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Study of K¥ — mu*u~- Decays
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We have examined the decay K? — mOu* = in which the branching ratio, the muon energy asym-
metry and the muon decay asymmetry could be measured. In particular, we find that within the
Standard Model the longitudinal polarization (Pr) of the muon is proportional to the direct CP vio-
lating amplitude. On the other hand the energy asymmetry and the out-of-plane polarization (Py)
depend on both indirect and direct CP violating amplitudes. Although the branching ratio is small
and difficult to measure because of background, the asymmetries could be large O(1) in the Stan-
dard Model. A combined analysis of the energy asymmetry, P and Py could be used to separate
indirect CPV, direct CPV, and CP conserving contributions to the decay.

There are three possible contributions to the K? — 191*1~ decay amplitude: 1) direct CP-
violating contribution from electroweak penguin and W-box diagrams, 2) indirect CP-violating
amplitude from the K; — m°l*1~ component in K;, and 3) CP-conserving amplitude from the
¥yy intermediate state [1, 2]. The sizes of the three contributions depend on whether the final-
state lepton is an electron or a muon. The CP-conserving two-photon contribution to the electron
mode is expected to be (1 —4) x 10712, based on K; — m%yy data. Although suppressed in phase
space, this contribution to the muon mode is comparable to the electron mode because of the
scalar form factor which is proportional to lepton mass[3]. The interesting direct CP-violating
component must be extracted from any signal found for K; — 1°l*1~ in the presence of two
formidable obstacles: the theoretical uncertainty on contamination from indirect CP-violating
and CP-conserving contributions, and the experimental background from I[*1~yy [4].

To subtract the indirect CP-violating and CP conserving contributions, several authors have

examined the use of measurements from K; — 0yy, Ks — m%*e™, as well as the lepton energy
asymmetry[2, 5, 6, 7, 8]. With better measurements expected in the near future, it is useful to
reexamine KY — 101*1~decays [9, 10].

In this paper, we examine if the muon decay asymmetries give additional constraints on CP
violation in K? — mou*u~. Indeed, we find that within the Standard Model the P-odd longitudinal
polarization of the muon is non-zero only if the direct CP violating amplitudes are non-zero. We
also find that other asymmetries that involve the polarization of both muons can be constructed
to isolate the direct and indirect contributions to CP violation.

We will proceed in analogy to the charged version of the decay, K* — mw*u*u~ which has
been analyzed extensively [11, 12, 13, 14, 15, 16]. The structure of K; — 1w%l*1~ decays is more
complex than that of K* — mr*17]~ decays because of CP suppression. In particular, the one-
photon intermediate state contribution to the vector form factor (Fy), which is expected to be
almost real and dominant for K* — t*1*1l~ decays, is CP-suppressed in K? — 101"~ decays.

The K? — 1011~ decay process can have contributions from scalar, vector, pseudo-scalar and
axial-vector interactions, with corresponding form factors, Fg, Fy, Fp, and Fa[11]:

M = Fsit(pi,s)v(py,3) + Fypku(pr, $)yuv (p1,5)
+ Fpit(p, $)ysv (P, 3) + Faphii(pr, $)yuysv (P, 3)
(1)

Here pk, pr, p1, and p; are the kaon, pion, lepton, and antilepton 4-momenta. Transverse muon
polarization effects arise from interference between terms with non-zero phase differences, while
longitudinal polarization results from interference between terms with the same phase.

The scalar form factor, Fs, is expected to get a contribution from only the two-photon inter-
mediate state, K; — m%yy — mou*u~. Pseudo-scalar, Fp, and axial-vector, F4, get contributions
from the short-distance “Z-penguin” and “W-box” diagrams only, where the dominant term arises
from t-quark exchange; both form factors therefore depend on Vi;V;%;, with a small contribution
from the charm quark. Fy = F;; + F;; where Fy; is the CP-even contribution from the two photon
process and is proportional to pi - (p; — p1). Fy is the CP-odd contribution, the sum of F{}m , the



E206

2

indirect CP violation in K; decays, and F{?”, the short distance, direct CP violating contribution.
Unlike K, all the amplitudes in the K; decay are likely to be of the same order of magnitude, and
polarization effects should therefore be large (O(1)), unless there are strong cancellations [17].

In reference [18] we show the symmetries of the decay in the [7I* CM frame in detail. In
that analysis we show that it is possible to get information about CP violating amplitudes by
measuring asymmetries for only one of the leptons. It is well-known[19] that the out-of-plane
polarization of the muon, transverse to the plane formed by the 7t and the lepton momenta, gets
contributions from CP-violating amplitudes, but several effects are mixed up and it is not possible
to give a separation of the direct and the indirect pieces. It is, however, not well-known that more
information can be obtained from the parity-violating single lepton longitudinal asymmetries.
This longitudinal polarization has the property that although it is not CP violating, it is zero if
there is no direct CP violation.

We will show our numerical results in the kaon rest frame. We concentrate on four measurable
quantities: the total decay rate, the energy asymmetry between the muon and the anti-muon, the
out-of-plane, and the longitudinal components of the muon polarization. The in-plane transverse
polarization should also be considered when designing an experiment.

For the purposes of discussing possible experiments, it is useful to have the lepton polarization
given in a covariant way. The form given in Eq. 2 is the same as for K* — w*[~[* [11]. In Eq. 2,
% = (p1 + p1)?, and s denotes the covariant spin vector of the lepton. The decay rate in the kaon
rest frame is given in Eq. 3 [11].

P(s) = {-2Re(FsF§)m(s - p;) + 2Re(FyF{)m[2(s - px)(P1 - px) — mg (s - p1)]

~ 2Re(EpF)) [~ 3a% (pic - 5) + (px - P (1 -+ 5)]

1
2R€(FSFX)[§(£12 —4m?)(px - $) — (Pr-$)(p1 - pr)]
[2Im(FpF¥) + 2Im(FsF) 1e"P9 prupivPipso } | (m?p), (2)

+

+

_ 1 1 _ 1
m?po(ELE) = |Fs)*5(@® —4m?) + [Fpl*Sa® + |FyPmi QEEy — 5 a°)

+

_ 1 _
|Fal?m3[2EE; - 5(142 — 4m?)] + 2Re(FsFf)mmy (E; — E;)

+

2Re(Fij)%(m,2< — M2 +g?)]. 3)

The total decay rate is given by

dE,dE;
(2mm)3”

m? _
r= mjpom,a) @)

The spin vector s; in the direction of the y~ momentum in the kaon rest frame is
st = (p,E;sin0;;,0, E; cos 0;7) /m (5)

where we take the decay to be in the x — z plane with p; pointing in the z-direction. Then the
longitudinal polarization of y~ in the kaon rest frame is given as

_ E . =
P. = [-2Re(FsFi)(E - —Lp1- B))
Pi
_ E . =
+ 2Re(FyFi)ymi(E + p%vz - PD)
i
" m ., =
+ 2Re(FpF)my(m + 2P p1))
i
m . = pi
2Re(FsF* - —S Pl
+ 2Re(FsF))mi(-m + plzpl Pl (m2po) (©)
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where 7;(p ) and Ej(Er) are the momentum and energy of u~ (u*). Notice that in this frame F;}
is odd under E; — Ej, while F; and the other form factors are even under the same interchange.
Above equation also shows explicitly that P; is zero if the direct amplitudes F4 and Fp are zero.

The transverse (out of decay plane) polarization perpendicular to the muon momentum vector
in the kaon center of mass frame is given as

p1 sin 0;;

Py = 2[Im(FsF¥) + Im(FpF¥) .
N [ SsFy pEF) 1 (m2po)

(7)

It should be noted that Fp and F4 are in phase and therefore do not contribute to Py.
For completeness, we also give the expression for the transverse, in-the-plane polarization Pr.
For this the spin vector is st = (0, cos 0;;, 0, — sin 8;;), and the expression is as follows:

Pr

—[2Re(FsFy)m
+ ZRQ(FPFCF)?’VLKE[
+ 2Re(FgFj{)mKEl
+

2Re(FyF¥)mmg ] p; sin 0,7/ (m?py). (8)

It depends on the same quantities as P; and, depending on the experimental configuration, the
measured quantity may be a linear combination of the two.

We have considered the form-factors in detail in reference [18]. The values that we have chosen
to use come from earlier work by other authors. Briefly, we have used the analysis of D’Ambrosio
et al[6] for F{}4M , which is parameterized in terms of a single parameter as. We have used the
analysis of Donoghue and Gabbiani[5] to evaluate the short distance form factors: F{fir, Fa, and
Fp. We have also used the chiral perturbation theory calculation of Donoghue and Gabbiani[5] for
F;/, which is expressed in terms of a single parameter, «y. Since [5]is concerned only with electron
final states, the scalar contribution, Fs, is negligible and they do not calculate it. Therefore we
use the earlier result of Ecker et al[19]. Fs is the largest contribution for our purposes.

Using the form factors discussed in [18] the total decay rate is about ~ 6.6 x 10712, and it
is dominated by the scalar interaction which makes most of the contribution for mu-mu mass
above 280 MeV. This is because of the two pion loop contribution embodied in the form factor
Fs. Unlike Fs, the rest of the form factors are expected to give contributions that fall with g2.
The contribution from Fp is small because of the suppression due to the lepton mass. The region

\/E < 280 MeV will be affected by interference effects as shown in figure 1. It is interesting to note
that, using the above described form factors and parameters [18], the destructive interference
causes the decay rate to be almost zero in the region where the u* is at rest in the kaon rest
frame. The longitudinal, in-plane transverse, and the out-of-plane polarizations of the u* are
shown in figures 2, 3, and 4. The energy asymmetry and the polarizations are large, but they
also have large dependence on the parameter as and Fs. The O(p*) calculation for Fs that we
have used is likely to be inadequate. Other contributions to Fs, especially the vector meson
contribution could easily change the form factor by a factor of 2. This serious problem must be
overcome before the important parameters can be extracted from data because Fs is the dominant
amplitude over much of the phase space. There could be a number of ways of constraining Fg
as well as ag. The branching ratio above some cut on y — ¢ mass could be used to fix Fg. The
new expected measurement of Ks — 1% *e~[10] will lead to constraints on the magnitude of as.
The out-of-plane polarization could be used to fix the sign as well as magnitude of ag, and the
short distance physics could be extracted by fitting the measured distribution of the longitudinal
polarization which mainly comes from Re(FsF}) and Re(FaFy).

The modes K; — m%*e~ and K; — m%u*u~ have not as yet been observed; the current best
limits on the branching ratios for K; — m%*1~ were obtained by the KTeV experiment at FNAL,;
B(K; — mou*u~) < 3.8 x 10710 and B(K; — m%*e™) < 5.1 x 10719 [24, 25]. These limits
were based on 2 observed events in each case, and expected backgrounds of 0.87 + 0.15 for
the muon mode and 1.06 + 0.41 for the electron mode. The main backgrounds for the muon
mode were estimated to be from p*u~yy (0.37 + 0.03) and 1Y (0.25 + 0.09), in which
both charged pions decay in flight. Of these, the former background could be irreducible and
therefore of great concern. For any future experiment it seems unlikely that the background due
to utu~yy can be lowered. The signal to background ratio, assuming that only u*u~yy will
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Figure 1: Dalitz decay distribution for K; — m%u*u~. The units for the decay rate contours are arbitrary.
The total calculated branching fraction was 6.6 x 10~'2, The form factors and the values of the
parameters used are described in the text.
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Figure 2: Longitudinal (P;) polarization of u* in K; — %u*u~ decay plotted as a function of u* and -
energy in the kaon rest frame.

contribute in a future experiment, will be around 1/5, if the standard-model signal is taken as
B(K; — mOutpu™) ~5x10712.[17]

Measuring the muon polarization asymmetries in K; — °u*u~, together with the branching
ratio and the lepton energy asymmetry, could be a good way of defeating the intrinsic background
from CP-conserving and indirect CP-violating amplitudes and the experimental background from
uTu~yy. The large predicted asymmetries could be measured with sufficient statistics at new
intense proton accelerators such as the Brookhaven National Laboratory AGS, the Fermilab main
injector, or the Japanese Hadron Factory. An examination of the functional form of the form
factors Fs and Fy is needed to see if the present form in terms of the parameters ay and ag is
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Figure 3: In-plane transverse (Pr) polarization of u* in K; — mou*u~ decay plotted as a function of u*
and u~ energy in the kaon rest frame.
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Figure 4: Out-of-plane (Py) polarization of u* in K; — mou*u~ decay plotted as a function of u* and u-
energy in the kaon rest frame.

adequate. Examination of the experimental technique to measure the different components of
the polarization in the laboratory as well as the uuyy background is needed to understand the
possible sensitivity to the asymmetries.

We thank Laurence Littenberg, German Valencia, Willian Marciano, Steve Kettell for useful dis-
cussions. This work was supported by DOE grant DE-AC02-98CH10886.

References

[1] B. Winstein and L. Wolfenstein, Rev. Mod. Phys. 65, 1113 (1993).



E206

[2] J. L. Ritchie, and S. G. Wojcicki, Rev. Mod. Phys. 65, 1149 (1993).
[3] P. Heiliger and L.M. Sehgal, Phys. Rev. D 47, 4920 (1993).
[4] H. B. Greenlee, Phys. Rev. D 42, 3724 (1990).
[5] J.F.Donoghue and F. Gabbiani, Phys. Rev. D. 51, 2187 (1995).
[6] G. D’Ambrosio, et al., JHEP 8, 4 (1998).
[7] G. Belanger and C. Q. Geng, Phys. Rev. D 43, 140 (1991).
[8] F. Gabbiani and G. Valencia, hep-ph/0105006.
[9] A. Alavi-Harati et al. [KTeV Collaboration], Phys. Rev. Lett. 83, 917 (1999)
[10] R. Batley, et al. [NA48 Collaboration], CERN/SPSC 2000-002, Dec. 1999.
[11] Pankaj Agrawal, John N. Ng, G. Belanger, C.Q. Geng, Phys. Rev. D45, 2383 (1992).
[12] Ming Lu, Mark B. Wise, and Martin J. Savage, Phys. Rev. D46, 5026 (1992).
[13] Martin J. Savage, Mark B. Wise, Phys. Lett. B250, 151 (1990).
[14] G. Buchalla, A.J. Buras, Phys. Lett. B336, 263 (1994).
[15] Michel Gourdin, PAR-LPTHE-93-24, May 1993.
[16] G. Belanger, C.Q. Geng, P. Turcotte, Nucl. Phys. B390, 253 (1993).
[17] M. Diwan and Hong Ma, International Journal of Modern Physics A, Vol. 16, No. 14 (2001),
2449-2471. hep-ex-00073738.
[18] M. Diwan, Hong Ma, and T.L. Trueman, Contribution to KAON2001, International Conference
on CP violation, Pisa, Italy, June 12-17, 2001, BNL-68527, hep-ex/0108025.
[19] G. Ecker, A. Pich, E. de Rafael, Nucl. Phys. B303, 665 (1988). also see G. Ecker and A. Pich,
Nucl. Phys. B366, 189 (1991).
[20] R. Appel, et al., Phys. Rev. Lett. 83, 4482 (1999).
[21] S. Adler, et al., Phys. Rev. Lett. 79, 4756 (1997).
[22] H. Ma, et al., Phys. Rev. Lett. 84, 2580 (2000).
[23] J. Kambor, J. Missimer, and D. Wyler, Phys. Lett. B261, 496 (1991).
[24] A. Alavi-Harati, et al., Phys. Rev. Lett. 84, 5279 (2000).
[25] A. Alavi-Harati, et al., hep-ex/0009030.



	References

