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パイ中間子崩壊分岐比R=Γ(π+→e+νe)/Γ(π+→μ+νμ)
分岐比：標準理論で精度良く計算できる
- 理論値：
- TRIUMF：
- PSI：
- PIENU実験目標：精度<0.1%
物理：測定値とのずれにより新しい物理を検証
- Non Universality：ge≠gμ(目標精度<0.05%)
- 新しい相互作用：マススケール<1000 TeV
- その他：Massive neutrinoなど

PIENU実験(1/2)

R=1.2352±0.0001 x 10-4�(精度0.01%)
R=1.2265±0.0034(stat)±0.0044(syst) x 10-4 (精度0.5%)
R=1.2346±0.0035(stat)±0.0036(syst) x 10-4 (精度0.5%)
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Figure 1.1: Diagram of the pion decay. left: Diagram of the pion decay through the Standard Model.
middel: Diagram of the pion decay with the Non-Universality. right: Pion Decay through the Helicity-
unsuppressed Coupling.

the branching ratio is important in order to extract the ratio of the coupling constants. Early calcu-
lations for the radiative process assuming a point-like pion showed that the correction was the order
of σ = (3α/π)ln(me/mµ), which reduced the calculated branching ratio to Rth

e/µ = 1.233 × 10−4.
The major uncertainties of the calculations are in the divergences and pion-structure dependence. After
including small structure dependent effects and the leading 2-loop logarithmic corrections one finds the
SM prediction as shown in Equation (1.1) The error is very small but still quite conservative.

1.1.2 Electron-muon Universality

Electron-muon universality, within the context of the SM, refers to the fact that those charged leptons
have identical electroweak gauge interactions. 　 It means the coupling constants ge and gµ in Figure
1.1 (middle) are exactly the same. If the e − µ universality does not hold, R0

e/µ can be expressed as
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, (1.5)

which is different from Equation (1.1) by factor g2
e/g2

µ. Therefore, the e−µ universality can be studied
by comparing the experimentally obtained R and theoretical R. The e − µ universality in the charged
current mode has been studied with π, τ and W leptonic decays as summarized in Table 1.1. The
most stringent test of e − µ universality comes from the measurements of the branching ratio between
π+ → e+ + νe and π+ → µ+ + νµ followed closely by the measurement of τ decay. Marciano[7]
has pointed out that the branching ratios, Γ(π → eν)/Γ(π → µν) and Γ(K → eν)/Γ(K → µν), are
sensitive to the longitudinal component of the W coupling (scalar and vector), while the others test the
transverse component (vector).

Table 1.1: A summary of e-µ universality test.
Process ge/gµ

π decay 0.9985 ± 0.0016
K decay 0.994 ± 0.022
τ decay 0.9999 ± 0.0021
νe, νµ scattering 1.10 ± 0.05
W decay 0.999 ± 0.011

e-µ Universality Test

assumed that the left-handed first and second generation
sleptons ~eL and ~!L are degenerate (see e.g. [20]) and thus
!RSUSY

e=! ’ 0.
In Sec. III, we consider corrections to Re=! from R-

parity-violating (RPV) processes. These corrections enter
at tree level, but are suppressed by couplings whose
strength is constrained by other measurements. In order
to analyze these constraints, we perform a fit to the current
low-energy precision observables. We find that, at 95%
C.L., the magnitude of RPV contributions to !RSUSY

e=! could
be several times larger than the combined theoretical and
anticipated experimental errors for the future Re=! experi-
ments. We summarize the main results and provide con-
clusions in Sec. IV. Details regarding the calculation of
one-loop corrections are given in the appendix.

II. R-PARITY CONSERVING INTERACTIONS

A. Pseudoscalar contributions

The tree-level amplitude for "! ! ‘!#‘ that arises
from the "V # A$ % "V # A$ four-fermion operator is

 iM"0$
AV & #i2

!!!
2

p
G!Vudh0j "d$%PLuj"!i "u#$%PLv‘

& 2VudF"G!m‘ "u#PRv‘; (4)

where PL;R are the left- and right-handed projection opera-
tors,

 F" & 92:4' 0:07' 0:25 MeV (5)

is the pion decay constant, G! is the Fermi constant
extracted from the muon lifetime, and Vud is the (1, 1)
component of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. The first error in Eq. (5) is experimental while
the second arises from uncertainties associated with QCD
effects in the one-loop SM electroweak radiative correc-
tions to the "!2 decay rate. The superscript ‘‘(0)’’ and
subscript ‘‘AV’’ in Eq. (4) denote a tree-level, axial vector
contribution. At one-loop order, one must subtract the
radiative corrections to the muon-decay amplitude—since
G! is obtained from the muon lifetime—while adding the
corrections to the semileptonic CC amplitude. The correc-
tions to the muon-decay amplitude as well as lepton-flavor-

independent contributions to the semileptonic radiative
corrections cancel from Re=!.

Now consider the contribution from an induced pseudo-
scalar four-fermion effective operator of the form

 !LPS & #GPSVud!!!
2

p "#"1! $5$‘ "b$5u: (6)

Contributions to Re=! from operators of this form were
considered in a model-independent operator framework in
Ref. [21] and in the MSSM in Ref. [22]. In the MSSM,
such an operator can arise at tree level [Fig. 1(a)] through
charged Higgs exchange and at one-loop through box
graphs [Fig. 1(d)]. These amplitudes determine the value
of GPS. The total amplitude is
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is an enhancement factor reflecting the absence of helicity
suppression in pseudoscalar contributions as compared to
"V # A$ % "V # A$ contributions [23]. Pseudoscalar con-
tributions will be relevant to the interpretation of Re=! if
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and if GPS!‘ is lepton flavor dependent.
The tree-level pseudoscalar contribution [Fig. 1(a)]

gives
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where mH! is the mass of the charged Higgs boson. Thus,
we have
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FIG. 1. Representative contributions to !RSUSY
e=! : (a) tree-level charged Higgs boson exchange, (b) external leg diagrams, (c) vertex

diagrams, (d) box diagrams. Graph (a) contributes to the pseudoscalar amplitude, graphs (b),(c) contribute to the axial vector
amplitude, and graph (d) contributes to both amplitudes.
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未発見粒子による相互作用の例

弱い相互作用の結合定数
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Figure 1.1: Diagram of the pion decay. left: Diagram of the pion decay through the Standard Model.
middel: Diagram of the pion decay with the Non-Universality. right: Pion Decay through the Helicity-
unsuppressed Coupling.

the branching ratio is important in order to extract the ratio of the coupling constants. Early calcu-
lations for the radiative process assuming a point-like pion showed that the correction was the order
of σ = (3α/π)ln(me/mµ), which reduced the calculated branching ratio to Rth
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assumed that the left-handed first and second generation
sleptons ~eL and ~!L are degenerate (see e.g. [20]) and thus
!RSUSY

e=! ’ 0.
In Sec. III, we consider corrections to Re=! from R-

parity-violating (RPV) processes. These corrections enter
at tree level, but are suppressed by couplings whose
strength is constrained by other measurements. In order
to analyze these constraints, we perform a fit to the current
low-energy precision observables. We find that, at 95%
C.L., the magnitude of RPV contributions to !RSUSY

e=! could
be several times larger than the combined theoretical and
anticipated experimental errors for the future Re=! experi-
ments. We summarize the main results and provide con-
clusions in Sec. IV. Details regarding the calculation of
one-loop corrections are given in the appendix.
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The tree-level amplitude for "! ! ‘!#‘ that arises
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where PL;R are the left- and right-handed projection opera-
tors,

 F" & 92:4' 0:07' 0:25 MeV (5)

is the pion decay constant, G! is the Fermi constant
extracted from the muon lifetime, and Vud is the (1, 1)
component of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. The first error in Eq. (5) is experimental while
the second arises from uncertainties associated with QCD
effects in the one-loop SM electroweak radiative correc-
tions to the "!2 decay rate. The superscript ‘‘(0)’’ and
subscript ‘‘AV’’ in Eq. (4) denote a tree-level, axial vector
contribution. At one-loop order, one must subtract the
radiative corrections to the muon-decay amplitude—since
G! is obtained from the muon lifetime—while adding the
corrections to the semileptonic CC amplitude. The correc-
tions to the muon-decay amplitude as well as lepton-flavor-

independent contributions to the semileptonic radiative
corrections cancel from Re=!.

Now consider the contribution from an induced pseudo-
scalar four-fermion effective operator of the form

 !LPS & #GPSVud!!!
2

p "#"1! $5$‘ "b$5u: (6)

Contributions to Re=! from operators of this form were
considered in a model-independent operator framework in
Ref. [21] and in the MSSM in Ref. [22]. In the MSSM,
such an operator can arise at tree level [Fig. 1(a)] through
charged Higgs exchange and at one-loop through box
graphs [Fig. 1(d)]. These amplitudes determine the value
of GPS. The total amplitude is
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is an enhancement factor reflecting the absence of helicity
suppression in pseudoscalar contributions as compared to
"V # A$ % "V # A$ contributions [23]. Pseudoscalar con-
tributions will be relevant to the interpretation of Re=! if
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and if GPS!‘ is lepton flavor dependent.
The tree-level pseudoscalar contribution [Fig. 1(a)]

gives
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where mH! is the mass of the charged Higgs boson. Thus,
we have
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FIG. 1. Representative contributions to !RSUSY
e=! : (a) tree-level charged Higgs boson exchange, (b) external leg diagrams, (c) vertex

diagrams, (d) box diagrams. Graph (a) contributes to the pseudoscalar amplitude, graphs (b),(c) contribute to the axial vector
amplitude, and graph (d) contributes to both amplitudes.
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未発見粒子による相互作用の例

弱い相互作用の結合定数

-標準理論を超える物理を

-ニュートリノ以
外にも



メンバー：カナダ、アメリカ、日本などから十数人
場所：カナダTRIUMF研究所 M13ビームライン
スケジュール：3月からデータ取得再開
- 2005.12 プロポーザル受理
- 2006.12 実験原理の評価(M9Aビームライン)
- 2007.8 ビームラインデザイン(M9Aビームライン)
- 2008.5̃ M13ビームラインの拡張
- 2008.10̃12 M13ビームライン、検出器の評価
- 2009.4̃ エンジニアリングラン
- 2009.7̃2011.12 物理データ取得
関連実験：レプトン普遍性のテスト
- PEN実験@PSI: Γ(π+→e++νe)/Γ(π+→μ++νμ)
- NA48/3実験@CERN: Γ(K→e+νe)/Γ(K→μ+νμ)
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データ収集システム(NIM+COPPER)



データ収集システム(GPIO+CD+VT48+VF48)
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- FPGAのFirmwareによりADCとFIFOを制御
- 8 bit 250 MHz ADC x 2を逆位相（赤黒）

➡

イベントビルドシステム
- データ読み出しシステムの改良

ADC FIFO

FPGA

time

volt

トリガー前8µsの波形取得
- トリガー前のB.G.起因µをモニター

- FPGAによるFIFO制御によりバッファ

- GPIOモジュール
‣ COPPERへの信号生成
- デジタルサムトリガーモジュール
‣ 2µsのトリガー決定時間（損失）
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1. ADC間の時間のずれ(1/2)

詳細
- 片方が8 ns（1/125MHz）ずれる�
‣ FPGAの動作クロック125 MHz

- 温度依存
‣ デジタル回路のしきい値（？）
‣ 微妙なタイミングのずれ（？）

Temperature (deg C)
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od
e 
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ro

r (
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un
ts

/ru
n)

10

210

310

Temperature Dependence

問題点�
- 2枚のADCが互いにずれる
- 個体差があり頻度<10-6のものを選択
‣ テストベンチで20枚/40枚
‣ DAQがハングするものも

- エンジニアリングラン
‣ 頻度：10-7-10-2

WF: ADCのずれ

time

volt

volt

time

8 ns

12



1. ADC間の時間のずれ(1/2)

詳細
- 片方が8 ns（1/125MHz）ずれる�
‣ FPGAの動作クロック125 MHz

- 温度依存
‣ デジタル回路のしきい値（？）
‣ 微妙なタイミングのずれ（？）

Temperature (deg C)
24 26 28 30 32 34

En
dc

od
e 

Er
ro

r (
co

un
ts

/ru
n)

10

210

310

Temperature Dependence

問題点�
- 2枚のADCが互いにずれる
- 個体差があり頻度<10-6のものを選択
‣ テストベンチで20枚/40枚
‣ DAQがハングするものも

- エンジニアリングラン
‣ 頻度：10-7-10-2

WF: ADCのずれ

time

volt

volt

time

8 ns

12

-ソフトウ
ェアでの補正?

‣多チャンネルとの同期のため難しい 

-エラーデータを捨てる？

‣崩壊モードへのバイアスが懸念される

‣原因の追求が必要

-ハードウェアの
ため早急な改善を
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1. ADC間の時間のずれ(2/2)

解決策
- Digital Clock Manager (DCM)�
‣ FPGAの125 MHzクロック制御
‣ 以下を180º→90º(2 ns)きざみで
‣ 書き込みのための信号
✓Write Enable(WEN0+1)
✓Write Clock(WRCLK0+1)
• ADCx2で90ºずれている

‣ 読み捨てのための信号
✓Read Enable(REN)
✓Read Clock(RCLK)

結果
- 使用できるFINESSE：20枚/40枚→40枚すべて 
- エラー頻度：10-7-10-2程度(温度依存)→0/109events

信号の配線

13
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-原因の解明により、信頼性が向上
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2. サンプル数のずれ(1/2)

データサンプル数
- 1イベントのWFのサンプルポイントの数

問題点
- サンプル数がイベントごとに変わる
- 各チャンネル間の時間同期への影響

詳細
- サンプル数はバッファリングのところでFirmwareにより決定(Nsample=NWEN-NREN)
- カウンタ(CNT)でFIFOに書き込む値を数えて8 µs後、読み捨てRENを送る

バッファリング回路 バッファリングのTiming Chart
14
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-各チャンネ
ルのタイム

ウィン
ドウの

非同期

‣各検出器の粒子の対応ができない

-ソフ
トウェ

アでの補正が難しい

-ハードウェ
アのため早急な改善を



BEFORE： WENとCNTが別々の分配されたGATEを使用

AFTER： GATEを一度LATCHして、WENとCNTに分配(8nsの余裕)

結果
- ずれイベント�：�0/107events

2. サンプル数のずれ(2/2)
タイミングが

ずれる

タイミングが
そろう

タイミングが
そろう
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-原因の解明により、信頼性が向上



バックアップ
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3. LEVEL0+1トリガー(1/3)

デジタルサムトリガー(TIGC)
- ̃120 chカロリーメータトリガー
‣ アナログサム→デジタルサム
‣ 分解能向上

- 2 usのトリガー決定時間
‣ τµ=2.2 µs

WFとTime Window
16
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2. LEVEL1(TIGC)による
データ転送の選択

トリガー

1. LEVEL0(シンチ)による
データの保持

LEVEL0+1トリガー
- BEFORE：

- AFTER：

シンチ

カロリーメータ

シンチ

カロリーメータ
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3. LEVEL0+1トリガー(2/3)

FPGA制御トリガーモジュール
- COPPERに配るGATE(データ保持用)とCOPPER TRIGGER(データ転送用)を制御
- GPIOモジュールのFirmwareによりLEVEL0+1トリガーに対応
- BEFORE：

- AFTER：

その他機能
- CLEAR: LEVEL1がこなかったときの、2.5 us後FIFOを初期化しゲートを開け直す
- only LEVEL 1:キャリブレーション用トリガーはLEVEL1のみ
‣ データ保持とデータ転送を以前と同じようにとるため

GATE

2us

LEVEL 0

LEVEL 1

COPPER BUSY

GATE

COPPER TRIGGER

TRIGGER

COPPER BUSY

COPPER TRIGGER

Timing Chart

17



3. LEVEL0+1トリガー(3/3)

波形
- BEFORE：

- AFTER:

結果
- 約2 usデータ保持を達成
- キャリブレーショントリガー用にLEVEL1のみでの動作確認
- LEVEL1が来なかった場合の初期化確認
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8 µs
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-µ起因バックグラウンドを半分に

-LEVEL1 or LEVEL0のみでも動作



イベントビルドシステム
- 他のモジュールのトリガーアップデートに伴ない�������������������������������が必要に
タイムスタンプ
- FINESSE FADCカードのFirmwareにて実装(64 bit 62.5 MHz)

- フロントエンド及び、解析コードの変更
結果
- COPPER上の4枚のFINESSEサブボードにおいて同じ値(1 M events)
- 桁上がり(64 bits)でのデータの安定性チェック(100 k events)
‣ 0x7fff ffff ffff ffff → 0x8000 0000 0000 0000

4. タイムスタンプ
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Timing Chart
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Timing Chart

-トリガー時間情報
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Timing Chart

-トリガー時間情報

-安定性の高いタイ
ムスタンプ

の実現



まとめ

PIENU実験でのCOPPERシステム
- 2009夏から物理データ取得開始
8 bit 500 MHz FADC�
- DCMによるクロックの90ºきざみの調整�
‣ 2枚のADC間ずれ率(20/40枚→すべて、10-2-10-7→0/109events)
‣ 原因の理解によりデータの信頼性が向上

トリガー前の波形取得
- ラッチ回路追加→サンプル数が安定(→0/107events)�
‣ 原因の理解によりデータの信頼性が向上

- LEVEL0+1トリガーの追加→2 µsデータを保持
‣ 古いミューオン起源のバックグラウンドを約半分に

イベントビルドシステム
- 安定性の高いタイムスタンプにより
- 新しいイベントビルドシステムに対応
‣ PIENUだけでなく、他の実験への応用が期待

20


