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In the context of five-quark models without a t quark, both left-handed b-singlet and right-handed b-doublet

options are of interest. %'e explore the implications of these models, contrasting their predictions with those of the

standard six-quark model. In B-meson decays, the singlet model predicts neutral-current modes at a significant

level, whereas the (c,b)„model more closely resembles the standard model. The soft and hard components of the
single-lepton energy spectrum can both be used to discriminate between the three classes of models. In neutrino

interactions the most promising mechanism is b production from c quarks, which we study in the gluon-fusion and

intrinsic-charm models. The b cross section is much larger for the (c,b j„model. Rates for multilepton final states
that might be realized from decays of b and its associated charm spectator are discussed.

I. INTRODUCTION

The nonappearance of t quarks in experimental
searches through the mass range up to 19 GeV has
sustained interest' 4 in five-quark models. In the
standard SU(2)&& U(1) electroweak framework, the
simplest such phenomenological model' ' adjoins
a left-handed singlet b' to the usual (I, d')~, (c, s')~
doublets, where d', s', b' denote orthonormal
linear combinations of d, s, b quarks. This leads
to large neutral-current (NC) modes for b decay
that border on dilepton decay limits. ' If the model
is enlarged' by adding a right-handed doublet
(c,b)„, the NC modes are greatly reduced.

In the present paper we examine the further ex-
perimental implications of these phenomenological
five-quark models and contrast their predictions
with those of the standard left-handed six-quark
model. Section II describes the parameters and
known constraints of the models.

Section III discusses the implications for B„(bu)
and B„(bd) meson decays, namely branching frac-
tions, lifetimes, and decay lepton spectra. The
singlet model predicts neutral-current modes at a
significant level, whereas the (c, b)R model more
closely resembles the standard model. The soft
component of the single-lepton spectrum, which
comes from b —c —8/v cascade decays, can be
used to determine the fraction of b -c primary
transitions; this fraction is not highly constrained
in the standard model but is closely prescribed
in both five-quark m.odels. %e examine the sensi-
tivity of the soft lepton spectrum component to the
c -D fragmentation function. The hard component

of the single-lepton spectrum can be used to dis-
criminate between V+A b couplings; the shape
near the end point contains additional information
about b -u or b- s transitions. We illustrate the
complete spectrum shape for all three models.

Section IV addresses b production by neutrinos
and antineutrinos. The cross sections for b pro-
duction by neutrinos are much larger for the
(c, b)R model. The most promising mechanism
is b production from c quarks, which we study in
the gluon-fusion and intrinsic-charm models.
Bates for multilepton final states that might be
realized from decays of b and its associated charm
spectator are discussed. The fact that the favored

pcb and &- pcb production mechanisms give
final states with two charmed particles should
help in identifying these processes experimentally.

Section V discusses expectations for. 8'-IT' mix-
ing in the various models.

Il. STRUCTURE OF FIVE-QUARK MODELS

A. Standard model

The standard six-quark model' is based upon
three left-handed doublets

(u) f c} (t)
Ed i, &8 i, Eb i,

where d', s', b' are orthogonal mixtures of d, s, b

quarks. These can be parametrized by the Kobay-
ashi-Maskawa (KM) matrix'
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in terms of three mixing angles 8, (c, =cos8„ s,
= sin8, ) and a CP -violating phase b. With suitable
phase conventions for the quarkfields, these angles
can be restricted to the quadrants 0 ( 8, (m/2,
-n &5 (m. All right-handed quarks are singlets.

The analysis of nuclear and hyperon decays sets
the limits'

s,' = 0.052 +0.005, s ' =0.08"'"
and studies of the KL-K~ mass difference and CI'
violation lead to bounds'" on the admissible re-
gions of I9, and 6; in particular, 0.034s2 0.7.
There are essentially two connected corridors in
the space of mixing parameters, called solutions
I and II in Ref. 9, characterized by having 5 in the
first and second quadrants, respectively. Figure
1 shows the corresponding ranges of predictions
for

I U,„I, I U„I, the moduli of the KM matrix
elements for b -u, b - c couplings. Some possible
ways to further constrain the KM matrix elements
are discussed in Ref. 11.

For the branching fractions and decay spectra
discussed in Sec. III, only the ratio of couplings
Ib —uI/Ib-cI is significant. We therefore take
just two extreme examples of mixing in this model
(based on solution I of Ref. 1) that illustrate the
allowed range for this ratio, from very small val-
ues up to 1:

(i) s2 =0.24, s, =0.02, 6 =0.07,

Ib-uI/Ib-cI =0.02, Ib-cI =0.22;

(ii) s, =0.6, s, =0.5, b =0.001,

Ib-ul/Ib-cl =1.O, Ib-cI =O.12.
We note in passing a third case of later interest
(based on solution II of Ref. 9) which corresponds
to near maximal Ib-cI coupling strength:

(iii) s, =0.11, s, =0.42, 5 =w -0.01,

Ib-uI/Ib-cl =o.2, Ib-cI =o.5.

We shall return to this case in Sec. IV in our con-
siderations of neutrino production of b from C.

B. Left-handed-singlet model

The simplest phenomenological model' without
a t quark retains the first two doublets above and
replaces the third by a left-handed singlet

(4,)

where d', s', b' are again defined by the KM mixing
matrix Eq. (2). The singlet b' cannot contain sub-
stantial admixtures of d and s quarks simultan-
eously, since this would imply s - d neutral cur-
rents that would give unacceptable corrections to
the KL-K~ mass difference and must be very
strongly suppressed. To explain the large kaon
multiplicity observed in B decays, ' b' must then
be essentially just a b-s admixture, implying
8,= 0 so that g becomes irrelevant and the mixing
is described by only two parameters, 8, and 8,:

(5)

This corresponds to solution C of Ref. 1; Refs.
3-4 have examined the full allowed region of very
small 8„but the essential physics is contained in
our approximation 8, =0. The limits of Eg. (3)
still apply. With the mixing matrix of Eq. (5), CP
violation must have another origin, such as the
Higgs sector.

In this model the effective Lagrangian for b-
changing interactions is

2„,= —~ ss[s, (ub)z + c,(cb)z ] [ (lv)i +c,(du)i + s,c~(su)i —s,(dc)i +c,c~(sc)~]

+ ~ s~c, (sb)z((vv)z —(1-2x~)(ll)l, +2x (ll)s +(1-~~x„[(uu)i +(cc)z] —sr~[(uu)s +(cc)s]

—(1 —~x~)(dd)l, —(c,m ——', x~)(ss)i + ~x~[(dd)„+(ss)„])+H.c. , (6)
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I

ratio is not fixed in this
solution region, but the sum of the squares of NC
and CC couplings are equal:

I
b -dl'+ Ib —sl

' =
I
b -. ul '+

I
b -cI'.

This is the analog of Eg. (7b} and has a similar
physical consequence, that the NC decay modes
are inevitably important. This special class of
solutions forms a bridge between solution C and
solution U of Ref. 1. For these special solutions
with s„s, small, the b lifetimes are T &10 s.
We do not pursue these special solutions further.

FIG. 1. Predictions of standard-model solutions I and
II of Hef. 9 for b I and b c coupling strengths.

C. Right-handed-doublet model

where (aP) =n y, P, (o.'P) =n y„P, and x
= sin'9~= 0.23. The dominant charged-current
(CC) decay coupling is b-c,

ui/lb -c
I

= (s,s,)/(c, s, ) =0.23, (7a)

and the neutral-current b - s coupling is compar-
able to b - c,

i
b —s i /i b - c

i

= (s,c,)/(c,s,) = 1 . (7b)

The latter leads to the prediction of" a substan-
tial primary decay branching fraction into lepton
pairs

B(b-e'e X) =B(b-g+p X}=0.02

that is approximately independent of 9,. This pre-
diction is in some conflict with recent data' that
set an upper limit of 0.013 for this quantity, with
9(P/g confidence.

There is one corner of mixing-parameter space
where our above arguments do not strictly apply.
If both the d and s components of b' are very
small, it is not necessary that either one of them
should be negligible compared to the other; i.e.,
b -d and b -s neutral currents can coexist if both
are sufficiently weak. This region is characterized
by s„s, both very small. The mixing matrix then
becomes (with c,= c,= 1)

Tye and Peskin' have noted that the NC branch-
ing fractions in the five-quark model would be
suppressed by the addition of a (c, b)R current;
since the left-handed NC and CC b couplings all
contain the factor s„a full-strength right-handed
current would dominate b decays, giving a sub-
stantial strange-quark yield from the b -c- s
chain.

Let us consider the addition of a general
(c",b "}s right-handed doublet to the preceding
left-handed structure. Here c" may be any mixture
of u, c and b" may be any mixture of d, s, b. How-
ever, u and c cannot coexist substantially in c"
because this would imply u- c NC couplings and
hence strong E'-D' mixing contrary to experi-
ment. " The choice c"=u is unacceptable because
it would give too few kaons in b decay and also
would imply a purely vector uu neutral current
contrary to experiment. " Hence c"=c. As to b",
it cannot be dominated by either d or s, since this
would spoil the agreement of neutrino-dimuon pro-
duction with standard LH couplings; nor can b"
contain substantial fractions of d and s simultan-
eously because of the stringent d- s NC bound.
Thus b" must be dominantly b with possible small
admixtures of either d or s; as a first approxima-
tion we put b" =b, so that the additional doublet is
simply (c, b)s, as in Ref. 6. The additions to the
effective Lagrangian of Eq. (6) are

C~ S~

s = -sI
1 c

l
1

4b' -s,s, c,s, -s,e'"

S~SS d

c,s, —s,e'~ s

e' b

2
(cb), [(lv)~ +c,(du)~ +s,c, (su) ~

—s,(dc)1, + c,c,(sc)~ I

Suppression of the d- s neutral current requires'4

s,'s, '(c,'s, ' —2c,s,s, cosb + s,' cos26) & 10~.

The other NC and CC coupling strengths are

lb-dl =s,s„ ib-ui =s,s„
I
b - s I

=
I s, —c,s,e' I, I

b - c
I

=
I c,s, —s,e'

+ s,c,(sb)~(cc)s +H.c.2Q~ (10)

Moreover, the Z' cc neutral-current coupling due
to the (c, s')~ and (c, b)s doublets is vectorlike.

Since the (b, c)„doublet dominates, we could now
alternatively entertain the hypothesis that the b~
singlet is a b-d mixture instead. This would cor-
respond to solution U of Ref. 1. For a convenient
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parametrization of this case, we can interchange
the first two columns in the mixing matrix of Eq.
(5) and interchange c, and s„ to obtain

C~C3 -S
l C ls3 d

IS '

SzC3 C~ S ~S3 S

L, -S3 0 C3

With this option the left-handed (LH) decay ampli-
tudes are still suppressed by s, while the bound'
on the latter becomes stronger: s, =0.004"0'o'~.
Inasmuch as the LH contributions are masked by
the dominant right-handed (RH) decays, there is
little practical value in examining this alternative
at present, and we do not pursue it further here.

III. CONSEQUENCES FOR B DECAYS

The decays of b-flavored mesons B„and B„can
be calculated in a first approximation as the decay
of a free b quark with the same mass as the B had-
ron. The heavy mass scale renders gluon correc-
tions small and the contributions of nonspectator
diagrams are not large. '4 The phase space for dif-
ferent quark channels depends somewhat on the
assumed quark masses; for our illustrations we
use the specific valuesm~ =5.2, rn, =1.87, m,
=0.5, m,„=m, =0.3, and the phase-space formulas
of Ref. 1. It should be clearly understood that our
results for branching fractions, lifetimes, and
lepton spectra are intended to be illustrative rather
than definitive, since they depend on model as-
sumptions such as mass inputs, neglect of quant-
um-chromodynamics (QCD) corrections, and neg-
lect of nonspectator diagrams.

In the standard six-quark model, we illustrate
the range of possibilities by cases (i) and (ii) de-
scribed in Sec. II. In the left-handed singlet model,
s, is fixed and the parameter s, affects only the
lifetime; all branching fractions are essentially
parameter independent. In the right-handed-doub-
let model we fix s, at its central value s, = (0.08)'~',
with the choice of b - c dominance in the left-handed
sector.

A. Branching fractions

TABLE I. b branching fractions in percent.

Channel

Standard
model LH-singlet

model
RH-doublet

model

CP, V

CTV

CQd

CCS

CCd

QPV

QTV

QQd

QCS

QCd

SVV

see
sing
STT
SQQ

Sdd
SSS
SCC

18.8
18.7
4.0

48.8
2.5
6.6
0.4

0.0$
0.02
0.01
0.05
0.002
0.02
0.001

5.8
5.8
1.3

15.2
0.6
2.2
0.1

11.1
11.1
4.6

29.9
1.2

10.8
0.4

8.7
8.6
1.9

22.5
1.1
3.0
0.2

1.2
1.2
0.5
3.2
0.2
1.1
0.1

14.9
2.5
2.5
0.2
8.1

10.4
7.8
Q 4

17.4
17.3
3.7

45.3
2.1
6.0
0.4

0.2
0.2
Q.1
0 4
0.02
0.1
0.01

2.1
o.4
o.4
0.02
1.1
1.5
1.1
Q.1

TABLE II. Inclusive b branching fractions in percent,
and multiplicities.

the subscript PR denotes primary, as distinct from
secondary c- or &-decay contributions.

The most significant property of the LH-singlet
model is the strong contribution of b - s NC de-
cays, observable in various ways': (i) a prompt
e'e or p, 'p, signal at 2%, as previously noted;
(ii) a large and energetic prompt strange-quark
yield, not due to charm decays; (iii) a large two-
neutrino mode, with missing energy but no visible
leptons.

The HH-doublet model does not differ strongly
in any branching fractions from the allowed range
of standard-model predictions. Its distinguishing

Table I lists the branching fractions of different
modes at the quark and lepton spectator-diagram
level. " The charged-current b -c, b -u and neu-
tral-current b - s channels are grouped separately
For b-scc and b -suN decays there are actually
contributions from both NC and CC matrix ele-
ments; we have ignored their interference, which
is permissible since either one matrix element or
the other is very small in each case.

Table II gives inclusive branching fractions and
multiplicities, derived from the previous table:

Quantity

B(b —CX)cc
B(b QX)cc
a(b-sx)„,
a(b- e'X)»
()V(s + s)&

(IV(s+ s)& s „
((v(c+ c)&

99.9
0.1

19
1.2
Q.1
1.1

17
0.6
Q.1
Q 4

Standard
model

(i) (ii)

46
7

47
15
1.2
0.7
0.5

92
1.Q
7

18
1.2
0.2
1.0

LH-singlet RH-doublet
model model



1332 V. BARGER, W. Y. KEUNG, AND R. J. N. PHILLIPS

feature is its inflexibility; it predicts a very small
fraction of b -u or 5 - s decays of LH-b-singlet
origin.

The semileptonic branching fraction for primary
electrons is about 18% in the standard or RH-
doublet model, whereas the LH-singlet model gives
15%%uo. The significance of the discrepancies with
the experimental value' 13+ 3(+3)% for electrons
(9.4s 3.6% for muons) is unclear, due to possible
theoretical enhancement of hadronic modes.

The relative strength of b —c decay modes rela-
tive to b -u or b - s modes depends somewhat on
the assumed mass of the c quark that affects the
phase-space integrals. We have used m, =1.87
Gev, for which r(f -c)/r(t -u) =0.40It -cI'/
I
b -u I '; had we taken m, =1.70 or 1.50 GeV in-

stead, the principal b - c modes would be enhanced
by factors 1.14 and 1.4, respectively.

B. Lifetimes

1.2—
LP

lh

O
0.8—

Q3

4

OA—

60

0
0

I

0.2
Ib- I

I

0.0 0.6

FIG. 2. Standard-model lifetime predictions for solu-
tions I and D vs

I
b -cI .

The b lifetime is sensitive to the b mass, scaling
approximately withe, '. The values below are
all calculated for m, =5.2 GeV.

The standard model admits the range of mean
lifetimes" form 8 =5.2 GeV,

0.8x 10 "S~(standard)61. 4x 10 "s. (12)

Figure 2 shows the lifetimes for solutions I and
II, plotted versus the b - c matrix element for
varying t-quark mass m„ that enters in the KM
angle analysis of Bef. 9. These results are based
on the mass values described above and include
(for this calculation only) @CD corrections as in
Ref. 16.

In the LH-singlet model the lifetime is propor-
tional to s, ', to a good approximation. With the
masses assumed here we find in the spectator

r(RH doublet) —3.1 x 10 t5 s (14)

For the standard and LH-singlet cases, these
lifetimes should lead to detectable decay lengths
in nuclear emulsions. The HH-doublet lifetime,
however, seems on the edge of resolvability (e.g. ,
with a typical boost factor y =10 the mean decay
length would be 9 microns).

C. Decay lepton spectrum

In all models the hard component of the lepton
spectrum from b decay comes from the primary
5-c(u)lv transitions. Of these, the b-ulv con-

tributions have the higher end point, while the
b - clv contributions may be recognized both by
their lower end point and by the softer secondary
c- sly component that they imply. ""

The difference between the LH & - c couplings
(standard and LH-singlet models) and RH b —c
couplings (RH-doublet model) may be seen in the
shape of the hard component; LH coupling gives
a harder spectrum.

The primary decays may be calculated as free
quark transitions, but the secondary decays require
additional input about the fragmentation of the
c quark to charmed hadrons. In the bulk of our
calculations we assume c-D fragmentation with
a fragmentation function D(z) =1 where z is the
momentum fraction z =pD/p, in the b rest frame.
Such a flat fragmentation function is consistent
with the neutrino dimuons of charm origin. " We
calculate D semileptonic decay as an equal super-
position" of P-Klv and D-K*lv, which fits the
observed spectrum.

The relative strength of 0-clv and c- sl& decays
is important for the soft component of the lepton
spectrum. Bather than rely on model calculations,
we use present experimental indications"' that
these branching fractions are approximately equal
(when averaged over the B and D charge states
produced in e'e collisions).

For cases in which b -c is dominant, the (b, c)„
model can be distinguished from the (b, c)~ models
by the shape of the hard component of the lepton
spectrum Figure 3(.a) compares the predicted
shapes in the b rest frame Figure 3(b). shows
the present electron data at v s/2 =5.27 GeV with
the predictions appropriately boosted and normal-
ized relative to the data. Higher statistics data
will be required to differentiate the I.,R possi-
bil. ities.

model

v(LH singlet) = 2.2 x (0.08/s, ) x 10 '~ s . (13)

In the BH-doublet model the lifetime is essential-
ly fixed for given m~. With m~=5. 2 GeV the spec-
tator-decay result is



STUDY OF b COUPLINGS IN THK STANDARD WEAK DOUBLET MODEL. . .

lO

C

~s/2 me i 5.2 GeV 50
CO

CV

O
8 20

~/2 *5.27 GeV

mB~5.2 GeV

LLI

X

EQ

io-

'a

0
0 i.o

E~ (GeV)

2eo 5.0
0—
0 1.0

E (G@V)

2.0 5.0

4Ol

C

P
Zh

O

I I

(c) b&-singlet model

+s/2 = me=5. 2 GeV

25

C9
20-

N
O

i5-

io

(d) b„-singlet model
~e 52GeV

+= 5.27 GeV

K 5

0
1.0

E&(oeV)

I

2.0 5.0
0
0 i.o

E, (eevj
2.0 XO

FIG. 3. Single-lepton spectra from B decays (a) at rest for pure (b, c)1, and (b, c)z models; (b) at Ms=5.27 GeV for LH
and RH models compared with electron spectra from Ref. 5; (c) at rest for b ~-singlet model; (d) at ~s= 5.27 GeV for
b L,-singlet model.

The shape of the single-lepton energy distribution
depends on the fraction of b —c primary transitions
and can be used to discriminate between models.
In the LH-singlet or RH-doublet model, the pri-
mary 5 -c decay fraction is approximately pre-
scribed, and thereby affords a test of the model.
Figures S(c}and 3(d} show the predictions of the
b~-singlet model, for decays at rest and at Ms/2
= 5.27 GeV. (Note that in the LH-singlet model
each event from the NC mode b-se'e is counted
twice in the single-lepton distribution. ) Figure 4
shows a range of standard model predictions for
B decays at rest corresponding to [b -u[/~ b-c[
ratios 0, 0.3, 0.7, 1,~. With K-decay constraints, '
the (b-u~/~b-c~ ratio can take any value in the
range 0 to 1. The diminution of the soft compon-
ent and the extension of the end point are associated
with an increase in the relative strength of b -u
coupling "'"

Figure 5 illustrates the sensitivity of the soft
part of the spectrum to the choice of fragmentation
function. The three choices D(z) =1, D(z) =0.16e",
D(z) =5(1-z}are compared, for the case of (b, c)~
dominance; a hard fragmentation function is ad-
vocated in Bef. 22. The charm fragmentation func-

tion can be measured directly from e'e -cc
events.

D. Dilepton decays

Q,g

0.3

0.2

hJ
0;I

0
0 0.5 &.0

EI (Gev)
2.0

FIG. 4. Single-lepton spectra from b decay at rest in
standard model with ~b u(/~b c~ =0, 0.3;0.7, 1.0, ~.

In the standard and RH-doublet models, dilepton
modes arise from cascade semileptonic decays
0 - cl&, c- sl v. In the LH-singlet model, dileptons
also arise from neutral-current decays b - sll;
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4, 5
LH standard model---RH doublet

CO
NC sInglc ~ ~ ~

L
O

C$ 3—
Ch
L
O NC';,

LLI

0
0 1.0

EI (GeV)

2.0

FIG. 5. Single-lepton spectra from b decay at rest for
(b, g)& models with three choices of fragmentation func-
tion: D (z) = 1 (solid curve), D (z) = 0.16e3~ (dashed
curve), D (z) = 6 (1-z) (dotted curve).

IV. PRODUCTION OF b QUARKS BY NEUTRINOS

A. General features

these )$ modes are distinguished by the presence of
a fast s quark, no missing neutrino energy, and
relatively hard energy distributions for both
charged leptons. Neutral current modes also in-
clude b -svv distinguished by large missing energy
with no accompanying charged leptons.

The invariant-EE -mass distributions for the
standard, RH-doublet, and LH-singlet models are
compared in Fig. 6. The energy distribution of the
)) pair from b decay at rest is shown in Fig. 7.
The distribution in missing vv energy is the same
as that of /l energy, in all cases.

I~
t—

D

0
0 2.0 3.0 4.0

E(fI) (Gev)
FIG. 7. Distribution of the summed energy of ll pairs

produced in b decay for the standard model (solid curve),
RH-doublet model (dashed curve), and neutral-current
component of the LH-singlet model (dotted curve).

5.01.0

there are also threshold suppression effects at
presently accessible energies. 2' In the HH-doublet
model, however, the vc- p, b production mode is
enhanced by an order of magnitude. Some b-pro-
duction events may eventually be detected in emul-
sions, where the cascade decays would give a
distinctive signature.

1. Quark-parton model

In b production by neutrinos, the cascade and
sernileptonic decays of b lead to interesting multi-
lepton signals that could contribute significantly
beyond the normal expectations from c and cc pro-
duction.

At the quark level, the contributing processes
are

VB~ /Jb )
Weak couplings of b quarks may be manifested

in b production by neutrinos and antineutrinos. In
the standard and LH-singlet models the cross sec-
tions are rather small, essentially because the
couplings to valence u and d, quarks are suppressed;

vc pb )

vs~ vb,

vc pc,
vs vb,

vs- vb, vs- vs,

(15)

I~

E'0
Z,'

I I

LH standard model--—RH doublet

singlet

omitting production from t quarks that is negligible
at present energies. " The neutral-current modes
exist only in the models with a b~ singlet. In the
parton-model approximation, the inclusive CC
cross sections for b production on a proton target
have the forms (in units Gz'M+/m)

do(~p - pbX) = e~u(x„)V'„+a~ c(x, )T; + e„'c(x,)1;
dX dg

(16)

0
0 1.0 2.0 3.0

4

. ~

I I I

4.0 5.0

while the NC cross sections in the LH-singlet
model of Eg. (5} are

m(SS) (GeV)

FIG. 6. Invariant-mass distributions of ll pairs pro-
duced in b decay for the standard model (solid curve),
RH-doublet model (dashed curve), and neutral-current
component of the LH-singlet model (dotted curve).

do(vP vbX)'
= 4S3 C3 SEXT)aX dy

do(&P —&bX)
4S3C3SX

X
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Here u(x), etc., denote the quark fractional mo-
mentum distributions in the target proton. For
antineutrino production, interchange v with P, p,

with P, b with b, etc. , throughout ~s. (16) and
(1V). The slow-rescaling'4 variables x, (a =u, s, c)
are defined by

x, = x+ (m, ' —m, ')/(2M„v), (18)

where x =Q'/2M~v and v =Ey as usual. The y-de-
pendent factors are

r, = 2x, +2y(x —x,),
T; =2(x, —xy}(1—y) .

The couplings are defined by e~ „=
~ &»(b, a) ~'

where U is the mixing matrix. We take the hadronic
threshold energy to be W=M~+m~ for production
from uncharmed quarks, 8'=M~+rn, +m, for pro-
duction from charmed quarks.

IM II,
'

dp, dbdcde(vg- abc) = „~5 " - 5'(v+g- p. -b —c),8s (2v)' 8V, P,c,

with

(20)

2. Gluon-fusion model

The distribution of charmed guarks in the nucleon
is an important input. The current-gluon-fusion
model2'2' provides a plausible dynamical model
for the cc sea, which is already known to give a
good description of charm production data with
muon beams. " The gluon-fusion diagram for
vg- p.bc is shown in Fig. 8; the differential cross
section for this process can be conveniently writ-
ten for (b, c)~ coupling as

512mG~'n, cf (g ~ p —c ~ p)(b ~ v) c ~ c b ~ c (c p, )(c v) ( b —c, V, —v~ ~ ~ ~

(1+Q'/Ã~ )' c g c ' g b ' g c g (simultaneouslyj (21)

1

dc(vN- v.bcX) = dq G(q)d&,
no

where@ =s/s and go=(4m, '+Q')/s. We shall use
the gluon distribution deduced from charm pro-
duction analyses"" 0 (q) =8(l -q)'/q.

(22)

3. Intrinsic-charm model

Motivated by the large observed cross sections
for diffractive charm production, it has been sug-

where s i.s the subprocess invariant energy squared
and e, is the gluon coupling constant. In these
formulas the symbols denote the four-momenta
of the particles, with the exception that b denotes
the moxnentum of the outgoing b. For the case of
full-strength (b, c)„coupling, v and p are inter-
changed in Eg. (21) and ef is replaced by 1.

The full cross section on nucleons is obtained
by convolution with the gluon distribution:

I

gested that the nucleon contains long-lived "in-
trinsic" charm components in qqqcc Fock states,
and a simple model gives the distribution "

c(x) =c(x) =600xx'[(1 —x)(1+10x+x')

(2$)+6x(1+x)lnx],

where x =f c(x)dx is estimated to be of order 0.01.
The intrinsic-charm contribution is expected to

be additive to the gluon-fusion charm component,
since it has a different dynamical origin. In muo-
production intrinsic charm enters mainly at large
Q' and is not in conflict" with gluon-fusion analy-
ses of existing data~' "at low Q'. However, a
stringent limit on X is provided by recent high-
statistics dimuon results from the European Muon
Collaboration" (EMC) at 250 GeV and large Q'.
The data have been analyzed in terms of F,(charm)
= f xc(x), assuming c-D fragmentation function
B(s) =1 in the laboratory frame. The intrinsic-
charm prediction with X = 0.01 lies three standard
deviations (equivalent to a factor of three in X)
above the data point at v =130 GeV, Q2 = 70 GeV'
and two standard deviations above the data point
at v =190 GeV, Q' = VO GeV'. Hence the normaliza-
tion A, = 0.01 is an extreme upper value; we use
this value in our illustrations.

FIG. S. Diagram of the subprocess vg pbc.

8. Total cross sections for b production

%'e calculate contributions from struck u, u, s, s
guarks using the parton-model formulas Eqs. (16)-
(17}with QCD-corrected parton distributions from
the counting-rule solution of Owens and Heya. '4
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We calculate contributions from c, c quarks using
either the gluon-fusion model (with I,=1.5 GeV,
&, =12m/(221n[(Q'+m„-')/A']), A =0.5 GeV) or in-
trinsic charm, with strength X =0.01.

Figure 9 shows the contributions from c, s, and
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FIG. 9. Neutrino production of b and b from an iso-
spin-averaged nucleon target, as a fraction of the total
charged-current cross section. (a) u -b contribution.
(b) c b with gluon-fusion model. (c) c b with intrin-
sic-charm model with strength X= 0.01. (d) neutral-cur-
rent s b, s b contributions. Solid curves denote
standard model (iii) with near maximal {c,b)1 coupling;
dot-dashed curves denote standard model (ii) with maxi-
mal (u, b)~ coupling; dotted curves denote the LH-singlet
model; dashed curves denote the HH-doublet Inodel
(c,b)z, in cases where it differs from the LH-singlet
model.

s to neutrino production of b, b on an isospin-
averaged nucleon target, as fractions of the total
CC cross section u(vN-gX) =0.68(E/GeV) && 10 "
cm'. The u-b contribution is shown in Fig. 9(a);
Figs. 9(b) and 9(c) show the c-b contribution for
the gluon model and the intrinsic-charm model
separately; Fig. 9(d) displays the neutral-current
s-b, s-b contributions of the five-quark models.

Antineutrino production from the u quarks in an
isospin-averaged nucleon is shown in Fig. 10, as
a fraction of the total CC cross section o(PN- gX)
=0.20(E/GeV)10 "cm'. The contributions from
c, s, s quarks can be read from Fig. 9, by charge-
conjugating the participating quarks and leptons
and scaling up by the v/P cross-section ratio 2.1.

These results show that for neutrino production
the most promising channel is c-b, especially
with an intrinsic-charm component and a (5, c)s
current. We concentrate our attention on these
transitions. For antineutrino production the u-b
channel may also be significant, but only if the
(u, b)~ coupling is near maximum.

We observe that the most favored vc- p, b pro-
cess will give final states with two charmed parti-
cles (from 7r decay and the spectator c) that could
be identified in emulsions. This also implies a
high kaon multiplicity that could be detected in
bubble chambers.

lo I . I I

t+
1 ~~

$tandard (ii)
lh

b &
I

fQ — g' .... """""'
b -singlet/ ...~" L

4

f05 1: I l I

0 IOO 200 300 400

E„{Gev)

500

FIG. 10. Antineutrino production vp pb from p quarks
in an'isospin-, averaged nucleon target, as a fraction of
the total charged-current cross section. Labeling of
curves follows the notation of Fig. 9.

C. .«ltilepton signals

The primary and cascade decays of b into muons
and electrons lead to possibly identifiable multi-
leptons signals. Along with the b produced in
vc-gb, there is an accompanying spectator c
quark v;hose decay can contribute an additional
lepton. We discuss the various lepton signals in
neutrino scattering below. The corresponding
diagrams are shown in Fig. 11 for the neutrino
case.
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Some-sign dimuons Opposite-sign dimuons Right-sign trimuons The intrinsic-charm component is bigger than the
gluon-fusion charm component and gives fxc(x}dx
= 2X/V. Equations (25)-(26) then lead to upper
bounds on the intrinsic-charm strength"

c b c s
N crab c 0.05 (a =0}

0.04 (a =1) (28)

Wrong-sign trimuons Tetramuons

, b

~P

FIG. 11. Diagrams for multilepton states from b pro-
duction and decay.

where a =0 in the standard and LH-singlet models,
a =1 in the RH-doublet model. We ignore the
vc - vc cross section

c(vc- vc) =(G ME/m)[2(a —~x~) + v(1 —yx~)']
2

xc xdx
0

(2'I)

since the p,
' from the spectator c decay would be

slow and unlikely to be detected.

1. Wrong-sign single leptons

Wrong-sign single-muon or single-electron
events vN- L'X, vN- l X could be signatures for
new'-flavor production by neutral currents. An ex-
perimental limit for neutrinos has been given":

N(v p )/N(v —g ) & 1 6&& 10 ' (90% C L ) (24)

for E„&5.5 GeV, averaged over the CERN narrow-
band beam with 100 &E„,& 200 GeV (the spectrum
is flat in this energy range). This has been con-
verted into the following upper bound on the neu-
tral-current charm production cross section

g(vN vccX)/o(vN g X)&8'X 10 '

for E= 150 GeV, after correcting for missing
energy in E„„for the charm semileptonic branch-
ing fraction and for the muon-detection efficiency. "

Wrong-sign single-lepton processes vN - /'X
(vN- I X) arise from neutral-current scattering,
for example from vc- vc with semileptonic decays
c-sl'v. Far above threshold where slow rescaling
effects can be ignored, the integrated NC cross
section on the c-quark component of the nucleon is

c(vc -v c) = (O'ME/m) [-,
' (1 —~4x~)'

1
+ v(a —~x~)'] xc(x)dx,

0

(26)

that are conservative, since threshold suppression
of charm production is not included in Eq. (26}.
These bounds are not restr'ictive, when compared
with the value X= 0.01 used"' to explain diffrac-
tive charm production observations.

Wrong-sign single leptons can also arise from
neutral-current b production, vs- vb, vs- vb with
subsequent b -c- sp. 'v or b - cp, 'v. Multiplying
the production rates in Fig. 9 by the semileptonic
branching fractions of order 0.1, we see that the
wrong-sign single-lepton signal from this source
would be well below the upper limit Eq. (24}. It
would therefore be extremely difficult to extract
a b signal here, since the backgrounds from v con-
tamination in the beam and misidentified dimuons
are typically ' much bigger than the upper limit of
Zq. (24).

2. Sameeign dileptons

Recent observations" "of a substantial same-
sign dimuon signal vN - p. p. X are of interest in
connection with possible b production. The rate
is at least two order of magnitude above the low-
est-order QCD calculations40 for associated charm
production in the hadronic vertex vN- p. ccX with
semileptonic c- sp. v decay.

A signal would be expected from vc - p. b produc-
tion, with b - c- sg v decay. Figure 12 shows the
predicted rates for the standard left-handed model
with maximum coupling

~

b-c
~

=0.5 and for the
RH-doublet model with

~

b -c
~

=1; in each case
the gluon-fusion and intrinsic-charm (with &= 0.01}
cross sections are calculated. We assume the
produced b-quark fragments into a B meson of
the same momentum. " The B decay is treated
as in Sec. IIIC, with 10% charm semileptonic
.branching fraction, and acceptance cuts E„&9
GeV. The results are compared with data from
Ref. 38 (E„&10GeV cuts) and Ref. 39 (E„&9GeV
cuts}.

These results show that the RH-doublet model
could explain an interesting fraction of the same-
sign dimuon rate if the intrinsic-charm model is
invoked. With any of the other models considered
here, very little of the same-sign dimuon rate
can be accounted for.

With the b-production mechanisms, the pre-
dicted antineutrino rate of same-sign dileptons
is approximately
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I I I

SAME-SIGN DIMUONS

E+&9 GeV
8 E

CFNRR

HPWFOR )l~
b
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pH-&C
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FIG. 12. Predicted same-sign-dimuon rates on an
isospin-averagednucleon target from vc —p 5 production
in standard model (iii) with near-maximum allowed
(b, c)1 coupling and in the RH-doublet model with full-
strength (b, c)& coupling. The cross sections are based
on gluon fusion (GF) and intrinsic charm (IC) with
strength X= 0.01. The representation is as follows:
RH-IC (solid curve), LH-IC (dashed curve), RH-GF
(dash-dotted curve), LH-GF (dotted curve). Data are
from Refs. 38 and 39.

N(v-u'p') N(v-V u )=2
N(v —Iu. ') N(v —p, )

(29)

For antineutrinos the process vn- p,'b on the val-
ence I quark gives additional b production; how-
ever, even if the (u, b) ~ coupling approaches its
maximal allowed value 0.1, this contribution is
still below the maximum (c, b)z contribution dis-
cussed above.

A possible element neglected above is B -B'
mixing. If this mixing were strong, up to half
the b- p. decays might come from the first rather
than the second step of the decay chain. The p,

spectrum would then be somewhat harder and its
acceptance losses smaller. The net b - p. branch-
ing fraction would be little changed since both

steps have about the same semileptonic branching
fraction. Quantitative estimates of mixing effects
depend on the ratio of charged to neutral B produc-
tion and the amount of mixing. As an illustration,
we assume a production ratio B':B'=1:1 with
maximal B -B mixing, in which case one-fourth
of the secondary p. originate from the first
stage of the decay chain. The N(y. p, )/N(p )
ratio is increased at E =100, 200 GeV by fact-
ors of about 1.6, 1.3 for the (c, b)~ model and
1.4, 1.2 for the (c, b) smodel, with an E„&9GeV
acceptance cut. Corrections in the rate of this
order would not alter our previous conclusions.
The predictions of the b-production models for
average values of distributions in v p, g at
E =185 GeV are tabulated in Table III and com-
pared with the Nishikawa et al . data. "

3. Opposite-sign dileptons

There will also be a contribution from b produc-
tion to opposite-sign dilepton signals at a rate
comparable to the same-sign dilepton rate, with
the secondary lepton originating in the first stage
of the b-cascade decay (or in the second stage
with B' B' mi-xing). This would contribute some
secondary leptons at large transverse momentum,
which could eventually be helpful in isolating the
b signal. The presence of two charmed particles
in the final state could also help to identify these
events.

4. Right-sign tl'ileptons

"Bight-sign" trimuon production vN - p. p. p. 'X,
vN p'p+p X is predicted for vc- pb and vc(u)- pb processes with double semileptonic decay
b -cp, ~, c-sp. ~. Such trimuons have been ob-
served, 4'4' but are interpreted as due mainly to
ordinary charged-current scattering with a low-

TABLE III. Average quantities for p- p p, for incident energy E=185 GeV. B -B mixing
results are based on equal B and B production. Data and definition of quantities are given
in Nishikawa et al. (Ref. 39).

Quantity Experiment
No B -B mixing

(c, ~), (c,S),(c,b)„

Maximal B -Bo
mixing

Z„j, (GeV)
Z„(GeV)
p„(G V)
p~s2 (GeV)

y (deg)

ylS

&vis

Zp,

Wy is

179 + 19
101 + 14

14 +2
0.63 + 0.14

131 + 8
0.22 + 0.07
0.63 + 0.05
0.17+ 0.02

12.7 + 1.2

173
93
17
0.83

140
0.24
0.64
0.17

12.4

176
72
16
0.58

141
0.21
0.50
0.20

11.3

168
82
20
1.0

138
0.23
0.60

. 0.23
12.0

173
63
19
0.82

138
0.21
0,47
0.27

10.8
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mass hadronic or electromagnetic lepton pair. ~ "
On the basis of the invariant-mass distribution of
the slow p, g' pair, an upper limit has been set on
the trimuon contribution from b decays,

o(v- p, g p')/o(v-g )& Ix 10 ', (30)

5. Wrong-sign trileptons

"%Prong-sign" trimuon production PV- p. g+p, 'X
production is predicted for &c - p. b with b - cp, & and
c-sp& decays of the produced b and spectator
c. A few such events have been reported~ but are
consistent with conventional background s.

The total rate of such events for neutrinos (and
correspondingly for antineutrinos) may be read
from Fig. 9, multiplying by 0.01 for the product
of b and c semileptonic branching fractions. An
acceptance-corrected rate is hard to estimate, for
the intrinsic-charm model that gives the biggest

RIGHT-SIGN TRIMUONS

E+&4.5 GeV-4 X
IO .~ T

HPWF

I
,+ 10

b

RH-!C

LH-!C

.gf .....- ~

i/ I

IOO
to

0 200 500
E„(Gev)

FIQ. 13. Predicted right-sign-trimuon rates on an
isospin-averaged nucleon target from v c —.p b produc-
tion, with E &4.5 GeV acceptance cuts. Curves are
labeled as in Fig. 12. Data are from Refs. 41 and 42.

for the CERN wide-band beam with E ~ 30 GeV andE„4.5 GeV.
For the standard model with maximum allowed

(c, b)~ coupling and for the RH-doublet model with
full-strength (c, b)~ coupling we calculate corres-
ponding values consistent with the above bound:

0.6x 10 8, LH-IC
o(v" u u ~'}/o( v-~ ) =

7.7x 10-',

(31)

for intrinsic charm (IC) with X =0.01. The gluon-
fusion mechanism gives smaller values. The pre-
dicted rates for b-produced trimuons are shown
along with the data '~ in Fig. 13. These rates
are not affected by B'-B' mixing. The RH-doublet
model predicts the strongest signal; the invariant
mass of the p'g pair from cascade b decay (see
Fig. 6) provides the cleanest test of this mechan-
ism.

6. Tetraleptons

Events with four leptons vN- p. g p, 'p, +X will be
produced by &c pb with semileptonic decays of
b, the cascade c, and the spectator c. The total
rate of such events relative to CC events may be
read from Fig. 9, multiplying by 0.001 for the pro-
duct of three semileptonic branching fractions (and
by a further 2.1 for antineutrinos}. As in the pre-
vious subsection, we are unable to calculate ac-
ceptance corrections for the intrinsic-charm mod-
el. These events will be characterized by a slow
muon from spectator c-decay.

A few such events have been observed. Con-
ventional mechanisms are evaluated in Ref. 45.

7. Neutral-current Q and ccproduction

In the standard and LH-singlet models the cc
neutral current has the usual couplings g~ = 1 —& x~,
g„=-~4 m~ [see, e.g. , Eq. (6)]; in the RH-doublet
model, however, the coupling is purely vectorlike,
g~ =@~=1—&4g~. The cc current can be probed
directly by P production vN- vs.

The gluon-fusion model. gives a good descrip-
tion" 4' of elastic g production by the electromag-
netic current pN- pe, with the ansatz that g
states arise from a fixed fraction of bare quark
production pÃ- pccX in the narrow invariant-
mass interval 2m, ~ m(cc) & 2m~. Applying this
model in the narrow-window approximation to
neutrino neutral-current production, we predict
that

da(vN- vs)/dvdQ~ 9G~ Q
dc(pN- p, gX)/dvdQ' 64m'o" (32}

at each kinematic point (v, Q ), for diffractive g
events (i.e. , with little accompanying hadronic
energy, typically E„,~& 6 GeV).

For the standard model, the spectrum-averaged
rate prediction for diffractive g production with

decay is

N(v —g —p,
'

p, )/N(v - p. ) = 2 x 10 ' (33)

for the CERN 350-GeV wide-band beam. For the
RH-doublet model this prediction is increased by
a factor 1.7. In the latter model, since the neutral
current is vectorlike, the ratio to muoproduction
is essentially model independent. Inasmuch as the
gluon-fusion model effectively parametrizes the
muoproduction data, the predicted neutrino rate
is free of model dependence in this case. Some P

cross sections, since we have no prescription here
for the energy of the spectator c quark. Qualita-
tively these events should be characterized by a
rather slow p" from the spectator decays (g for
antineutrinos}.
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production has already been observed~' at the pre-
dicted order of magnitude; an accurate measure-
ment could discriminate between the standard and
RH-doublet models.

The neutral-current cross section for open cc
production by neutrinos or antineutrinos is also
a direct measure of g~2+g~2 and hence adiscrimin-
ator of models. In the parton model for the above
threshold, we have again Eq. (32) with cc written
in place of P. Muoproduction of charm has been
measured through dimuon and trimuon events. ""
Neutral-current charm production may be measur-
able in emulsions; one candidate event has recent-
ly been reported. "

IV. 9 -8 MIXING
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The study of B'-B meson mixing could shed
light on the structure of 5-quark weak interac-
tions. ' " We concentrate attention here on the
Bc~(bd) state.

A. Standard model

26
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Using KM-angle determinations from analyses
of K'-K' mixing, predictions of Bo-Bo mixing have
been made in Ref. 51. Within each of the two
solution classes I and II, the amount of Bo-B
mixing depends on two parameters s, and the s-
quark mass yp, . Figure 14 illustrates predictions
based on Ref. 51 for the time-integrated mixing
measure 2s/(I+ a') versine lb-cl or lb-u
lb-c

l
for m~=20 and 40 GeV. Here 4 is defined

by

6 = [(bm)'+ 4(br)']/[2r'+ (bm)' ——,'(br)'] (34)

win bm =m, -m„br =r, —r„and r=-,'(I, + r,).
The large mixing effects in these calculations are
driven primarily by bm/I'. Solution I gives the
larger mixing, which increases with m, . For
lb-c l

)0.25 the mixing is small.

8. LH-singlet model

For s2 =0, as we assumed io Sec. IIB, there is
no first-order b-d' neutral current. The one-loop
order-G~2 analysis of Om is altered, because there
is no t quark; neglecting the small contributions
involving z quarks, there is a direct relation be-
tween the B system and the K system,

J

2 2 2bm (B) U„„S~ p pg& 17 (35)
bm'(K} U ' c'

This will give negligible mixing from bm /I',
since also I'(B)» I'(K).

For s2 very small but not zero, a neutral-current
contribution to Gag of order G~ arises, for which
bm(B)» bm(K) is possible for certain very small

0.2

0
0 0,4 0.8

lb-ul/Ib cl

1.2

FIG.' 14. Standard-model predictions of B -B mixing.
Predictions for 26/(1+ At) from the two solution classes
are shown vs lb -cl and lb-ul/lb -cl for various
choices of the t-quark mass m&.

values for s, . Appreciable B-B mixing could in
principle arise in this way.

bm(K) = -Kfr'mxm, 'U„'U~,
bm(D) =KfD mom~ U~„2[in(m ~/m~) —1], (36)

bm(B) =Kfssm sm, 'U,s'2[in(m ~/m, ) —1],
where K =(uoz)/(6v 2 vms'x v); fx, fn, fs are the
K, D, B decay constants. Compared with stand-

C. RH-doublet model

We consider this model in the limit where (c, b)„
is the only b-changing current. In the one-loop
order-G~' calculation of 5m', with neglect of light
quark (n, d, s) contributions, bm(K) is given by
left-left couplings with c-quark exchange, bm(D)
is given by left-right couplings with b-quark ex-
change, and bm(B) is given by left-right couplings

.with c-quark exchange; see Fig. 15. Taking the
leading terms" we obtain to leading order in the
vacuum insertion approximation
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SL dL GR UL bR dL would admit first-order bd neutral currents that
could produce large 8'-B mixing.

UqC ll 11U C b i c ii ll C

dL SL UL dL bR

ard-model calculations" this 5m(D) is consider-
ably larger (but still within experimental. lim-
its'a'4) while dm(B) is substantially smaller. It
is therefore unlikely that large B'-B mixing can
arise from this mechanism.

With singlet-doublet mixing in either the left-
or right-handed sector, the RH-doublet model

FIG. 15. Effective four-quark interactions contributing
to K-K, D -D, B -B mass differences in the RH-
doublet model.
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