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本研究の目的
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なぜ K-π Current か？
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なぜ K-π Current か？
• Chiral Perturb. Th.(運動量2で展開)→Ke3:O(p6)

究極的には QCD の検証
実験はこのオーダの評価に達していない
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FIG. 4: Comparison of the KTeV measurement of |Vus|f+(0)
with Brookhaven E865 [10], PDG, and also with determina-
tions of f+(0)(1−|Vud|

2−|Vub|
2)1/2 based on different theoret-

ical calculations of f+(0) [9, 11, 12, 13]. K+ measurements
have been divided by 1.022 ± 0.005, the ratio of f+(0) for
charged and neutral kaons [14]. For KL measurements, the
uncertainties are mainly from τL. PDG refers to our eval-
uation based on PDG partial widths and form factors. For
f+(0)(1 − |Vud|

2 − |Vub|
2)1/2, the inner error bars are from

f+(0) uncertainty; the total uncertainties include the |Vud|
and |Vub| errors.

retical corrections to calculate |Vus| using Eq. 1. The
short-distance radiative correction, SEW = 1.022 [8],
is evaluated with a cutoff at the proton mass. The
long-distance radiative corrections are taken from [6]:
δe
K = 0.013 ± 0.003 and δµ

K = 0.019 ± 0.003. For f+(0),
we use the same value used in the PDG evaluation of
|Vus|: f+(0) = 0.961± 0.008 [9].

The resulting values of |Vus| are 0.2253±0.0023 for Ke3

and 0.2250± 0.0023 for Kµ3, where the errors include an
external uncertainty of 0.0021 from f+(0), the KL life-
time, and radiative corrections. Assuming lepton univer-
sality, we average the KL → π±e∓ν and KL → π±µ∓ν
results (accounting for correlations):

|Vus| = 0.2252± 0.0008KTeV ± 0.0021ext. (9)

The KTeV error comes from uncertainties in the KTeV
branching fraction and form factor measurements.

To compare our result with previous charged and neu-
tral kaon measurements, we use the product of |Vus| and
f+(0) rather than |Vus| to avoid significant common un-
certainties from f+(0). Figure 4 shows a comparison of
our measurement of

|Vus|f+(0) = 0.2165± 0.0012 (10)

with values from the PDG and Brookhaven E865 [10].
Our value of |Vus|f+(0) is inconsistent with previous
KL determinations, but is consistent with K+ results
(both E865 and earlier measurements). The figure also

shows f+(0)(1 − |Vud|2 − |Vub|2)1/2, the expectation for
f+(0)|Vus| assuming unitarity, based on |Vud| = 0.9734±
0.0008, |Vub| = (3.6± 0.7)× 10−3, and several recent cal-
culations of f+(0). Our value of |Vus| (Eq. 9), based
the Leutwyler and Roos calculation of f+(0), is con-
sistent with unitarity: 1 − (|Vud|2 + |Vus|2 + |Vub|2) =
0.0018±0.0019. For other calculations of f+(0), the con-
sistency with unitarity ranges from 1 to 1.7 sigma, as
shown in Fig. 4. Our improved form factor measure-
ments may help to reduce theoretical uncertainties in
f+(0) [11, 12, 13].

In summary, KTeV has made improved measurements
of the six largest KL branching fractions and the semilep-
tonic form factors. We use these results to deter-
mine |η+−| = (2.228 ± 0.010) × 10−3 and |Vus|f+(0) =
0.2165± 0.0012. Using f+(0) = 0.961± 0.008 [9], we find
|Vus| = 0.2252 ± 0.0022, consistent with unitarity of the
CKM matrix.
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仮想光子のメリット

e
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- q2 = (Me+e-)2 = 0 によって見える構造が存在

不変質量なら不定性なく測定ができる ! !

実光子 : 電磁カロリメータのみの情報

e+e- pair : ２本のトラッカー情報との組み合わせ

· · ·− 2e(p1 + p2)µ2L9q
2 · · · ·

ex.



今日の到達点
Ke3eeを ChPT NLO (p4) [by Tsuji, osaka U] 

でどこまで再現できるか？ 

BR(Ke3ee) を決定

Data-MC にdiscrepancy →高次項に感度？
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Event selection
1) Four track event  with good Vertex quality 

2) PID (π±e∓e+e-)

E/p Comparison
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Figure 4.2: E/p comparison between electrons and pions of Ke3 decays. Particles were identified
by transition radiation detectors(TRDs). Electrons have a sharp peak at unity while pions have a
peak around zero with a gentle tail. A small peak at zero for electron was due to pions and muons
misidentified by TRDs.
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Backgrounds

mode to be acceptable

KL→π+π - π0D (π0→e+e-γ)  π±　　　e±

KL→π+π - π04e (π0→e+e-e+e-)

KL→π±e+ν π0D (π0→e+e-γ) そのままOK

KL→π±e+ν γ (γ→e+e- /         ) そのままOKin
materials

fake

one π±

one e±} lost



Assuming : KL→π+π - π0 
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Rejection of KL→π+π-π0

K→π+π-π0D: 86.6% is 
rejected

K→π+π-π04e: 57.3% is 
rejected

Ke3ee (signal): 
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Normalization mode

KL→π+π -(π0→e+e-γ)

- Main analysis
       π+π -e+e-    ignoring γ

- Cross check
       π+π -e+e- γ full reconstruction
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MC の Ek 分布は，この モード
で data に対して微調整した

Slope=(-4.8±8.0)10-2/(GeV/c2) Slope=(-0.6±1.4)10-4/m



Systematic uncertainties
of Branching fraction(%) 

Source of uncertainty (%)

Radiative corrections +1.00

Photon det. in norm. +0.83

vertex χ2 ±0.70

π loss in TRD ±0.47

EK distribution - 0.35

Cut-off Mee - 0.18

e± ineff. in E/p ±0.08

Source of uncertainty (%)

e± ineff. in TRD ±0.08

π± ineff. in E/p ±0.03

BG. Ke3γ ±0.07

BG. K+-0 Dalitz ±0.04

MC stat.  Ke3ee ±0.27

MC stat.  BG. ±0.14

MC stat.  Norm. ±0.12

Total +1.59 - 1.00(%)



BR(Ke3ee)

 BR(Ke3ee; Me+e- > 0.005 GeV/c2)
Preliminary 

×10-5

±0.003(stat.norm.)  
          (systematic)  +0.026
- 0.016
±0.045(external  )]

= [1.606±0.012(stat.signal  )  

from BR(KL→π+π - π0
D)



Study of K-π structure

Slope=(-0.3±1.6)10-1 Slope=(-1.3±1.3)10-1

Invariant Mass; Mπeee, Meee

ChPT(p4)は現象をよく再現



Significance of slopes
Mee が π-e 構造に敏感である可能性を示唆．

- NLO(p6) 以上 

  の構造 ? or

- Radiative   
   (imaginary)
   correction ?
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Invariant Mass; Me+e- 

-Only this spectrum
  has a significant slope 14 J. Gasser, B. Kubis, N. Paver, and M. Verbeni: Radiative Ke3 decays revisited

7 Structure-dependent terms in differential
rates

7.1 E∗
γ distribution: theory

Of the various differential rates one may consider, the dis-
tribution dΓ/dE∗

γ stands out for the purpose of extract-
ing information on structure-dependent terms, as E∗

γ is
the very variable to distinguish bremsstrahlung and the
structure-dependent part of the amplitude. In our investi-
gation, we shall neglect the terms coming from the square
of the structure-dependent amplitude T SD. Furthermore,
we make use of the observation made in the previous sec-
tion that in the one-loop approximation, these structure
functions are constant to rather high accuracy: we replace
them in the expression (B.1) for the square of the matrix
element by the averages 〈Vi〉, 〈Ai〉. We then obtain the
following decomposition of the photon spectrum:

dΓ

dE∗
γ

=
dΓIB

dE∗
γ

+
4∑

i=1

(
〈Vi〉

dΓVi

dE∗
γ

+ 〈Ai〉
dΓAi

dE∗
γ

)

+ O
(
|T SD|2, ∆Vi, ∆Ai

)
.

(7.1)

The quantity dΓVi/dE∗
γ denotes the part of the spectrum

which is proportional to 〈Vi〉, and analogously for
dΓAi/dE∗

γ. [Remember that we define 〈Vi〉, 〈Ai〉 to be di-
mensionless.] The quantities ∆Vi, ∆Ai stand for the errors
introduced by this approximation.

In the following, we shall neglect the effect of V4 and
A4.8 The objective is to study the distributions dΓVi/dE∗

γ,
dΓAi/dE∗

γ in order to quantify the possibility to extract
〈Vi〉 and 〈Ai〉 from data. In order to obtain experimental
information independent of the measurement of the total
rate, we follow the strategy of [12] and only discuss spec-
tra with arbitrary normalization. Furthermore, we follow
the procedure in that publication and deviate here from
the “standard cuts”, instead we use θcut

eγ = 5◦. We have
found, though, that such a reduction of the angle cut only
increases the size (and therefore the expected statistics in
an experiment) of the bremsstrahlung and hardly has any
effect on the structure-dependent spectra. The relevant
photon spectra are shown in Fig. 5. Note that the brems-
strahlung distribution is scaled down by a factor of 200
relative to the structure-dependent parts. We observe the
expected fall-off of dΓIB/dE∗

γ ∝ 1/E∗
γ as well as the lin-

ear rise of all structure-dependent spectra for small photon
energies. As phase space bends them down to zero at maxi-
mum photon energy, all structure-dependent distributions
show a maximum (a maximum and a minimum in the case
of A2), which for V1, V2 occurs around E∗

γ = 80 MeV, for
A1 slightly higher, around E∗

γ = 100 MeV. Although the
A2 spectrum has a form distinct from all others, its mag-
nitude is far too small to be observable. In view of the

8 We have verified that the distributions for V4 and A4 are
indeed considerably smaller than the ones discussed here, in
addition to the fact that both 〈V4〉 and 〈A4〉 vanish at leading
chiral order. This holds for all differential rates discussed here
and in Sect. 7.4.
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Fig. 5. Photon energy distributions from inner bremsstrahlung
as well as the various structure-dependent terms. The notation
dΓX/dE∗

γ for the various X refers to (7.1). The normalization
factors are NVi, Ai = 200 NIB = 103MK/Γ (Ke3). We only cut
on the electron-photon angle, θcut

eγ = 5◦ [12].

chiral O(p4) prediction A1 = 0, this means that no effects
of the chiral anomaly are likely to be extracted from the
photon energy spectrum.

The remaining three structure-dependent spectra are
remarkably similar in shape, if not in height. If we assume
that the experimental accuracy is not sufficient to observe
the slightly shifted positions of the maxima in the three
spectra, we have approximately

f(E∗
γ) .=

dΓV1

dE∗
γ

≈ 2.6× dΓV2

dE∗
γ

≈ 2.4× dΓA1

dE∗
γ

, (7.2)

where we have taken the height of the peaks as the mea-
sure for the proportionality factors, irrespective of the ex-
act energy where they occur. [In case that more accurate
data is available, it would be straightforward to incorpo-
rate a more refined representation of the photon spectrum
than the one proposed here.]

Equation (7.2) is the main result of our investigation
of the photon spectrum:

1. To good approximation, the photon energy spectrum
originating from the bremsstrahlung amplitude is dis-
torted by one single function f(E∗

γ). The information
on the SD terms is contained in the effective strength
〈X〉 that multiplies f(E∗

γ),

dΓ

dE∗
γ

≈ dΓIB

dE∗
γ

+ 〈X〉 f(E∗
γ) ,

〈X〉 = 〈V1〉 + 0.4 〈V2〉 + 0.4 〈A1〉 .

(7.3)

2. The three amplitudes V1, V2, A1 differ mainly in terms
of the weight with which they contribute to 〈X〉 . The

As an example of terms of Eγ(CM) of 
Ke3γ  by Gasser et al.

× 200

IB

Slope=1.5±0.5



まとめ

- ChPT NLO(p4) は Ke3ee event をよく再現
- Me+e- はさらに詳細な構造をみせている ?

Preliminary 
- BR(Ke3ee; Me+e- > 0.005 GeV/c2)=

×10-5

         (systematic)  +0.026
- 0.016

±0.045(external)]
[1.606±0.012(stat.signal)  

• NLO(p6) ?
• QED correction (imaginary) ?


