week ending

PRL 107, 131801 (2011) PHYSICAL REVIEW LETTERS 23 SEPTEMBER 2011

Search for CP Violation in 7* — K}#~ v, Decays at Belle

M. Bis.chofber,ger,26 H. Hayashii,26 K. Adamczyk,29 H. Aiham,44 V. Aulchenko,l’33 A. M. Bakich,39 V. Balagura,13
E. Barberio,”* K. Belous,'? A. Bozek,”” M. Bracko,”*'* T.E. Browder,” P. Chen,”® B. G. Cheon,’® C.-C. Chiang,?®
L.-S. Cho,*’ K. Cho,"” Y. Choi,*® M. Danilov,"? Z. Dolezal,* A. Drutskoy,* S. Eidelman,'** D. Epifanov,'~*? B. Golob,?"'*
H. Ha,'® J. Haba,”' K. Hayasaka,” Y. Horii,*’ Y. Hoshi,** W.-S. Hou,?® Y. B. Hsiung,”® H.J. Hyun," K. Inami,*

A. Ishikawa,> R. Ttoh,>! M. Iwabuchi,*’ Y. Iwasaki,”' T. Julius,>* J. H. Kang,49 H. Kawai,’ T. Kawasaki,>' C. Kiesling,23
H. 0. Kim,"” M.J. Kim," Y.J. Kim,® K. Kinoshita,* B.R. Ko,'® P. Kodys,? P. Krizan,>"'* Y.-J. Kwon,* S.-H. Kyeong,*
J.S. Lange,” M. J. Lee,*” S.-H. Lee,"® J. Li,” Y. Li,*’ C. Liu,*® R. Louvot,° J. MacNaughton,”" S. McOnie,*

K. Miyabayashi,?® H. Miyata,®" Y. Miyazaki,>> R. Mizuk,"* G. B. Mohanty,*® A. Moll,”**! T. Mori,> Y. Nagasaka,®
E. Nakano,>* M. Nakao,’! H. Nakazawa,’? S. Nishida,”' K. Nishimura,” O. Nitoh,*® T. Ohshima,?> S. Okuno, '’

G. Pakhlova,'® H. Park,' H. K. Park,'® M. Petri¢,'* L. E. Piilonen,*’ M. Réhrken,'® S. Ryu,37 H. Sahoo,” Y. Sakai,’!
0. Schneider,?’ C. Schwanda,'! K. Senyo,25 M. Shapkin,12 J-G. Shiu,?® B. Shwartz,'** F. Simon,?***! P. Smerkol, '
Y.-S. Sohn,*’ S. Stani¢&,*? M. Starié,'* T. Sumiyoshi,45 Y. Teramoto,>* K. Trabelsi,>! S. Uehara,”' T. Uglov,13 S. Uno,”!
G. Varner,” A. Vinokurova,'** A. Vossen,’ C. H. Wang,27 P. Wang,10 M. Watanabe,?' Y. Watanabe,'> E. Won,'®
H. Yamamoto,*® Y. Yamashita,*® C.Z. Yuan,'° P. Zhou,*® V. Zhulanov,'? and T. Zivko'*

(Belle Collaboration)

'Budker Institute of Nuclear Physics, Novosibirsk
Faculty of Mathematics and Physics, Charles University, Prague
3Chiba University, Chiba
4University of Cincinnati, Cincinnati, Ohio 45221
> Justus-Liebig-Universitit Gieflen, Giefien
®The Graduate University for Advanced Studies, Hayama
"University of Hawaii, Honolulu, Hawaii 96822
8Hiroshima Institute of Technology, Hiroshima
9University of lllinois at Urbana-Champaign, Urbana, Illinois 61801
Omnstitute of High Energy Physics, Chinese Academy of Sciences, Beijing
" nstitute of High Energy Physics, Vienna
2 Institute of High Energy Physics, Protvino
B Institute for Theoretical and Experimental Physics, Moscow
4. Stefan Institute, Ljubljana
15Kanagawa University, Yokohama
Institut fiir Experimentelle Kernphysik, Karlsruher Institut fiir Technologie, Karlsruhe
YKorea Institute of Science and Technology Information, Daejeon
¥Korea University, Seoul
Y Kyungpook National University, Taegu
Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne
2]Faculty of Mathematics and Physics, University of Ljubljana, Ljubljana
22 University of Maribor, Maribor
B Max-Planck-Institut fiir Physik, Miinchen
24Um'versity of Melbourne, School of Physics, Victoria 3010
25Nagoya University, Nagoya
2Nara Women’s University, Nara
2" National United University, Miao Li
28Deparl‘ment of Physics, National Taiwan University, Taipei
H. Niewodniczanski Institute of Nuclear Physics, Krakow
3()Nippon Dental University, Niigata
31Niigata University, Niigata
32Um'versity of Nova Gorica, Nova Gorica
3Novosibirsk State University, Novosibirsk
3 0saka City University, Osaka
3SSaga University, Saga
36Um'versity of Science and Technology of China, Hefei
37Seoul National University, Seoul

0031-9007/11/107(13)/131801(6) 131801-1 © 2011 American Physical Society



PRL 107, 131801 (2011)

PHYSICAL REVIEW LETTERS

week ending
23 SEPTEMBER 2011

38Sumgkyunkwam University, Suwon
¥School of Physics, University of Sydney, NSW 2006
OTata Institute of Fundamental Research, Mumbai
4 Excellence Cluster Universe, Technische Universitit Miinchen, Garching
“Tohoku Gakuin University, Tagajo
BTohoku University, Sendai
44Department of Physics, University of Tokyo, Tokyo
BTokyo Metropolitan University, Tokyo
“©Tokyo University of Agriculture and Technology, Tokyo
“TCNP, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
48Wayne State University, Detroit, Michigan 48202
PYonsei University, Seoul
50Hanyang University, Seoul
S High Energy Accelerator Research Organization (KEK), Tsukuba

> National Central University, Chung-li
(Received 1 January 2011; published 23 September 2011)

We report on a search for CP violation in 7% — KJ7= v, decays using a data sample of 699 fb~!
collected by the Belle experiment at the KEKB electron-positron asymmetric-energy collider. The CP
asymmetry is measured in four bins of the invariant mass of the Kgﬂt system and found to be compatible
with zero with a precision of O(1073) in each mass bin. Limits for the CP violation parameter Im(7) are
given at the 90% confidence level. These limits are |Im(ng)] < 0.026 or better, depending on the
parametrization used to describe the hadronic form factors, and improve upon previous limits by 1 order

of magnitude.

DOI: 10.1103/PhysRevLett.107.131801

To date CP violation (CPV) has been observed only in
the K and B meson systems. In the standard model (SM),
all observed CPV effects can be explained by the irreduc-
ible complex phase in the Cabibbo-Kobayashi-Maskawa
quark mixing matrix [1]. To find new physics, it is impor-
tant to look for other CP-violating effects in as many
systems as possible. One such system is the 7 lepton. In
hadronic 7 decays, one can search for CPV effects of
possible new physics that could originate, for example,
from the minimal supersymmetric standard model [2,3]
or from multi-Higgs-doublet models (MHDM) [4,5] that
play an important role in strangeness changing processes.

This Letter describes a search for CPV in 7= —
K7 v, decays. It should be noted that CPV in K° decays
leads to a small SM CP asymmetry of O(1073) in the rates
of this 7 decay mode [6,7]. This asymmetry is just below
our experimental sensitivity. Here the focus will be on CPV
that could arise from a charged scalar boson exchange [8],
e.g., a charged Higgs boson. This type of CPV cannot be
observed from measurement of 7= decay rates. However,
it can be detected as a difference in the 7= decay angular
distributions and is accessible without requiring informa-
tion about the 7 polarization or the determination of the 7
rest frame. Limits for the CPV parameter in this
decay mode have been published previously by the
CLEO Collaboration from an analysis of 13.3 fb~! of
data [9].

In the SM, the differential decay width in the hadronic
rest frame (¢, + ¢, = 0) is given by (see [8] for details)

PACS numbers: 13.35.Dx, 11.30.Er, 12.60.Fr, 14.80.Fd

G2 1 (m2 _ Q2)2
dl - = —Fsin?6, r 7
T 2m7 sSm=o, (477_)3 qu_ |ql|

1 _ dQ? dcosf da dcos
x5 (ZLaws) da e
X

Jor 2 2w 2

where G is the Fermi coupling constant, .. is the Cabibbo
angle, m, is the mass of the 7 lepton, g, and ¢, denote the
three-momenta of the K and 7, respectively, and Q* =
(g1 + g)* is the square of the invariant mass of the KJ7~*
system. The four hadronic functions Wy with X €
(B, SA, SF, SG) (see [10]) are formed from the vector
and scalar form factors F(Q?) and Fg(Q?) and are propor-
tional to |F|?, |F|?, Re(FFy), and Im(FFj), respectively.
The Ly functions, which contain the angular dependence,
can be calculated from electroweak theory (see [8]). The
angle B3 is defined by cosB = i, - §;, where ¢, = ¢,/14|
is the direction of the Kg and 71; is the direction of the
ete” center of mass (c.m.) system, both observed in the
hadronic rest frame. The azimuthal angle « is not observ-
able in this experiment and has to be integrated over. The
variable 6 is the angle between the direction opposite to the
direction of the c.m. system and the direction of the had-
ronic system in the 7 rest frame. In this experiment, the
direction of the 7 is not known, but € can be calculated
from the hadronic energy E; measured in the c.m. system:

2xm2 — m2 — Q? 2Eh
> X = T
(m2 ~ Q>WT = 4mZ]s Vs

— 42
where s = 4E;,

cosf =

2

denotes the squared c.m. energy.
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The effect of the exchange of a charged scalar boson can
be introduced by replacing the scalar form factor F¢ with

Fs(Q%) = Fs(Q%) = Fs(Q) + " Fy(@%), ()

where Fy denotes the form factor for the scalar boson
exchange [F = (K°(q,)7 (g,)|iis|0)] and % is the cor-
responding dimensionless complex coupling constant
[8,11,12]. The differential decay width for the CP conju-
gate process, dI',+, is obtained from Eqs. (1) and (3) by the
replacement ng — 7. Using this relation the CP violating
quantity is given by [8]

Ay = lI:z‘_l_lx"vx(’ﬂs) - ZExWx(ﬂz)]
2L% X
Vo2

where ¢ denotes the angle between the direction of the
c.m. frame and the direction of the 7 as seen from the
hadronic rest frame and can be calculated as

x(m + 0?) ~ 202
(m? — QOW* = 4075
Since the CP violating term is proportional to cos/3 cosi,
it cancels out if one integrates over the angles 8 and ¢,
e.g., for branching fractions. Furthermore, the CP violating
effect is only observable if Im(FF7;) # 0. The form factor
Fy is related to the SM weak scalar form factor Fg via

QZ
Fu(Q?) = FFS(QZ), (6)

u N

—4

|Gy [m(FF3) Im(g) cos s cos B, (4)

(&)

cosyy =

where m, and m  denote the up and strange quark masses,
respectively. The derivation of Eq. (6) is discussed in [8]
although Fp; is not used there explicitly. The chosen value
(m, —m,) = —0.1 GeV/c? defines the scale of the CPV
parameter Im(7g). Because the CLEO Collaboration used
a different relation F = MFs with M =1 GeV/c? as
well as a different normalization of Fg¢(Q?), Im(ng) is
not the same as the CP parameter A that was used in [9].
In the following, the approximate relation Im(zg) =
—1.1A is used to enable a comparison of the results.

To extract the CP violating term in Eq. (4), we define an
asymmetry in bin i of Q? using the difference of the

differential 7" and 7~ decay widths weighted by
cosf3cosi:
03, ar,- _ dl s
o ﬂQii cosfB cos i (55 )dw
]

| g Qidl,- | dU+
2 -ﬂ.Q%J( dw + dw )dw

= (cosB cosi)i- — {cosBcosi). ., 7

with dw = dQ?d cosfd cosB. In other words, A is the
difference between the mean values of cosB cosys for 7+
and 7~ events evaluated in bins of Q2.

We use 699 fb~! of data collected at the Y(3S), Y(4S5),
and Y(5S) resonances and off resonance with the Belle
detector [13] at the KEKB asymmetric-energy e e~ col-
lider [14]. The signal and backgrounds from 77~ events
are generated by KKMC/TAUOLA [15]. The detector re-
sponse is simulated by a GEANT3 [16] based program.

Using standard event topology requirements, a e* e~ —
7777 (y) sample is selected as described in [17].

In the c.m. frame, the event is divided into two hemi-
spheres using the plane perpendicular to the direction of
the thrust axis [18]. Events with one charged track from an
electron, muon, or pion in one hemisphere (tag side) and a
charged pion and a K — 7% 7~ candidate in the other
hemisphere (signal side) are chosen. The K9 candidates are
required to have an invariant mass in the range 0.485 <
M,,<0.511 GeV/c* and a reconstructed K9 decay
length greater than 2 cm. The selection criteria for the
signal side and particle identification criteria are described
in detail in [19]. Backgrounds from decays with a 77" are
suppressed by rejecting events containing photons on the
signal side with energies greater than 0.15 GeV. To further
suppress background from e*e™ — ¢g (¢ = u, d, s, and ¢)
processes, a thrust value above 0.9 is required, and for
events with a pion on the tag side, the number of tag side
photons with energies greater than 0.1 GeV must be less
than five. In total, (162.2 = 0.4) X 10° 7% — K)7* b, and
(162.0 = 0.4) X 10 77 — K7~ v, candidates are se-
lected. Background contributions from 7 decays with the
exception of 7* — v 7" 7" 7~ and contributions from
ete” — g and two-photon processes are estimated
from Monte Carlo (MC) simulation [20-22] using the
branching fractions from [23]. Contributions from 7= —
v, w7 are estimated using the data in the two K3
sideband regions, 0.469 <M. <0.482 GeV/c* and
0.514 <M, <0.527 GeV/c? [24].

The largest background contribution is due to other 7
decays, namely, (9.5 = 3.2)% of the events in the selected
signal sample from 7= — v, KOK? 7=, (3.7 = 1.2)% from
7 — v K070, (1.7 %= 0.2)% from 7= — v KOK=, and
(1.79 £ 0.03)% from 7= — v_7r= 7" 7~ . The contribution
from ete” — gg is (3.4 * 1.0)%. The backgrounds from
bb, Bhabha, and two-photon processes are negligible.
The total contribution of background processes is (22.1 =

3.6)%. The invariant mass of the Kgﬂt system, W = \/@
for the selected data events is shown in Fig. | together with
simulated signal events and the background contributions
discussed above. Signal events were generated by a modi-
fied version of TAUOLA that incorporates the results of [19].

To avoid possible bias, the CPV search is performed as a
blind analysis. First, possible sources of artificial CPV,
such as forward-backward (FB) asymmetries in the
ete” — 7t7~ production (y — Z interference effects
and higher-order QED effects) and detector induced dif-
ferences between 77+ and 7~ reconstruction efficiencies,
are studied using the data. Other unknown sources are
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FIG. 1 (color online). Mass spectrum of the K97~ system.
Data are indicated by the squares, simulated signal and the
estimated background contributions are shown by the colored
histograms. All background modes have been determined
from Monte Carlo simulations with the exception of 7° —
v, " 7~ which has been estimated from K9 sideband data.

investigated in the data by measuring the CP asymmetry in
a control sample described below.

The FB asymmetry is measured in 7= — v, 77" 7~
events (excluding K% — 7% 77~ signal candidates by using
a mass and decay length veto) as a function of the momen-
tum and polar angle of the 7= 77+ 7~ system. An effect of a
few percent is observed, which is described well by the MC
simulation. The asymmetry for 77~ detection, which can
arise because of the different nuclear interaction cross
sections for positively and negatively charged hadrons, is
studied in the laboratory system as a function of momen-
tum and polar angle of the charged pions in 7= —
v,m w7~ (excluding 77~ combinations consistent
with K9 decays) events and found to be of O(1072) (see
[25] for details). Using these measurements, correction
tables are obtained that are then applied as weights for
each event. Since the CP asymmetry is measured as a
function of angles relative to the 7 direction rather than
polar angles in the laboratory, the net effect of these
corrections on the CP asymmetry is very small [O(10™%)
for FB asymmetry effects and O(1073) for the 77 detec-
tion asymmetry].

TABLE 1.

A control sample is selected from 7 — v, 77 7
events [26] by requiring that the invariant mass of both
77~ combinations lie outside of the KO mass window
but the mass of one of the combinations lie in the sideband
of this window. The resulting sample consists of about 10°
events, i.e., about 3 times more than the signal sample. The
CP asymmetry measured in this control sample is very
small [0(1073)] (see [25] for details) and serves as an
estimate of the remaining unknown systematic effects.

The observed CP asymmetry in the selected 7= —

K7~ v, candidate sample is shown in Table I for four

bins of the hadronic mass W = @ before and after
applying the corrections for higher-order QED and 7~
detection asymmetry effects. The fourth column shows
the final values of the CP asymmetry after subtraction of
the background contributions. Here, we assume that there
is no CP asymmetry in the background and correct the
background effects as

ACP = (cosBcosi)i- B (cosBcosi) . ’ )

l_fb_,i l_fI::i

where f; are the fractions of background in the selected
7= samples in W bin i.

In order to account for possible systematic uncertainties
due to detector effects, the quadratic sum of the values of
ACP measured in the control sample and their statistical
errors are used as an estimate of the systematic error. Other
contributions to the systematic error arise in the back-
ground subtraction because of uncertainties in the esti-
mated number of background candidates and limited MC
statistics. These contributions are, however, small in com-
parison. A summary of the systematic uncertainties is
given in Table II.

The background subtracted asymmetry is shown in
Figs. 2(a) and 2(b) with statistical and systematic errors
added in quadrature. The asymmetry is small and except
for the lowest mass bin within 1 standard deviation (o) of
zero. For comparison, the predicted CP asymmetry is
shown in Fig. 2(a) for Im(ng) = 0.1 and Re(ng) =0
[27]. Note that the current best limit by the CLEO experi-
ment [9] corresponds to [Im(7¢)| < 0.19.

CP asymmetry A" measured in bins of the hadronic mass W. The second and third

columns show the observed asymmetry with statistical errors only, before and after correcting
for higher-order QED and 7~ detection asymmetry effects. The final CP asymmetry after
background subtraction is shown in the fourth column where first and second errors correspond
to statistical and systematic errors, respectively. The fifth column shows the observed number of
signal events n; per W bin (after background subtraction) divided by N, = 3 ;n;.

W (GeV/c?) Observed AP (1073) Corrected Backgr. subtr. n;/N, (%)

0.625-0.890 -0.1£21 5.2+2.1 7.9 +30+28 36.53 £ 0.14
0.890-1.110 —2.7+x 1.7 1.6 = 1.7 1.8+21*+14 57.85 £ 0.15
1.110-1.420 —5.1+x47 —3.5+4.7 —4.6 +72*+1.17 4.87 = 0.04
1.420-1.775 9.3+ 12.1 9.6 = 12.1 —23+£19.1x55 0.75 = 0.02
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TABLE II. Systematic uncertainties in the CP asymmetry
ACP_ The second column shows the uncertainties due to effects
introduced by the detector, which are estimated from the AP
measurement in the control sample. Contributions from uncer-
tainties in the background estimates and limited MC statistics are
small in comparison.

Systematic uncertainties (10~3)

W (GeV/c?) Detector Backgr. MC stat. Total
0.625-0.890 2.76 0.59 0.15 2.83
0.890-1.110 1.40 0.04 0.10 1.40
1.110-1.420 1.50 0.25 0.79 1.71
1.420-1.775 5.18 0.96 1.38 5.45

From the measured values of ASY the CPV parameter
Im(7g) can be extracted, which allows an interpretation
in the context of NP models. Taking into account the
detector efficiencies, the relation between ACP and
Im(ny) is given as

0, Im(FF?,)
H Q2

N
ACP = Tm(ng) =
m’T

t 1,;

= ¢, Im(ny),

()]

where 7; is the observed number of 7 — K37~ v, events
in 0 bin i (Q* € [0} i 03%.) and Ny = Y n; is the total
number of observed 7 — K)7= v, events. The function
C(Q?) includes the detector efficiency as well as all model-
independent terms. First, the efficiency is determined as a
function of Q2, B, and 6, then C(Q?) is obtained after
numerical integration over the decay angles 8 and 6. The
parametrization of C(Q?) is given in [25].

Using the function C(Q?) and the fractions N,/n; which
are given in Table I, the linearity constants c¢;, which relate
A€ and Im(7y), can be determined for any parametriza-
tion of the form factors F and F'; simply by calculating the
integral in Eq. (9) [28].

C(Q*) ——+

0.15 0.03
> v KT (a) T — v Kt (b)
0.1 % data 0.02 H - data
—&— control sample —&— control sample
0.05 [ —¥— MC with Im(ns=0.1) 0.01F +
%
P - ——
-0.01|
01F -0.02
— v
-0.15 1 1 1 1 1 -0.03 1 1 1 1 1
08 1 12 14 16 08 1 12 14 16
2
W (GeV/c?) W (GeV/c?)

FIG. 2 (color online). (a) Measured CP violation asymmetry
after background subtraction (squares). The vertical error bars
are the statistical error and systematic errors added in quadrature.
The CP asymmetry measured in the control sample is indicated
by the blue triangles (statistical errors only) and the inverted red
triangles show the expected asymmetry for Im(ng) = 0.1
[Re(ng) = 0]. (b) Expanded view (the vertical scale is reduced
by a factor of 5).

To determine limits for |Im(7y)|, three parametrizations
of F and Fg [exploiting Eq. (6)] as linear combinations of
Breit-Wigner shapes of the vector resonances K*(892) and
K*(1410) and the scalar resonances K;(800) and K;;(1430)
are used. These parametrizations were determined in an
earlier Belle measurement of the Kg#i mass spectrum
[19]. In addition, a constant strong interaction phase
difference between F and Fs, ¢g = arg[Fs(Q%. )] —
arg[F(Q2%. )] with Q2. = (m, + m Ko) is introduced for

generality because such a relative phase cannot be deter-
mined from the K77 mass spectrum.

Using Eq. (9), the linearity constants c; are calculated in
each mass bin for ¢ = 0°,5°,...,360° and the obtained
values of Im(7g) with associated uncertainties are com-
bined to determine upper limits for |Im(%g)|. For each
parametrization, the value ¢ ¢ giving the most conservative
limit is chosen. For the three parametrizations of F and F,
this results in the range of limits |Im(ng)| < (0.012-0.026)
at 90% confidence level. If we fix ¢g =0, the range
[Im(7n¢)| < (0.011-0.023) is obtained. The parametriza-
tions of F and Fg used by the CLEO Collaboration [9]
yield a comparable limit |Im(7ng)| < 0.013. These results
are about 1 order of magnitude more restrictive than the
previous best upper limit, |[Im(74)| < 0.19, obtained by the
CLEO Collaboration [9].

Theoretical predictions for Im(7g) can be given in the
context of a MHDM with three or more Higgs doublets
[4,5]. In such models 7 is given by [12]

MG X'Z (10)
if numerically small terms proportional to m,, are ignored.
Here, M= is the mass of the lightest charged Higgs boson
and the complex constants Z and X describe the coupling
of the Higgs boson to the 7 and v, and the u and s quarks,
respectively (see [5,12]). The limit [Im(ng)| < 0.026 is
therefore equivalent to

2

(1)

In summary, we have searched for CP violation in 7= —
ngi v, decays, analyzing the decay angular distributions.
No significant CP asymmetry has been observed. Upper
limits for the CP violation parameter Im(7) at 90% con-
fidence level are in the range |[Im(7g)| < 0.026 or better,
depending on the parametrization used to describe the
hadronic form factors and improve upon previous limits
by 1 order of magnitude.
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