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We present herein new results from Belle on the 7= — 7~ v-£7¢~ branching fraction and from
BABAR on the 77 — K7(0,1,2,3)7°v,, 7= — 7 (3,4)7°v, and 7~ — K~ KJv, branching frac-
tions. From the K~ K2 mass spectrum we determine the spectral function. The improved branch-
ing fraction measurements of the 7= — K~ (0,1,2,3)7°v, decays are used to determine |Vys| from

7~ — Xg v; inclusive decays.

I. BELLE MEASUREMENT OF THE
77 > 71 v4t¢” BRANCHING FRACTION

A. Motivation

The decay 7= — 7 v 470~ [1] with {74~ = ete™
or putp~, receives QED contributions in which the
photon is emitted from the 7 and the 7w shown in
Figs. |1] (a, b, c¢) that are structure independent. In
addition, weak contributions arise from the vector
current and axial-vector current couplings shown in
Figs. |1] (d, e) that are structure dependent. The last
three diagrams involve a v*W*r vertex in which with
two gauge bosons are off their mass shell. These
couplings serve as a probe for new physics beyond
the Standard Model (BSM). For example, a sterile
v that may explain MiniBoones excess [2] can en-
ter the diagrams enhancing the branching fraction
B(t— — m v £T¢7) [3]. If the photon is real, the
YW vertex plays an important role for calculating
radiative corrections for 7= — @~ v,, which helps
with the evaluation of hadronic light-by-light scat-
tering to the (g — 2), calculation [4HG]. Further-
more, B(t~ — 7 v £T¢7) can be used to validate
the Resonance Chiral Theory [7, [§]. In the Stan-
dard Model (SM), the branching fraction predictions
are B(1— — 7w vrete”) = (1.4 — 2.8) x 107° and
B(r— = 7 vputu~) = (0.03 —1.0) x 1075 [9].

B. Analysis Strategy

Belle performs a blind analysis using data recorded
at the Y(4S) with an integrated luminosity of
562 fb~!. As a first step, they select 7H7~ events
by requiring exactly four charged tracks with zero to-
tal charge. Each charged particle must have a trans-
verse momentum greater than pr > 0.1 GeV/c and at
least one charged particle must have pr > 0.5 GeV /c.
Isolated photons are required to have an energy of
E, > 50 MeV (100 MeV) in the barrel (endcaps)
to remove beam backgrounds. To reduce background
contributions from radiative Bhabhas, ete™ — ¢g
(¢ = u,d, s,c) and two-photon events, Belle requires
the sum of the magnitude of momenta of the four
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FIG. 1: Feynman diagrams for 7= — 7~ v,.£7£~ decays,
for (a) v emitted from the 7, (b) v emitted from the m,
(c) v emitted from W vertex, (d) weak vector current
coupling and (e) weak axial-vector current coupling.

charged particles to be in the range 3 GeV/c <
Y|Pl < 10 GeV/c, the missing mass to lie in the
region 1 GeV/c? < Mpyss < 7 GeV/c? and a thrust of
0.85 < T < 0.99.

The 7~ v,ete™ signal sample is selected by identi-
fying eT, e~ and 7~ using stringent particle identifica-
tion criteria. To reduce hadronic background, the co-
sine of the angle between the 7~ and the 7" eTe™ sys-
tem is required to have | cosf, re+e-| < 1. The main
residual background comes from 7= — 7~ 7% eTe”
decays that have the same final state as the signal if a
photon converts into ete™ or 7%decays via the Dalitz
mode. Thus, the eey mass is required to lie outside
the mass interval 110 MeV /c? < Mee, < 165 MeV /c?
and the transverse (longitudinal) decay length must
be less than 1.2 cm (lie within the z-interval [-1.0 cm,
1.5 cm]). The mass range 1.05 GeV/c? <Mpee <
1.8 GeV/c? is chosen as signal region and Mye. <
1 GeV/c? is defined as control region in which the
10243 observed events agree well with 10083 504 ex-
pected background events.

The 7~ v, puTp~ signal sample is selected by identi-
fying both muons and the pion with stringent particle
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identification criteria, requiring high thrust and a di-
muon mass of less than 0.85 GeV/c? and selecting a
pseudo tau mass

0.5
m* = (2B ) B — Bry) + M2,
< 1.8 GeV/c? (1)

where FEpeam is the beam energy and Erpu, Drpup
and My, are energy, momentum and mass of the
mutu~ system, respectively. The main remaining
background originates from 7~ — 7 7t7 v, and
7= = m-ntr 7%, in which two oppositely-charged
pions are misidentified as muons. Since the muons
come from pion decay in flight, many of the misiden-
tified particles do not come from the interaction point
and the transverse decay length provides a discrimi-
nating variable. The signal region is chosen as Ry, <
0.15 cm and the control region as Ry, > 0.20 cm.
Belle observes 505 events in the control region that
agrees with the 477 422 expected background events.
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FIG. 2: The Belle preliminary mee invariant-mass distri-
bution for 7~ — 7 v-eTe” events.

C. Results

Figure [2| shows the m~eTe™ invariant mass for
77 — 7w vrete” events. In the signal region 676
events are observed compared to 478 & 23 events ex-
pected background. In the charge-conjugated mode
the observed yield is 689 events compared to 476 + 22
expected background events. This provides a 5.9¢ sig-
nificant excess. The total systematic error is 14.4%
where the largest contribution arises from the par-
ticle identification efficiencies. With a signal effi-
ciency of €5, = 1.88 £ 0.07% Belle measures a pre-
liminary branching fraction of B(1~ — 7~ vyete™) =
(2.11£0.19 £ 0.30) x 1075,

Figure [3] shows the transverse decay length for
T~ — w vy putuT events in the signal region. Belle
observes 1315 events while the expected background
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FIG. 3: The Belle preliminary transverse decay length dis-
tribution for 7= — 7 v-utu” events.

is 1129 + 55 events. In the charge-conjugated mode
the yield is 1263 events compared to 1115 + 54
expected background events. The dominant back-
grounds come from 7= — 7 ntr v, (81.9%) and
7= — 7t %, (8.3%). The total systematic
uncertainty is 4.9% where the largest contribution
arises from particle identification. The detection ef-
ficiency is 4.14 + 0.16%. Since the total excess of
334 + 51 + 109 events has a statistical significance of
2.80, Belle gives a preliminary branching fraction up-
per limit of B(7~ — 7 v utp™) < 1.14 x 1075 @90%
confidence level (CL).

II. BABAR STUDY OF 7~ — K~ (0 — 3)7°», AND
77 — 7 (3,4)7°v; DECAYS

A. Introduction

The CKM element |Vys| can be extracted from
B(r — Xsv,) by [10, 11]

Rs
Vas| = 2
| | \/}%\/,A“/ud2 - 5theory ( )

where

_ B(r = Xyvr)
Rs = B(t — ever,)’ ®)

(4)

and Ogheory represents the error from SU(3) breaking
effects. A significant part of the experimental error
on |Vys| results from the uncertainties on the 7= —
K~=(0 — 3)7%, branching fractions. In BABAR we
measured the branching fractions of the decays 7= —
K=(0 - 3)7%;, and 7= — 7 (3,4)7%,. We use the
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decay modes 7~ — 7 (0,1,2)7%, and 77 — puT v,
as control samples. More precise branching fractions
in these modes help to reduce the uncertainty on |Vysl,
since the inclusive branching fraction 7 — Xgv, is
taken as a sum of exclusive 7 decays with a kaon in
the final state.

tag
hemisphere

signal
hemisphere

FIG. 4: Event topology for 7~ — K~ , 7~ 7'y, with a
lepton tag.

B. Analysis Method

First, we divide the event into two hemispheres
along the thrust axis as shown in Fig. 4} We tag 7 in
one hemisphere with e™ or u™ and select a 7~ or K~
in the other hemisphere. We veto events that have
additional charged particles. We keep all events that
have 0—4 7% with 7% — ~+ and veto events that have
additional photons. To suppress two-photon events,
we require the transverse momentum with respect to
the missing energy to be

- CM - CM
pro_ Wi Pe)r g, )
Emiss \/g - |ﬁ51(«i:M| - |ﬁtggM|

where /s is the center-of-mass energy and p denotes
the momenta of the signal and tag, respectively. We
suppress backgrounds with K?s by requiring that the
missing-mass-squared

2
m?niss = p?niss = (pe+e— - Zpi) >0 (6)

where p; is the four-momentum of all reconstructed
particles in the signal hemisphere. The explicit selec-
tion values are mode-specific.

We apply three corrections to the simulated data:
a 0 efficiency correction, a PID efficiency correction
and a correction for neutron-induced showers.. For
the 70 efficiency correction we use the control samples
and compare 7~ — 7 v, with 77 — 7~ 7%/, in data
and Monte Carlo. We define momentum-dependent

THUB1030

correction factors, which are validated on the 7= —
7210, sample. For the PID efficiency correction we
use the 77 — K~ K7~ v, decay mode. We identify
the KT and 7~ and test particle identification on the
K~. Furthermore, we use the 7= — n- 7t 7 v, de-
cay mode and identify both 7~ to test the PID on
the 7. We measure the K and 7 PID efficiencies
as functions of momentum, polar angle, azimuth an-
gle, charge and BABAR data-taking periods. Neutrons
produced in hadron showers in the BABAR electro-
magnetic calorimeter (EMC) can travel and produce a
secondary shower that is identified as a photon. Since
this process is not well-modeled in the MC, we have to
apply a correction. For 7 — 7, we see an enhance-
ment at small separations between a neutral shower
and a charged pion in data, which is not seen in the
MC. Thus, we define a weight to correct for this effect
by comparing the number of events in data and MC
for distances less than 40 cm yielding a correction of
w = 0.972 £ 0.014.

C. Results

Figures [b| show the momentum distributions of the
charged particle in the signal hemisphere for the se-
lected candidates of the four control modes. The data
are well described by the simulation. Figures [6] show
the corresponding momentum distributions of the six
signal modes. Again, data are well described by sim-
ulations.

To determine the branching fractions, we need to
account for cross feeds among the six signal modes.
Using simulation, we first subtract in each observed
channel N°P* all backgrounds N. Pke that do not origi-
nate from the six signal channels. Then, we determine
the migration matrix M;;, which gives the probability
that a produced mode ¢ is observed in mode j. Inver-
sion of the matrix yields the number of truly produced
events

Niprod — (Mfl)

(Njobs _ N.bkg). (7)

J

1

The branching fractions are calculated by

prod
Lorr

B(r —i)=1—4/1 (8)

where £ = 473.9 fb~! is the integrated luminosity
near or at the Y(45) and o, = 0.919 & 0.003 nb is
the ete™ — 777 cross section at 10.58 GeV. For the
77 — K~ (77 )n7°v, modes the efficiencies are in the
0.1 to 2% (0.1 to 3.3%) range while the efficiency for
T = pT o, is 1.3%.

For the six signal modes we measure the following
branching fractions

B(r— = K v,;) = (7174+0.03+0.21) x 107*
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FIG. 5: BABAR preliminary momentum distributions of the charged particle in the signal hemisphere for selected

candidates of the four control modes: (a) 77 — u~ Duv-, (b)

The individual contributions are shown in Fig.

B(r— — K~7%;) x 1073
B(r= — K= 27%,
B(r~ — K~ 37,
B(

B(

(5.05 £ 0.02 £ 0.15)

(6.15+0.12 +£0.33) x 107*
(1.25 +£0.16 £0.24) x 107*
( )
( )

~— —

1.17 4 0.01 £ 0.04) x 1072
9.02 +0.40 £ 0.65) x 107*.(9)

77 = 7 31%;,

~—_— —

77 = 1 47%,

The first error is statistical and second systematic.
Figure [7] shows the branching fractions measured by
BABAR together with previous results. The branch-
ing fraction for 7= — K v, is slightly worse than that
obtained with a three-prong tag [12], while the branch-
ing fraction for 7~ — K~ 7%, is much improved. The
branching fractions for the other four modes are the
first BABAR measurements. They are also much more
precise than previous results.

I1I. BABAR MEASUREMENT OF THE
BRANCHING FRACTION AND SPECTRAL
FUNCTION OF 7~ — K~ Kdv,

A. Motivation

BABAR used the decay 7= — K™K (S) v, to measure
the spectral function in this channel [13]

m8 B(r— = K- Kv,) 1 dN
127C(q)|Vaa|? B(r— = e~ ver;) N dq
(10)
where m, is the 7 mass, ¢ is the invariant mass of
the K _Kg system, V,q is a CKM matrix element,

Vig) =
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7 = v, (€) 77 = 7 nly, and (d) 77 — 7 27%0,.

(dN/dgq)/N is the normalized K~ K mass spectrum
and C(q) is a phase space factor

Cq) = q(m (11)

Since the vector current is conserved [13], the same
spectral function appears in the isovector part of the
ete™ — KK cross section

— @) (m2 +2¢°).

o-elzfelz— —KK (q) =

(12)
where « is the fine structure constant. BABAR mea-
sured the cross sections for ete™ — KTK~ and
ete” — KK [14, [15]. In addition, SND measured
the cross section for ete”™ — KTK~ [16]. Combin-
ing the data of both experiments we can determine
the moduli of isovector and isoscalar form factors and
relative phase between them in a model-independent
way. While Belle measured the branching fraction
for 7= — K~ KQv, rather precisely (3%) [17], CLEO
measured the K~ KJ mass spectrum [I8] with large
uncertainties.

B. Analysis strategy

Using an integrated luminosity of £ = (468 =+
2.5) fb~! BABAR has studied 7= — K~ KJv,. As
in the analysis above, we divide the event into two
hemispheres. On the tag side we require an identi-
fied electron or muon. The center-of-mass momentum
of the lepton tag must lie between 1.2 GeV/c and
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FIG. 6: BABAR preliminary momentum distributions of the charged particle in the signal hemisphere for the selected
candidates of the six signal modes: (a) 7~ — K~ v, (b) 77 — K 7%, (c) 7~ — K 27%;, (d) 7~ = K~ 37 v, (e)

7~ = 7 37, and )~ — 47, .

4.5 GeV/c with a polar angle satisfying | cos 8| < 0.9.
This removes QED events ete™ — ete™, utpu~. On
the signal side we select 7= — K _KSVT by requir-
ing an identified K~ and two oppositely-charged pions
that are compatible with a K decay, having a decay
length larger than 1 cm and a mass consistent with
the nominal Kg mass. To suppress background from
charged pions we require the charged K momentum to
satisfy 0.4 GeV/c < pk < 5.0 GeV/c and the polar an-
gle to satisfy —0.7374 < cosfk < 0.9005. In addition
to other standard selection criteria, the sum of photon
energies has to be less than 2 GeV [I9] 20]. The se-
lection reduces the 7 and ¢g) backgrounds by 3.5 and
5.5 orders of magnitude, respectively. We determine
the non-KQ background from the m+,- sidebands
and perform a bin-by-bin subtraction in the mK-K9
mass spectrum. The background fraction is of order
10% for my-ko < 1.3 GeV/c? increasing to 50% for

masses above 1.6 GeV /c2. The 777~ background con-
sists of ~ 80% 7~ — K~ Kin%v,, 10% 7~ — n~ K3v-
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and 3% 7= — 7 KJr°7"v,;. The remaining back-
ground comes from a misidentified lepton on the tag
side. For subtraction of background without 7% we
use simulation. For background with 7°s, we perform
a bin-by-bin subtraction. We divide the data into two

classes, one without 7° and one with one 7¥s.

Noro = (1 — ES)NS + (1 — Eb)Nb
Nigo = €Ng+ e, Ny (13)

where Ngro and Ny o are the number of selected data
events without a 70 and with a 7% and ¢, and €, are the
probabilities for signal and background 77~ events
to be observed in the class with one 7°. The probabil-
ities are determined from MC as a function of mg- kg
bins. We then correct the value of €, by the 70 effi-
ciency correction of 0.984 4+ 0.006. We need to adjust
€s by 1.05+0.05. With the corrected values we deter-
mine Ny and NVy,. The selection efficiency as a function
of MK -K9 is about 13% at low masses decreasing to
11% at high masses. The total systematic uncertainty
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FIG. 7: BABAR preliminary branching fractions for the six signal modes: (a) 7~

— K v, (b) 77 = K 7%, (c)

7 = K 21%,, (d) 77 = K 37%. (¢) 7~ — 7737, and (f) 77 — 7”47 v,

is 2.7% where the largest contribution comes from the

background with one 7.

C. Results

The 77 - K *Kgl/q. branching fraction is obtained
from

Nexp

B(T7 — KiKgl/-,-) = m
epY TT

(14)

where Bjep = 0.3521 4 0.0006 is the world average of
the combined 7 — ev.v, and 7 — puv,v, branching
fractions [2I]. We observe a total number of Ny =
223741 + 3461 signal events yielding

B(r~ — K~ K3v,) = (0.739 4+ 0.011 £ 0.020) x 1073

(15)
Our result agrees well with the Belle measurement of
(0.740 + 0.007 £ 0.027) x 1072 [1I7]. Figure |8 shows
the normalized K~ K invariant-mass spectrum for
7~ — K K{v, from which the spectral function
shown in Fig. |§| is extracted. Our K _Kg invariant-
mass spectrum is much more precise than the one from

CLEO [18.

IV. MEASUREMENT OF |V,s| IN INCLUSIVE
7~ — Xg v, DECAYS

The CKM element |V, is typically determined
from Ky and Kpyz decays. Using the unitarity of
the CKM matrix |Vs| is determined with the small-
est uncertainty since |V,q is the best measured CKM
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FIG. 8: Normalized K~ K¢ invariant-mass spectrum of the
77 — K~ K§v, decay for BABAR (solid points with error
bars) and for CLEO (open squares with error bars). The
errors are only statistical.

element with an uncertainty of 0.02% and the con-
tribution of |Viyp| is negligible despite its large uncer-
tainty. Furthermore, we can determine |Vys| from 7
decays with a kaon in the final state. Figure[10|shows
|[Vis| extracted from inclusive 7= — X v, decays in
comparison with results from 7= — K~ v,, Ky3 and
Ko decays, and CKM unitarity [2TH23]. The |Vis]
value from inclusive 7= — X v, decays lies —2.90
lower than the result from CKM unitarity. With the
new 7~ — K~ (0 — 3)7%v, BABAR branching fraction
measurements the precision on |Vys| improved though
the discrepancy changed only slightly from the pre-
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FIG. 10: Compilation of |Vis| measurements from K3

and Ko decays (green points) [21] 25], CKM unitarity
(blue point) [2I], new 7~ — XJ v- inclusive analysis (up-
per red point) [I0, [I1], two determinations of 7~ — K v,
(two middle red points) [22] and 7 average (lower red
point) [22].

vious HFLAV analysis yielding —3.0c0. The value of
|Vis| extracted from the previous BABAR 7~ — K v,
measurement is consistent with |V,s| determined from
CKM unitarity within 2¢. In the inclusive 7= —
X v, analysis the precision can be further improved
by remeasuring other decay modes more precisely
that enter the inclusive 7= — X v, analysis, such
as 77 — 7w K2n%,, 77 = Kdr ntr v, 77—
K-n=ntr%, (ex. KQ,w,n), 77 — K v, 77 —
I_(gﬂ_WOVT and 7= — K~ wv,. Other approaches are
based on using precise kaon decay branching fractions
to predict 7 decay branching fractions or use the 7

spectral functions to extract |Vys| [24].
V. CONCLUSION AND OUTLOOK

The Belle experiment observed the decay 7= —
m-vrete” with a 5.90 excess measuring a branch-
ing fraction of B(t~ — 7 vrete”) = (2.11 £0.19 +
0.30) x 1075, In the 7= — 7~ v, u* pu~ channel the sig-
nificance of the excess is 2.80. So they set a branching
fraction upper limit at 90% CL of B(t — v,utu™) <
1.14 x 107°. BABAR measured the branching frac-
tions of six signal channels 7= — K~ (0 — 3)7°v, and
7= — —7(3,4)7%,. The new BABAR results are the
most precise except for 7~ — K~ v, which was previ-
ously measured with a three-prong tag. They help re-
ducing the uncertainty on |V;;s| determined from inclu-
sive 77 — X v, decays. The new |V,s| result shows
a —2.90 discrepancy with respect to |Vys| determined
from CKM unitarity. The |V,s| value extracted from
the previous BABAR 7~ — K~ v, measurement [12] is
consistent with the results from the CKM unitarity to
better than 20. BABAR measured the 7= — K_KgyT
branching fraction, which is in excellent agreement
with the Belle measurement. The extracted spectral
function is much more precise than the measurement
by CLEO.

BABAR will publish the 7= — K~ nz’v, results,
measure spectral functions in other 7= decay modes
and improve branching fraction measurements for
other modes that are relevant for improving the pre-
cision on |Vys| from 7= — X v, decays. The BES
IIT experiment is working on a new 7 mass measure-
ment using 5 energy points at the 7 threshold with
a total integrated luminosity of 173 pb~—! expecting a
mass precision of o(m,) < 100 keV/c2. The Belle I
experiment will log a luminosity of 50 ab™—! yielding
4.6 x 109 7 pairs that allow for many improved 7 mea-
surements and many rare 7 decay searches. Figure [IT]
shows the expected branching fraction upper limits at
90% CL for various lepton-flavor-violating 7 decays.
The expected Belle II results [26] will be two orders
of magnitude or more lower than the present BABAR
and Belle results.
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