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We study some conscquences of the existence of new quark flavors. We do this in the 
framework of gauge models, with V + A couplings of old to new quarks and allowing for 
mixing of different SU(2) x U( 1 ) representations. High-energy neutrino and c+e - expcri- 
ments may suggest {and can prove) tile existence of new flavors. Low-energy neutrino 
neutral current experiments are sensitive to tile way new quarks and their currents are 
added to the standard Wcinberg-Salam model. We show that if new quarks with wcnk 
couplings to old u, d quarks are needed at all, low-energy neutral current data may favor 
a new class of models having non-diagonal neutral currents, tlowever, the special case of 
a maximal charm-changing neutral current appears to be excluded by high-energy experi- 
mcnts. 

1. Introduction 

There is now evidence that particles with a new quan tum number  and mainly 

strangeness-changing decays do exist [2] .  If  this is so, it supports the GIM mecha- 

nism as tile correct  explanat ion o f  the absence o f  strangeness changing neutral  cur- 

rents [3] .  This also supports  a pleasing analogy be tween  quarks and leptons [4] 

which avoids anomalies in gauge theories. 

This scheme does not explain why  the new hadrons are so massive. The psions 

(c~-states) are much heavier than normal mesons,  though their level spacing is similar 

A new mass scale o f  order rag, seems to have appeared. It is natural to speculate 

that yet undiscovered structure exists on this new scale. There may even be evidence 

in e+e -- [5,6] and neutr ino scattering [5,7,8] for new flavors beyond  charm. 

Large deviat ions from a linear energy dependence  of  o(uN) or o(b-N) might be ex- 

plained by 'a  large scaling violat ion in the standard scheme [9] ,  or by copious  produc 

tion o f  new hadrons above a certain threshold. According to the usual view charmed 

hadrons cannot  be produced copiously  in uu(-Yu)N ~ / 1  (,u*) + ... as they arise ei ther 

* This is an expanded version of ref. l 1 ]. 
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from diffractive fragmentation of the current (small x = Q2/2M) or their production 
is suppressed by a factor sin20( TM. Usually one also assurnes scaling with a small q~l 
"sea" component in the nucleon. 

Recent experiments at FNAL do not agree with the standard Weinberg-Salam- 
GIM scheme expectations for 9uN scattering, even for large x [7].  Perhaps this is 
evidence that a new heavy quark cot,pied to valence t~,d quarks is needed [8].  If 
the (;IM mechanism is used to suppress strangeness changing neutral currents, the 
left handed V . A part of the valence quarks u and d is saturated (up to small addi- 
tional non-Cabibbo mixing which we shall ignore). The new currents must then be 
right-handed (V + A) [101. This is our motivation for studying the consequences of 
such currents coupling old valence (u, d) quarks to new quarks. Of course new heavy 
quarks may exist and be almost decor, pied from u and d. We shall not discuss this. 

The most general vale~tce part of an SU(2) X U(1) hadronic neutral current can be 

written 

,lzo = ~1 ~L(u)fffU)l, . - L ( d ) ( d d ) l .  + R(tt)(t-tU)R - R ( d ) ( d d ) R  

+ R ( t ) ( t t t  + t-u) R + R ( b ) ( b ~ t  + d b )  R } - 2 sin 20wJe.m. , (1) 

I We have where (~iq)L,R = ~:l"/c~( 1 ~ Ys)q and t,  b are heavy quarks of charge 3 , -  3" 
neglected repeated thresholds (see the appendix). If the (,IM mechanism is used for 
theV A sector one hasL(u)  =L(d )  = 1.1f we do not allow for mixing of different 
representations of SU(2) X U( 1 ) (e.g. mixing a singlet with one component of a dot,- 
blet), then R ( t )  = R ( b )  = 0 and R ( n )  = 2 r u ,  R ( d )  = 2r j  are integers. This case (" fancy")  
was considered in ref. [11].  

We consider here the possibility of general mixing of V + A singlets into doublets 
in tile context of SU(2) X t ; ( l )  gauge models 112]. This means that R 2 (u), R2(d)<~ 
1 and we aim to show that this is consistent with experiment.  Models are classified 
in tile appendix according to their contribution to deep inelastic ~,N, ~'N scattering 
through the valence quark couplings. We shall ignore q~t in the nucleon. This is a 
good enough approximation,  as we are mainly concerned with low energies. 

The mixings we consider lead to non-diagonal neutral currents. These are observ- 
able when the mixing involves a valence quark ( R ( t )  or R ( b )  non zero). There are 
then large increases of u(z,~,N -~ v~, + ...) or (favored) o(fuN --, f~, + ..3 above t or b 
threshold. There is no positive evidence for such flavor changing neutral currents 
yet. 

We study the constraints on new currents arising from leptonic interactions, had- 
runic neutral current data at low energies and parity violating transitions in atoms. 
The constraints turn out to mildly disfavor models with new quarks and V + A cur- 
rents coupling them to u, d but w i t h o u t  representation mixing. Of course, the 
Wcinbcrg-Sz, lam model persistently agrees with all published low energy neutral cur- 
rent data. This data alone does not imply that new quarks are needed. 

For completeness we also study some high-energy properties of the new class of 
V + A models allowed by low-energy data. 
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"Fig. l .  Ra t io  of  u,u to u/s sca l te r ing  on e lec t rons  as a func t ion  o f x  w. 

2. Leptons 

We can not disregard the lepton sector. The pure leptonic neutral currents inw)h'e 
the same two parameters as the hadronic 114] - i .e .  

,,1/zO cos 0v,)2 
xw =s in20w,  z = \  ~i  ~- - (2) 

W 

Moreover tile axial neutral current of tile electron is important for the calculation 
of  parity violation in heavy atoms. 

Only electrons are available as lepton targets, and we presutne that only left-hand- 
ed neutrinos are currently manufactured. Then the leptonic cross sections are fixed 
by the SI, J(2) × U(I) representation to which e L and ei~ belong. Note that if we 
want lo cancel anomalies [I 3] ,  V + A lepton couplings must be present somewhere 

Z - 2  
3 

------T- i i i 
2 z, 6 8 X w  

Fig. 2. L i m i t s o n z  - 2  a s a  func t ion  Of xw = s in20w f o r F l a e - . v l a c  and bee-  sca t ter ing,  tak ing  

option (i) in the text. 
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t 
V 

r 4 ~/ 
' ~ I ;  Z: I  

• .t. R t v  

.. . £ t, l.lg. 3. The ratios R v = o(vpe-)/oV_A(Vee-)and R~-= o(~pe-)/oV_A(~'e e - )  for z -2 = 1 as a 
function o fx  w = sin20w . The GGM data is shown. 

(but  not  necessarily for e - ) . W e  select two opt ions ,  (i) ei~ is a singlet - i.e. no change 
from WS in the leptonic  sector ,  (ii) e~, is in a double t  * 

(?). 
This leads to a pure vector  neutral  lepton current  [15] .  

The cross sect ions for v u and ~u are bo th  p ropor t iona l  to z--2; the ratio o(~ue - ) /  

o (vue -  ) depends  only on Xw. This is shown in fig. 1, together  with the Gargamelle  
(GGM) [16] l imit  and the Aachen-Padova (AP) [17] data.  

In fig. 2 we use the GGM and AP data for rue , r u e -  and the Irvine Vee [18] 
data to s tudy l imits on z - 2  as a funct ion o f x  w. Fig. 3 shows R~ = a ( v u e - ) / O v - A  

( v e e - )  and R ~- = o(Vue- ) /Ov  _ A ( ~ e e - )  for the special case z -2  = 1. 
v 

3. Hadrons  

The appendix  lists some models  involving V + A double t s  conta ining valence 
quarks.  The general charged and neutral  currents  take the form 

Jw = (ud0)L + (?S0)L + COS a(-ffb)R + "r/a sin a(ffb ')R 

+ cos/3(t-d)R + r/# sin/3(t 'd)R + . . . .  (3a) 

* We ignore mixing ofe~, with a singlet L~. 
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2,] Z : (uu) L - ( d d )  L + A ( u u )  R - B(dd)R 

+ (1 - r}2a) cos a sin a (~ t  + t-U)R + (1 -- r/~) COS fl sin fl(db + b d ) R  

_ I ½(dd)L+R ) + (3b) - 4Xw(~ ~ ( - a U ) L +  R ] . . . .  

We denote quarks with charge ~ by t, t', t and those with charge - ]  by b, b', b. 
Furthermore 

A = cos2o~ "t-/72 sin20t , 

B = cos2fl + r/~ sin2fl , 

where r/a, r/~ = 0 or 1 only (see the appendix). Note that all non-valence terms in 
(3) have been dropped (but are needed to reproduce the full SU(2) X U(1) algebra). 
The quarks labelled t (or b) must sometimes be identified with c, t or t '  (b, b'); if 
t = c then charm-changing neutral currents result. 

In this paper we only discuss the consequences of (3a), (3b) for inclusive scatter- 
ing on isoscalar targets and for parity violating transitions in atoms [19] * 

4. Low energy 

Below threshold for producing heavy quarks the ratio of  neutral to charged cur- 
rent cross sections is 

o(vuN ~ v u + ...) = z - 2  

R °  = o ( v u N  ~ l l -  + ...) 36 
{316 +A 2 + B  2] - 4[9 + 2A + B ] x  w + S-gx2 l 3 w ~ ,  

(4a) 

RO _- o ( ~ , N  ~ ; ,  + ...) z -2  
u ° ( ruN-+g+  + ' " )  = 3--~ {912 +3A2 + 3 B 2 ] - 3 6 [ 1  +2A +B]Xw 

+ 80X2w}, (4b) 

where x w and z are defined in (2). We label models by (A, B). 
Since the low-energy CERN data is below all heavy particle thresholds, we use it 

to restrict models. As in the leptonic case we first compare o ~ u N  -* ~ + . . . ) /o (uuN -~ 

...) to restrict x. This is done in fig. 4 with the CERN Gargamelle (GGM) data 

* For a restricted version of this analysis see ref. [25 ] where z = 1. 
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Fig. 4. The ratios oe neutral current cross sections for F~ and uu on an isoscalar target. 

o ( , ~ N  -+ ~ .  + ...) n ° 
v 

o(v.N -* v.  + . . . )~  0.52 4- 11 (GGM) [161 - 3R o 

Models with B = 1 appear disfavored, and models with vector neuual  currents (im- 
plying o(~uN -+ ~ + ,..) = o(vuN -~ v,, + ...) are excluded [20] ,  but otherwise nearly 
complete freedom for (A, B) is allowed * 

Fig. 5 contains the allowed regions of.lv,,, z -2  for the models which pass the 
preceding check. Notice that different regions o f x  w, z -2  are favored by models 
with differing (A, B). All the models shown have allowed regions OfXw, z -2  which 
overlap the allowed area in fig. 2 for the leptonic case. Fig. 6 shows a conventional 
R~ R_ plot. 

In~tependent constraints come from parity-violating transitions in heavy atoras. 
The effect (a rotation of the plane of polarization of  light passing through a gas) is 
proport ional  to [19] 

z - t ( N  I J r  (had)IN) ( e - I J ~ ( l e p t ) l e -  ) ,  (5) 

(proport ional  to the atomic weight Z + N) plus smaller terms; of course (5) vanishes 
for a pure vector leptonic current (e.g. in the model of Fayet  [15] ), Following con- 

, There clearly exists a continuum of allowed models; we only exhibit a few examples with dis- 
crete (A, B). 
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Fig. 5. The allowed regions for z - 2  versus Xw = s in20w t'(~r models  which pass the check on  fig. 
4. The GGM data was used. 
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Fig. 6. Ratios of neutral to charged current cross sections lbr z - 2  = 1 compared to GGM data. 

vent ion  we write this 

Qz = - ( 4 x -  I + B - -  2 A ) Z -  ( I + 2 B - A ) N ,  

for the remaining case of  interest  here ( lepton sector as in the WS model) .  

(6) 

0 o /  ~ . ~ .  ' ' ' - z .  ' 

I . . .  {(,12,o ) 

]ws 
-2.0 F'--~. "~ ~.,. (l/z VZ) 

-30 " ~ ' " ' ~ " " ' '  ~ " (0'1t21 

. . . . . . .  " "  
(0,1) 

.2 t, 6 8 X w 

Fig. 7. The parity violating effect per nucleon for bismuth, Qz/(Z + N), with Q defined as in the 
text. 
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In fig. 7 we show Qz/ (Z  + N)  as a function o fx .  All models give results lying be- 
tween those for (1 ,0)  and (0, 1), while (½, ½) is practically degenerate with the WS 
case (for which z = 1). 

The atomic parity violation experiments are not yet complete, and we have only 
a very preliminary report [19] that the effect seen does not agree with that predict- 
ed by the ( I ,  O) model. 

Recalling that o(FuN ~ vu + -")/°(uuN ~ vu + ...) disfavored the (0, 1) model, we 
arrive at the still very tentative conclusion that if new quarks with V + A couplings 
to old valence quarks are needed at all then most probably A < 1 or B < 1 or both. 
In our framework this implies the existence of  non-diagonal (flavor-changing) neu- 
tral currents. 

5. High energy 

We have concentrated on low-energy data so far. If new V + A coupled favors 
exists there is the intriguing possibility that they are attenuated in a way which leads 
to flavor changing neutral currents. As such models have not yet been studied, it is 
interesting to ask what might happen at very high energy, above new thresholds. 

We use the parton model to study this. At high energies it is an open question 
whether the q~ sea contribution is important or not. It is also not clear how rescaling 
takes place above a new quark threshold (it is implicit in our discussion that Bjorken 
scaling holds below and very far above any new threshold). We shall confine our- 
selves to semiquantitative predictions assuming (i) no q~- sea (valence quarks only); 
(ii) the scaling variable x = - q 2 / 2 M p v  is replaced by ]8] 

_q2 +M 2 

2Mp p ' 

above tile new threshold, where M H is the mass of the produced heavy quark. Light 
quark distributions are written q(x )  ~ qCx). For the input electroproduction data 
we use Bodek's fit [21].  A similar method was successfully used by Barnett [8,22] 
and others [23,24] in discussing the conventional fancy quark models (these authors 
also discuss neutral currents). 

We shall henceforth set cos fl = r/# = O, (suggested by the absence o f y  anomalies 
in ruN scattering) and concentrate on (A, O) models. Fig. (8) shows the prediction 
of  these models for the ratio o(~uN -+ i a÷ + ...)/o(uuN -+ 11- + ...) [7] and for the 
averagey for antineutrinos (y)~ [7]. We see that a mass for the new charge-~ quark 
b as low as 2.5 GeV is not excluded provided cos2a < 1. For mb = 4 GeV and higher 
cos2a ~ 1 is acceptable, provided a q~ sea contribution is present [8]. 

We turn now to neutral current effects above thresholds. We have already remark- 
ed that dramatic effects may appear due to flavor-changing neutral currents. The ra- 
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Fig. 8. HPWI' data for o(~,uN ~ la + + ...)/o(uMN --, ~-" + ...) and <3') b, compared to some specific 
models. We set B = r/# = 0; for m b = 2.5 (]eV cos2~ = 0.4 and 0.2; for m b = 4 GeV cos2a = 0.6 
a n d  0 .5  ( d a s h e d  l ines) .  T h e  l o w e r  l ines  a re  to r  the  s m a l l e r  cos2(~. 

tios of  neutral to charged current cross sections have the form (A, B :¢: 1 ) 

R 0 + cos 2 a sin 2 a K(I:./E.r) + cos 2/3 sin 213 K(E/F,T ) 
Rv  - , (Sa) 

1 + cos;~3 K ( E / E  T)  

RiJ R ° + 3 cos2a sin2a K(1-/A'T) + cos2/3 sinZl3 K ( E / E T )  

1 + 3 cos2o~ h;(l:/t:" T ) 
(5b) 

l lere, K and K-describe the rescaling above threshold and ET is the threshold energy 
E T = M ~ / 2 M p .  

In order to present some representative calculations we fix B = 0 and m b = 4 GeV 
as suggested by the charged current data. If there is no attenuation (A = 1) we ex- 
pect R~ to go down. ForA < 1 the ratio for ~u depends strongly on mr,  while that 
for vu changes little (see fig. 9). For a charm-changing neutral current m t = m c = 
1.5 GeV there is a dramatic jump in Rv above Gargamelle energies provided cosZc~ 
is not near unity (fig. 9). This is in obvious contradiction to recent FNAL data [71. 
We consider this evidence against substantial charm-changing neutral currents. Other 
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Fig. 9. The ratios of neutral to charged current cross sections for some models with flavor-chang- 
ing neutral currents. We used B = np= 0 and m h = 4 GeV. For u s we only show the results For a 
charm-changing neutral current (mt = ].5 GeV). For ~u we also show predictions for m t = 3 GeV 
(dashed lines) and purely diagonal neutral currents (dotted). 

flavor changing neutral currents with higher mr are not yet excluded. Independent 
bfformation on FuN ~ u u + ... and uuN -+ u u + ... is evidently needed to clearly dis- 
entangle thresholds in charged and neutral current scattering. 

We conclude with some remarks on the characteristics of  new thresholds in 
PuN -,"/2 + + ... and TuN ~ vu + .... v ,N ~ v u + . . . .  If the increase of Occ(~u)/occ(v u) 
and 0,)  ~ seen in FNAL [7] is due to b-quark production via V + A currents, then in 
neutrino reactions 

(i) The increase takes place fbr PuN scattering only, and asymptotically do(T)/ 
dy ly= o > do(u)/dy ly- o (charge symmetry is violated). 

(ii) Both ratios increase for all x provided E~, E~ is high enough. 
(iii) There should be a second component to the dimuons in PuN scattering aris- 

ing from the decay of new hadrons via b -~ u~- -~  (the inverse of the production 
reaction). The rate depends on the unknown ratio of semileptonic to non-leptonic 
decays of  new hadrons containing b. 

In addition if flavor changing neutral currents exist we note that 
(i) The effect is most dramatic in o(~uN ~ uu + -") because of the presence of  a 

V + A coupling. 
(ii) The threshold arises from production of  the quark which mixes with u or d, 

not the quark produced by the corresponding charged current (in our example these 
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were t and b respectively). This nleans that charged and neutral current thresholds 
differ. 

(iii) Dimuon events (mostly in ffuN collisions) with equal average ,u-, ,u ~ naomenta 
arise from the neutral current decay t ~ u/a*,u- ; trimuon events in uuN appear from 
this source [121 • 

6. Conclusions 

If new quark flavors with V + A coupling to valence quarks are needed or desired, 
low-energy neutral current data constrains the theoretical options. We have studied 
this in the framework of SU(2) × U(I)  models with the quarks in doublet and singlet 
representations. It turns out that there exist a large class of models compatible with 
low-energy data. The favored ones involve mixing quarks in different SU(2) X U(1) 
representations and lead to flavor-changing neutral currents. These models also lead 
to possibly slnaller values for the mass of the b-quark often invoked as the explana- 
tion for the v anomaly and the recently observed increase of  cq~,uN --+ ~+ + ...)/ 
a(v,N 0 ~ -  + ...). 

We have argued that significant charm-changing neutral currents are excluded. If 
tire (1 ,0)  model is excluded by atomic physics experiments [19],  and if the neutral 
current evidence against models with B = 1 is accepted, then of the cases we consider 
only those with at least six quarks are left. In the event that 0 < A  < 1,0 < B < 1, 
models with seven or more quarks are needed. However, we again remark that models 
of the kind we consider here are not forced on us by published low-energy data, and 
will not be until clear evidence against the standard Weinberg-Salam model appears. 
We can hope that the atomiophysics parity-violation experiments and the coming 
neutrino and e+e - experiments will tell us how much truth there is m all this. 

Appendix 

We present a shopping list of model:~ which lead to the charged and neutral weak 
currents in eqs. (3). We limit ourselves to SU(2) X U(1) models with doublets and 
singlets of fermions. [:or quarks this follows by taking quark charges l eq l<  3. which 
we will assume. We also exclude doubly charged leptons. We do not discuss the lep- 
ton sector; full-scale models can be constructed from the quark sector using the 
quark-lepton analogy. 

Using the GIM mechanism for the LH (V - A) doublets, the main contribution 
to this part of the doublet structure is 

ll 

( 0)1 • S0  L 

The RI4 (V + A) doublets must contain one valence quark (this is our main assump- 



Y. Achiman.  T.t,'. Walsh / I" + A currents 251 

t ion)  and one  heavy quark  ( to  awfid dev ia t ions  from tile C a b i b b o  cur ren t  at low en- 

ergies.) We ignore possible  small n o n - C a b i b b o  nlixing.  All our  mode l s  thus  have >~ 5 

quarks  (u,  d ,  s, c + '?), and we list only  tile new ones.  

A V + A doub l e t  o f  the form 

R 

is a l ready k n o w n  to be in conf l ic t  wi th  e x p e r i m e n t ,  and we disregard it. 

Tab le  1 lists only  tile minimt ,  nl n u m b e r  o f  new quarks  needed to genera te  a given 

valence cu r ren t ;  c, ne is free to add fu r the r  new quarks  not  appear ing  in doub le t s  wi th  

valence quarks .  We have the re fore  on ly  listed the ,-elevant valence d o u b l e t s  *. With 

the nt ixings we cons ider  SOlne mode ls  wi th  at least seven quarks  have inescapable  

vec tor  neut ra l  cu r ren t s ;  we list t hem for comple teness .  The  quarks  labelled I, b in 

eq. (3)  mus t  be ident i f ied  wi th  specific quarks  in each nlodel .  
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