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Triple gauge boson couplings in rareB and K decays
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We examine the sensitivity of flavor changing neutral current~FCNC! processes to anomalous triple gauge
boson couplings. We show that in the non-linear realization of the electroweak symmetry breaking sector, these
processes are very sensitive to twoCP conserving anomalous couplings. A clean separation of their effects is
possible in the next round of experiments probingb→sg andb→sl 1l 2 processes, as well as kaon decays
such asK1→p1nn̄. The obtained sensitivity is found to be competitive with that of direct measurements at
high energy colliders. In particular, for one of theWWZcouplings the one-loop FCNC effects are enhanced by
a logarithmic dependence on the scale of new physics. We also explore the potential signals ofCP violating
anomalous triple gauge boson couplings in rareB decays.@S0556-2821~99!03901-6#

PACS number~s!: 12.60.Cn, 12.60.Fr, 13.20.Eb, 13.20.He
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I. INTRODUCTION

The remarkable experimental success of the stand
model ~SM! suggests the possibility that at the weak sc
there may be no other dynamics or particle content. On
other hand, several questions remain unanswered within
SM framework and may require new dynamics in order to
addressed. Among these questions are the origin of e
troweak symmetry breaking and of fermion masses. In p
ciple, it could be argued that the energy scales of the n
dynamics related to these questions may be so large as
irrelevant to observables at the weak scale. However,
known that the physics behind the Higgs sector and resp
sible for the breaking of the electroweak symmetry can
reside at scales much higher than a few TeV. Furthermor
is possible that the origin of the top quark mass might
related to electroweak symmetry breaking. Thus, at leas
some cases, the dynamics associated with new physics
not reside at arbitrarily high energies and there might
observable effects at lower energies. In cases where the
derlying dynamics is not known or fully understood, th
study of these non-decoupling effects is the realm of eff
tive field theory. The non-decoupling effects of the Hig
mechanism in the electroweak symmetry breaking~EWSM!
sector of the SM have been vastly studied in the literat
@1,2,3#. In order to write down the effective theory at ene
gies well below the new physics scaleL, all states with
masses aboveL must be integrated out. The result is a
effective field theory for the gauge bosons of the electrow
gauge group and the Nambu-Goldstone bosons~NGB! asso-
ciated with the spontaneous breaking ofSU(2)L3U(1)Y
down to U(1)EM . The effective theory at weak scale ene
gies and below is in general non-renormalizable. Howeve
is possible to expand it in terms of the increasing dimens
of the operators: the higher the dimension of the operator,
higher the inverse power ofL suppressing its effects. Up t
a given order~e.g., operators of dimension six, eight, etc.!, it
is possible to obtain a predictive effective theory. The effe
of the physics above the scaleL are encoded in the values o
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the coefficients of the higher-dimension operators.
We will concentrate on a scenario without scalars w

masses belowL. This choice is motivated by the fact that th
presence of a light scalar is usually either accompanied
other new particles with masses of the order of the we
scale~e.g., supersymmetry! or allows for the scale of new
physics to be very large@4#, thereby resulting in suppresse
effects. This scenario is most appropriately described b
Higgs sector with non-linear transformation properties@3#.
However, as we will see below, for the most part our resu
will be independent of this choice. We will stress the re
evance of using the non-linear realization when necessa

Important constraints on deviations from the SM throu
the coefficients of the effective Lagrangian of the EWS
sector come from electroweak observables at the weak s
For instance, non-standard contributions to two-point fu
tions are severely constrained by oblique parameters as m
sured at theZ-pole @5#. Contributions to anomalous triple
gauge-boson couplings~TGC! are bound by measuremen
of gauge boson production at the CERNe1e2 collider
LEPII @6# and the Fermilab Tevatron@7# as well as by indi-
rect measurements@8,9#, whereas anomalous quartic co
plings give one-loop contributions to oblique parameters.
nally, there is a set of operators in the EWSB sector t
amounts to corrections to the NGB propagators and that
sult in four-fermion operators coupling to fermion mass
These are not bound at one-loop by oblique corrections,
by their contributions to vertices through top-quark loo
@10,11#.

We are interested in evaluating the sensitivity of flav
changing neutral current~FCNC! decay processes at low en
ergies, such as loop-inducedB andK decays, to new dynam
ics in the EWSB sector residing above the scaleL. These
processes, such asb→sg, b→sl 1l 2, K→pnn̄, etc., are
affected in principle by all non-standard couplings of t
gauge bosons and the NGB. In practice, since oblique
rections are directly probed with high precision at theZ pole,
the corrections to two-point functions are already highly co
strained and will give no effect when included in the on
loop processes named above. Moreover, non-standard q
tic gauge boson couplings do not enter in these decay
leading order. Thus, we are left with two sources of dev
©1998 The American Physical Society01-1
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GUSTAVO BURDMAN PHYSICAL REVIEW D 59 035001
tions from the SM expectations in these modes: correcti
to the NGB propagators and anomalous TGC. In Ref.@11#
the sensitivity of rareB and K decays to the corrections t
NGB propagators was studied. It was there concluded
within the constraints imposed on the effective Lagrang
parameters by the measurements ofRb , andB andK mixing
large deviations from the SM were still possible in mo
FCNC decay modes, with the exception ofb→sg and b
→dg. In this paper, we want to evaluate the sensitivity
these decay modes to anomalous TGC originated, thro
the effective Lagrangian, at energies aboveL.

The effects of anomalous TGC in rareB decays have
been previously studied in the literature. For instance,
effects of the dimension four anomalousWWg coupling
Dkg in b→sg transitions were first considered in@12#,
whereas this plus the dimension six couplinglg where stud-
ied in @13,14#. These plus the corresponding CP violati
couplings and their effects in theb→sg branching fractions
were also considered in@15#. Finally, the anomalousWWZ
couplings and their effects inb→sm1m2 were studied in
Ref. @17#. In this paper, we use the power counting of t
non-linear realization of the EWSB sector to organize
anomalous TGC according to the dimension of the oper
generating them in the effective theory. This will identify th
relevant anomalous TGC in scenarios where the EWSB
tor is strongly coupled. We will see that in these cas
FCNC transitions are very sensitive to oneWWg and one
WWZanomalous couplings, thus offering very well defin
constraints on the strongly coupled EWSB sector that
competitive, for these couplings, to those obtained at hig
energies. We also add the constraints from present and fu
measurements of rare kaon decays such asK1→p1nn̄. Pre-
vious studies of the effects of anomalous TGC couplings
rareK decays were done forK→l 1l 2 decays@16#, a mode
largely affected by long distance contributions, and forK1

→p1nn̄ by considering the effects of a parity violatin
anomalous TGC coupling@8#. In this paper we study the
effects of the two relevant couplings and put the effects
the context of the a specific scenario for EWSB and with
effects inB decays. We complete the analysis by consider
the effects of CP violating TGC in rareB decays, both in the
rate as well as inCP asymmetries.

The purpose of this work is to evaluate the sensitivity
future B andK experiments to anomalous TGC in the co
text of a strongly coupled EWSB sector. Although mod
independent in nature, this context results in a hierarchy
anomalous TGC related to the power counting in the res
ing effective theory. A complete treatment of the effects
this scenario in rareB andK decays is lacking in the litera
ture. This forms part of a program started in Ref.@11#, in-
tended to explore the reach of sensitivity processes like
ones discussed here to a strongly coupled EWSB sector.
possible that in a scenario like this one direct signals will
become available until the CERN Large Hadron Collid
~LHC! begins taking data. We also evaluate the competiti
ness of these measurements with the direct measureme
higher energies to take place at the CERN LEPII and
Fermilab Tevatron colliders. We find these two approac
complementary largely due to the fact that the rare de
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modes are selectively sensitive to a handful of anomal
TGC allowing independent measurements of these c
plings. In the next section we review the non-linear realiz
tion of the effective Lagrangian of the EWSB sector in re
tion to anomalous TGC. In Sec. III we compute the effects
rareB andK decays and we discuss the results and concl
in Sec. IV.

II. THE EFFECTIVE LAGRANGIAN AND ANOMALOUS
TGC

In the absence of a light Higgs boson, the symme
breaking sector is represented by a non-renormalizable e
tive Lagrangian corresponding to the non-linear realizat
of the s model. The essential feature is the spontane
breaking of the global symmetrySU(2)L3SU(2)R
→SU(2)V . To leading order, the interactions involving th
NGB associated with this mechanism and the gauge fie
are described by

LLO52
1

4
BmnBmn2

1

2
Tr@WmnWmn#1

v2

4
Tr@DmU†DmU#,

~1!

where Bmn and Wmn5]mWn2]nWm1 ig@Wm ,Wn# are the
theU(1)Y andSU(2)L field strengths, respectively, the ele
troweak scale isv.246 GeV and the NGB enter through th
matricesU(x)5eip(x)ata /v. The covariant derivative acting
on U(x) is given by DmU(x)5]mU(x)1 igWm(x)U(x)
2( i /2)g8Bm(x)U(x)t3 . To this order, there are no free pa
rameters once the gauge bosons masses are fixed. The d
dence on the dynamics underlying the strong symme
breaking sector appears at next-to-leading order. A comp
set of operators at next to leading order includes one oper
of dimension two and operators of dimension four@1,2#. The
effective Lagrangian to next to leading order is given by~see
the Appendix for the expanded operator basis!

Leff5LLO1L181(
i 51

19

a iLi , ~2!

whereL18 is a dimension two custodial symmetry violatin
term absent in the heavy Higgs limit of the SM. If we restr
ourselves to CP invariant structures, there remain fourt
operators of dimension four. As it was mentioned above,
coefficients of some of these operators are constrained
low energy observables. For instance, precision electrow
observables bound the coefficient ofL18 , which gives a con-
tribution to Dr. The combinations (a11a8) and (a11a13)
contribute to the oblique parametersS andU, defined in@5#.
Corrections to the charged and neutral NGB propaga
come from the operatorsL11 and L12, respectively. Their
effects in B and K FCNC processes were studied in Re
@11#. The coefficientsa2 , a3 , a9 anda14 modify the TGC
and are the object of our study.
1-2
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ImposingCP conservation,1 the most general form of the
WWN (N5g,Z) couplings can be written as@18#

LWWN5gWWNH ikNWm
† WnNmn1 ig1

N

3~Wmn
† WmNn2WmnW†mNn!1g5

Vemnrs

3~Wm
† ]rWn2Wm]rWn

†!Ns1 i
lN

MW
2 Wmn

† Wl
nNnlJ ,

~3!

with the conventional choices beinggWWg52e and gWWZ
52g cosu. In principle, there are six free parameters, sin
gauge invariance impliesDg1

g5g5
g50. Making contact with

the electroweak Lagrangian~2!, these parameters can be e
pressed in terms of the next-to-leading order coefficie
@19,2#

Dkg[kg215g2~a22a11a32a81a9!

DkZ[kZ215g2~a32a81a9!1g82~a12a2!

Dg1
Z[g1

Z215
g2

cos2 uW
a3

g5
Z5

g2

cos2 uW
a14

lg5lZ50, ~4!

whereg andg8 are theSU(2)L andU(1)Y gauge couplings,
respectively, and the operator basis is the one defined in@1#.
As we see from the last line in Eq.~4!, to this order in the
energy expansion~2!, we obtainlN50. These TGC get con
tributions from operators of dimension six, suppressed by
extra factor of (v2/L2). We are left withkg , kZ , g1

Z and
g5

Z . Finally, when considering rareB andK decays, we can
neglect the contributions fromkZ , since they will be sup-
pressed by powers of the squared of the external mom
overmZ

2 . Thus, in this approach, there are only three para
eters relevant at very low energies. The SM predictions
them arekg5g1

Z51 andg5
Z50.

III. THE EFFECTS IN FCNC DECAYS

The presence of the anomalous TGCDkg , Dg1
Z and g5

Z

will result in deviations from the SM in various FCNCB and
K decays.2 We first concentrate on rareB decays, with focus
on strategies to make use of large data samples for the

1We discuss possible effects fromCP violating anomalous TGC
later in the paper.

2Charm FCNC decays are generally affected by large lo
distance contributions that tend to obscure the extraction of s
distance physics. Although there are some exceptions to this s
ment, the effects of anomalous TGC are not among them@20#.
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→p1nn̄ measurements, and finally study the possible
fects of CP violating anomalous TGC.

A. Rare B decays

For theb→sg andb→sl 1l 2 transitions, it is useful to
cast the contributions of the anomalous couplings as shift
the matching conditions atMW for the Wilson coefficient
functions in the weak effective Hamiltonian

Heff52
4GF

&
(
i 51

10

Ci~m!Oi~m!, ~5!

with the operator basis defined in Ref.@21#. Of interest in our
analysis are the electromagnetic penguin operator

O75
e

16p2 mb~ s̄LsmnbR!Fmn, ~6!

and the four-fermion operators corresponding to the vec
and axial-vector couplings to leptons,

O95
e2

16p2 ~ s̄LgmbL!~ l̄ gml ! ~7!

and

O105
e2

16p2 ~ s̄LgmbL!~ l̄ gmg5l !. ~8!

We first turn to the effects ofDkg in b→sg and b
→sl 1l 2 transitions. This modification of theW1W2g
coupling gives a shift in the one-loopb→qg vertex, with
(q5d,s). For q5s this is given by

dGm
b→sg5 i

e

4p2

GF

&
Vts* Vtb@dC7~MW!mbs̄LsmnbRqn

1dC9~MW!s̄L~q”qm2q2gm!bL#, ~9!

whereqm is the photon four-momentum, only the top qua
contributions are kept and terms suppressed byms /mb have
been neglected. These shifts in the Wilson coefficients atMW
are given by

dC7~MW!5
1

2
DkgA1~xt! ~10!

dC9~MW!5DkgA2~xt!, ~11!

with xt5mt
2/MW

2 . The functionsA1(x) andA2(x) are given
by @12#

A1~x!5
x

2 S 2x

~12x!2 1
~32x!

~12x!3 ln xD , ~12!

and

-
rt
te-
1-3
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GUSTAVO BURDMAN PHYSICAL REVIEW D 59 035001
A2~x!52
x

4 S ~125x!

~12x!2 1
~7215x14x2!

~12x!3 ln xD . ~13!

In the language of the effective Hamiltonian formalism
these contributions translate into modifications of the mat
ing conditions for the Wilson coefficient functionsC7 and
C9 at the scaleMW . The first term in Eq.~9! modifies
C7(MW) and therefore contributes to bothb→sg and b
→sl 1l 2, whereas the second term only enters in the o
shell photon amplitude and gives a contribution toC9(MW).
The anomalous TGC diagrams containing theDkg have the
same divergent structure as the SM TGC contributions,
therefore the GIM mechanism renders them finite by
creasing their degree of divergence by one, thus elimina
an initially logarithmic divergence.

In order to compute the effects inB decays, we evolve the
Wilson coefficients down to the scalem.mb using standard
procedures@21#. In Fig. 1 we plot theb→sg branching frac-
tion as a function ofDkg . Also shown for reference are th
1s intervals from the latest measurements of the CLEO C
laboration @22#: BR(b→sg)5(2.5060.4760.39)31024,
as well as from the ALEPH Collaboration@23#: BR(b
→sg)5(3.1160.8060.72)31024. Combining these two
results gives an approximate 1s interval for Dkg
(20.20, 0.20). Future measurements of theb→sg branch-
ing ratio will greatly improve these constraints. For instan
a 20% measurement of theb→sg branching ratio would
translate into the more stringent 1s bound 20.15,Dkg
,0.15, if centered at the SM prediction.

The dilepton modesb→sl 1l 2 receive contributions
from Dkg through bothdC7 anddC9 . In Fig. 2 the branch-
ing ratio BR(b→sl 1l 2), normalized by the SM value, i
plotted versusDkg . Although the sensitivity of these deca
channels is similar to the one obtained inb→sg, the bounds
are somewhat less stringent. This is more so when we c
sider that, unlike inb→sg, other anomalous TGC may sig
nificantly affect this amplitude. However, we will later com
back to this point to show that it is possible to cleanly se

FIG. 1. TheBR(b→sg) vs Dkg . The dashed horizontal line
correspond to the 1s CLEO measurement@22#, whereas the dotted
lines are the 1s measurement from ALEPH@23#.
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rate the contributions from the various relevant couplin
even if onlyb→sl 1l 2 decays are considered.

The sensitivity of these rareB decays toDkg is certainly
comparable to that of higher energy experiments such
LEPII and the Tevatron. For instance, the 95% C.L. lim
from LEPII @6# combining the data taken at 162 GeV and
172 GeV (10pb21 at each energy! are (21.10, 1.80). On
the other hand, the most recent measurements at the Fe
lab Tevatron @7# put this coupling in the range
(20.36, 0.45). The Tevatron bounds depend on the scal
suppression introduced with the momentum dependenc
the couplings, necessary to respect unitarity constraints. B
the Tevatron and the LEP bounds are obtained within a
tain set of assumptions. Future LEPII measurements
higher energies, as well as Tevatron measurements
higher luminosity, will result in bounds similar to the one
that will be obtained from FCNC processes named abov

We now turn to the effects ofDg1
Z , an anomalous

W1W2Z coupling. Its presence affects theb→ql 1l 2 am-
plitude as well as the one of the neutrino modesb→qnn̄ and
K→pnn̄. The modes governed byb→sl 1l 1 are the most
accessible experimentally among theB processes. Unlike the
Dkg contribution, the diagrams includingDg1

Z are still diver-
gent, even after summing over all the intermediate up-qu
states. This divergence originates in the contributions fr
the longitudinal pieces in theW propagator and reflects th
non-decoupling behavior of the Higgs sector. This logari
mic dependence of the loop effect on the high energy scaL
is a manifestation of the dynamics above this scale, an
presumably related to electroweak symmetry breaking. Th
this logarithmic enhancement of the one-loop effect ofDg1

Z

is of a rather fundamental origin@24# and makes FCNC par
ticularly sensitive to this anomalous coupling.

The matching conditions for the Wilson coefficien
C9(MW) andC10(MW) are shifted by

dC9~MW!5Dg1
ZS 12s2uw

s2uw
D S s2uw2

1

4DB1~xt! ~14!

dC10~MW!5Dg1
ZS 12s2uw

s2uw
D B1~xt!

4
. ~15!

FIG. 2. Theb→sl 1l 1 branching ratio, normalized to its SM
value, plotted vsDkg .
1-4
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TRIPLE GAUGE BOSON COUPLINGS IN RAREB AND . . . PHYSICAL REVIEW D 59 035001
The functionB1(x) is given simply by the leading logarith
mic dependence,

B1~x!5
3

2
x ln

L2

MW
2 1 . . . . ~16!

In Eq. ~16!, the dots stand for terms that are finite in theL
→` limit. These terms are regularization scheme depend
and, although formally subleading, could be numerically i
portant. However, it is expected that the overall size of
effect is correctly estimated by the leading logarithmic b
havior, barring precise cancellations with the finite term
Thus, the results we present forDg1

Z are meant to be indica
tive of the sensitivity to this coupling, but not a preci
prediction,3 something that cannot be achieved witho
knowledge of the full theory above the energy scaleL. The
solid line in Fig. 3, shows the branching ratio forb
→sl 1l 2, normalized to the SM model prediction, as
function of Dg1

Z , where the high energy scale scale in E
~16! is taken to beL52 TeV. Although at present, only
upper limits onb→sl 1l 2 processes exist@25#, sensitivity
to the SM predictions is expected to be achieved in the n
round ofB physics experiments. For instance, measurem
of b→sl 1l 2 branching ratios with 30% accuracy, can e
plore the regionuDg1

Zu,0.10, a very competitive perfor
mance even when compared with the high energy machi
For instance, LEPII is expected to just explore this reg
@26#, whereas the Tevatron experiments, assuming an i
grated luminosity of 1f b21, will bound Dg1

Z to be in the
interval (20.18, 0.48) @27#. The main difference betwee
these measurements and the FCNC decay modes is tha
latter have an additional dependence onL from the logarith-
mic divergence.

Next, we study the effects of theC and P violating, but
CP conserving couplingg5

Z . These are simply obtained b

3In Ref. @17# this contribution was computed in the unitary gaug
and the scheme dependent terms were kept. Here we argue tha
the logarithmic divergence can be trusted. The dependence o
scaleL is common to both results.

FIG. 3. Theb→sl 1l 1 branching ratio, normalized to its SM
value vsDg1

Z ~solid line! andg5
Z ~dashed line!.
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the replacementDg1
ZB1(xt)→g5

ZB2(xt) in Eqs. ~14! and
~15!, whereB2(x) is given by

B2~x!52
3x

12x S 11
x ln x

12x D . ~17!

Unlike the contribution fromDg1
Z , the resulting loop ampli-

tude is finite, due to the fact that theemnrs tensor accompa-
nying g5

Z does not couple to the longitudinal portion of theW
propagators. As a result, the contributions from this para
eter to one-loop FCNC processes are not sensitive to
scaleL. This, in turn, implies that in this case there is n
logarithmic enhancement as in the case of theDg1

Z contribu-
tion and that these processes are not very sensitive to
coefficient, as can be seen from the dashed line in Fig
This is in agreement with the conclusions of Ref.@8#.

From the above results, we conclude thatB decay pro-
cesses involving one-loop FCNC are most sensitive to
CP conserving anomalous TGC, namelyDkg andDg1

Z . As
we will see below, the analogousK decay modes have
similar sensitivity toDg1

Z . This is an important difference
with the the high energy searches for these effects, where
experiments are sensitive to several parameters giving r
to possible cancellations with the consequent weakening
the bounds. The limited sensitivity of the low energy FCN
transitions permits the clean identification of the anomalo
TGC. The obvious example is the fact thatb→sg is sensi-
tive only toDkg , among the CP conserving couplings. How
ever, even when only consideringb→sl 1l 2 processes,
where bothDkg and Dg1

Z contribute, it is possible to sepa
rate their effects. This results from a very distinct pattern
shifts of the short distance Wilson coefficients. As it can
seen in Eq.~14!, the shift in the coefficientC9(MW) will be
negligible due to the suppression factor (sin2 uw21/4),
whereas this is not the case forC10(MW). This is reflected in
Fig. 4, where we plot the forward-backward asymmetry
leptons inB→K* l 1l 2 as a function of the dilepton mass
The asymmetry has a zero, the position of which depends
the values ofC7 andC9 , but not onC10 @28#. Thus, values of

,
nly

the

FIG. 4. The forward-backward asymmetry for leptons inB
→K* l 1l 2, for Dg1

Z50, 0.1 and 0.20~solid, dashed, dot-dashed
respectively!. Although these give large effects in the branchi
ratio, the position of the asymmetry zero is almost unaffected.
1-5
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GUSTAVO BURDMAN PHYSICAL REVIEW D 59 035001
Dg1
Z resulting in large deviations of the branching fractio

in b→sl 1l 2 decays, do not change the position of t
asymmetry zero. On the other hand, non-zero values ofDkg
affect bothC7 andC9 shifting the position where the asym
metry vanishes. In this way the angular information mak
possible the separation betweenDkg and Dg1

Z effects that
otherwise could be unresolvable in the branching ratio
even in the dilepton mass distribution.

B. Rare K decays

Effects similar to those discussed above forB decays are
present in the analogousK processes, due to the one loo
contributions to thes→dg ands→dZ vertices. The photon
mediated transitions, such asK→pl 1l 2 and hyperon ra-
diative decays, are largely affected by long distance con
butions which are theoretically uncertain and make diffic
the extraction of interesting short distance information.
the other hand,s→dnn̄ transitions such asK1→p1nn̄ and
KL→p0nn̄ are theoretically cleaner. There are two diagra
contributing to these processes, the box and thes→dZ pen-
guin. The latter is sensitive toDg1

Z andg5
Z . The anomalous

contribution to thes→dnn̄ amplitude can be written as

dA~s→dnn̄!5
4GF

&

a cot2 uw

8p
Vtd* Vts„Dg1

ZB1~xt!

1g5
ZB2~xt!…~ d̄LgmsL!~ n̄LgmnL!, ~18!

with the functionsB1(x) andB2(x) defined in Eqs.~16! and
~17!. As discussed in the previous section, only the effec
Dg1

Z is sensitive to the logarithmic dependence on the h
energy scaleL, due to its coupling to the longitudinal gaug
bosons. In Fig. 5 we plot the branching fraction forK1

→p1nn̄, normalized to the SM expectation, as a function
Dg1

Z . We observe that this decay mode has a sensitivity
Dg1

Z comparable to that of theb→sl 1l 2 decays. However
the effect here is anti-correlated with the analogous one iB
processes. Currently, this branching ratio is measured to
@29# BR(K1→p1nn̄)5(4.223.5

19.7)310210, whereas the SM

FIG. 5. TheK1→p1nn̄ branching ratio, normalized to the SM
prediction, plotted vs the anomalousWWZ couplingsDg1

Z ~solid
line!, andg5

Z ~dashed line!.
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prediction is in the range (0.60– 1.00)310210 @30#. Thus, as
it can be seen in Fig. 5, there is room for relatively lar
values ofDg1

Z in both B andK FCNC decays.

C. CP Violating anomalous TGC

In this section we discuss the possible effects of CP v
lating TGC. The most general form of the CP violating co
plings of a neutral gauge bosonN5g, Z to a W pair is

LCPV5gWWNH i k̃NWm
† WnÑmn2g4

NWm
† Wn~]mNn1]nNm!

1 i
l̃N

MW
2 Wln

† Wn
mÑnlJ , ~19!

with Ñmn5 1
2 emnabNab . The effects of theZW1W2 CP vio-

lating couplings in rareB and K decays are suppressed b
powers of the typical external momentum divided bymZ

2 ,
since all terms in Eq.~19! involve derivatives of theZ field.
On the other hand, the onlygW1W2 coupling correspond-
ing to a dimension four operator and satisfying gauge inv
ance isk̃g , sincel̃g corresponds to a dimension six operat
in the non-linear realization. In the effective Lagrangian~2!,
there are eight dimension four operators contributing to
various CP violating terms in Eq.~19!. The complete set of
CP violating operators is given in the Appendix. In that b
sis, the contributions tok̃g are

k̃g52g2~2a1624a17!. ~20!

The k̃g contributions tob→sg and b→sl 1l 2 take the
form of complex shifts of the Wilson coefficientsC7 and
C9 . The CP violating contribution to the coefficient of th
magnetic moment operators̄LsmnbR takes the form

C7~MW!5C7
SM~MW!2

i

2
k̃gA1~xt!, ~21!

FIG. 6. TheBR(b→sg) vs the CP violatingWWg coupling
k̃g . The dashed horizontal lines correspond to the 1s CLEO mea-
surement@22#, whereas the dotted lines are the 1s measurement
from ALEPH @23#.
1-6
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where the functionA1(x) is given in Eq.~12!. On the other
hand, the leading order contributions fromk̃g to the second
term in Eq.~9! corresponding to the shift in the coefficie
C9(MW), are of orderO(mb

2/MW
2 ) and therefore negligible.

The k̃g contribution toC7(MW) results always in a con
structive effect in theb→sg branching ratio, since there i
no interference with the SM. This translates into a rat
tight bound onk̃g , as it can be seen from Fig. 6. Taking th
95% C.L. upper bound from the CLEO result, for instan
constrains this coupling to be in the range

20.60<k̃g<0.60. ~22!

The b→sl 1l 2 modes give looser bounds. More stringe
bounds than these come from the upper limits on the elec
dipole moment~EDM! of the neutron@31#, giving the con-
straint uk̃gu,(223)31024. The neutron EDM bound is
sensitive to the cutoffL in the same way theDg1

Z contribu-
tions to rareB and K decays are. On the other hand, t
present bounds are cutoff independent by virtue of
Glaskow-Iliopoulos-Marcene~GIM! cancellation. Direct
limits at hadron colliders are similar to the ones to be o
so
e

ve
h

lu
la
en
r

c
n

-
t
w
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tained inb→sg. For instance, in Ref.@32# is is estimated
that the Tevatron with an integrated luminosity of 1f b21,
will result in the bounduk̃gu,0.33.

Taking into account the bound from Eq.~22!, we now
consider possible CP violating observables. In the SM,
violating asymmetries inb→dg and b→dl 1l 2 are ex-
pected to be in the few percent range@33#. On the other hand
they are negligibly small in the correspondingb→s transi-
tions, due to an extra factor of the Cabibbo angle. Th
processes with strange mesons, such asB→Kl 1l 2, are
free of SM sources of CP violation. For a partial rate asy
metry to arise, it is necessary that a CP-invariant phase
present in the amplitude. In the case ofb→s transitions this
is provided, for instance, by the imaginary part of the on
loop insertion of the four-fermion operators such
( s̄LgmcL)( c̄LgmbL) in the b→sg (* ) vertex. The mixing of
this operator withO9 results in@21#

C9
eff5C9~mb!1g~s!~3C11C213C31C413C51C6!,

~23!

where the coefficients of the four-quark operators can
found in Ref.@21# and the functiong(s) is given by
in
g~s!52
4

9
ln z21

8

27
1

16

9

z2

s
2

2

9 S 21
4z2

s2 D 5 2A4z2/s221 arctanS 1

Az21
D , for s,4mc

2,

A124z2/s2F lnS 11A124z2/s2

12A124z2/s2D 1 ipG for s.4mc
2,

~24!

wherez5mc /mb . The imaginary part present in Eq.~24!, in combination with the CP violating phase coming fromk̃g , results
in a small CP asymmetry. For instance, when the constraint from Eq.~22! is considered, the partial rate CP asymmetries
B→Kl 1l 2 are bound to be

ACP~B→Kl 1l 2!5
G~B1→K1l 1l 2!2G~B2→K2l 1l 2!

G~B1→K1l 1l 2!1G~B2→K2l 1l 2!
&1%. ~25!
pa-
on
ari-

ed
Similar asymmetries are obtained in other strange me
modes, such asK0, K* , etc. Given the suppression of th
SM asymmetries observation of CP violation at this le
would indicate the presence of new physics. On the ot
hand, several thousand reconstructed events would
needed for a significant measurement. We therefore conc
that the experimental observation of the effects of CP vio
ing anomalous TGC is beyond the capabilities of first g
eration B factories, where only a few hundred events a
expected in these decay channels.

IV. CONCLUSIONS

We have carried out a comprehensive study of the effe
of anomalous TGC in FCNCB andK decays. We have see
that these processes are sensitive to twoCP conserving cou-
plings, Dkg and Dg1

Z , as well as to the CP violating cou
pling k̃g . The reach of the next round of measurements aB
physics experiments such as Babar, Belle, CDF and D0
n

l
er
be
de
t-
-

e

ts

ill

put bounds on the CP conserving couplings that are com
rable to the limits to be obtained from direct gauge bos
production at LEPII and an upgraded Tevatron. For comp
son, in Table I we quote the 95% C.L. bounds onDkg and
Dg1

Z projected for LEPII@26# at 190 GeV and with 500f b21

of integrated luminosity, as well as the limits for an upgrad
Tevatron@27# with 1 f b21.

For the future bounds from FCNCB decays, we use very
conservative estimates of 1s bounds that includecurrent the-

TABLE I. Comparison of bounds on anomalous TGC.

LEPII
190 GeV

Tevatron RunII
1 fb21

FCNC
Decays

Dkg (20.25, 0.40) (20.38, 0.38) (20.20, 0.20)
Dg1

Z (20.08, 0.08) (20.18, 0.48) (20.10, 0.10)
k̃g - (20.33, 0.33) (20.50, 0.50)
1-7
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oretical uncertainties present in the calculation of th
modes. For instance, as mentioned earlier and can be
from Fig. 1, a 20% measurement of theb→sg branching
ratio would boundDkg to be in the range (20.15, 0.15).
For the bounds onDg1

Z , we rely on the projections for vari
ous b→sl 1l 2 decay modes to be observed atB experi-
ments at the SM level. For instance, several hundred ev
in the B→K* l 1l 1 channel will be available at the Teva
tron experiments in the incoming run. This will allow no
only tight bounds from the effect in the rate~Fig. 3!, but also
the clean separation of theDg1

Z coupling from possible ef-
fects from anomalousWWg couplings by analyzing dilepton
angular information. The forward-backward asymmetry
leptons shown in Fig. 4 is an example of this separation:
position of the asymmetry zero is immune toDg1

Z , whereas
it is very sensitive to changes in theWWg couplings. On the
other hand, it is possible to extract the short distance in
mation from these exclusive modes by using a variety
techniques mostly related to heavy and light quark symm
arguments, and with relatively small hadronic uncertaint
@28,34#.

The limits onDg1
Z can be further improved by future mea

surements of theK1→p1nn̄ branching fraction. This mode
is as sensitive to theWWZ anomalous coupling as theb
→sl 1l 2 modes, with the advantage that it is not pollut
by theWWg couplings.

We have also studied the effects of CP violating anom
lous TGC, among which onlyk̃g is of relevance in FCNC
decays. As seen in Fig. 6, the current 1s bound from theb
→sg branching ratio measurement is20.60,k̃g,0.60.
Thus, the range quoted in Table I is a rather conserva
estimate of what can be achieved by the next genera
measurements of this decay channel. It compares well w
what can be obtained by direct measurements, for insta
throughWg production at the Tevatron@32#.

On the other hand, we have seen that the identificatio
an effect in the radiative channels as coming from a
violating coupling would require measurements of CP asy
metries below 1%. This can only be obtained with seve
thousand reconstructed events in channels such aB
→Kl 1l 2, a goal that is beyond the first generationB fac-
tories and perhaps to be attained by future dedicatedB ex-
periments at hadron colliders, such as the LHC-B at CE
or BTeV at the Tevatron.

We now briefly discuss the potential impact of the
bounds on our understanding of the EWSB sector of the S
As mentioned earlier, we focused on the non-linear real
tion of the EWSB sector, which is the appropriate descr
tion in the absence of scalars with masses below the cu
L. Within this framework, the anomalous TGClg and lZ
vanish at next-to-leading order in the effective theory~2!,
since they correspond to operators that are suppresse
v2/L2 relative to the dimension four set$Li%. The only con-
sequence this power counting has in the analysis of low
ergy signals such as FCNCB andK decays, is the vanishing
of the lg contributions, since thelZ effects are suppresse
by the factorq2/MZ

2 and are therefore negligible in any d
scription of the EWSB sector. Thus, as far as the anoma
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WWZcouplings are concerned, the present analysis is v
in both the linear and non-linear realizations.

The effects of the couplingDg1
Z in FCNC processes ar

enhanced by a logarithmic dependence on the high en
scaleL. In the effective field theory language, this leadin
logarithm coexists with finite counterterms which are na
rally of comparable size. As discussed in Sec. III in relati
to Eq. ~16!, the finite counterterms are model-depende
whereas the coefficient of the leading logarithm is det
mined at low energies independently of the specific the
above the scaleL. Thus, although not the full answer, th
logarithmic dependence provides us with the correct size
the effect, implying that the limits onDg1

Z should be consid-
ered rough estimates of the effects, designed to evaluate
sensitivity of a given experiment to this physics. Furthe
more, this logarithmically divergent behavior with the sca
L arises as a consequence of the contributions of longit
nal components ofW6 in the loops, and is a manifestation o
the non-standard behavior of the NGB of the electrowe
symmetry breaking. All other anomalous TGC give fini
one-loop contributions to FCNC processes due to the G
mechanism and the fact that they only couple to the tra
verse piece of the gauge boson propagators. The GIM c
cellation ensures that the bounds obtained onDkg andg5

Z are
more precise. Therefore the bounds from rareB and K de-
cays onDg1

Z will be less precise~perhaps good up to factor
of two or so!, but is the coupling to which FCNCB andK
decays are most sensitive and potentially the most interes
one.

With respect to the expected size of the effects, we e
phasize that the present study is model-independent and
to compute the coefficients$a i% of the effective Lagrangian
~2! knowledge of the full theory above the matching scaleL
is needed. However, it is possible to apply dimensional
guments to these couplings. For instance, naive dimensi
analysis~NDA! @35# suggests that

a i.O~1!3
v2

L2 , ~26!

with the scale of new physics obeyingL&4pv. However,
in practice this power counting can only be applied to tho
coefficients that respect the custodialSU(2) symmetry that
ensures thatDr* 5aT is small compared to one. As dis
cussed in Ref.@8#, this constraint implies that custodia
breaking terms inLeff should naturally be further suppresse
by an extra factor ofO(1022) or so. In terms of the anoma
lous TGC, this means that it is natural to expect thatg5

Z is no
larger thanO(1024– 1023). On the other hand,Dkg and
Dg1

Z receive contributions from custodial conserving term
and then are expected to be in theO(1023– 1021) range in
these scenarios. A sizeable fraction of this range can
reached by FCNC processes, which are sensitive to ano
lous TGC as small as a few percent. For the coefficientDg1

Z ,
this is true even in the first generation ofB factory experi-
ments and for.30% measurements of theK1→p1nn̄
branching ratio. For both the CP conservingDkg and CP
violating k̃g WWg anomalous couplings, a few percent pr
1-8
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cision will only be achieved with at least one order of ma
nitude more reconstructed events, to be available at the
posed LHC-B and BTeV experiments.
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APPENDIX

Here we specify the operator basis used for the effec
Lagrangian of the EWSB sector of the SM. Defining

T[Ut3U†, V[~DmU !U†, ~A1!

with U and the covariant derivative defined in Sec. I,
operators up to dimension four that are invariant un
SU(2)L3U(1)Y can be written in terms of the gauge field
T, Vm and

DmO[]O1 ig@Wm ,O#. ~A2!

The dimension two operatorL185(v2/4)@Tr(TVm)#2, gives a
contribution to theT parameter and thus its coefficient
greatly constrained@2#. The CP-invariant dimension-four
operators of Eq.~2! are given by

L15
1

2
gg8Bmn Tr~TWmn! ~A3!

L25
1

2
ig8Bmn Tr~T@Vm,Vn#!

L35 ig Tr~Wmn@Vm,Vn#!

L45@Tr~VmVn!#2

L55@Tr~VmVm!#2
. A

el

ar
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L65Tr~VmVn!Tr~TVm!Tr~TVn!

L75Tr~VmVm!Tr~TVn!Tr~TVn!

L85
1

4
g2@Tr~TWmn!#2

L95
1

2
ig Tr~TWmn!Tr~T@Vm,Vn#!

L105
1

2
@Tr~TVm!Tr~TVn!#2

L115Tr@~D mVm!2#

L125Tr~TDmD nVn!Tr~TVm!

L135
1

2
@Tr~TDmVn!#2

L145gemnrs Tr~TVm!Tr~VnWrs!.

This CP-conserving basis contains three additional opera
with respect to Ref.@2#. The operatorsL11, L12 and L13
either vanish or can be written as linear combinations of
others in the limit of massless fermions, in whichD mVm

.0. They are generally neglected when considering on-s
amplitudes. However, here we will insert these operators
one loop processes. Finally, there are three independen
violating operators, as found in Ref.@2#. They are

L155g Tr~TVm!Tr~VnWmn!

L165gg8emnrsBmn Tr~TWrs!

L175g2emnrs Tr~TWmn!Tr~TWrs! ~A4!

L185Tr~VmD nVn!Tr~TVm!

L195Tr~@Vm ,T#D mD nVn!.

Only L16 andL17 containF̃mn terms which then will contrib-
ute to k̃g , as it can be seen in Eq.~20!. The last two opera-
tors vanish in the limit of massless fermions, in which ca
the CP violating basis coincides with the one in Ref.@2#.
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