U(1) gauge symmetry but
larger groups can be considered. The complications are: A severe
anomaly constraint; the existence of a new gauge boson (or bosons);
the danger of flavor changing neutral currents associated with
"horizontal" gauge bosons.

Of the three possibilities, the discrete one is the only one
which leads to no great difficulties. If we could find a discrete
symmetry which is "natural™ in the sense that its existence is caused
or guaranteed by some other feature of the overall theory, it would

be a likely candidate for a generation labeling scheme.
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Another important property of a gereration-labeling quantum
rumber is its space-time rature.
Let us consider an operator under which e° .po and t° possess

© is a massless electron

the quantum numbers xe.xu,xT. Here e
appearing in the standard model Lagrangian. If the symmetry is
vectorial, X(eL)zx(eR) ete. If it is axial, X(e;) =-X(egp) ete In the
first case a scalar field with X=0 can induce diagoral mass terms for
e ,vand T.

The necessary X-values for scalar fields which conrntribute to
mass-matrix elements are:

[0 X -X X -X
[<]

On the other hand, if X is an axial quantum number, the three
diagonal mass-matrix elements must be contributed by three different
scalar fields.

The necessary values are:

2X X +X X +X
e e 'u e 't

X +X 2X X +X

e Ty u T

X +X X +X 2X

e T HoT T
In view of the different scales of the masses of different

generations, we believe that the axial optior is preferab1e22). I

n
grand unified theories such as 0(10) only axial quantum rumbers are
possible, since eL and ez belong to the same multiplet and must have
the same eigenvalue for a given gereration-labeling operator.
Consequently, ei and ea must have opposite eigervalues.

de conclude that, on quite general grounds, an attractive

generation- labeling sSymmetry would be an axial discrete symmetry,
provided that it is not artificially concocted. In composite models
we do rot have an arbitrary freedom for invernting such symmetries.
The fundamental Lagrangian in such models is fully specified and all
symmetries at the composite level must follow ir one way or another

from the properties of the theory.
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Corresponding quarks and leptons in different generations must
have the same SU(3)chU(2)xU(1) quantum numbers. They differ by some
"generation number™. All generations are approximately massless in
comparison with the compositeness scale. Hence, they cannot be
obtained by radial or orbital excitations of the first-generation
"ground state"™. A possible excitation of a composite massless fermion
which may lead to a different composite massless fermion is an
excitation by ore or more pairs of fermionic constituents. In a given
composite model we should therefore investigate the possibility of
constructing a system of preons and antipreons forming a scalar under
the Lorentz group as well as under SU(3)chU(2)xU(1), but possessing
a nonvarishing value of some "gereratiorn rumber". Such a system could
be the difference between corresponding composite fermions in
different generations.

An interesting possibility23): Irn hypercolor composite models
with K massless constituent fermions, we have a global
SU(K)LxSU(K)RxU(l) symmetry. Ar additional axial U(1) factor is
broker. Hovewer, a discrete axial ZZK symmetry always remain
unbroken. Such a symmetry may serve as an adequate candidate for a
generatiorn number, It is arn axial, discrete symmetry and it is not

artificial at all. It exists in the theory, "waiting" to be used.

10. Structure Within One Gereration

Each generation of quarks and leptons contains eight types of
states. We list them in table 1, arranged in descending order of
their electric charges.

An inspection of the table reveals a few features which cannot

be explaired within the standard model:

(i) The electric charges of the quarks and the leptons are
quantized in a related way. Thus Q(u):%Q(e*) and the hydrogen atom is
exactly neutral. This is rnot at all guarranteed if the SU(2) and U(1)
gauge interactions are unrelated.

(ii) The sum of the electric charges of all fermions vanishes.

This is the famous conditior for the vanishing of the triangle
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[«
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(o]
P
o
w
]
[

et 1 1 1

2 1
u 3 3’ 3
- = 1 1
d 3 3 "3
Ve 1 0 -1
v 1 0 1

e

1 1
d 3 "3 3
" 3 2 1
u 3 3
e~ 1 -1 -1

Table 1: Fermions and antifermions
of the first generation

anomaly in 3SU(2)xU(1). It is the only ingredient of the standard
model which explicitly connects quarks and leptons and which tells us
that a model with quarks and no leptons (or vice versa) is not
renormalizable. A fermion (antifermion) is defined as a left-handed
doublet (singlet) of the SU(2) gauge group in the standard model.

(iii) There are certain color-charge combinations which exist
(and repeat themselves in higher generations). Other combinations do
not exist. We have surprising correlations. For instance, 3Q (ggg i)
is identical to the color triality, although no relation between
charge and color is implied by the standard model.

(iv) The electric charge is limited by 121<1.

The above regularities cannot be accidental. They must be
explained by some theoretical structure which goes beyond the
standard model, either by embedding the three different gauge groups
in a larger simple group or by constructing all quarks and leptons

from more fundamental constituents.
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In a grand unified 0(10) theory all of these regularities are
beautifully accounted for by the structure of the group and its
15-dimensional spinor representation. The related charge quantization
of quarks and leptons is guaranteed by the relationship between the
SU(2) and U(1) couplings. The absence of anomalies is automatic in
0(10). The color-charge correlations are dictated by the specific way
in which SU(3)xU(1)py is embedded in 0(10). The IQI<1 limitation is
a property of the 16-dimensional multiplet. In a SU(5) grand-unified
theory all of these features are also explained.

In a composite model one would hope to explain the pattern
Wwithin one generation by a set of simple rules based on the
properties of the fundamental fermions. Such rules should presumably
be analogous to the quark model rules which neatly explain the
repeated appearance of decuplets, octets and singlets of the
flavor-SU(3), with no other representation appearing.

A particularly satisfactory explanation of all features of one
generation is given in the rishon modelZQ), based on a hypercolor
3U(3)-group. There we postulate two types of fermions: The T-rishon
in a (3,3)y,3 of SU(3)yxSU(3) xU(1)py and the V-rishon in a (3.3),.
Tne structure of one generation is given by the hypercolor-singlet
lowest-color states of three rishons and three antirishons. These
states are listed in Table 2.

All four features which we mentioned at the beginning of this
section, can be neatly explained in such a model:

(i) All electric charges are due to the T-rishon or
?—antirishon. Hence, quark and lepton charges obey simple ratios. A
Hydrogen atom contains e+u+u+d = 4T+4T+2V+2V. Its neutrality is
trivially understood.

(ii) The quarks and leptons in one generation are
3(u+d)+e+ve56(T+T+V+V) Hence, their sum of electric charges (or any
other additive quantum number) vanishes, and the standard-model

anomaly cancellation is simply understood.
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Rishon

Color Q B-L Combination
et il 1 1 TTT
u 3 % ?1’. TTV
1 5 % _% TV
v, i 0 e b |
Ve 1 0 ! VW
4 5 . % % W
; 3 T 3 bl
e i -1 -1 TTT

Table 2: Rishon model assignments of first genera-
tion fermions and antifermions.

(iii) The color-charge correlation is automatic., Replacing a T
by a V corresponds to AQ:-%,A(triality)=—1. Hence, the equality
between 3Q(mod 3) and the color triality.

{iv) All quarks and leptons are three-rishon states, all
combinations appear and the fundamental charge is %. Hence, the
observed electric charges must correspond to all integer multiples of
Q ranging between Q=+1 and Q=-1. |Q|>1 values cannot be obtained from
three rishons or antirishons.

The rishon model, like all other composite models,suffers from
several difficulties which we have discussed in detail elsewherezu).

Its success in accounting for the structure within one generation is,

however, impressive.

11. Composite Weak Bosons and Residual Weak Interaction
In composite models of quarks and leptons we usually face at

least four types of gauge bosons: Hypergluons, gluons, photon, and
weak bosons. Which of these bosons must be elementary? Can some of

them be composite?
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There is a certain confusion in discussing the possibility of
composite gauge bosons. There are theories in which a certain
fermion-antifermion pair of fields may appear to have some or all of
the properties of a gauge boson. In some sense this is a composite
gauge boson, but it appears in the same fundamental Lagrangian with
the fermion fields and all other fields of the theory. Such a
possibility is very interesting and some toy-models incorporating it
have been constructed.

A different concept of a composite gauge boson is this: It does
not appear at all in the fundamental Lagrangian of the theory (in the
same way that other composite objects do not appear there). It does
appear in the low-energy effective Lagrangian together with all other
composite particles. Here we would like to study whether some of the
gauge bosons may appear as composites in this sense.

In a hypercolor composite model, the hypergluon must clearly
appear as a fundamental massless gauge field in the underlying
Lagrangian. It will not appear at all in the low-energy Lagrangian.
What about the gluon, photon and weak bosons? Consider first the
massless gauge bosons (gluon and photon). If an exactly massless
gauge boson appears in the low-energy effective Lagrangian, the
Lagrangian must be exactly gauge invariant under the corresponding
gauge group. This gauge invariance cannot be broken by higher
dimension terms which are proportional to AEN(N positive). If no
small corrections of any kind are allowed to break the exact gauge
invariance of the effective Lagrangian, it is essentially unavoidable
that the original underlying Lagrangian also possesses the same local
gauge symmetry. But in that case, it would probably contain the
corresponding massless gauge bosons as fundamental fields. We
therefore suspect that the gluon and the photon are not composite.
They have the same status as the hypergluon in the underlying
Lagrangian which must now be gauge invariant at least under
SU(N)HxSU(B)ch(l)EM.
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The above argument dces nct necessarily apply te the massive W
and Z wWeak bosons. The weak gauge symmetry of the effective
Lagrangian could be an approximate symmetry, broken by higher
dimension terms which vanish as Ay > «. It is cconceivable that this
approximate gauge symmetry is nct fully present at the underlying
level. In fact, the lengitudinal compcnents of W and Z are "bern"
frem the scalar fields which are probably formed as condensates of
tne fundamental fermions. In scme sense, at least the longitudinal W
and Z must be composite in such a scheme.

The pessibility of composite W and Z which de not appear in the
underlying Lagrangian is extremely interesting. It leads to exciting
consequences but also to seriocus difficulties.

Let us ccnsider a process such as neutrinc-neutrine scattering,
in a meodel in which neutrinos are composite. The neutrinc carries ne
hyperceler, ccler or electric charge. However, it must contain
objects which possess at least hyperccler, pessibly even cclor. At
short distances cf order AH-1' the twe scattered neutrinos must
experience a short range residual hypercolor force. Even if the
nature of the binding force cf the constituents is different, and
even if it is not a color-like interaction, we still expect a
short-range residual interaction between two composite neutricns. One
way of parametrizing this shert-range force, is in terams of the
exchange of the lightest bosonic bound states cf the same fundamental
constituents. If W and Z are such compcsite states, their exchange
may control the longest-distance component cf the residual
short-range force. In that case, the ccnventicnal weak interactions
are identified as a residual effethS) of the original hypercclor
force (or any cther fundamental binding force inside the neutrino) .
The weak interacticn are then eliminated from the list of fundamental
interactions in the same way that hadronic interactions are residual
color forces.

If the photen is fundamental but W and Z are composite, how do

we understand the "unified" electroweak theory of the standard mecdel?
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In the standard model, the electromagnetic and weak interacticns are
net fully unified. Their relative strength remains an arbitrary
parameter, related to sinzew. The standard model provides us with a
clear mechanism for y-2° mixing which could be somewhat analogous to

% and y-¢° mixing of the old "vector dominance" idea. A

the Y=p%* y—u
major difference between the two situations stems from the different
order of magnitude of the p® and the 2Z° direct couplings.
Experimentally, giﬁv1/300 while g$ZN1/U. How can we explain such a
difference?

Many authors have discussed this issue during the last year26).
Their consensus in that there is no difficulty in obtaining a gz of
the correct order of magnitude, provided that the spacing between Z°
and any higher composite boson is of the order of a TeV or so. That
sets another bcund or the compositeness scale AH , for the case of a
composite Z .

In fact, we may consider two extreme possibilities in theories
with composite W and Z bosons:

(i) The compositeness energy scale is relatively low, say,
between 1 TeV and 10 TeV. 1In such a case we may hope to observe
experimental deviaticns from the standard model predictions for the
properties of W and Z. Such a deviation could be seen in the W/Z mass
ratio, W magnetic mcment, small viclaticns of universality ete. For
AHNI TeV, the effects could probably be detected within the next
decade (but the mecdel should ccpe with all the constraints of figure
1, a highly nontrivial requirement!)

(ii) The compositeness scale is AH>>Mw (say, above 100 TeV)., In
such a case LEFF should be extremely close to LSM and no experimental
effects can be observed in the near future. In that case, however, we
must face a new puzzle: If AH>>MW' what symmetry principle protects
Mw and MZ from obtaining higher crder mass corrections which would
1lift them up to the order of magnitude of AH? So far no one has
proposed a convincing reason for a small mass of a composite Wor 2
boson. In the absence of such a reason, the pessibility AH>>Mw
appears te be unlikely.
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Needless tc say, there is a continuum cof possible AH-values.
The lower Ay is, the socner we can detect deviations from the
standard mcdel . For smaller Ay it is easier tc understand the value
of M, but it is more difficult to construct a mcdel which survives
all the tests of figure 1.

We therefore cconclude that the pessibility of composite W and Z
besons is interesting, but sericus difficulties exist, especially for

large AH-values.

12. Summary and OQutlook

We conclude with four statements:

(1) At present, there is no experimental evidence for quark or

leptcen compecsiteness. Both high energy and low energy experiments

should continue to search feor such evidence. Experimentalists should
probably ignore specific theoretical composite models and concentrate
on pushing the varicus experimental limits until some new effects are
discovered.

(ii) There is strcng circumstantial evidence for the

ccmpesiteness of quarks and leptons. In view of the lack of

experimental clues, it is perhaps too early to demand a sericus
self-consistent thecoretical model.

(iii) There is no satisfactery theoretical model of compesite

quarks and leptons. However, the models propesed so far contain many

interesting new ideas. Each of these ideas should be investigated on
its own merit, regardless of the detailed mcdel which may have led to
it. Several correct ingredients of the correct theory may already be
with us now.

(iv) We have hardly began tc investigate the subject of

compositeness. It is almost unavcidable that the next decade or two
will bring new experiments, new theoretical ideas as well as new
difficulties for quark and lepton compositeness. The subject will
certainly stay with us for a long time. It is not at all clear
whether by the end of the century (and the millenium) we will know

whether the electron is composite.
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Abstract

A strong-coupling, confining SU(Z)LX SU(Z)R gauge model for the
weak interactions is proposed and analysed. The general, underlying
idea is that weak interactions as measured at presently available ener-
gies are residual interactions among composite quarks and leptons much
in the same way as the conventional strong interactions among composite
hadrons. The model under consideration represents the simplest exten-
sion of the generic Abbott and Farhi mode]l) dispensing with unwanted
fundamental scalars and allowing for both, left-handed and right-handed
composite quarks and leptons. The SU(Z)LX SU(Z)R scenario, with two
different confinement scales A~ GEI/Z and Ap > A s is investigated
within 't Hooft's frameworkz): The massless fundamental fermions (pre-
ons) introduce a chiral symmetry into the original gauge Lagrangian,
which in the present case is taken to be SU(4)L>< SU(4)R » correspond-
ing to three colors and electro-magnetic charge in the global limit
0LQCD/OLL,R 5 OLQED/OLL’R - 0 . Following 't Hooft, this chiral symmetry
is assumed to (partially) "survive" SU(2)L><SU(2)R confinement in the
Wigner-Weyl mode, such that a set of fermionic bound states, the quarks
and leptons, is kept "naturally” massless via 't Hooft's anomaly match-
ing conditions. It turns out that these conditions single out one
"ground-state" family of massless composite quarks and leptons for
1< %Ry, < (AR/AL)m.t , with both left-handed and right-handed ones
having a radius O(l/AL) . The spectrum is left-right symmetric, no
exotics appear and none of the composite leptons involves colored
preons, which is reassuring.

In order to gain more insight into the effective interactions for
momenta A <P = Ap and p < A s a two-step confinement analysis is
performed for the idealized case A << Ap - Thus, in a first step, for
the momentum range A <p= Ap s the global SU(2)L limit o(1_/,c1R->0
may be considered. The relevant chiral symmetry then becomes
SU(6):>SU(2)Lx SU(4)R . Using the general anomaly conditions for the
SU(6)® anomalies and the fact that all SU(2)R singlet composites
must be mesons,it is shown that the SU(6) chiral symmetry must be
spontaneously broken for p < AR . The associated Goldstone bosons enter
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the effective Lagrangian for AL <p <hp as new composite scalar
fields and realize the SU(6) symmetry non-linearly. On this Tlevel,
the important global SU(2) symmetry of weak isospin arises (approxi-
mately) in the Goldstone boson sector. It is well known”’how to fix the
form of the effective weak interaction Lagrangian at present energies

p < AL . After switching on the SU(Z)L gauge forces in the second
step the Abbott and Farhi Lagrangian is essentially recovered, however,
with the (composite) Goldstone boson multiplett playing the role of the
scalar doublet. Finally, it is argued that the weak interactions of the
right-handed composite quarks and leptons are suppressed for p < o

by powers of AL/AR relative to those of the left-handed ones.
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Abstract: There has to date been a gnod deal of theoretical work on
models of composite quarks and Tleptons, although so far they have no
experimental support. Despite this effort no elegant and realistic model
has been shown to satisfy all the constraints. For example consider the
Rishon mode]l) which is based on the Tocal gauge group SU(3)HX SU(3)CX
U(l)EM with spin 1/% Rishons t = (3, 3, 1/3) and V = (3, 3, 0)

As emphasised by Okun ) this model apparently fails to satisfy 't
Hooft's constraints3) or the experimental bound on the proton lifetime
T > 10%%r . Progress had been made on the latter problem with the
proton decay rate sufficiently suppressed for a compositeness scale

Ay > 107 GeV 1). In addition to this I would 1ike to report on recent

progress I have made with the former prob]em4).

The first of Okun's problems is that in the limit gc -0,
a » 0 the Rishon model is analogous to six-flavour QCD, having a glo-
bal symmetry G = SU(6) xSU(6) xU(1) . The Rishon model then faces the
dilemma that if the chiral symmetry is spontaneously broken as in QCD
in the diagonal mode Gp - SU(6) xU(1l) then no Tight fermions can re-
sult, whereas if it is spontaneously unbroken then the resulting anoma-
ly equations possess no so]ution3). The only way I know of to overcome
this dilemma is if the chiral symmetry is partially spontaneously
broken in a new mecde GF - HF . But this suggestion opens up a Pandora's
Box of questions suchas: What is the value of HF and the condensate?
Why does the Rishon model differ from QCD? And what are the experimen-
tal implications? Let us see if we can't catch some of these devils.

By imposing certain basic requirements on HF (such as HF must
contain SU(3)CX U(l)EM with the physical Rishons and must allow the
anomaly constraint to be satisfied) we quickly arrive at a list of
possible values of HF - We can then supplement this by a corresponding
list of candidate condensates which contain the singlet of HF . In
this way we are led to the following table of candidates {see table and
ref. 4).

To select the true condensate and pattern of chiral symmetry
breaking from the table we may employ a simple plausibility argument
based on one gluon exchange. We can show that in fact the most attrac-
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tive channel for massless QCD is a six fermion colour singlet and not
the usual bilinear colour singlet channel (see ref. 4 for details).
Assuming (a) Electromagnetism is preserved, and (b) Left-right symmetry
is spontaneously violated in the usual way, leads to the rishon conden-
sates, <(VRVR)3> << <(VRVR)2(VLVL)> << <(VLVL)2(VRVR)> << <(VLVL)3>~AI_3| .
At energy ~y the condensate is then <(VLVL)3> which corresponds to
the last entry in the table. According to an argument due to Albright,
Schrempp and Schrempp, if the top quark mass has exceeded a certain
critical value then real 1ife six flavour QCD would refuse to behave in
this way but would undergo a phase transition into the diagonal mode,
as observed experimentally.

It can be shown that the condensate <(VLVL)3> and corresponding
pattern of chiral symmetry breaking (see table) leads to an anomaly
equation with the solution of three generations of massless quarks and
]eptons4). Further colour states of quarks in 6, 15 and Teptons in
8, 10 are also produced but are expected to gain large dynamical masses
of 10-100 GeV from the QCD vacuum. The phenomenology of these exotics
is discussed in ref. 5. Goldstone bosons are also produced in abundance,
a]thoz?h there seems little hope of detecting them unless Ay is very
small’™’.

Table
Candidate Condensate HF
<(W) 2> SU(4)xSU(4)xU(1)R
<(tLTLVLVL)> SU(3) x SU(3) x U(l)Rx U(I)B_L X U(l)Y
- - Y
<(tLtL)2 + (VLVL)2> SU(3)Cx U(I)Rx U(l)B_Lx 7,
- - Y
<(tLtL)3 + (VLV )3 SU(3)Cx U(l)Rx U(l)B_Lx Ze
V_ .Y
<(VLVL)3> SU(3) x SU(3) x U(1) gy x Zs x Zs
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Abstract: The family structure of quarks and leptons is still awaiting a
natural explanation. Neither the Tow-energy gauge theories such as the
standard model nor grand unified theories have been able to answer the
question: what distinguishes the generations? Phenomenologically, the
only difference seems to reside in the fermion masses and weak mixing
angles. Therefore, any explanation of the generation puzzle has to
yield at Teast some insight into the structure of fermion mass matrices.

It is an obvious conjecture that a solution of the generation
problem requires a more fundamental theory than presently known. An
interesting proposal in this direction has recently been put forward by
Harari and Seibergl) in the framework of composite models. The global
symmetry of a subconstituent model based on a confining hypercolour
gauge theory usually contains a discrete symmetry which is the remnant
of an axial U(1l) symmetry broken by the hypercolour anomaly. If the
generations are postulated to differ by constituent pair excitations
such a discrete symmetry could provide a generation labelling quantum
number. This symmetry will then be spontaneously broken at the same
scale as the low energy gauge group.

In a recent work2) I considered the rishon mode]l) as a specific
example of such a mechanism to examine possible traces of the discrete
horizontal symmetry (the cyclic group Z,, 1in this case) in the quark
mass matrices. The rishon model is supposed to lead to a left-right
symmetric low-energy gauge theory. Assuming that only a few effective
scalar fields dominate the quark mass matrices upon spontaneous symmetry
breaking one may look for constraints between quark masses and mixing
angles.

Among the several possibilitiesz) one finds in this manner a
single model with a definite prediction for the Cabibbo angle in terms
of quark masses. There are two effective scalar fields in this case.
The resulting quark mass matrices resemble those of a model encountered
earlier in the context of a general classification of horizontal symme-
tries3). Although the Kobayashi-Maskawa mixing angle ©, 1is only weak-
ly constrained by an approximate upper bound the model predicts with an
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accuracy of better than 9%

sin elmﬁﬁcﬂm

S
in excellent agreement with experiment. The additional relation

m
$in®y = m_s sin 6,
b

implies a very small mixing angle ©; and will serve as the crucial
test of the model.

A11 CP violating amplitudes due to the left-handed mixing matrix
are proportional to sin ©; . If all other sources of CP violation are
sufficiently suppressed by a large enough mass of the right-handed vec-
tor bosons the predicted magnitude of ©; gives a natural explanation
of the smallness of CP violation.

In conclusion, the hypothesis that generations differ by consti-
tuent pair excitations and may be distinguished by a discrete axial
symmetry seems promising and encourages further study of composite
models.
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