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Abstract. The V, A structure of charged weak cur- 
rents of quarks is investigated in the light of the 
recent results from the high-energy (7)~N scattering. 
The bounds for deviations of the quark couplings 
from the V - A  values are determined in three cases: 
in a general one-boson-exchange parametrization, in 
the fermion/mirror-fermion mixing parametrization, 
and in the general left-right symmetric SU(2)L 
xSU(2)Rx U(t) model. The possibility of a light 

mirror neutrino is discussed and it is shown that this 
is not ruled out by the experimental results consid- 
ered. 

I. Introduction 

The conventional picture of charged weak interac- 
tions is based on the V - A  structure of fermion 
currents. In the phenomenological Fermi theory this 
form of coupling, implying maximal violation of par- 
ity, was an ad hoc assumption, which in the case of 
leptons could be justified by assuming that neutrinos 
are strictly massless and enter the picture with one 
helicity component, left-handed, only. In the stan- 
dard SU(2)x U(1) electroweak model and in the 
SU(5) grand unified model the V - A  structure of 
charged currents is a basic property of a Lagrangian 
and is due to the chosen fermion representations 
under the respective gauge groups. The form of in- 
teraction is then not directly connected with any 
particular property of leptons, e.g. neutrino mass, 
and is similar for both leptons and quarks. 

1 On leave from Department of High Energy Physics, Univer- 
sity of Helsinki, Helsinki, Finland 

In all these models charged weak currents are 
exactly V - A .  Observations do not disagree with 
this but, on the other hand, large errors of experi- 
mental results still admit sizeable modifications of 
the theory. There exist, indeed, models which may 
manifest themselves as small deviations from the 
purely left-handed charged currents. The present au- 
thors [1, 2] and some other groups [3, 4] have 
recently analysed the V - A  structure of charged 
weak couplings of leptons in three models of that 
sort: a general (factorized) one-boson-exchange 
parametrization [1, 2], the fermion/mirror-fermion 
mixing model [2, 3] and a general (non-factorized) 
left-right symmetric model [2, 4]*. It has been 
found out, for example, that in the one-boson-ex- 
change parametrization deviations up to a level of 
15 ~o from the V - A  value of lepton couplings are 
still allowed. 

In the present paper we will extend our study to 
the quark sector. We analyse the recent high-ac- 
curacy charged-current data obtained by the CDHS 
Collaboration from deep-inelastic (9")~N scattering [6, 
7]. We will work within the frame of the three 
models mentioned above and make use of our pre- 
vious results on the muonic current part of the pro- 
cesses. For a detailed description of and motivations 
for the models we consider, we refer the reader to 
[2"]. 

The paper is organized as follows: In Sect. 2 we 
briefly recall the difficulty one meets when trying to 
determine weak couplings of quarks. We also pres- 
ent our analysis for the general one-boson-exchange 
parametrization in this section. Sections 3 and 4 

* For a more general analysis of charged leptonic weak in- 
teractions including also S, P, and T couplings, see [5] 
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deal with the mixing model and the left-right sym- 
metric model, respectively. We summarize our re- 
sults in Sect. 5. 

2. The General One-Boson-Exehange 
Parametrization 

Weak interaction properties of quarks can, in prin- 
ciple, be studied by examining static and dynamic 
properties of hadrons. In practice, however, these 
tests are always complicated by the confining colour 
force experienced by quarks. What one is usually 
able to do in the case of charged weak currents is 
just to test exact V - A  against exact V+A.  Survey- 
ing the information obtained in various experimen- 
tal studies it can be concluded (see [8] for a review 
and references) that the V - A  structure is favoured 
by all charged weak processes of quarks explored so 
far. 

There is, however, a conspicuous scarcity of reli- 
able upper bounds on the possible small deviations 
from the pure V - A  form of quark currents. It is 
particularly difficult to obtain any such estimates 
from the static properties of hadrons, since the non- 
perturbative methods to calculate these properties 
starting from the basic weak couplings of individual 
quarks are too inaccurate to be useful. High-energy 
neutrino-nucleon scattering is expected to be more 
suitable for this kind of study since there, owing to 
asymptotic freedom, a perturbative treatment of the 
strong interactions in the impulse approximation is 
justified. In the present work we will use the data on 
the (7)~N scattering at high energies provided re- 
cently by the CDHS Collaboration [6, 7-]. There is 
slight arbitrariness also in the interpretation of these 
results due, for example, to the non-leading QCD 
effects and higher twist corrections. However, we are 
confident of finding results with the right order of 
magnitude even when neglecting these corrections. 

Let us consider the (7)~N scattering first in the 
general one-boson-exchange model. We parametrize 
the charged weak currents of leptons and quarks as 
follows: 

J ~ = ?  r v e, 

J ~ = r  7~(Vq-A,/75)q. 
(1) 

The differential cross-sections for (r q scatterings are 
then given by 

d 2 rrv~q 
d x d y  =Q(x)[C~ +P~, C4+(1 - y ) :  (C 2 +P~ C3)], 

d 2 a%q 
dx dy - Q(x) [C 2 - P~. C B + (1 - y)2 (C~ - P~ C4) ], 

(2) 

where x and y are the standard scaling variables, 
Q(x) stands for kinematical factors and respective 
quark structure functions, and the constants C i have 
the following expressions (CP invariance assumed) 

CI(2)=(V2 + A2)(Vq2 + A2)(+' 4 V"A" VqA,/' (3) 

C3(4) = ,+) 2 VqAq(V~ 2 + A2u) - 2 V~A.(Vq 2 + A~). 

We have assumed here that muon neutrinos are 
Dirac particles. Since also the production vertex of 
neutrinos has the general structure of the form given 
in (1), the longitudinal polarization of the beam is 
non-trivial: 

2 (4) 
2 2" P ' " = - P ~ " =  V• +Au 

The CDHS Collaboration has used the y-distri- 
butions, which they found to be flat in accordance 
with left-handed currents and quark dominance, to 
determine upper bounds on the cross-sections as- 
sociated with right-handed currents. In the case of 
dimuon production they give the limit [7] 

2t1 
2 _ _  O'R p2 = • < 0 . 0 7  (95 Yo C.L.). (5) 

For one-muon production their result is [6] 

2 O'R pl =~TL~ =0.000_0.005 (<0.009, 90 ~o C.L.). (6) 

The corresponding theoretical quantity in the case 
of the general one-boson-exchange model is ob- 
tained from (2): 

2 ~ C2+Pv, C3 
Pth( ~,, 2q)= C1 +Pv, C4 

_(1 +22)2(1 + 2~)- 8 2.2q(1 +22)+422(1 +2~) 

(i + 2.2)2(I + 2q2) + 82.2`/(I + 2~) + 42~(I + 2~) ' 
(7) 

where we have introduced the notation 

Ai 2, (8) 

The experimental constraints given in (5) and (6) 
determine a domain of allowed values in the (2,, 2,t) 
plane. However, we can make better use of the data 
if we take into account the bounds we have got 
earlier from other experimental constraints for the 
muonic current [2] (we give all our results at the 
68 ~ confidence level): 

12,-  iI<0.11. (9) 

It turns out in fact that bounds on the quark-current 
parameter 2q are, to the precision used, independent 
of 2, within this range. 
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The dimuon production can be understood to 
arise from the excitation and subsequent decay of a 
charm quark. Measuring the y-distributions of these 
processes thus provides information about the struc- 
ture of cq currents, q being mostly d and s. More 
specifically, one can turn the result given in [7] into 
limits on the value of the parameter 2 C: 

0.69 <2  c < 1.46. (10) 

The more accurate one-muon data measure a weak 
charged current which dominantly is the u d  current. 
In this case the data [6] are far more restrictive and 
lead to the following limits for the parameter 2q 
(-~,t.): 

0.868 <2q_< 1.152. (11) 

We see that according to this one experiment the 
charged weak current of light quarks is limited to 
being as close to the V - A  value as what we have 
found for the leptonic currents (12e-11<0.15, 
[2n-l l<0.11,  see [2]). 

We want to make a few remarks here. Because of 
the non-trivial form (4) of the longitudinal neutrino 
polarization, the expression (7) for ptZh is asymmetric 
with respect to 2 n and 2q. In particular, P~h is much 
less sensitive to the small deviations of 2 n from its V 
- A  value than to those of 2q. This can easily be 
seen by setting one of the two equal to unity: 

2 1 [1--)~q] 2 
Pth( , 2q)= \ l + 2 q ]  ' 

pt],(2n, 1)= ( 1 - 2  n ~4 (12) 

\1 + 2 n ] " 

If we assumed that the quark current is purely V 
- A ,  i.e. 2q=l ,  the one-muon data would give the 
limits 

0.580--<2 n_< 1.724 (13) 

for the muon coupling. These bounds are much less 
restrictive than those we have obtained from other 
experiments, given in (9), and the limits we obtained 
for 2q, given in (11). On the other hand, adopting a 
"universality" relation 2q=2,  would yield the same 
bounds as given for 2q in (11). 

In the next sections we will consider the two 
other models mentioned in the Introduction. We 
shall limit our analysis there to the one-muon data. 

3. The Fermion/Mirror-Fermion Mixing Model 

The fermion/mirror-fermion mixing model [2-4] is 
based on the gauge structure of the SU(2)x U(1) 

electroweak model* but differs from the standard 
model in having the particle content extended by 
mirror fermions. Mirror fermions are like ordinary 
fermions except that they have the opposite chirality 
(the mirror weak eigenstates couple to the charged 
gauge boson in V+A currents) and different masses, 
of course. What makes this model interesting is that 
ordinary fermions and mirror fermions may be 
mixed by mass terms. Mass eigenstates will then have 
charged weak couplings** which are not purely chi- 
ral, i.e. deviations from the exact V - A  form of 
currents may appear. Since the possibility of light 
mirror neutrinos is not ruled out, we will consider 
two cases separately: the muonic mirror neutrino N n 
is heavy, mN, > m K (models b and c of [2]), and N n is 
light, mN, ~ r G (models a and d). 

Case 1 : N n H e a v y  

The results of Sect. 2 are directly applicable in this 
case since the only effect of mirror fermions is to 
shift the couplings of ordinary leptons and quarks 
from the pure V - A  to the forms given in (1). In- 
stead of the parameters Vii and A i it is now, however, 
more instructive to use mixing angles [-2, 3] related 
to V i and A i as follows: 

V~ = c o s ( O  h -  

A n = cos (O n + 

V~ = cos ( O d -  

Aq = c o s  ( O  d -t- 

where On, 45n, 

~ ) ,  

(b~), (14) 
0~), 

0~), 

0~, and 0 d are, respectively, mixing an- 
gles of muon, muon neutrino, u quark and d quark, 
with the corresponding mirror particles (the ud cur- 
rent dominance is assumed here explicitly). The 
range for 2q which we have given in (11) corresponds 
now to a domain in the (O,, Od) plane. This domain 
is symmetrical in the two axes; the quadrant 
O,, Oe>0 is depicted in Fig. 1. We present in the 
same figure also the slightly tighter boundary for O n 
and ~b n obtained from the limit in (9). 

We notice two facts. Firstly, if one of the angles 
Od, O, (similarly O n and ~bn) is zero, the other one is 
unrestricted and the parameter 2q (2n) is equal to 
one, trivially. This multivaluedness of the V - A  lim- 
it, obvious on the grounds of the relations (14), has 

* Some grand unified models in which mirror fermions appear 
have SU(2)LxSU(2)Rx U(1) electroweak symmetry, and have 
therefore two sources for V+A couplings. For simplicity, we will 
not consider this possibility here 
** ) 'he neutral current couplings in the mixing model are dis- 
cussed in [9] 
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60~ ~I / 0~ ,0 d -boundary 

,-iI ~ e/~, @/~ -boundary 

",,.k.. 

Fig. 1. Boundaries giving the upper limits for the fermion/mirror- 
fermion mixing angles (68 ~oC.L.). The boundaries are symmetric 
with respect to the two axes, only one quadrant being presented 
in the figure 

been discussed in connection with other processes in 
[2] (model c) and in [3]. Secondly, imposing the 
condition Od=O ~ we find IOdl--lOul<15 ~ This is 
very close to the corresponding limit on the leptonic 
side: if O =~b., then IOul=l~J <13.6 ~ 

Case 2: N. Light 

This case is more complicated, in principle, since 
neutrino beams now consist of two components, v. 
and Nu, which are coherently produced in pion and 
kaon decay. The probability of finding either of 
these neutrinos interacting is an oscillatory function 
depending, for example, on the squared mass differ- 
ence Am2=lmZ-m~,~l. However, we will see below 
that the quantity P{h does not depend on this oscil- 
lation and consequently there is no arbitrariness due 
to the unknown neutrino and mirror-neutrino 
masses. Furthermore, it turns out that bounds on the 
mixing angles O, and O d are, to the precision given, 
the same as in Case 1. 

The leptonic charged weak current written in 
t ! terms of weak eigenstates v, and N'u reads as fol- 

lows: 

or ( l - y s ) V - S l n O u # y  ( i. (15) 

The mass eigenstate neutrinos are obtained from the 
weak eigenstates by a rotation defined by: 

N u \sin 4~ u cos 4~.! N~ 

The standard formulae for neutrino oscillation (see, 

for example, [10]) give us the following expressions 
t t for the different v., N~ oscillation probabilities 

P~;,~;,(x) = Ps;,N;,(x) = 1 - l s i n Z  2 ~ .  (1 - 2 ~ x \  cos -), 

P~;,N;,(x) = Pu~;,(x) =�89 2 ~u (1 - cos 2 @ )  , 

(17) 

where x is the distance between production and 
interaction points and the oscillation length L is 
given by 

L -4~E~  (18) 
Am 2 �9 

One can see that if L is large compared to x, i.e. if 
the mass difference Am 2 is small compared to the 

! average beam energy E~, the oscillation between v. 
and N~ is negligible and # .  dependence will disap- 
pear. In the opposite extreme case of a fairly large 
Am z (although with m~, mN ~m~) the oscillating 
term averages to zero and the probabilities depend 
only on ~bu but not on A m 2. 

The Am 2 is, however, unknown and we must 
hence consider the general case. Weighting the 
beam, according to (15), with cos 20~ and sin 20~ for 

t vu and N~, respectively, and taking oscillations into 
account, we find 

C 2 ( 1 )  -~ Pv~ C 3 ( 4 )  

= (V~ z + A2) (Pv;v;(x) cos 4 0 ~  + PN;u;,(x) s in  4 0 u )  

~+_~ 2 gqAq(P%v, (x ) cos 4 0 u - PNhN; (X) sin* O u). (19) 

[Note that the non-diagonal oscillation probabilities 
P~;,u;~(x) and PN;,~;,(x) do not appear in this formula 
since they correspond to situations when the states 
v'uL and N~R oscillate to the sterile states N~L and 
v'uR , respectively.] Using then (17) one can see that 
dependence on the oscillation drops out of the p2h: 

1 22q 1 - tan  4 0  u 

p2 h = 1 + 22 1 + tan 40u (20) 
22q 1 - t a n  4 0  u ' 

1 + 1 + 2 2 '  l + t a n  4Ou 

The quantity measured in the CDHS experiment 
hence does not depend either on the angle ~ or on 
the squared mass difference A m2. * Furthermore, it is 
very insensitive to changes in values of the angle O u 
close to zero. The angle O. is strictly bounded by 
other data [2], 10.1_<_3.2 ~ and, in fact, the value of 

* Information about these quantities could be obtained, for ex- 
ample, in the neutrino oscillation experiments 
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p~u to the precision we use is independent of its 
variations within this range. We therefore finish up 
with the same numerical limits o n  ,~q and the same 
(0 , ,  Oa) boundary as in Case 1. 

4. The Left-Right Symmetric Model 

There are two parameters in the S U ( 2 ) L x S U ( 2 ) R  
x U(1) left-right symmetric model that are relevant 

to the charged-current processes [2, 4]: the squared 
ratio of charged vector boson masses, r=(mw,/mw2)2 , 
and the angle co that measures the possible mixing 
between the weak eigenstate gauge bosons W L and 
W R. In the case of no mixing W I = W  L and W 2 
=I/V R. 

The differential cross-sections for (g)u q scatterings 
are the following 

d av~q 
= Q (x) {(1 + ~IAA) 2 + 4 q2 v + 4Pv. ~lAV(1 + tTAA) 

d x d y  

+(1 - y)2 (1 - tlAa)2}, 

d o v"q 
d x dy  = Q (x) {(1 - qAA) 2 + (1 - y )2  [(1 + I~AA) 2 

+ 4 q2 v - 4P~, t/A v(1 + qAA) 2] }, (21) 

where the longitudinal polarizations P~r are given 
by 

2YIAVYIAA 
Pvu = - -  Pv~ l~2AA + I~AV2' (22) 

and in the zero-momentum transfer limit we have 
(notations used here are introduced in [4]) 

( r - 1 ) ~  r + ~  2 
r lav=l  +re 2 , rlaA--l +r~;2, (23) 

where 

1 + tan co 
E -  

l - tan co" 

It is assumed here that neutrinos are Dirac par- 
ticles. 

The expression for pt2h is now given by 

ptah _ (1 - qaA) 2 (24) 
(1 + qAA) 2 ~- 4 tlZv + 4P~, rlav(1 + I~AA)" 

The experimental constraint in (6) determines an 
area in the (r, co) plane. This is presented in Fig. 2. 

If neutrinos are Majorana particles with heavy 
right-handed components, the leptonic part of the 
charged right-handed currents is completely sup- 
pressed at low energies since the right-handed neu- 
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Fi ;. 2. Bounds obtained for the parameters of the left-right sym- 
metric model, a) (9-~N data, the rouen neutrino is a Majorana 
particle and VuR is heavy; b) (r data, the muon neutrino is a 
Dirac particle; c) muon decay data, %R light and vuR heavy (or 
vice-versa); d) rouen decay data, v~ and vu are Dirac particles. 
Allowed region (68%C.L.) in each case is between the respective 
pair of lines. The vertical line is the upper limit for the parameter 
r, r__<0.084 (68 %C.L.), as given in [2] 

trine could not be produced. In this case, as noted in 
[11], one cannot obtain any information about the 
parameters of the model, for example from muon or 
pion decay. The data on p2, however, do restrict r 
and co even in this case. The expression for pt2h in the 
Majorana case is obtained from (24) simply by set- 
ting P~, = - 1 ,  since the beam now contains only left- 
handed neutrinos. The boundary in this case, depicted 
in Fig. 2, is very close to the boundary obtained 
for the Dirac case. The reason is that the polariza- 
tion P~, as given in (24), very weakly depends on 
small deviations of the parameters fi'om their V - A  
values: 

P ~ -  - 1 + 2(r + co) 2. (25) 

As can be seen from Fig. 2, p2 restricts essentially 
only the mixing angle co. If electron neutrino and 
rouen neutrino are not both Majorana particles with 
heavy right-handed component, more precise data 
on this angle come, however, from the Michel pa- 
rameter p,  of rouen decay. We will present, for 
comparison, also the boundaries which correspond 
to the experimental limits on this quantity E12]: 

p,  = 0.7517 _+ 0.0026. (26) 

If neutrinos v e and v u are Dirac particles, or, what is 
effectively equivalent, Majorana particles with light 
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(~me)  r ight -handed components ,  the Michel  pa ram-  
eter is given by [-4] 

3 (1 +~Aa)2 +4~/~V 
2 2 �9 (27) P~----8 I+rlAA+2qA v 

If  bo th  of  the neutr inos are " t rue"  M a j o r a n a  par-  
ticles, i.e. their r ight-handed componen t s  are very 
heavy, p ,  is trivially equal  to 3/4 and was pointed  
out  above,  no informat ion about  the paramete rs  is 
obtained.  In  the odd case that  one of the neutr inos 
is a Dirac  particle (or a M a j o r a n a  particle with a 
light r ight-handed component )  and the other  one is 
a " t rue"  Ma jo rana  particle we find [p~ is symmetr ic  
with respect to the exchange of the r61es of  the two 
neutr inos*]  

3 1 
p~ 4 I+~/M, (28) 

where 

(1 - e2)(1 - r )  
t/M-- (1 + e)2 + r(1 --e) 2" 

Both Equat ions  (27) and (28) give limits on the (r, co) 
plane which are much  tighter than  those obta ined  
f rom the quant i ty  p2. 

5. Summary 

To summar ize :  

i) The  recent da ta  I-6, 7] on the high-energy (v-)~N 
scattering imply a str ingent upper  limit on the de- 
viat ion of the charged weak current  of  light quarks  
f rom the exact V - A  form. Expressed in terms of a 
general one-boson-exchange  paramet r iza t ion :  

0 . 8 6 8 < 2 q = ~ <  1.152 (68 %C.L.).  

* The other muon decay parameters, for example 6 and 4, are 
not symmetric and will therefore distinguish the two possibilities 

This puts the status of  quark  currents  abou t  on the 
same level of  accuracy as that  of  leptons [2]. 

ii) Applied to the fe rmion/mir ror - fe rmion  mixing 
model  pa ramet r i za t ion  the exper imenta l  limits deter- 
mine  a domain  in the (O,, Od) plane depicted in 
Fig. 1. The  result is not  dependent  on the unknown  
mass  rnN, of  the muon ic  mir ror  neutrino,  if 
raN, >/In K o r  mN, ,~ m e. 

iii) In  the left-right symmetr ic  model  the experi- 
menta l  bounds  limit the mixing angle to the values 
1~1<4 ~ (0.07 rad) (68% C.L.) (Fig. 2). This result is 
independent  of  whether  the m u o n  neutr ino is a Di- 
rac or M a j o r a n a  particle. The more  str ingent  limits 
on co f rom m u o n  decay are also presented. 
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