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Abstract

We investigate new excited states of quarks and leptons in the light of weak isospin invariance.
‘We find to first order that while quark states with isospin assignment /,,==0, 4 are dominantly decay-
ing strongly, I,==1, § quarks can only decay electroweakly. Decays of higher isospin assignments are
permitted only in higher orders. Experimental signatures are considered. Production cross-section
and decay branching ratios are give'n. It is also found that 7, > 1 gquarks, will give rise to "exotic”

hadrons, namely mesons of charges --2¢ and baryons with charge 3e.



1. The discovery of weak bosons and the measurement of the weak angle 6y, at the CERN pp
Collider!®:2l, have given spectacular confirmation to the SU(2) % U(1) electrowsak theory. In this
picture , light fermions (quarks and leptons) are assigned to left handed weak isospin doublets (Ty==%)
and right handed singlets (I,==0), while the gauge fields belong to I,,==0, 1 isospin multiplets.

Much speculation has been put forward to describe the possibility of new, massive sequential
states to quarks, leﬁtons and Tntermediate Vector Bosons (IVB’S)[?"":“"]. The success of the standard
model leads naturally to the question : can we use weak isospin to extend the spectrum of the
"known” (3 families of) light leptons and quarks? Similar techniques have been very successful in
the early days of particle physics in the case of the nucleon (proton and neutron) isodoublet with an
interaction assumed to be through the isovector pion field. Much progress was made in low energy
spectroscopy simply by using isospin to generate baryon and meson resonances long before one learnt
about quarks and gluons. In a similar way, weak isospin /,,can unfold some of the structrure of these
hypothetical new fermions, leptons and quarks, without reference to a specific dynamical model of
their building blocks (preons). Unlike the pion case, we do not have weak boson beams, and the
experimental confirmation of such a structure must necessarily come from the study of allowed decay
channels.

We shall now consider the allowed isospin states. Since light fermions have [,,==0, £, EW bosons
have J,==0,1 and gluons have 7,==0, to lowest order in « only fermionic states with 7, < # can be
excited using the above particles. In Table T we show all such states which can be coupled to the
known light fermions through EW boson (W’“, B# ) fields and gluon G#¢ fields. For clarity, we only
list the multiplets belonging to the first family. The possibility of excited leptons in connection with
anomalous Z, radiative decays has been already discussed in ref.3. The extension to excited quarks
with I,,==4% (starks) can be found in ref.4.

Tn order to calculate in detail production and decays of these excited fermions,we need to discuss
the nature of their couplings to light fermions and the gauge fields. Because all the gauge fields carry
no hypercharge Y, a given excited multiplet couples (through the gauge field) only to a light multiplet
with the same Y. {See Table I). Also the coupling has ‘t;o be of the anomalous magnetic moment
type, for current conservation. The decay modes and reaction cross sections can be calculated using

the following cffective lagrangian in terms of the transition currents :
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TABLE 1

Quantum Numbers ( charge Q, hypercharge Y ) of excited fermions ( belonging

to the first family ) with I, < £ and their couplings to light fermions with the same Y.
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The hypercharge current J 5,: receives contributions only from I, == 0, 4 states as follows:
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where the notation follows that of Table I.

The isovector current J, receives contributions from I, == 4,1 and § :
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The color current J7 is composed of [, = 0, & contributions :
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In the above equations, @ denotes the momentum of the gauge field and m" the mass of the
excited fermion. In Eq.(3¢), C's are Clebsch-Gordon coeflicients . 7 and \® are the Pauli SU(Z2) and

Gell-Mann SU(3) matrices respectively. W§ and B¥ are defined in the usual way :
B* = 080, A" — sin,Z" (5a)

WE = sinl, A" -+ cos0y, Z¥ (5b)

in terms of the physical fields A* for the photon :md Z# for the Zp, 0, is the weak angle, with the

gauge coupling constants ¢,¢" and gs given by :
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and

2 "
gi'- == as(Qz) RY et — (for five flavours). (6b)

The various dimensionless coupling constants f and f* appearing in eqs.(2--4) are expected to
be of order unity. Their precise values can only be obtaified theoretically on the basis of a given
model for compositeness.

There are some immediate consequences regarding the particle structure implied by weak isospin
and the corresponding interaction, which are independent of the strength of the magnetic moment
couplings ¢

(i) - Table I shows that for a given I, the total charge of a family

Qin= Y, Q=+3 3 Qm (8)
l=lepton g=quarks
is automatically zero for I,,==4 and 2. This is in keeping with the GIM mechanism/®] which requires

Qtot = 0 for each light quark-lepton family. A similar condition for I,,==0 forces upon us the entire

set (E—,U, D) and for I,==1 the entire set (f, U, 13)

(i) There are leptons (E® for I,=1 and Et+ and E— for I,==%), which cannot decay
radiatively but must undergo f-decayl®!, However, if they exist, the GIM mechanism forces upon us
corresponding quarks with I,==1 and §. On the other hand, all such excited quarks are coupled to
light quarks not through the gluon but only through the EW gauge field W”. Their peculiarity lies in
the fact that although they carry color and are presumably confined, they decay only electroweakly,
eithier into jet - ~v or, via f-decay, into 3 fets or jet -+ 1+ v,

(iii) Observation of even one Zy — vy event would definitely rule out the bremmstrahlung
mechanism for the observed I~ events!H2l and favor strongly the existence of I, > 0, m* < M. z
excited lepton(s)l"]. Once again, existence of such excited lepton(s) would imply that concomitant
quark members™*T of the family exist as well. For the case m* < My, z, EW gauge fields can decay
through excited exotic quarks with J,,==1, %, providing in some cases, startling final states;as we
" shall discuss towards the end.

(iv) quarks with Ieqr = 0 have the pecularity of coupling to light quarks ofily through Z-boson
and not through W, This is due to the fact that there are two excited singlets, U and D, coupling
respectively to up and dp only through the hypercharge field B,



We now twrn to a discussion of the possible decay chanmnels, using the form of interaction
introduced in eqs.(2+4). Dominant decay modes and widths for /,==0 and Ip=% excited quarks
and leptons are given in Table II. The corresponding cases for [,==1 and I, =# are presented in
Table L. In this table, ( flfz)"-represent a fermionm-antifermion pair like for instance (uc_i), and the
phase space factor is defined as <I)1(m*, Miyp) = (]_ — %’%&')2(1 —+ %iﬂf,-ﬁi)m* By, r, counts the
number of open fermionic channels.Provided the masses of these states are below Zo, WE masses,
decay modes indicated in Table IV are expected to occur. These decays may be very interesting
from the experimental point of view, both for pp and ete™ colliders. For the assignment I,,==0 and
Iy=1% main decay channels are through quarks and gluonsl?l. For excited leptons we refer to Table

I of ref.3.

Next we discuss the production of excited quarks. To be definite, we shall discuss the production
of I,==0,%,1 and & quarks at pp colliders, through virtual exchanges of gluons and IVB's in the
crossed channel and real or virtual IVB production in the direct channel.

The production of excited quarks, ¢, through IVB exchanges are given, to lowest order, by the

diagrams shown in fig.1. If we ignore interference terms between different exchanges, which should

Ml

be a reasonable first approximation, the production cross-section may be written as :
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where ¢(z) is the quark density in the proton and we have multiplied the cross-section by the usual

K-factor (=~ 1.5 <+ 2). The partonic cross-sections are given by :
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Fig. 1: Diagrams contributing to the production of excited quarks through IVB’s at hadron colliders.
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The + sign should be used for I, = 0,1 and — sign for I,=%, 3. Vi, and A%, refer to the cotpling

of quarks a,b to a given vector boson 7 :

+ + e
24/281n0y,
7, (B8l L e
Y% T 198in0yc080, O vT 451104080y,
,  e[—34 4sin20,) e
Vai = - ‘ ;AT = e
1258in8,,c088,, 45in0,,c080,,
2e ; é v
Vie=r5 ; Vg=—3 Ala=AR=0 - (10)

The couplings G¥; can be inferred from eqs.(2) and (3). For I,, =0
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For I,,=4%, G's are as follows :
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TABLE II

Excited Leptons
Main Decays
Lo Multiplet Q Y
Mode Width
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TABLE 11 .
i
Excited Leptons
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Excited Quarks

Main Decays
Multiplet Q
Mode Width
5 . fl'u 2
1 *
U—u-+7 Za.flu‘Qm
U 2 |
3 w -+ Zo % |f1;‘LC____r.?§‘(i“i’-]<I>¢\7n_M7)
w
- 1 — f1
DY =5 |p=utm) Pl B
- 2 |y at (st Lo 125, pm
' 3 smﬂ
1 2
D d+ Folfual®m’
D = |
3 1 cosd *
4 Z 1 |-——-"—-“f18dz 7 212®y(m’, Mz)
D 4oAp_sd+ (| teLi e, m
-3 - ’ : 4" 51nby e
] ‘ f3q *
Uy \ ,g_ Uy =+ 1+ (.f1f2)+ is,mg f1fa™
e —
U—u-+n é'@lf?»qlzm
U 2 u - Zo ldilM“z@l(m*’ Mz)
3 3 6 $inby
=
i d4+w 11? Sl];,.q [P1(m”, Mw)
1 a2,
D= dn galfsql m’
; 1 1 f“ COS&? )
O N R
W
. 1 Jaq ) *
. gy = M,
\ ety 15 Sy AT M)
D.. Do = A4 (i)™ Ly I *Bp "
4 -3 - Jiie 4" sinb, e




- 12 -

U ~ €
Gor+a = Ga = 7o=J1a
G;[yju =eflu ; G?d ==ef1d ' (12)
cosﬁ 2080,
Gl = f1u ; Goa= Bémjfw
For Iy = £, one has :
Gty = 3m9w fag = GBrig = V3GTay = V3G 4y
GU, = [ 2efay = G
U=\ 3efs = G2
2 080,
GZW - \/3eszn fog = GZ°‘Z (13)

3. There are a number of very attractive experimental signatures which might reveal the
presence of excited quarks at the pp collider. These signals are :

(i) a large production cross section for jet -+ jet ~~~. If m* < My, Table IV gives :

2N 2
T(Zy — Jet 4 jet -~ ) costd, m“ ( --—?Z\
Rz = - =3 it M7
z F(ZO nd e’|“g"") '8’[?’1,4:0%, -»f— (7- — g2l )Z\f + f + mw}

for I,,==1. For mp == 50GeV, f1q o2 fi1q o % we find Rz o~ 20. This signal is present for all isospin
values. The rate for I,==% is of the same order of magnitude as the one above. For [,=0,1 the
signal is very small, due to the presence of the dominant strong decay mode.

. - #®
(i) Charges +% or — % can undergo f-decay. For the case m” < My we have

Wt — 2jets + (f1 /)" (4)

Such decays manifest themselves either through the appearance of more than 3 jets with an invariant
total mass My or as an event with 2jets -- [+ 4~ missing energy at the W-mass. The leptonic
decay mode is a substantial fraction ( %) of the signal with more than 3 jets. We can estimate how

many events one may see, using again Table IV . For the case [,=1 one gets :

2
Tt > ety Fjeta 4+ IF 40) o m*? M2,
Ryy = T+ = IF 1) = 6B+, ([, + i) 1 — Mz, 2 7



bar

‘Spoumey> Jruoluiie) uado WOy JYSeM dATIR[RL 9T} JUN0d 2 g solgel Suigousiq YL

ALy w
4
mbwg w H AQ\»N l_lﬂv ..IA w Q>N§Nv$
ANE
se ToAIS s Jojor] 20vds oseyd o7) ‘g9of p 10 I 09 s18Ja1 *f: FJON
m U8 m 14
fzUS T ‘M mm 9 5 9zus\ € Z
LTS A ST D o A w H\ﬁv@ ‘Z g o o
g ¢
MeUIS T (e 1y g nypf Z65H5\E
N.M.ms , w AT PR, g £ @ WPMA& N.N;@vmivﬂﬁik. ﬂT WNQK - Mll M
T T ' HE T BT mggs00 o
(7 pe r ] i 7 ”
LN +F+ % 1l (Lo el b+ e+« 971 1
sy renb pojoxe £ ‘1 = ®7 gEn0Ig: o A4 pue 07 jo syipia Leos(g
g 4 {1+ MF !



- 14 -

Again, for a mass m" o« 50GeV , fiu o2 f1q o2 % and B+, = §, we now find Ry o2 1.3.
(iii) The above argument can be repeated for the second family (¢ — ¢ and d — s). We then

have the possibility of two same sign leptons or even 3 leptous :

Wt ¢4 Cy
> 0=~ ,u+ + vy
s 4wt -+

L 5 (A TR)~ (15)

For this case the relative probability is 4% to get a characteristic uTut signal and 0.8% to get
a ututpu— signal with respect to the total Ecej_ decay mode.Electrons are produced with similar
rates.

For a possible third excited lepton family the multiplet with Jyear = & can couple to the light
doublet (%) to produce

Wt o T—r
Lm_ + (120t
v+ (f1/2) (16)

Omce again, [T and (+([+i~ signals are produced with relative intensities equal to those for eq.(15)
decays. »

(iv) The possibility exists that some of these new particles are heavier than the IVB so that
decays of excited quarks into W and Z can be considered. The most intriguing possibility is that of
I,=0 excited guarks, for which decay into the light quarks is allowed only through the Z;. Indeed, if

these quarks are heavier than the IVB, then Z but not W could be produced through gluon exchange

in the crossed channel. The above would constitute a mechanism which distinguishes between 7y
and W production and which is characterized by the presence of more jet activity in the case of
Zy. One could then determine the strength of the coupling foy,q of the singlet stark to the the light
quarks, by a comparison of jets associated with W and Z,.

For this channel, quark-gluon fusion might produce the signal

single jet -+~ missing energy
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while gluon exchange could produce
2 (opposite side) jets 4 missing energy

with 1o confribution to the signal

Jjet(s) + electron -+ missing energy

(v) For the Cern collider, the search for these new states can be reasonably limited to m” <
150GeV, since production of masses beyond this range would be considerably suppressed for lack of
sufficient parton luminosity at large x. We remark that while some of these particles couple through
gluons, there are distinctive possibilities for quantum states which can only be reached through IVB

and photons, like for instance all states with [, > 1.

(vi) Finally we point out that if [,, > 1 quark exist, they would produce the following exotic

hiadronic states :

exotic mesons : charge 42 (Utd) (D—@t)

exotic baryons : charge -3 (Uguu)

P S s, S

The masses of such hadrons would be ~~ m*. Needless to say that if m” is not too large, the search
for the top gquark and supersymmetric particles would be complicated since these hadrons, exotic or

otherwise would have rather similar decay signals.

In conclusion,considerations from weak isospin alone lead to some very specific predictions
' regarding the pattern of excited quarks and leptons which should be experimentally investigated by

the present and future generations of hadron and ete™ colliders.
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Footnotes

[*] A "light’ excited muon with mass o 60GeV 1% does not conflict with the measured (g— 2) anomaly
for the muon, provided of course the coupling is of the (V' — A) type - a condition naturally satisfied
here.

[¥*] Induced parity violations in strong interactions through excited quarks are comfortably small

for m" > 50GeV to cause any conflict with the available data.
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