
PHYSICAL REVIEW D VOLUME 21, NUMBER 9 1 MAY 1980

Flavor-changing neutral currents involving b quarks and r leytons

Thomas G. Rizzo
Department of Physics, Brookhauen National Laboratory, Upton, New York 11973

(Received 10 December 1979)

We examine the experimental implications of flavor-changing neutral currents (FCNCs) involving b

quarks and/or ~ leptons. Several final-state configurations signaling the presence of FCNC's are discussed;
we find that cascade decays by ordinary charged currents provide a substantial background when looking
for FCNC decays of b quarks. Present limits on v rare decay modes do not as yet rule out FCNC decays.
We compare our results with those previously obtained by other authors.

I. INTRODUCTION

As is well known, the standard model of the weak
interactions' ' provides a natural explanation' for
the absence of strangeness-changing neutral cur-
rents at the level of G~ and G„n and gives good
agreement with the experimental results for the
K~-K~ mass difference and the rate for K~ —p'p. .' '
The model in its three-doublet form, known as the
Kobayashi-Maskawa (KM) model( also predicts the .

absence of flavor-changing neutral currents
(PCNC 's) of any kind, including systems involving
heavy quarks, at the level of Gz and Gzn [Within.
the SU(2) x U(1) model, the conditions for the
natural absence of FCNC's were studied by Glas-
how and Weinberg. ']

So far, the standard model has been very suc-
cessful; all of the present data on neutral currents'
as well as charged currents can be accommodated
within it. [This includes the decay modes of the
D (Ref s. 8 and 9) and the r as well. ] There is, how

ever, a substantial portion of the model which has
not yet been subject to detailed experimental study
since the particles have either not been produced
(such as b-carrying mesons) or the data are still
in a preliminary form (as in the charm-meson and
r -lepton cases).

Recently, Buccella and Oliver" have made a
thorough study of possible charm-changing neu-
tral-current (CCNC) effects within the D-meson
system and have obtained limits on the allowed
range of possible couplings. (Their bound is
strongest when the CCNC's are purely. left-
handed. )

In this paper we will make a parallel analysis
for the system of b-carrying mesons; we will as-
sume that the charged currents of the theory are
those given by the standard KM model; we will al-
so examine the possibility of e-v or p, -v FCNC's.

Section II contains an analysis of B'-B' transi-
tions and compares the predictions of the standard
model to one containing H."NC's for the B'-B'
mass difference; we will also discuss the decay

B'-r ~'(analogous to K~- p, 'p, ). In Sec. III we
discuss the possible effects of b FCNC in v inter-
actions and the possible restrictions that can be
obtained by looking for neutral-current b-quark
decays.

In Sec. IV we discuss a possible e-7' or p. -v
FCNC and its effects on v decay and v' production
in deep-inelastic el' reactions. Section P con-
tains a comparison of our results and procedures
with those of Ali and Aydin. " Our conclusions can
be found in Sec. VI.

II. THE BO-B SYSTEM

2i ~ t ='= V2G~ ++~by ~ (1 —y
c 4&s

+g'„by„2 (I+y, )q '+ H.c. (2.1)

P'

2'~'='- v2G~ Q g' by —,'(1 —y, }q
q~dp

+gg by, —,'(1+y, )q JI~+ H.c.

(2.2)

for ~~
~

=1. Here, we have taken (for any fer-
mion f}

J,", ~ f [(&'.-~ 0')y„T,y„y,]f, - (2.3)

with T~ being the usual weak isospin, Q the charge
of the fermion f, and x~ =—sin'8~ = 0.23. (WS de-
notes Weinberg-Salam). Obviously the ~~

~

= 2

piece contributes directly to the B'-B' mass dif-
ference while the ~&B

~

= 1 piece contributes to
b-particle production and decay.

Among the possible b-quark decay modes are the

In this section we will analyze B -3' transitions"
and compare the predictions of the standard model
to one containing a b PC', NC. Here B' will. repre-
sent either the bd or bs meson (B'= bq; q =d or s).
In our analysis we will follow the work of Ref. 10.

We will take our effective Lagrangians to be
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following (we treat the antiquark in the initial
state as a spectator):

b- cud- V„V,*, ,

b- cus- V»V,*, ,

b -ccd- V»V,*»

b- cps- V»V,*, ,

b uud- V„V,*, ,

b uu's - V,2V,*3,

b-ucd- V„V,*, ,

b-ucs- V»V,*, .

(2.4a)

(2.4b)

(2.4c)

(2.4d)

(2.4e)

(2.4f)

(2 4g)

(2.4h)

J-. = S'y. (1 y, ) VK

with

(2.5).

d

c, X= s

b

In our analysis we will always assume that

Here the V,&
are the complex elements of the KM

charged-current mixing matrix:

N(Bg-c +pions)
N(B~c-c'+ pions) ' (2.12)

with a similar expression for the Bc decay. (In
what follows, we will not discuss the hadronic
final states for B', decay since they are quite com-
plicated in signature, e.g. , c+ ss. ) The expression
(2.12) can be evaluated using Eq. (7) of Ref. 10; we
denote by n, the amplitude for B~-c++ pions
(-V»V,*,) and by P& the amplitude for B~~ c-+ pions
(-VaiV„).

To go further we must say something about the
relative sizes of X, 5A, , and 5m. Here we employ
the quark model; the calculation of A. is straight-
forward in terms of the V,.& and any possible non-
leptonic enhancement factors. " In this calculati. on
we take the quark masses as given by their current
algebra values and we assume that the V,&

are
given by the central values" obtained by Shrock,
Trieman, and Wang' (STW). To calculate 5A. , we
consider the matrix

with

A. =a(A.,+A. ), 5A. =A. —A. , 5m=m, -m . (2.11)

Similarly, one can consider such ratios as

IV- I'" IV,.t
(2.7) r„= g(B& (H, i~)(~ (H~ (B&)p„, f,j =1,2,

cudd- V„V,*»

B~o ucdd- V,*,V„.
Similarly, for the B, and B, states,

B', cuss - V»V,*, ,

30 ucss -V,*,V» .

(2.8)

(2.9)

Here, we have shown the initial spectator quark
explicitly.

Neglecting CP violation, we form the CP eigen-
states (Bo+2P)/v2, with definite masses (m, ) and

inverse lifetimes (X,). Following Ref. 10, we find
the probabilities of getting a negative or a positive
lepton from an initially pure B' state:

N(B'-l'+x) 5m2+ 5A.'/4
N(B'-l +x) 2)t'+5m'-5)t2/4' (2.10)

(consistent with the bounds of Ref. 6) such that b

decays mainly into charm. This impl&es that from
a single B~~ decay we expect a single (anti) charmed
particle with amplitude V»V,", (V»V,*,), with no

accompanying K's, as well as a negatively charged
lepton if the decay is semileptonic. The B', decay
will yield a single (anti) charmed particle with
amplitude V»V,*, (V»V,*,), with an accompanying
ss pair.

Mixing must be taken into account, however,
since the B„' and X~0 share common final states,
e.g. ,

~»= I'22=~

and, in the CP-conserving limit,

(2.14)

(2.15)

Tables I and II show the values for A, and 5X/X for
the B~-B„and B,-B, systems, respectively, under
various assumptions. The values of 5X/A. obtained

TABLE I. Average inverse lifetime, lifetime differ-
ence, and 6m for the B&~ (:bgj meson—system for four
different models. A: STW solution (b) without nonlep-
tonic enhancement factors. B: STW solution (a) without
nonleptonic enhancement factors. C: Same as A with

f& +2f2 =4. D: Same as B withf& +2f2 =4. For-Dna we2 2

have taken B(fs/fv) equal to unity.

~ (10 'eg &~ (eV)

A
B
C
D

1.61
6.54
1.97
7.95

1.30 x 10
5.04 x 10
1.42x10 ~

5.54 x 10

1.9x10 3

5.4 x10 4

1 9x10
5.4 x10

(2.18)

where B,. is B' or 3 . p„ is the appropriate phase-
space factor for the final state ~n). Note that for
B~c the only possible intermediate states are (2.4c)
and (2.4e); for Bc the only states are (2.4d) and
(2.4f). For I'„and I'» we find, trivially,
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TABLE II. Same as Table I for the B, (=—b~) meson
system.

B(f If.)'= &l

~ (10-' e~ ~m (eV)
6m 2 10 ~ for B~

10+ for B, .
(2.19)

A
B
C
D

1.61
6.54
1.97
7.95

3.58 x 10 &

3.32x10 &

3 90x10
3.64x10 ~

8.0x10 '
4.1x10
8.0x10 3

4.1x10 2

As a comparison, for the K -K system we find

(bm/y)» =0.9, (2.20)

whereas for the D -D system we expect (assuming
no FCNC)

here are comparable to those obtained for the
D'-D' system" (-5x 10 ')

We now turn our attention to 6m; in the KM mo-
del with no flavor-changing neutral currents we
have5'6

2Bfs -ms(G»/W2)(n/4v)5m= Re
kg J-gy cy 0

(2.16)

(bm/~), '-10 (2.21)

Exact values can be obtained from Tables I and II;
we remind the reader that the factor B(fs/f, )2 may
be quite large (»1).

If only a
~

&B
~

= 2 neutral-current piece were
present, there would be a contribution to 6m of
order G&, since this does not affect 5~ we may
write (2.10) as

where y; = V;,Vf~ „x~ is sin Ov (=0.23), fs is the
B-meson decay constant, and

N(B' -l++ x) bm'

N(B -l +x) 2x2+6m2 ' (2.10')

A, ~=(l-x, )~(l -x, )
'

2 2
Xf Xg+(x, -x;)

( )2
lnx; —

), lnx,

(2.17)

bms„- IQ~B(fs/f, ) eV,

5m -106m „,S

which, together with Tables I and II, imply [for

(2.18)

with x; —=m; /mv . (m~ is the mass of the Win the
WS model. ) This results from calculating the dia-
grams of Fig. 1. The factor B is used to take into
account corrections to the vacuum-insertion ap-
proximation and is less than unity; for the K -R
system, B=0.4.6 We find (m, = 20 GeV)

since we than expect 6m' » 5g' and, as before,
» 6X /8. If, however, both

~

EB
~

= 2 and
~&B

~

=1 pieces were present, 5X could be modi-
fied significantly, since B and B would share
more common final states:

bd -dd+qq(l l, vv),

bs -ss +qq(l l, vv) . (2.22)

A clear signal then, for
~

&B
~

=1 couplings of sub-
stantial size, is values of X and 6y/z much larger
than expected.

In the former case, we can calculate 6m and use
(2.10') to put bounds on the coupling constants; fol-
lowing Ref. 10 we find, from Fig. 2,

6mrc= — fs msv2

U~C~ f (a)

where

(g L +g R )f1

4

~+
l

1 2 mB+ 2gLg„——(8f2 +f3) +—
3 my+m

(2.23)

W

UqCqf

U~C~f

(b)

f&=f f2=f f3=fi /2 -4

and

23 &s(m~') „mw'
4

(2.24)

(2.25)

FIG. 1. Graphs contributing to the B -B mass differ-
ence in the KM model.

where strong-interaction corrections have been
taken into account. Assuming mB = m&+ m„we
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(a) u, c,t

FIG. 3. Graph for & &'& in the KM model.

(b)

FIG. 2. Additional graphs contributing to the Bo-8
mass difference if FCNC's are present.

can write Om~c as

G~
6mFc "fs m——a[A(gz +ga )+Bgrgb] (2',26)

v2

with

& =-', fi B=-', (6f3-8f2) ~

Given some knowledge of f and f~ and B' decay
properties, this can provide the same kind of

bounds as found in Ref. 10 for the D case,
The values of 6m provides the best bounds on

~

&B
~

=2 couplings; if
(
~

~

= 1:couplings are pre-
sent, various bounds can be arrived at by measur-
ing 5~, looking for unexpected final states in b de-
cay, or looking for unexpected production rates of
hadrons containing b quarks in v and v interac-
tions. Let us examine some of the decay modes
for b quarks if FCNC's are present.

One of the best final states to look for if
~

4B
~

= 1
transitions are present is the decay I3 —&'&,
since w's are'readily identified. As in the case of
KI, - p, +p. , this decay mode is expected due to
one-loop graphs (shown in Fig. 3) as well as other
contributions.

Following Shrock and Voloshin'4 we find the
"short-distance" contribution to the branching
ratio for this mode to be

I
ft' 2

G 2 (1 4 2/ 2)((2 ((,
Z Re(V)'tV), )mg (Bo) (2.2V)

where q =d or s, depending on the meson. The
dominant contribution to the sum is from the t
quark and we find I

l

or, with a branching ratio,

B-3"1o (gi -gd'(fa'If') (2.30}

B(B -«)=6.0x10 (ReV,,) (fs/f, ) mg

-2 J0 "(fa/f.)'m t' (2.28)

which for f~/f, -3, m, =25 GeV is -10 8.

If
~

~
~

= 1 FCNC's are present, the above decay
can go directly via the diagram in Fig. 4. The rate
for this process would be simply

= 8.88x10"(gI, —g„)'fa'/f, ' sec (2.29)

If we knew that B was less than ten times the value
given by (2.28}, we would find the bound

~g~ g~
~

3x10 (2.31)

which is comparable to the charm bound on g~. '0

III. FURTHER CONSTRAINTS

In addition to pure leptonic decays, we would
also have semileptonic decays as well if

~

nB
~

=1
FCNC's existed; these data would not give bounds
as good as (2.31). Such modes as b-dl'1 and
b-sl'/ would be the simplest to detect; apart from
phase-space factors these widths would be

~a ~a2 5

I'8„= 3 (g~ +g„)(l—4x +8x )
2

=1.6x10~(g~ +gz ) eV (x~=0.23). (3.1)

FIG. 4. Additional graph for & &'w if FCNC's are
present.

Note that this is comparable to the lifetimes found

above, apart from the factor (g~'+g„'). If I'»/
1 &,& was &10 we could conclude only that

(gi +gs') ~10 (3.2}
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which is not as good as (2.31). Similar bounds can
be obtained by looking for 5-quark production by
v or v reactions. In the valence-quark limit we
find (as in Ref. 10) for an isoscalar target

B. e(vN - vB) -'(gz'+as'/3)
zz(vN - vX) I - xw + -o xw

2 27

o(vN - vB} «Qz + 3ge )
g(vN ~ vX) ——xw + @xwW g W

(3.3)

(3.4)

for a large b-d coupling. If the b-s coupling were
large instead, the above ratios would need to be
multiplied by the sea (s) to valence ratio which is
cp.].

Looking at other possible b-quark final states
may not provide such clean signals, with a few ex-
ceptions; one possibility is 5 -sss leading to a
three-kaon final state. Apart from possible non-
leptonic enhancement effects this should occur with
a rate

IV. CONSTRAINTS ON FCNC'S OF THE v

v' - p. e'e (4.1)

For these modes we would find the branching ratio

I'(v - 3l)
I,(,- „,-„=-'(Z~'+re')(I —4xw+»w')

= 0.13(gz'+ge'} for xw = 0.23. (4.2)

Here gL and g~ are the left- and right-handed
coupling constants for the v FCNC. Given the
present data, "

B(7- 3l}&0.04. (4.3)

The present existing data on the 7' lepton is com-
pletely consistent with the expectations of the
standard model. " One set of specific final-state
modes which would signal r FCNC's is

7 -e p, 'p, , 7 -e e'e,

2

I 3z= 64@3 (gz. +gs )(4 —
3 xw+ 9 xw )

~J ~b 2 2 1 1 2 2

"(a'I. +gs ) e~ (xw=o 23).

We find only the weak bound

g(g, '+as')&1 7, (4.4)

(3.5)

Again, apart from the factor of (gz +gs ), this
rate is comparable to the lifetimes found in Tables
I and II.

There are several important backgrounds to
consider when looking for FCNC decays of b

quarks; these result mainly from the decay chain

(3.6)

Consider the FCNC decay b -se'e; a substantial
background will come from the decay chain

which clearly does not rule out possible FCNC's
involving the v. Here, the sum extends over the
couplings for the processes (4.1).

As another measure of the possible lepton-num-
ber-violating FCNC's, we consider the deep-in-
elastic process (e, V.)N-r X. If we normalize this
reaction to the charged-current reaction v,N - p, X
in the limit that only valence quarks contribute
and neglect the phase-space suppression from the
heavy 7 final state, "we find (assuming scaling
as well)

zz(e N - z X)
v(vN- p, X)

(3.7) = (gz''+ ~pe')(uz'+ dz ')+ (&Zz, '+pe')(ue'+ de'),

which will have a branching ratio of -1%. Similar-
ly the decay b -sss may be simulated by the pro-
cess

5 ~CCS

where
I 2 2

L P 3+W r RB 3+W

1 1 1
dL P + 3XW p dg 3 QW ~

(4.5)

(4.6)

s+x. (3.8)

We expect this branching ratio to be quite substan-
tial (-15/q). Obviously, a good understanding of
these backgrounds is necessary to observe a clean
signal for the FCNC modes. Perhaps the best
signal, if the b-d FCNC is present, is to look for
b -dl'l . Here there will be no accompanying R's
and the backgrounds are dominated by electro-
magnetic effects only.

For xw = 0.23 this yields

T —0.31g 2+ 0.13g~'.

Hence,

g(e N-r X)

(4.7)

=(0.31g '+0.13g„')x0.74x 10 "xE' cm'

(4.8)

with E' being the incident electron energy in QeV.
A similar result would hold if the initial lepton



21 F LA VOR-CHANGING NEUTRAL CURRENTS INVOLVING b. . . 2697

were a p, . There have been many discussions of
heavy- lepton production in v reactions"; the signals
for r production by e (p ) would be similar to
those discussed for v's. Assuming an initially pure
pure e (p ) beam, one would look for an outgoing

(e ) in the direction opposite to the hadronic jet
with a large fraction of the total energy. This re-
sults from the leptonic decay of the r after it is
produced at the leptonic vertex.

Another possible final state is back-to-back jets,
one of which comes from the leptonic vertex; this
results from the hadronic decay of the v. Such a
signal, however, can have substantial background
from other mechanisms such as associated pro-
duction.

If FRANC's are present there are several r final
states which would indicate their presence in addi-
tion to the pure leptonic decay discussed above;
all of these final states would have to contain an
e (p ). For example,

v -eg,
7 -eQ,
7 «ep,
v -em',

(4.9)

and similarly for 7' p, .
Limits on processes such as these have not been

presented at this time and may be important in

locating possible FCNC's of & leptons.

V. COMPARISON WITH PREVIOUS WORK

In order to look for FCNC's in heavy-quark sys-
tems we have had to examine the predictions of the
KM model for the quantities X, 6A. , and 6m in both
the B',-B'„and &,-Bo systems. In earlier work on

the KM predictions for these same quantities,
rough estimates were made by Ali and Aydin. " We
have improved upon these calculations in the fol-
lowing ways.

First, we have made use of the newly obtained
bounds on the KM mixing angles' (we have used the
central values obtained by STW). Second, in cal-
culating 5m, we have kept the exact formula for
A;& [Eq. (2.17)]whereas only the lowest-order
terms were kept by the above authors. Thirdly, in
calculating both ~ and 5~ we have used a detailed
calculation of the phase space for the various final
states. Lastly, we have used a value of m,
(=20 GeV), since m, ~ 15 GeV seems to be ruled
out by recent data from PETRA. [Furthermore,
we have left B(fa/f, )' as a free parameter. ]

Qur results for the KM predictions can be found
in Tables I and II; these are to be compared with
the predictions of Ali and Aydin (AA) found in their
Table II. Note first that the values obtained here
for 5A. /A. are -5-10 times larger than those of AA;

most of this can be traced to our value of A, , which
is 10-20 times smaller than that found by AA.
This results from our different choice for mixing
angles and our detailed phase-space considera-
tions.

In calculating 5m, AA have assumed B= 1 and

(fa/f, ) = 3.85 or 2.31; using these values we find
our results for 5m/& in the B~o 8~0 -system are
larger roughly by a factor of 10. This results,
essentially, from the smaller value of ~ obtained
here. For the BO,-BO system, our results are again
larger by a factor of 5-]0, most of which is again
traceable to our smaller ~ value and to mixing-
angle differences.

In conclusion, we find our results for these
quantities to be in rough agreement with those of
AA, except for the ~ value by which we differ by
roughly a factor of -30, even though we have made
the above improvements in the calculation.

We would like to point out that AA also consider
CP -violation effects in the heavy-meson system;
such a discussion is outside the scope of this paper.

VI. CONCLUSION

In this paper we have considered the possibility
of the existence of flavor-changing neutral currents
involving 5 quarks and 7' leptons. We have ana-
lyzed the B'-B' system with and without these cur-
rents to see what kind of bounds future experi-
ments can put on any FCNC coup1ings. We have
examined several final states such as b- se'e
which would signal b FCNC's although there is
background of a substantial amound due to the
ordinary charged-current decay chain

5«ce v~

e ve

Similarly, we examined the possible limits on

couplings which can be arrived at from v, v pro-
duction of 5-flavored particles.

For 7 leptons, some limits already exist on pos-
sible FCNC 's although they are quite weak [see
Eq. (4.4)], and their existence is certainly not
ruled out. One important mode is ~ decay into
three charged leptons. We can also look for w

production in e(p)N deep-inelastic interactions.
We conclude that the Qlashow-Iliopoulos-Maiani

mechanism has not been tested sufficiently to con-
clude that quarks (and leptons) heavier than u, d,
s, and c (e, p) do not participate in FCNC's. Much
more experimental work is needed in this area.
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