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Abstract

Theoretical and experimental implications of the existence of excited states of ordinary leptons
and quarks are examined. The contribution of excited electrons and of their neutral partners to the
decays Zp — ete™ v and Zy — vy are discussed. Signatures of excited quark states are compared
with reported experimental observations. Through weak isospin invariance,it is also found that there
may exist excited quarks with weak isospin 7,, > 1 which have exotic charge assignments and decay
only electroweakly into ordinary quarks and leptons. These exotic quarks will give rise to charge

-3 baryons and charge 42 mesomns.

1. EXPERIMENTAL MOTIVATION
In 1983 UAI and UA2 Collaboration reported the observation of the process

Zo— ete—n (1 event each)

and

Zo— uTuy (1 event)
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as well as Zo — eTe— and Z; — utu— for a total of 13 dilepton eventsih:?l. The energy and

emission angle of the observed photons, which we reproduce in Table I from ref.[3] , do not favour a

TABLE I - Properties of the 1117y events.

ete y (VA e'e g (UAZ)| 'Y LAY
Ey (GeV) 338+15| 2Ubt10) 283525
E,, (Gev) 610:12| 69.9:18 50.6 ff;
F, (GeV) 9p4 | 14.5:0F|622" %
Aa®(2p) 132.0:4.0| 129.9 7.9
Ac(Ay) | fhbilO] 218 99.0
. («e‘*f&’)(@@ L2724k 5041d) 409 f,f;f
n @) ()| 991250 | 906219 8547107
m@P(AY)| 825525 HhT+18|50 =04
m@y) () he=10| 103 52527

a) da is the angular difference in space,

conventional explanation in terms of hard bremsstrahlung (4], Furthermore at this conference, there

has been reported the observation of other unusual events :

pp — missing energy-+‘photon’ +X  (UAL)

and .

pp — missing energy 4 single jet+X (UAlL)

with large value of transverse missing energy and large p: values for the photon and the jet 181 and

pp — electron -+ missing energy - hard jei(s) +X (UA2)
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with a large total invariant mass [81. Tables Iﬁ, III and IV reproduce the characteristics of these
events as reported by the experimental groups.

Many suggestions have been advanced to explain the anomalous Z, events [7=12], In this talk
I shall discuss in detail a model of excited quarks and leptons which bears the signatures of the
reported events, although the event topology shows other anomalies”] and the production rates are

not fully consistent between the different processes.

2. THE EXCITED FERMION MODEL

The excited fermion model is based on the idea that if quarks and leptons are composite
objects!*2], there may exist excited states Which are coupled to ordinary fermions through the usual
electroweak fields as well as through the gluon field and in a such a way so as to conserve weak
isospin. The excited fermion hypothesis can be phenomenologically understood as an extension of
the known three families of light leptons and quarks through the use of weak isospin. In the standard
SU(2) x U(1) model, the known particles can be classified as belonging to weak isospin multiplets:
right (left) handed fermions belong to isospin singlets (doublets) and the gauge bosons belong to
triplets, W, or singlets, B# To the electroweak fields, one can add the color field G#¢ which
behaves like a singlet under weak isospin transformations. One may then consider the existence of
fermionic states which can be excited using light fermions (/,==0,%), Intermediate Vectdf Bosons
( Iy==0,1) and gluons (/,==0). To lowest order in o only [,=0,%,1,% need be considered. The
resulting spectroscopy is very similar in spirit to the one which was done in the early days of particle
physics when the nucleon isodoublet and the pion isctriplet had been used to obtain the spectrum
of many of the non-strange baryonic resonances. Since all the gauge fields carry no hypercharge Y,
only couplings between excited and light multiplets with the same value of Y are allowed. As it
is well known, the effective coupling has to be of the magnetic moment type transition for current

conservation. This leads to the following effective lagrangian :
Lepp=g'B*JY -+ gW" . Ty - g GHoJ % (1)

“The hypercharge current J }f receives contributions only from I, = 0, § states as follows :

T (I = 0) = _.(%)(L%‘w,,,,@”eg + h.c) (2;:" )((7%,,@”113 + h.c.)



TABLE II - Properties of the isolated "photon" events (UA1),

—

Rum |Ee | 1Ee] | AE,  |E,(y)| me(4E)
eventlfoeV) |(GeV) | (GeV)  |(Gev) | (GeV/cD
WFE1298 | 91 | 4024 | 4 | 9325
b 390 104 (406 |44 | SL+6

TABLE III - Properties of single jet events (UAL).

Q Geue'raL‘ event P"Okat-'cs ’ Jeb ‘P‘rope,-ftie,s
we (GeY) [Go¥) | GY) |(Gevicd [GeV) [ (aeY) | (deg) (Gev/e)  kquvic?)
A 75%2 300 ;f« ?22:;)8;« 130 xi6 ?f; 2h 1152 ~L13  |+u6 4.?; Snrglctﬂwl‘i :
BRI
B 5 294 | 90 |59£7 {10622 | 4§ | 233 |-l ;-o.s‘i #0.0 j’? 019042 |
- R
C 129439129 |h6x8 | e |52 | 441 | 176 |-003 |29 195 | 9
-13.0 * gfg
| {19300
. . ‘_ ,OL‘, K -~ {J. , N
D ;7’23% 279| 75| 416 | 95512 | 43 | st | -34 |0 osz 00 34l + 05
+08 joob‘)c??
80%2 *096 +0.051
o] 38 |92 [45F | otk |46 299 195 | 062 ~0.085 | yggomstudd
1> _0,54*%%‘2 {racks
- 0.0
-8 4:0.212
FoS0% s |95 (meF | ek |39 |62 | 4 |03 037 | i 006
“58 -%6, *g'gé

a) Electromagnetic part of the jet transverse energy.
b) Azymuthal angle §.
¢) Rapidity %>0 in direction of outgoing T.

d) Charged tracks associated to the jet with p; > 0.5 GeV/c, Errors are statistical only.

e) This event could have other unreconstructed tracks in the horizontal plane.
%) Including the muon momentum in the c¢alculation,



(UA2)
Events A B C units
(@ _|183208 | 220209 [3hh232] .y
E lectron ?”2 © a9l 6.02 -0.253 0.2k geV/e
"0 (3) 1F+3 6F +¥ 39+ 5 | gV
g d | - 059 - 0.26 0.07
M) 9 | 50 310 3 degrees
5 | % (12) 64! 213 GeV/c
Jebs W | o0bo 012
A_‘i’ﬁjﬁ)ﬂ@‘ 1 93 (43 degrees
P‘r(ﬁ) 5 bl T/ GeV/e
(350 %) | - 109 -1
XZP (33) & 70 6?5 degrees
E-(T) 39+ L 67t ¥ 66+ 6 GeV
™M (T) 6315 GeV/c?|
R (v) 5/+4 86 +6& 5F7£5 geV/e
APV O 220 [ 41 I 4l dogrees
m (V) | 5622 g1+ 3 82t b |SW/e?
{m(wT) | 1¥9 7 IF6 £9 1628 |GaV/cZ
1) xpcwp) |0452004 |-0.00£0.06 | p.04 10.05
P Z{szW.ﬂ y 166 164 Gev /e
C Xe(wd) | ~0.55 -0.3/ 0.3

a) The pseudo-rapidity n is positive in the proton direction.
b) As mentionad in ref. (6), jet energies are expected to be smaller than the
parent parton energies. This has not been corrected for and affects all

parameters depending upon jet energies.
c) AP is the azymuth difference with respect to the electron,

e w

9 I

—g—) = —-( i‘)(ZFUMUQVlL + hl.c.) —+— (éu

where the notation follows that of Table V and VII, where the multiplet structure of the excited

fermions is described in detail and y represents the mass of the excited fermion.

The isovector current Jy receives contributions from Iy = 4,1 and § :

)(’\ffowg"% + h.c.)
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fp(lw — -;-) = (%)(é‘ow@ {7, - k. c ( ‘I’UWQ -qL “+ h.c. ) {(3a)

Tl = 1) = (“—;—)(Z"GWQ er -+ h.c.) +( f1u )(Uoﬂycg”ug + h.e)
+(f ”)(D 0uwQVdr + h. c) (3b)

Jum(ly == ") = C("‘ M1, m: PRIL )l:( )(fMapvleLm + h.c )+( ﬂq)(\I’MUpVQVCILm’ + h.c.)

(3¢)
The color current J u is composed of I, == 0, 4 contributions :
——y XG
Jo4(Iy = 0) = (%)(UOHVQVE-HR -+ h.c.) -+ &f;d)( ou QY """‘d}? + h.c. } (40)
Ly = 5) = (fé)(\llo“ Q7 —»qz -+ h. c) (4b)

In the above equations, @# denotes the momentum of the gauge field and yx the mass of the
excited fermion. In Eq.(3¢), C’s are Clebsch-Gordon coefficients. 7 and A% are the Pauli SU(2) and
Gell-Mann SU(3) matrices respectively. W§ and B# are defined in the usual way :

B¥ == ¢os fgrwAﬂ """ SUU g'w ¢ (5“)
W = sin ,A” -+ cos 6, 2" (50)

in terms of the physical fields A# for the photon and Z* for the Zy, 6 is the weak angle, with the

gauge coupling constants g, ¢’ and gs given by :

2 2
Y o g~ o
g2 . L 2 8
4T p2 8., Yodn 0828y (6a)
and
2
% = ae(Q?) A L (for five flavours) (65)
am 23log S

The constants appearing in the above equations, f, ' and f; will have to be determined by the
experimental observations because of our lack of understanding of the underlying dynamics. As for
the mass of such excited states, while there are no estimates from first principles, sarlier guesses
had placed it in the TeV range, i.e. in the range of a possible composite scale AlY4l, Indeed there
are indications, from Bbabha scattering for instance, that the composite scale cannot be less than
750G eV 118l Present interest in the interpretation of the collider events, would instead favour a mass

in the 60 = 150GeV range, i.e. of the same order of magnitude of the Intermediate Vector Boson
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(IVB) mass.
It is important to notice that the experimental limits on the mass of an excited lepton are
consistent with

b= 60GeV

and a coupling of order unity. In ref.[7], it has been pointed out that coupling of excited leptons to
the light ones may generate flavour changing neutral current processes which are of order ( —’;})4 with
respect to ordinary weak interactions. Thus the effect is very small if the mass m of the ordinary
leptons does not exceed that of the 7 and that of the excited ones is not less than, say, o~ 50GeV.

Limits on both the mass and the coupling are placed by the measurement (at both Petra and

PeP) of the cross-section for the process
ete™ — 4y
Present data 116] are consistent with the constraint
2V2u% 2> (60GeV IS + £l

Finally, more stringent limits on these same quantities can be derived from the measured value of
(g — 2) for the muon [17], In this case while a pure vector or a pure axial vector type coupling would
give a contribution linear in 7, hence large for any reasomable u mass, the requirement that the
coupling be of the V' — A type leads to a correction like {718l

0o — 2) = (s + PR
For u > 60GeV this'implies

If+7l< 1.5

All of the above fells us that, while plausibility arguments would place the excited lepton mass in
the TeV range, there are no experimental counterindications for a 'low’ mass, like 60+ 150GV and
that the coupling may be of the same order of magnitude than that of the usual weak interactions.

Thus both experimental and theoretical constraints seem to allow for excited fermions. Naturaily,
one may then also consider the idea of new massive sequential states to not just quarks and leptons
but also to IVB’s. This has been the object of many investigations 1211, In particular, and to ex-
plain the anomalous Z-decays, there has been advanced the hypothesis of a direct coupling between
Zy,y and a scalar (or pseudoscalar) resonance which decays into ete™. From the experimental data,

shown in Table I, one would expect such a state to be in the 40+ 50G eV range. Recent investigations
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at Petra [22] of the possible decay channels of such a state seem to exclude the presence of a resonance

in the processes

ete™ — hadrons, u+,u-', ete, vy

at least up to energies of 45.22GeV. At the same time it has been shown!224] that the contribution
of such a state to the {g — 2) of the muon would be quite large and could be cancelled only by the
contribution from an almost mass-degenerate pseudoscalar (or scalar) partner . This would imply

an hitherto unknown symmetry of the lagrangian.

3. EXCITED LEPTONS
The multiplet structure resulting from the excited fermion model was studied for the leptons
in ref.[7] and is shown in Table V. This table indicates that if the excited leptons are lighter than

the IVB’s, the following decay modes can be observed :

Zo—eTe™y  I,=0, -2;—,1,%

- 13

Zo— vy dy=3,3

13

W ey Iy= 55

I - 3

W—eTe (fifo) Iw= Ls
- - 3
W= vi(fife) fw= 3

where (f1 f2) represent a fermion-antifermion pair belonging to the same isospin multiplet. For the
case Iy, = &, the calculation of the expected IVB decay rates into the above radiative channels

produces the rates shown in Table VI, where

2

7 =|f cos® 0y — [’ sin® aw]2(z -+ (%—)2)(1 — «[-ﬂ’f}-)z) L
b Lz 1— 45in? 0, + 8sin* 4,

and

M3+ 22 (M2 — 12\ M\ 2
= | (1 — 45in® 6y + 8sin*
g 1\42—1—2#2(1\{%—~M2) (Mw)( Sy o+ B’ )

With the values

~A

| fcos? G,y — f'sin? 8y

B}

and

p==T75GeV



TABLE V - Quantum numbers (charge Q, hypercharge Y) of

excited leptons (belonging to the first family) with IWSS 3/2
and their coupling to light leptons with same Y.

“;]C‘:f Mufbiptet @ 1Y | coupted to |1,
- e throuw
0 E -11-21 7% B:a # o
0 (v
o 1= | =) -1 en B g/
“19% e L w* and B
E? 0 thvough
~ €, You
O O 1 1 I A 4
E™ -2 |
# 41 v ‘
Eo 0 ( e )" Umnuglu 4
3/2) g"’ -2 -4 -1 \,{7)“ 2
E™ -2

TABLE VI - IVB's radiative decay rates, I = 1/2.

"%z ¢ey) M(Z% vy MW e’y y)
e e ‘.t
}—1620__7,@4@" , rﬂ(zo_yefe') ]_‘CW e Vc)
92 [ e //
Y fﬁgnz%__———:gs’nf& ? 108 43 —
$03@-$sin . oy 8 {5,
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one obtains good agreement with the experimental observations, i.e. a ratio
r=0.2

for Zo — ete—~ relative to Zg — ete— and mo W — evny in excess of the expected QED
backgroundlzr’]. These values of the parameter bear a very definite prediction : the existence of
the decay mode

AZ@ — l/&’)’.

The number of expected events depends upon :

(a) the weak isospin assignment, [y = L and/for Iy = §,

(b) for each I, the number of excited families contributing to the decay,

(c) the relative sign, and magnitude, of f and f.

Nothing can be said about the ispospin, although it is plausible that it be J = 4. On the other
hand, the observation of the uFu—~ mode implies the existence of at least two excited families.
For two families and J,, = &,one has

L(Zy — von) Feos by -+ f1sin? 8, 4

T2y — ete) o feos? 8y — [ sin® 8y,

Ty =

Lacking insight into the dynamics of the model, one cannot predict this ratio and must wait for more

experimental or theoretical information. During the last year, the UA1 Collaboration has searched

for this type of events and has reported,at this conference, the observation of two events, with the
characteristics indicated in Table I. Both events are cémpa‘tible with Zo-decay, although one cannot
exclude the possibility that the photon of event G is an electron, which has passed through the
region where the central detector is not sensitive.

Another interesting prediction of the excited lepton hypothesis is the exixtence of I, > %
multiplets with exotic charge states, like a positively charged electron E+ and a doubly charged
E~——. These leptons can only have f-decays and are coupled to light leptons only through W + and
W—. If the mass is in the 70 = 80 GeV range, the decay rate is however very small. With present

statistics on W-decay modes, one expects

W - 6+6'_(f1f2)"{' Iv=1,

IR

with o~ 1 event in the eTe™ jet jet channel and

Wt — V&(f1f2)+ Ly == -

ot
(A8
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with 1 + 2 events in the missing energy -+ 2jets channel and 0.2 - 0.3 events in the electron -
missing energy channel.The signature of the latter events differ from the usual W — ev decay

because the electron should be substantially less energetic than the 'neutrino’.

4. THE QUARK SECTOR
The excited lepton hypothesis can easily be extended to the quark sector. One finds that excited
quarks can be divided into two groups, those which predominantly decay strongly[26] and for which
the decay width is
1

'~ oy Iy = 0,-5

and the others which have only electroweak decay modes/27], i.e.

'~ ap Iw==‘l,9-

2

Table VII shows the quantum numbers of excited quarks belonging to the first family and their
coupling to light quarks with same hypercharge.
4.1 The case Iy, =0, 4.

The case [, == £ has been considered in detail in ref. [26], where quark-gludn fusion was found
to be an important production mechanism for I,, = % excited quarks. Once produced these quarks
(starks) can then decay as shown in Figs. 1a, b and ¢, the latter mode being allowed only if the
stark is heavier than the IVB. De Rujula et al. have calculated the production cross-section for
these processes relative to the QCD background(®8l . For process (a) and before integrating over the

parton densities, the cross-section can be written as

do TQe . o ul ) X
== 2 6(M . ,5)
d]\/f?] 3 (]V[?‘? o #2)2 _+_ ‘uzl-‘z 13
with
e Y e 2
['== "'.‘32 s>/vL

In this model the constant f,f’ and f, are all of the same order of magnitude. Imposing some
kineinatical cuts and for a stark mass u = 140GeV De Rujula et al. expect an excess of ~ 20
events in the jet-jet cross-section with e == 0.1. These estimates are strongly dependent on the
values of the coupling constants (f==f"==f, == 4 in this case) and have un uncertainty of at least a
factor 2 <~ 3. This signal is consistent with the observation of an excess of o~ 50 - 16 events in the

jet-jet cross-section around 140 GeV, reported at this conference by the UA2 Collaboration (29 | If
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TABLE VII - Quantum numbers

excited quarks (belonging to the first family) with I

and their coupling to light quarks with same Y.

(charge Q, hypercharge Y) of
< 3/2

IX | muttiptet | & Coupled o |1,
o LU e Tee
S A O
o o ' r 2 ( ) through |
Ve ln) | |8 oA e T
N i 5/3 “,  through
Us g “/3 e
- '7‘5
y R R Fpag e = e (]
2/3 de -ﬁfkug/u
N - 5 -
A e
) =3
U Bl
* (‘i) '&Lmuﬁh )
2 |1 U 2/ L /o
/Z / D 1/3 Vf}f.& A
A
- -4/3

FIG, 1
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this excess in indeed due to production of a stark of mass o~ 140 GeV, one must then look for the

various final states which are opened by the presence of the decay channel
¢ = IVB+q

and in particular :

(a) an enhancement in the 3 jet cross-section,

(b) events of the type lepton - missing energy -+ hard jet,

(¢) events of the type missing energy or ete™ - hard jet.

Notice that for I, = 0, some of the above channels are precluded, in particular there is no stark
decay into W and light quarks. The expected number of events for I, = can be calculated making

use of the branching ratios

F(q* — VB +q) — __:f’_a__ &7_12(1 - MIVBQ)2(1 -+ -JXQZ-B—%)

T(¢" — all)  4a, fe p2 22
with
T3 1,
fy= 5 [+ 6f
g = W80y sy g,
7 sinby, 2 6 08 Oy
1
fw == "'_'f
V2 sin by
and
[(Zy — vv)
LA ) )
(7, = o) = 018 ()
N4
-_(___:_E_V_)_ == {),1

Eq.(7) implies that if the six 'monojet’ events reported by the UA1L Collaboration!®! are interpreted

as due to the process
p—q +X
LZO +q
v
one should expect one
pp — eTe™ 4 (hard) jet + X

event. Table VIII gives some estimate of the expected number of events for both I, = 0 and [, = %

case, with u = 140 GeV.
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Tl Ny | Nesj N',»;g 'Né‘zr Né.ﬁ
20 | 0 |5-10°] 036 |2:10°
50 | 0 13107} 0.9 5x10°
720 012 | 50" 0.3 |0.9%

50 103 {01309 |2.3k

0g = 0.1, M= 83 GeV, M, =95 GeV.

%

4.2 Excited Quarks with [, =1, §.
Excited quarks with higher isospin assignments have, as already mentioned, quite different
signatures. Their main characteristics is that, to lowest order in a, they do mot decay strongly,

although they can be produced in pairs through strong interactions. The allowed decay modes are :
gt

and
O s g (fi o)

Tt is also found that the case I, = 1 implies the existence of two weak isotriplets, which couple to
right handed light quarks with the same hypercharge. Thus there is a triplet O coupled only to ug
and. a triplet D coupled only to dr. As for the case of excited leptons, the high isospin assignments
imply exotic charge values : one finds excited quarks of charge +% and —# both for [, = 1 as well
as for I, = §.

The question arises as how to produce these quarks at pp colliders and what are their ¢harac-
teristic production signals. Fig.2 shows the typical diagrams which contribute to the production

cross-section to lowest order in a. For the case in which they are lighter than the IVB, one can

calculate the decay widths of Zp and W through these [, == 1,,% excited states. Table IX shows
these rates. In Figs.3a and 3b we have plotted the ratios

ROVt = e D g 4o 2V (o M
T — N ‘ ‘ _ g
Fw TW+ — I+ + 1) 681+ (11, + 1%a) .]' YER 2 + 7



- 15 -

a % f €k a Mwe k

S e e !
VB
VB \

| N
b c | . //'T\?\C
t

FIG. 2 - Diagrams contributing to the production of excited
quarks through IVB's at hadron colliders.

TABLE IX - Decay width of Z and wt thr ough I, =1, 3/2 excited quarks.

T, Z"’J; +3f) ﬂr’(wf'-'-m}jyﬂ I (ng,*jz*(ﬁg’7

) 5 5
113 ("oigj(" 9

g

nise) L 4 | (e ?‘(“«f:éi %

st W

a) jj refers to u or d jets

b) The phase space factor is given by

2
M 2
/ . IVB U
JI— {2+ o2 )1 - — )MIVB.
IVB

¢) The branching ratio Bfl ]«;2 counts the number of open fermioni¢ channels,

] 40 | | ERA R Sy
25 7 L f7205 %10 %15 )
Rw 1 R, - 4
100 . 30} \ : .
075 _ i » ]
20— -
050F 3 i
ot o[~ .
0.25_ —.- I
I . N ] N T Lot Lo 1
00025 50 60 70 80 Ji inGev/c? =35 60 80 p inGev/c?
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and

. . 2 re
(Zo — jet 4+ jet 4+ 7) cost 0y, o 5 ( u? ) ( Mg )
R ] == 3 { ]. ey 2 pe——r

with [, == 1, Bj+, == § for different values of coupling constant f 2= f2 -+ f%, and as a function
of the mass y. So far, however, there is no evidence that excited quarks with masses less than the

IVB exist. Notice however that the process
pp = jet -+ jet-+ v+ X

is extremely hard to evaluate because of a difficult experimental background .

5, EXOTIC HADRONS

If excited quarks exist, one must also consider the possibility that baryons and mesons built
with these quarks and with masses in the same range exist - and can be formed at the collider.
For the case I, > 1, the possibility of exotic hadrons with so far forbidden charge assignments,
arises. One would observe exotic mesons of charge 42 and baryons with charge +-3. How would
they decay? In Figs.4a and 4b we show the possible decay of baryons made of an excited quark
belonging to a hypothetical second family and two light quarks into an equal sign dimuon pair, a

strange baryon and a 7t.

v y Y ;&
A / £
- > p+ - > “‘“ 7 L4 p—“, / Ll p—
C‘P > o }c P = 5 o C.q. Can < >é. z > ? l .
u »~ = I;i d N g] N
‘ C

. i 4+ - o u &y |
. ' S o , S

(a) (b) (E‘:&E) — gu'p"/\z’ s
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6. CONCLUSION

The observation of anomalous Z-decays has spurred a number of theoretical speculations, of

which we have described that related to the existence of excited quarks and leptons.
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