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Flavor-changing neutral currents: Theory and future experiments
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An SU(2) consistent introduction of particular flavor changes in the neutral current of a generalized
Weinberg-Salam model for hadrons is described and examples are discussed, in particular, two CP-violating
and flavor-changing five-quark models, which are in agreement with measurements on the E -K and the
D -D system and still allow t+-+c and b~s transitions. The evidence for the strong suppression of a
neutral u+ c transition from D -D measurements is briefly reviewed. The experimental signatures of the
different flavor changes, to be detected or to be ruled out in the future, are discussed.

INTRODUCTION AND SUMMARY

Strangeness conservation in weak neutral cur-
rents (NC's) motivated the prediction of a new
quantum number, charm, by Glashow, Iliopoulos,
and Maiani (GIM), ' yielding for the Weinberg-
Salam modeP' a NC completely diagonal in all
flavors considered up to that time: u, d, s, c.
Charmed particles have been detected' and are
studied in various experiments, leaving no doubt
about the good agreement with the GIM predictions
as far as charged-current reactions are con-
cerned. For neutral currents, the GIM model
fitted strangeness conservation, as observed in
kaons, but also predicted charm conservation.
For some time, it was not quite clear whether
charm was experimentally conserved' because
not all the tests used in kaons could be applied to
charmed particles and perhaps the interpretation
of measurements for charmed particles as obvious
as for kaons. Meanwhile strong suppression of
charm-changing NC's seems to be accepted', Sec.
II of this article reviews very briefly how the ab-
sence of D'-8' mixing is interpreted in this way.

The GIM mechanism and its generalization to
more than four quark is not the only way to sup-
press strangeness change in NC. Many models
have been proposed conserving strangeness but
changing charm. Now charm is known to be con-
served but another flavor has been observed, at-
tributed to the Y(9.5) resonance in e'e (Ref. 7) and
the same question arises again: Are there neutral
transitions from this new flavor to the old ones?
Section I of this article therefore deals with the
more general restrictions on the multiplet struc-
ture of an extended steinberg-Salam model if par-
ticular flavors are conserved and others not [in
the case of SU(2) doublets and singlets]. As ex-
amples, out of the Kobayashi-Maskawa (KM) mod-
el' two alternative five-quark models with flavor
change'of V-A type in the NC are obtained. It
turns out that even if the neutral flavor-changing

(FC) transitions s —d and c—u are highly sup-
pressed, a considerable coupling strength for
b —s and t —c, respectively, could be possible.
Comparing limits eventually obtainable on these
couplings by future experiments (Sec. III), ex-
pressed by the KM parameters Oy O2 O„and 5

with other determinations of these parameters
from b or t decays and CP violation, one could
perhaps rule out a five-quark version before ex-
perimental signs of a sixth quark have been seen.

Every time detection of a new flavor is reported,
a model of weak interactions may be constructed
within the lines of Sec. I, having neutral currents
changing this new flavor to old ones. The experi-
mental possibilities to support or to contradict
such a theory are discussed in Sec. III: First,
neutral-mixing experiments can yield limits as
low as in the previous cases, provided that the
second-order mixing is small enough and that the
experimental signature is well defined. Therefore
this test might fail for the t-c system. In deep-
inelastic neutrino-nucleon scattering wrong-sign
dimuons could indicate neutral FC transition off
nucleon quarks. If neutral-mixing signatures are
correct, like-sign dimuon rates can give good up-
per limits. By means of the invariant-mass spec-
trum of Jti. 'JL( pairs in trimuons off-diagonal neutral
particles could be seen or excluded if their mass
is known. Finally the direct coupling of off-diagon-
al neutral particles to the NC in e'e, as proposed, '
is briefly mentioned. Monochromatic y's or m 's
are expected at certain values of s, with signal
sizes of (0.25-5)%. Cohsiderations on the width of
vector mesons and their mass difference to the
corresponding pseudoscalar show that the signal
is in principle much higher and in reality depends
on the beam resolution. Remarks on bremsstrah-
lung background and inclusive y spectroscopy show
that this kind of expe'riment is not unrealistic,
particularly when other tests turn out to be less
efficient. In the appendices the leptonic widths of
D' and D*' as well as some estimates on FCNC
form factors are given.

20 1979 The American Physical Society



20 FLA'VOB, -CHANGING NEUTRAL CUB, H, ENTS: THEOB, Y AND. . . 2381

I. WEAK-INTERACTION THEORIES WITH AND WITHOUT

FLAVOR CHANGE IN THE NC

0~ is the Weinberg. angle, j„' the electromagnetic
current. C~ and C3~ are the third components out
of a representation (reducible) of SU(2), which
means that they are obtained from the so-called
charged currents

j;=Pr„C',(1 r, )-&+Fr„C;(1+r,)4

[Cs Cs]=2Cs

[C~, C~] =2C~~

for R and L independently, acting on the right-
and left-handed multiplets; respectively. The NC
(1.1) couples to the weak neutral intermediate
boson Z as

cC f~t zg yg Z

where
z/a

Ms@ 2,
2 sln8~ cosO~

G = 8x 10-'GeV '.
v2

(1.4)

As long as only doublets of the form

( ~. 'I

&~-)'
q standing for the em charge of the field, and
singlets are considered, the representation ma-
trices C'(i =1,2, 3) (C'= C'aiC') can be expressed
in terms of the well known 2 x 2 Pauli matrices":

C~ „=7'SD» for R and I. separately, (1.5)

meaning that all doublets are written together in
one multiplet belonging to a reducible representa-
tion. Note that the matrices D~ and D~ can be
extracted from charged-current reactions, see
(1.2), .but are also restricted by the group struc-
ture. From the commutation relations for SU(2)
one obtains for the D's defined in (1.5) (Refs. 11,
12) the condition

DDtD =D (R and I. separately) .
The neutral current (1.1) is obtained from

CI, z=&r'7 SDI„~&DJ„~z &w v SDz„@Dr., z

(1.6)

(1.7)

This discussion mill be started by presenting
the neutral current for a generalized Weinberg-
Salam model, "using SU(2) x U(1), extended to
hadrons, ' with left-handed and right-handed ferm-
ion multiplets of SU(2):

j „"=Q„C~~(1-r, )p+Q„Cs(l+r, )g —2 sin O~j „'

But the products 7'& and 7 7' are just projection
operators on each of the two charges appearing
in the doublet. This projection operator property
holds only in special dimensions (representations)
because it depends on what the anticommutators
are:

T'T T'T = T'(-~ [T') T ]+ ~ (T', T ])T

cos0c sin0c
D~ = and D~ =0. (1 8)

D~ is a singular matrix, satisfying (1.6). For an
extended multiplet fr=(ur, dr, s'r, sr), Dz avoids
coupling the s '

(q = —', ) currents (it therefore physi-
cally appears nowhere). The products appearing
in (1.7) which describe the NC structure become

D~D~~ =

and
(1.9)

0
DzDz =(

cos0c sin0c

cos0 sin0

0

immediately showing up the flavor change in the

q —1 sector, the strangeness-changing NC. Now it
is clear how the strangeness-conserving extension
of the three-quark model has to be made: Replace
(1.8) by

But only the commutators are fixed by the algebra.
Therefore in the case of doublets and singlets the
neutral current, as indicated in (1.7), decomposes
into two parts, one with quarks having all charge
q and the neutral-current transitions among which
are given by the matrix DD~ and the other with
charge q-1, whose transitions are given by D'D.
Note that in general DD and DtD are independent.
They directly indicate the structure of the NC for
each charge sector and each helicity sector (L and
R). If they are diagonal, there is no flavor change. .

From (1.6) follows that if D is regular (detDe 0)
it has to be unitary and that all flavors are con-
served. 'The same is true if D is of the form
D =(g ',) with D regular. A nontrivially singular
matrix however can yield flavor change, because
rearrangements of lines or columns by unitary
transformations do not have the same effect on
DD~ and DtD; in other words, D~D and DD~ do not
necessarily commute. They do so, for instance,
when D is regular, but then there is no flavor
change.

The history of the model by Glashow, Iliopoulos,
and Maiani' can nom easily be reviewed as follows:
For the original three-quark version with u, d, and
s (see Ref. 10) the D's defined in (1.5) are
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~

~cos0 sin0DL=, D~=O,
-sin0 cos0

(1.10)

being the only regular matrix satisfying (1.6). This
is exactly the model by Glashow, Iliopoulos, and
Maiani having no strangeness or charm change in
the NC. While the first was a fit to the experi-
mental data from K mesons, the charm conserva-
tion was a prediction. Bjorken' refers to some
estimates" for

gi's 1=2 — (QQ&) eos26 sin26 Pks~w~ Nks2G
eff C C

of A & 4 GeV, that is for the effective coupling of
a strangeness-changing neutral current.

However it is possible within the framework of
SU(2) x U(1) models, discussed up to now, to still
have charm change in the neutral current.

Before elaborating on this point let me briefly
quote the six-quark extension of the GIM model
by Kobayashi and Maskawa' which is now in con-
sideration because of the recently observed res-
onance structure near 9.5 GeV (Ref. 7) and in ad-
dition tries to parametrize CP violation. To that
extent the KM predictions for CP violations agree
with or differ from those of a superweak theory;"
see Ref. 15. For other experimental consequences
see Ref. 16. It has an additional doublet (,') and
in terms of the definition (1.5) the KM model just
becomes

—S1C1 3

DL = SlC2 Clc2C3 82C3e'6 C1C283+ S2C3e,
-6

where

c,. =cos0, , s,. = sin0, ,

the whole multiplet being

i=1,2, 3,

yT=(uT dT cT s1 tT b1)

As one sees from (1.11) D~ is unitary and therefore
all flavors are conserved in the KM model in first
order.

However, this need not be the case. Even if
strangeness is conserved in the NC, there is a
priori no reason why neutral transitions like
u —c, d —b, or c—t should not take place al-
ready at the first-order level in G/v 2. The above
considerations allow insertion of such flavor-
changing NC's consistently with the SU(2) x U(1)
framework: Take the KM matrix D~ in (1.11) and
replace for instance the last row (column) by
zeros. Surprisingly, it gives rise to a new mod-
el: a five-quark model, that is KM without the
f quark (b quark), and the new reduced matrix

[-S1c,s~+s1C2(c~c1S3+s2C e ")]by„(1—y )d+H.c.,
(1.12a)

[s,'s, c, + (c,c,s, + s,c,e-")(c,c,c, —s,s,e")]
x by, (l-y, )s+ H.c.,

and no flavor change for the q =—', quarks, whereas
for the second possibility, the five-quark model
containing the t quark as the fifth quark, we get

[c,s,c, —s,c,(c,c,c, —s,s,e")] cy„(1-y, )u+ H.e.,

[c~s1S2 —s,c3(c,s2c3+ c2s3e' )]7y (1 —y, )u+ H.c.,
(1.12b)

s,'s, c + c,s,c, + c,s,e" c,c,s, —s,s,e "
x7y„(1—y, )c+H.c.,

and no flavor change for the q =-,' quarks.
Before adding some knowledge on FC param-

eters, note that Cabibbo universality demands
(see, e.g. , Refs. 15, 16)

s,'& 0.06.
Comparing these restrictions and the predictions
for CP violation coming from the complex phase
e" with the results from future searches for FCNC
(see See. II of this work) would give an indication
as to whether a five-quark model may still be pos-
sible or whether it should be ruled out.

In order to make some predictions we still have
to insert the strong suppression of strangeness
change (SC) into (1.12a). From Refs. 5 and 13 the
coefficient of the term sy (1-y,)d in (1.12) is
bounded by

s,s, (—c,c,c, —c,c,e-")~ 10 ', (1.14)

for which the two extreme cases

or

SC1: 82 & 10

(1.14')

SC2: 02=03 and e "=-1

are solutions (among others). This yields from
(1.12a) the coupling strengths

D"' still satisfies the SU(2) restrictions (1.6).
D@~' is nontrivially singular and therefore yields
flavor change in the NC. The first possibility, the
five-quark version with the b quark as the fifth
quark, has the FCNC

[—s1c1c3+s~c2(c~c1c3—s2s3e )]sy (1 —y )d+H.e,



20 FLAVOR-CHANGING NEUTRAL CURRENTS: THEORY AND. . .

Two possible solutions are
CC1: s (4x10~,
CC2: 8,=8, and e"=-1.

They predict for the coupling strengths

tr„(1 r,)u-
CC1: -4 x 10~
CC2: max of -6 & 10

tr„(1 r,)c,-
CC1. max of 0.6 (depending on s„s,),
CC2: max of 0.4 (depending on s„s,) .

(1.16 )

(1.15")

We see that neutral transitions among the fifth
quark of a five-quark model and the non-nucleonic
quarks (s or c) with an appreciable strength are
still consistent with present data. They are just
the extensions of the original three-quark ver-
sion (with only V —A currents) of the original
Weinberg-Salam model. In part III of this work
experimental signatures for FCNC's are discussed.
Their suppression in comparison with other de-
terminations of 8„8„and ~ could rule out the
above five-quark models in-favor of the flavor-
conserving six-quark KM model, before the quant-,
um number or other signs of a sixth quark have
really been observed experimentally. Therefore,
within this construction, an inconsistency will lead
to the prediction of a sixth quark, similar to the
situation with charm (GIM mechanism').

The above procedure of introducing neutral flavor
changes in first order can obviously be applied
to any model with SU(2) doublets and singlets.
Other models have been proposed with FCNC's by
Achiman and Walsh. " They can also be described
by the above framework, showing that they are
consistent with SU(2) in the sense of condition
(1.6). For instance, their extension of the stand-
ard model by the right-handed doublet (,") and the
singlet cs becomes in terms of definition (1.5)

cos~ 0 ~

D„= . ) and D~ as in standard GIM.
sin~ 0

for by„(1 —y, )d,

SC1: -10-',
SC2: max of 10 ' (depending on s2, s,);

(1.14")
for by„(1 —y5)s,

SC1: max of 0.6 (depending on s„s,),
SC2; max of 0.4 (depending on s„s,),

where the bound (1.13) and s, = 0.23 has been used.
Similarly, we insert charm conservation (CC)

(reviewed in Sec. Il) into (1.12b). It sets the bound

s,s,(s,c&c, + s2c3e") ~ 4 x 10~ .

However, out of these models, those having nu-
cleon quarks in right-handed doublets are in poor
agreement with experimental data, if one com-
bines" the strong suppression of the neutral
u —c transition (Sec. II) and diagonal-neutral-cur-
rent data as analyzed by Ecker."

Apart from possibly predicting a new quark there
is another reason why FCNC will always be an
important subject of measurements. Glashow and
Weinberg have formulated the concept of "natural
flavor conservation", "requiring that, if all flav-
ors are strongly conserved in nature, then they
should be conserved independently of all the varia-
ble parameters of a theory. Chanowitz, Ellis, and
Qaillard" have then shown that this principle of
naturalness, if fully applied, could possibly (unless
some peculiar effects are observed) restrict the
group structure for a gauge theory of weak and
em interactions to SU(2)~ x SU(2)„x U(1) or
SU(2)i x U(1), m ~ 2.
II. EVIDENCE FOR SUPPRESSION OF NEUTRAL CHARM

CHANGE FROM D —D MIXING

Some properties of neutral-particle mixing theo-
ry and its validity of application are reviewed.
Once a state ~D') or ~D') is produced, there is a
mixing of these states due to the off-diagonal ma-
trix elements of the weak Hamiltonian induced by
the charm-changing neutral current:

(2.1)

d is the (dimensionless) coupling strength relative
to the Fermi constant, depending on the model
[see as an example expression (1.12b)]. Mixing
theory" describes the time development of the
states ~D') and

~

D~) for times much larger than
the decay time, meaning that the effects from rel-
ativistic quantization can after that time be neg-
lected and that the O'-D' system is then to be
treated as a classical one. Using the fact that the
Klein-Gordon equation is equivalent to the Schro-
dinger equation, "if the commutator between the
interaction term and the classical Hamiltonian is
small compared to M~()', which is true because
of I' and &m«m~o (I'=decay width, h&n =mass
difference), one gets the well known mixing form-
ulas, e.g. ,

~(D' ~D'(t)) ~'= , [e &'+e-r2'-q2e ' ~"r&"cos(4mt)],

(2.2)

plus a term proportional to

q I', + I', exp[ (p2+ m~2)i/2t]
(p'+ m~')t" 2

which in fact can be neglected.
From (2.1) one can calculate I'», and t& m: the



2384 MARTIN CORN 20

result is'8

Gd', G
b m = —f~'m~ =0

( g
!I', + I"2 = I'~+ I', n—=0!2 ( ~2 j

(2.3)

( (4 7) x 10- (2.7)

of equally charged to oppositely charged kaons
coming from O'-D' pairs produced in e'e . Another
measurement; by Feldman et al. ,

"tests the decay
products of D*+D* pairs. The two measurements
set the bound

I, stands for the total D' width with only charged-
current contributions (d=0):

I', = I",(1+tan'Oc + n tan'9c) .
This is the sum of Cabibbo allowed, suppressed,
and partly suppressed partial widths, the factor
n counting the additional channels not present in
the first two kinds of decay. But n is, by pure
counting of channels and phase space, restricted
by 2 ~ n & 4, therefore not much of a change. fD

is the pseudoscalar form factor. 'The above way
of writing I', has been chosen because a rather
accurate estimate by Gaillard et al. exists for
I'„where all multipion channels are taken into
account: I', =1.65 && 10 "MeV.2~'

The fact that (2.1) gives a first-order contribu-
tion to the mass difference whereas the widths I",&,
remain of second order in the Fermi constant is
well known" and leads to an enormous value for
the mixing parameter:

26m
9 105 d

I,+ I", 1+gnd' (2.4)

(with fD =f„which seems to be a good guess. "
Considering the quantity, obtained from (2.2),

&(D -D -X)
I'(D'-X)

(2.5)

and using (2.3) to get

nd2 2

g~ = 5.2 &10"

n tan'e,

1+n tan'e

(for d not too small), (2.6)

(2.6')

one can derive upper limits for d from experi-
ments. Goldhaber et al.26 have measured the ratio

under the condition that the above estimates on
the total D' width and the form factor turn out to
be correct. A similar number can be found in
Ref. 6. On the Fermi level, (2.7) corresponds to
-10 'G/~.

Consider finally the u-c coupling (2.1) to be med-
iated by a neutral gauge boson which has been in-
troduced in models for weak interactions with high-
er groups [e.g. , SU(3), Ref. 28J. If there were
neither a Clebsch-Gordan coefficient nor a mixing
angle, the mass of this boson had to be larger than
3 &10' times the Z' mass.

A. Measurements of X —X mixing

The FCNC has the most general form

j,"F' =qy, (d~ -d„y, )q'+q'y„(d~ -d„'y, )q, (3.1)

where Hemiticity has been imposed because the
g' also couples to the diagonal NC, being there-
fore Hermitian. (This would be different in a
theory with two. neutral weak bosons apart from
the photon; then we would have d~ and d„'). There
we are to expect neutral off-diagonal particles X'
with the quark content: q, q', q Wq'. For simpli-
city only pseudoscalars are considered for mixing.
In principle, a.iso a,ll other kinds of particles can
mix, but most probably their strong decays will
dominate. As in Sec. II there will be a large mass
difference between X, and X,:

6m = ~mxofxo d~ (3.2)

unless d„ is very small, fxo being the pseudoscalar

III. DETECTION OF FLAVOR CHANGE IN THE FUTURE

With every new resonance in e'e or p, 'p. re-
ported and the new quarks attributed to it, a new
model may be constructed having a neutral current
changing known quarks of the same charge into
this new quark following the rules given in Sec.
I. What will be the chances to contradict or sup-
port such a theory? This section deals with the
following tests on FCNC:

(1) measurements of X'-Xo mixing,
(2) flavor- change signatures in deep-inelastic

neutrino scattering,
(3) direct coupling of vector particles to the neu-

tral current.
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form factor, analogous to fD in Sec. II. (For some
estimates on pseudoscalar form factors for sys-
tems involving higher quarks, see Ref. 16.) As in
Sec. II, (3.2) will lead to complete mixing similar
to (2.4), yielding for the ratio R„, which is always
something like

I (x'-x'-x)
I'(Xo -X)

R =1, unless d„ is very small, to be measured
e.g. in e e from the ratio of equal pairs (K'K',
D'D', or e'p' etc.) to opposite pairs in a region
where X' and X are produced as pairs. If the ex-
perimental detection efficiency (K-separation,
lepton acceptance, knowledge of em background
etc.) is good, already an upper limit of some
10-20/0 on R„gives marvelous upper limits on
the flavor change in the NC, but only if the second-
order contribution from charged currents is small
enough [in the Do-D' system almost 5/o, see (2.6')].

In contrast to the E'-F' system, where the pa-
rameter 6m/(I', + I",) can be directly observed be-
cause the particles live long enough to show the
oscillations, we are now, as-in D'-D', in the sit-
uation to determine it at practically infinite times
from

2 I",+I", I', +~,

also give no K (for b - c need not be the dominant
transition). Also p. 'e' is not a good signature be-
cause one does not know from which step the lep-
tons come; it will appear without flavor change as
well. These difficulties are described in more de-
tail in Ref. 29. Multilepton states are proposed as
indication of mixing, having, however, very small
branching ratios, and working only if the mass dif-
ferences are such that momentum cutoffs can indi-
cate the cascade step. Under some circumstances,
I therefore conclude that it may be very difficult
to verify mixing at all, and it may be impossible
to filter out or to rule out first-order flavor-
changing NC from these assignments in e e, used
up to now in connection with R„, in which case
another kind of test would be desirable.

B. Flavor-change signatures in deep-inelastic
neutrino- nucleon scattering

With the neutral current [(+) for v and (—) for v

ln (3.4) and (3.5)]

1
v y~ [1—(+)y,] v+ [cy (1-fy ,)u+ H.c.]'d

(3.4)

the process of neutral charm production [Fig. 1(a)],
charm sea in the nucleon neglected, has in the
parton model for deep-inelastic scattering" the
cross section

Now Ellis et a/. have pointed out that the param-
eter hm/(I', + I'2) can become m, '/(700 GeV'),
giving for a quark of 30 GeV and Cabibbo-type
angles neglected, for R~ about

R = 0.7-0.9,
which of course always has an experimental er-
ror. In a recent paper, Ali and Aydin' point out
that in the T', and Bo systems ([t, cJ and (b, s)) this
mixing is still enhanced by cot 0~, already giving
large mixing also for lower quark masses. There-
fore already from second-order (charged-current)
transitions, R~ can approach the value 1, up to
now being rather unambiguously interpreted owing
to first-order flavor change. A second difficulty
for the application of R„ is that higher quarks,
such as b for instance, decay in a cascade

b -cX'
and

b cX

sY'

where X may be (u, d), (c,s)—the remaining (u, s)
and (c,d) are suppressed —or (p, , v„), (e, v, ) and
Y the same without (c,s) because of phase space.
Now if the mass of the b is not too near that of
the c, from one cascade decay two K's of the same
sign can be produced whereas the conjugate b could

v(v) v(v) v(v) v(v)

(a) I)

(, zO

c

' ZO
I(

i,

(b) 'w+

d c

)I
w"

L

FIG. l. (a) Neutral charm production, (b) charged
charm production in v or v.

—
4 2

[u(x')+d(x')]

(1 —y) 2x'+ —2x 1+f
2 2

+2xy 1 —— 8 F,y —m,

«" u(x')+d(x') do."~
dxdy u(x')+d(x') dxdy

where x'=x —m, '/2M(E —F. '). For all other vari-
ables see the literature. What we call "charm" in
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g Nkc —n(+)gNEc, u +n(P)cÃkc~g
C C

which in terms of (3.5) is
(„„cMzd, I, ())&

+ nv+ 1+

(3.6)
gag +sea Nh C-'o"„, [with n(v) and

val

n(v) interchanged) .
We now discuss the implications of (3.6).
f=+1 (V-A): p' appear in a beam with dominant-

ly neutrinos as "wrong-sign" muons (in contrast
to charged-current induced p ) whereas faked p,

'
in an antineutrino beam appear with a factor of
3 (relative to the wrong-sign p,

' contribution).
f= -1 (V+A): The wrong-sign p' rate in a neu-

trino beam is three times smaller than the con-
tribution of faked p' to the normal (charged cur-
rent) p,

' production in an antineutrino beam.
(neutrally induced) come only from anticharm

and therefore from the sea. p,
' in neutrino (faked)

could be distinguished from their different kine-
matics. Looking up the results of Seghal and
Zerwas for dimuon production, the following char-
acteristics are obtained:

(1) faked muon production rises logarithmically
in energy compared to the normal one-muon rate:

&(p', NaC) E—ln&(p, charged current) m,
' (3.7)

The logarithm comes from the used fragmentation
function 1 —Z/Z, see Ref. 31.

this section may be immediately replaced by any
other flavor of q = —', . For a q =-—,

' flavor the roles
of p,

' and p, just have to be interchanged.
This charm (,) [anticharm (o,) j production with

the subsequent semileptonic decay contributes to
the one-muon [one-antimuon] rate. Briefly I.note
that in principle the kinematics of such muons can
be calculated, e.g. , by the method described by
Seghal and Zerwas, "which has already been suc-
cessfully applied to dimuon kinematics. In .order
to get the gross features however, we integrate
over all variables leaving in the formulas the
semileptonic branching ratio B for charmed part-
icles, which is known to be about 10% [CERN-
Dortmund- Heidelberg- Saclay (CDHS) j."

Neglecting the effect of mixing (D —Do) which
changes the p,

' or p, production at most by about
10%,"the contribution from v and P (every beam
has both, one as contamination) to the muon rate
by the neutral current (3.4) is

oNBc —n (p) gNAc,
v +n (P) @Ed c, P

(2) The distribution of the visible y,

y
hadr"" Eh~+8&

would be as in Fig. 2 (drawing only schematic).
The contribution to high y comes from the small

energy of the muon, faking a high energy transfer
to the hadronic system from the neutrino vertex.
But the contribution to a "high-y anomaly", re-
ported in Ref. 33 and recently cast into doubt, 32

would be
f= -1 (V+A):

cr(p', y = 1,NaC) B E
o'(p', y =0, charged current) 4 m, '

giving =10% at E= 100 GeV, if d =1. Therefore
at most a high-y anomaly of 10/g could be ex-
plained.

Interesting could be the ratio

c(p, 'inv) N„„-,'(1-f)'+ (1 +f)'
&(p inv) N...(1-f)'+-,'(1+f)' ' {3.8)

a(p, ') '

- 1.2 x 10 3, whence d
0.2 (f=+1),

0.37 (f=-1) .
(3.9)

We see that in general from the one-wrong-sign
rate we cannot expect bounds as good as those
found from mixing measurements (if these are
well defined, see remarks above).

Effects of associated charm production have
been assumed to be negligible.

Next, the contribution of charm change (3.4) to
the dimuon production is considered. For charged
(see GIM model) charm production we have

do~'" G 3fE
[(u Q) +d(r)) sin'8~ + 2s cos'ec],

dg dg

d o~~' O'ME (3.10)
scos ~c&dx dg

'i

dQ
dYvis

&vis

FIG. 2. Schematic visible y&s distribution caused by
"faked" p'from charm change in v tin addition to the
usual (1-y)2]; for numbers see the text.

Because there is always an background of wrong-
sign muons, the ratio (3.8), if large (of the order
of 10-30), would be an indication of a charm change
in the NC. The CDHS group gave numbers on
wrong-sign muons (Tittel in Ref. 32):
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coming from the diagrams in Fig. 1(b). When a
D is produced, it can undergo mixing and produce
like-sign muons. Again formula (2.6) is used:

=Z„xE(D ),&(g p')

from recent considerations on pseudoscalar form
factors). " Together with the neutral leptonic cur-
rent &P y„(C„—C„y,)g [the Weinberg-Salam pre-
dictions are Cv = ——,

' +2 sin e~, C„=-~ (Ref. 10)]
one obtains in terms of (3.4)

x E(DO)(j(~+~-) N

(3.11) Z Dog&+ +r(D, = p =0.25x10-C df.I'(D -K v') (3.14)

For D'-K v', see Ref. 23 (multipion decays are
included). The production of p, p pairs at the in-
variant mass ADO is then

always having multiplied the fraction of real D'
(Do) produced at the vertex: E(DO)(E(D )}. The
data of CDHS"

(cp, 'p. ') 1.5+2.7 tT(p p, ) 9y12
&(0 'p ) , -„ , 40 ' &(I 0 ') , „ 256

are consistent with 5/o and therefore

~n ~ 5.2 x 10 '
t (3.12)

which is [assuming E(D') =0.1] of the same order
as the result obtained from e'e, see See. II, Eq.
(2.7). Note the uncertainty of n (Sec. II) and E(D')
The above-mentioned value for E(D') may be
guessed from meson production off nuclei: The
system (c,q], q=i, d, s can be in the states
D, D*, D', D*', F'and F*'. Counting all the
mesons together with their spin yields 12. From
Ref. 4 one knows that, e.g. , D*'-D+' with
85-90/o and also D*'-Don' (seen, but branching
ratio as yet unknown). Therefore

E(D') =E(Do) = 0.1 (3.13)

might be a guess.
Finally look at tximuons: When a FCNC like

(3.4) is present, the decays

(A) Do-w p, 'p,

(B) D'- V'u,
(C) D*'- p'p,

will contribute to the trimuon rate. Because of
the low statistics in trimuons observed up to now
it will be difficult to filter out process A. By
means of the FCNC form factor, estimated in Ap-
pendix C it can be evaluated. Processes B and C
could possibly be observed in the invariant-mass
spectrum of p, 'p, pairs. However, process C will
not contribute as long as strong decays like
D*'-D'm' (85%%uo—95%%uq in the D*' case) can still take
place. Only for very-high-mass vector mesons,
where possibly the vector-pseudosealar mass dif-
ference becomes small, only em M1 transitions
could take place. ' Also weak decays could become
concurrent. " For the moment me are left with
process B: D —p, 'p. . The formula is given in Ap-
pendix A, where. the pion form factor has been in-
serted (which is an underestimate, as can be seen

+( ~ + (~+~-) ) +chatged cu t nt F(D o 6 ~ @-)D &ha™ E (Do)
c(p, ) &(u) r(DO-X)

= 0.3 x 10-3E(Do)C 2d2 .
If for instance in 10' single-muon events, N were
found, compatible with a D' decay, one would get
the upper limit

(3.15)

C„d~ 0.2
~ ( o)

Note that N is limited by the total trimuon rate
(three events in 10', Kleinknecht CDHS"). This
limit will be improved by better statistics, sub-
traction of process A, and a better understanding
of normal trimuon production.

To summarize, in deep-inelastic neutrino scat-
tering, dimuon production sets the best upper
limit on the 'effective coupling of a charm-changing
NC because D -D mixing i.s the main effect. As
it has been argued in paragraph 1 of this section,
for higher vector mesons the signatures of X'-X
mixing might become ambiguous, so that other
tests can gain in interest: wrong-sign muons for
flavor change involving nucleon quarks and the
invariant-mass spectrum of p. p, pairs in trimuons
(if the mass of the corresponding meson is known)
as well as the test discussed in the following para-
gr aph.

C. Direct coupling of vector particles to the NC and
signatures of flavor change

In e'e flavor-changing NC should give rise to
processes9 like in Fig. 3(a). The case where Xo

=(q, q'J or X' are in a resonant state, Fig. 3(b).
will dominate. In principle, there are as inter-
mediate states J~c: 1 (vector), 1"and 1' (axial
vectors), 0" (scalar), and 0 ' (pseudoscalar).
But, first of all, scalars will be difficult to ob-
serve in e e because, in the Breith-Wigner cross
section formula, the leptonic width. l;, = I'(X'- e'e )
will appear, which, for scalars, is suppressed by
helicity conservation (-m, '). Second, axial vectors
are rather broad. Therefore we are left with vect-
or mesons X*'. The cross section at resonance
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e

OI"

(h)

FIG. 3. (a) Flavor-nonconserving graph in e'e, (b)

q, q' and q', q in resonant states.

o(e'e -X*'- anything) )~ „
12m 1;,(X* —e'e )

M I'y

where F„is the total width of the X~' vector meson
is given in Appendix A. Taken into account the
probably small total widths of X*o vector mesons
corrected for the experimental resolution (&Ws)
and multiplied by two (because X' and Xo are pro-
duced) the ratio of the integrated signal versus
the total e'e - p, 'p, cross section is'

o„(e'e -g'-X*'- anything)

=o(e'e - p, 'p ) v 16vf„x2.7x 10My

Y pro ton

TABLE I. Sizes of signals: for neutral-vector-meson
production in e+e versus p,-pair production, in the case
of maximal id@=1 in Eq. (3.1)] flavor change in the vector
part of the neutral current.

Mass of the vector
meson
(GeV)

Assumed

experimental
resolution

(MeV)
Signal size

&~ (%)

2 (D*)
6
8

15.5
30

5
7

14
27
48

1.4xl0 3

0.25
0.5
3
5

and

J o'(e'e -Zo-X*0- anything)dv s
o(e'e - p, 'g )a~s

'F g ~ Fp
2 ou'u &v s

f» is the vector form factor defined in Appendix A;
estimates are found in Appendices 81 and 82.
Some numerical values for the signal size' are
given in Table I.

The signature would be at fixed energy 0 s =m„:
(1) An apparent strangeness violation: production
of single%'s (D's) (2) Monochromatic y's or m"s
(possibly only y's) coming from the decay into a
pseudoscalar with emission energies of 140-10
MeV depending on m~. The upper limits on
(d'/~2(G/~2 for the strength of the off-diagonal
NC would be, for the resolutions assumed in Tab-
le 1, when signals of (0.5—5 /o are absent, of the
order &d'» 0.7-0.3. But in principle they could be
made much smaller by limiting ~v s, because the
vector-meson width I'~ is very small. ' Theoretic-
al estimates in the literature for the D*' (2 GeV)
range from 100 eV to 1 keV,"coming from the
small m ass diff erence4:

m(D*') -m(D ) =141+5 MeV.

Therefore, in principle, the resonance peak is very
high, the factor bv s/1 v being of the order &10'.
But it seems as yet unrealistic to assume that
AMs can be pushed down to values of 0.1-1 keV,
at beam energies of several GeV. Nevertheless,
in future PP facilities very high beam resolutions
are expected. The expected small mass differ-
ences' suggest the application of the nonrelativist-
ic quark model. ' Up to now, these calculations
gave only rather unsatisfactory results for the de-
cays into pseudoscalars and a pion or a gamma, a
reason being perhaps the relativistic motion of the
emitted particle. Possibly now the time has come,

,with high-mass mesons and low-energy emission,
to really test the nonrelativistic quark model. The
predictions are

'=-'g =8.2
(2 )

— &n

(2.20)

—"(2p.)' for quarks with charge —, ,
—'(2p, )' for quarks with charge ——,',

with g,„=pion-nucleon coupling constant and

p, = (2.79/2M„„„)(a4m)' ' the proton magnetic,
moment. The decay rates are given by

2 (M 2 2 2)2 . 1 /2
P(V ~~) gvPr & F P s' I

m 2

p(y ~ ) +VER Y P
12m 2M~

To summarize, the widths of the X -like vector
mesons are expected to be very small. Conse-
quently the experimental resolution Des is the
crucial parameter on which the upper limits (if
the signal is absent) for the effective coupling of
FCNC will depend.

In conclusion, I make some remarks on brems-
strahlung background and inclusive y-ray spec-
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(a) e+ e+

e-

(b) e+ e+

FIG. 4. Bremsstrahlung corrections to the proposed
test of flavor conservation (by monochromatic y's in
e'e ).

troscopy. For the decay V- I'y. one has two import-
ant background sources: (1) bremsstrahlung [Fig.
4(a)], (2) m', q decay into yy. Bremsstrahlung can
be expressed by the total cross section of e'e-
hadrons times a factor":

2

—cos80

because then one can argue in terms of brems-
strahlung off quarks (e.g. Ref. 37), with the dia.-
grams in figure 4(b), which are suppressed by
the larger mass of the quark.

The background from produced 7t 's and g's is
much more serious. It is always possible that
only one of the y's is detected. But here some
experimental progress has been reported. It
turned out to be possible to observe directly"
monochromatic y's from P' decays with branching
fractions of 2-10%, the minimal detection energy
being about 50 MeV. In connection with this, it
seems possible to account for the expected m' pro-
duction by means of a Monte Carlo program based
on a so- called "all pion-invariant-phase-space
model'""" and therefore the expectedgammaback-
ground.

In conclusion, signatures of vector mesons pro-
duced by an off-diagonal neutral current may pro-
vide an important test for flavor-changing neutral
couplings. Their strength is a crucial criterion
for determining the structure of weak and electro-
magnetic interactions.

m, ' cos6),
I —(I pI /E) cose, (3.2l)
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TABLE EE. Background from bremsstrahlung to the p
emission of the flavor-change-produced neutral vector
meson in e+e (v g = 7.5 GeV) in percent of the (nonreso-
nant) O„„y energies between && and p2, with different
conelike regions (Op in radians) the forward/backward
direction excluded.

APPENDIX A: NEUTRAL LEPTONIC DECAYS OF

D AND D*

By means of the leptonic neutral current
—,'(y (C„—C„y,)$ and

(0 ~g" ~e(0) ~D') =f(2m) ' '-f (P')Pd

56
54
45

60
58
49

u& u2 (MeV)

Whole solid
angle:
Op=0

1%
1%
1%

Op = 0.01 Op = 0o05 Op
= 0.1

' 0.17% 0.12% 0.1%
0.18% 0.12%

' 0.1%
0.21% 0.16% 0.12%

the D' partial width becomes

F(g)o Nkc ~+p -)
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and with the vector form factor

&o Ij,"'"(o)ID*')=(2 ) '"2f (j')&', (P)
d

for D*' one has

F(Dgo Nkc ~+~-)

G '4' M 4~n '

Ol 2

[d is the coupling strength defined in Sec. II, Eq.
(2.1)).

symmetry. Corrections are to be expected, be-
cause the derivation holds only in the limit of ex-
act symmetry (mD =m, ).

(2) f» can be related to the em form factor:
Identification of the current j"„with W spin, e.g. ,
in SU(4) as a member of the 15-piet, leads to

(Olj&"(0) ID+') ~ d(01 ' +cy,c

relating f» to the photon-vector-meson coupling
of the nearest (in mass) resonance. From the best
fit for this quantity one obtains

16'f =At 2.8( )V

APPENDIX B: ESTIMATES ON THE FCNC VECTOR
FORM FACTOR

(1) From D*'-D'~' (50/q') follows by charge
normalization and from vector- meson dominance,
together with the usual smoothness assumption":

M2

D D&

gD+D, is the strong coupling constant usually de-
termined from the width (3.20); (f»*,) d ~„are
the (anti-) symmetric structure constants of the

APPENDIX C: FLAVOR-CHANGING SEMILEPTONIC
DECAYS

For the matrix element (0
I
j",~ (0) ID'm'), which

is related to (O'I j"„~
I
v'), and important for flavor-

changing semileptonic decays, vector dominance
predicts

(0 lyric(0) IDozo) — '» P gD*D»
(2m)' P' —.Vf,+'

2 2
x i (P, -Po),—,(P, +ID),

)HDg
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