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Known and measured pion and muon decays

decay B.R. physics interest

π+ → µ+ν 0.9998770 (4) (πµ2)
µ+νγ 2.00 (25)× 10−4 (πµ2γ)
e+ν 1.230 (4)× 10−4 (πe2) ⇐ `U, BSM (T ,. . . )

e+νγ 7.39(5)× 10−7 (πe2γ) ⇐ BSM (T ,. . . ), F
(π)
A ,F

(π)
V ,. . .

π0e+ν 1.036 (6)× 10−8 (πe3) ⇐ q`U (Vud), BSM loops

e+νe+e− 3.2 (5)× 10−9 (πe2ee)

π0 → γγ 0.98798 (32)
e+e−γ 1.198 (32)× 10−2 (Dalitz)

⇐ χ anomaly

e+e−e+e− 3.14 (30)× 10−5

e+e− 6.2 (5)× 10−8

µ+ → e+νν̄ ∼ 1.0 (Michel)
e+νν̄γ 0.014 (4) (RMD)

⇐ BSM weak int. terms

e+νν̄e+e− 3.4 (4)× 10−5
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The electronic (πe2) decay:

π+ → e+ν(γ)

BR ∼ 10−4
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πe2 decay: SM calculations, lepton universality

I Early evidence for V − A nature of weak interaction.

Rπe/µ =
Γ(π → eν̄(γ))

Γ(π → µν̄(γ))
=

g2
e

g2
µ

m2
e

m2
µ

(1−m2
e/m

2
µ)2

(1−m2
µ/m

2
π)2

(
1 + δRe/µ

)
I Modern SM calculations: Rπe/µ =

Γ(π → eν̄(γ))

Γ(π → µν̄(γ)) CALC

=
1.2352 (5)× 10−4 Marciano and Sirlin, [PRL 71 (1993) 3629]

1.2354 (2)× 10−4 Finkemeier, [PL B 387 (1996) 391]

1.2352 (1)× 10−4 Cirigliano and Rosell, [PRL 99 (2007) 231801]

∼ 2.5× 10−5

I Strong SM helicity suppression amplifies sensitivity to PS terms
(“door” for New Physics) by factor 2mπ/me(mu + md) ≈ 8000.

I R
π
e/µ tests lepton universality: in SM e, µ, τ differ by Higgs couplings only;

there could also be new S or PS bosons with non-universal couplings
(New Physics); repercussions also in the neutrino sector, SUSY, ALPS . . .

I Experimental world average is 23× less accurate than SM calculations!

[1.2327(23)× 10−4]
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The PEN/PIBETA apparatus

• πE1 beamline at PSI
• stopped π+ beam
• active target counter
• 240 module spherical

pure CsI calorimeter
• central tracking
• beam tracking
• digitized waveforms

AD AT

mTPC
PMTVACUUM

MWPC1

MWPC2

PH

BC

~3 m
flightpath

CsI

pure

π
+

beam

10 cm

PEN detector
Runs 2-3

BC: Beam Counter

AD: Active Degrader

mTPC: mini-Time Projection ChamberAT: Active Target

PH: Plastic Hodoscope (20 stave cylindrical)

MWPC: Multi-Wire Proportional Chamber (cylindrical)
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Experimental branching ratio (Rπ-exp
e/µ )

Recognizing that:

I timing gates affect the analyzed number of πe2 and π → µ→ e events;

I MWPC efficiency depends on energy,

we have: Rπ-exp
e/µ =

Npeak
π→eν(1 + εtail)

Nπ→µν

fπ→µ→e(Te)

fπ→eν(Te)

ε(Eµ→eνν̄)MWPC

ε(Eπ→eν)MWPC

Aπ→µ→e

Aπ→eν
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0
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rf rε rA

Ec = cutoff energy

N = number of events

A = acceptance

Ec

εtail(Ec) = tail to peak ratio

ε(E )MWPC = efficiency of MWPC

f (Te) = decay probability during
observation time window

π → µ→ e

×10−3

π → eν

ECsI (MeV)

C
o

u
n

ts
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Branching ratio/uncertainties

Rπe/µ =
Npeak
π→eν

Nπ→µν︸ ︷︷ ︸
rN

(1 + εtail)
fπ→µ→e(Te)

fπ→eν(Te)︸ ︷︷ ︸
rf

ε(Eµ→eνν̄)MWPC

ε(Eπ→eν)MWPC︸ ︷︷ ︸
rε

Aπ→µ→e

Aπ→eν︸ ︷︷ ︸
rA︸ ︷︷ ︸

blinded

Uncertainties:

δR

R
=

√(
δrN
rN

)2

+

(
δεtail

1 + εtail

)2

+

(
δrf
rf

)2

+

(
δrε
rε

)2

+

(
δrA
rA

)2

εMWPC(E ): chamber efficiencies. rA: acceptances

PEN goal: δR/R ' 5× 10−4
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Discriminating πe2 and πµ2 in TGT

AD

AT

mTPC

PMT

ToF from B0

E (π+)

e+

π+

t(e+) in AT predicted from t(PH)
mTPC ⇒ (x , y) of πstop in AT

Edep(AD) ⇒ Edep, z of πstop in AT
t(π+) in AT predicted from t(AD)

Predicted π+ and e+ energies agree VERY well with observations:
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⇒ E and t predictions are used for πe2/πµ2 discrimination.
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Target waveforms and event type discrimination
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∆χ2 uses predicted and observed
timings and energies. Steps:

1. evaluate 2 peak fit ⇒ χ2
2,

2. evaluate 3 peak fit ⇒ χ2
3,

3. find ∆χ2 = χ2
2 − χ2

3 (normalized).

Best of ∼ dozen similar observables at
discriminating πe2 / πµ2 event classes.
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Realistic simulation of beam det’s vs. measurement
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Choice of time interval, f (Te)

π → µ→ e (“Michel”) timing selection: symmetric time window .

t (ns)

0

0.5

1

0 50 100 150 200

fπ-µ-e(t)=

∫ t

0

fπ→µ(t − t ′)fπ→e(t ′)dt ′ =
1

τµ − τπ

(
e−t/τµ − e−t/τπ

)
.

|fπ-µ-e|t+w
t−w =

2

τµ − τπ

[
τµe
−t/τµ sinh

w

τµ
− τπe−t/τπ sinh

w

τπ

]
δfπ-µ-e =

2δt

τµ − τπ

∣∣∣∣e−t/τµ sinh
w

τµ
− e−t/τπ sinh

w

τπ

∣∣∣∣
π → eν(γ) timing selection:

fπ→eν(t1, t2) =
1

τπ

∫ t2

t1

e−t/τπ = e−t1/τπ − e−t2/τπ

Choose t1 < 0 : δfπ→eν =
δt

τπ
e−t2/τπ .

Analysis requires: δt, w, t and t2.
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rf : decay time windows
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CsI EM Calorimeter: realistic simulation

Crystals are not all the same:

I different detector response, non-uniformities, ∆Ω coverage;
I 240 PMTs, with slightly different properties, opt. couplings.
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CsI simulation cont’d.
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Tail trigger
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Measured “tail” after subtraction

Experimental precision not good enough (∆R/R ∼ 10−3) !

Must use MC simulation!
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δεtail/(1 + εtail): photoneutron reactions
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[PiENu: NIM A791 (2015) 38]
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Photoneutron cross sections, σ(γ, xn)
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Radiative electronic (πe2γ) decay:

π+ → e
+νeγ

BRnon-IB ∼ 10−7

(Unavoidable part of π → eν decay)
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Physics of
π+ → e+νγ (RPD):

QED IB terms:

and SD V , A terms:

A tensor interaction,
too?

SM

Exchange of  S=0  leptoquarks

P Herczeg, PRD 49 (1994) 247
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The π → eνγ amplitude and FF’s

The IB amplitude (QED uninteresting!):

MIB = −i eGFVud√
2

fπmeε
µ∗ē

(
kµ
kq
− pµ

pq
+
σµνq

ν

2kq

)
× (1− γ5) ν .

The structure-dependent amplitude (interesting!):

MSD =
eGFVud

mπ

√
2
εν∗ēγµ(1− γ5)ν × [FV εµνστp

σqτ + iFA(gµνpq − pνqµ)] .

The SM branching ratio (with x = 2Eγ/mπ ; y = 2Ee/mπ ),

dΓπe2γ

dx dy
=
α

2π
Γπe2

{
IB (x , y) +

(
m2
π

2fπme

)2

×
[

(FV + FA)2
SD

+ (x , y) + (FV − FA)2 SD− (x , y)
]

+
mπ

fπ

[
(FV + FA)S+

int (x , y) + (FV − FA) S−int (x , y)
] }

.
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Pion radiative decay regions
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Best sensitivity for SD terms
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SD+ region favors high energy e+ and γ’s.

High energy track pairs occur with large opening angles.

Large solid angle coverage required ⇒ good match to PEN!

SD− is notoriously hard to measure directly.
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PIBETA results for π → eνγ (2009)

Pion FF values and precision improvement factors (pif) over previous work:

FV Form Factor x 104

F
A

 F
o
rm

 F
a
c
to

r 
x

 1
0
4
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χ
2
 Contours
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   = 255(3) x 10
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Observable (pif)

FV = 0.0258(17) (8×)

FA = 0.0119(1)exp

(FCVC
V )

(16×)

a = 0.10(6) ∗ (∞)

−5.2 < 104 · FT < 4.0 90 % c.l.

Bπe2γ = 73.86(54)× 10−8 † (17×)

∗ a . . . q2 dependence of FV
† for (Eγ > 10 MeV, and θeγ > 40◦)

[Bychkov et al., PRL 103, 051802 (2009)]

Tight constraint on SD+; not so tight on SD−!
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Identifying hard radiative decays in PEN
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Data regions (PIBETA measurements and PEN)
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PEN Run 3 data
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Timing for radiative decays
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Region D: only in PEN
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Table of uncertainties

Rπe/µ =
Npeak
π→eν

Nπ→µν
(1 + εtail)

Aπ-µ-e

Aπ-µ-e

ε(Eµ→eνν̄)MWPC

ε(Eπ→eν)MWPC

fπ-µ-e(Te)

fπ-µ-e(Te)

rε rfrA

Systematics Value ∆Rπe/µ/R
π
e/µ

εtail 0.032 3.5× 10−4

rf 0.04292034 5× 10−6

∗rArε ' 0.98 ∼ 3× 10−4

Statistical:
∆Nπ→eν/Nπ→eν 5.15× 10−4 (Runs 2†&3)

Goal 5× 10−4

∗ Blinded † incomplete
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Summary

I PEN is on track to evaluate the experimental ratio

Rπe/µ = Γ(π+→e+νe(γ))
Γ(π+→µ+νµ(γ)) with sub-10−3 relative precision.

I Comprehensive systematics studies have been completed;
all relevant contributions are understood.

I Radiative component of the decay is well accounted for, and
will enhance the existing PIBETA data set.

I Work is under way to improve the statistical uncertainty of
∆N/N ∼ 5.1× 10−4.

I Unblinding will be performed once the MC acceptances and
efficiencies for all beam subperiods are optimized.

I Analysis is ongoing; special recognition to Charlie Glaser.
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Pion beta decay (πe3):

π+ → π0e+νe

BR ∼ 10−8

PIBETA result:

B .R . ≡ Rπ
e3 = 1.038 (6)× 10−8

[Počanić et al., PRL 93 (2004) 181803]

(updated for current Rπe/µ)
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PIBETA results (2004)
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PIBETA results (2004)

0 20 40 60 80 100 120 140
t(    )   t(AD) (ns) π0 −

0

1000

2000

N
um

be
r 

of
 e

ve
nt

s

π   →+ π0 e+ νe

τ = 26.23 ± 0.12 ns

Electronic π → eν decay observables

Opening angle θγ1γ2 (deg)

N
u

m
b

e
r 

o
f 

e
v
e

n
ts

simulation

• measurement

π
+

 → π
0
e

+
ν

          → γ
1
+γ

2

0

1000

2000

3000

4000

5000

6000

7000

160 165 170 175 180

Positron Energy (MeV)

N
u

m
b

e
r 

o
f 

E
v
e

n
ts

simulation

• measurement
π → e ν

0

10000

20000

30000

40000

45 50 55 60 65 70 75
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Concept for an improved PEN/PIBETA experiment

Goals: (a) (∆R/R)πe/µ < 10−4 (to match theoretical precision), and

(b) (∆R/R)πe3 ∼ 2− 3× 10−3 (per W. Marciano’s talk).

A possible setup:

fast

LXe

LXe

active tgt

separable

halves

tracker

�
�
�
�

I stopped pion beam in active target
with central tracking,

I main detector: liquid Xe,

I 〈rπstop〉 ∼ 1.5× 106 s−1,

I running for T live
run ∼ 3× 107 s

(> 2 years of calendar time):

I Nπ+→e+ν(γ) > 5× 109, i.e.,(
∆Rπe/µ/R

π
e/µ

)
stat

< 2× 10−5 ;

I Nπ+→π0e+ν ≥ 4× 105, i.e.,

(∆Rπe3/R
π
e3)stat < 2× 10−3 .
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πe3 decay rate in the SM (a pure vector 0− → 0−decay)

Γ = Γ0(1 + δπ) =
G 2
F |Vud |2∆5

30π3
f (ε,∆)

(
1− ∆

2m+

)3

(1 + δπ) ,

where

∆ = m+ −m0 = 4.5936(5) MeV and ε =
(me

∆

)2
' 1

81

while

f (ε,∆) =
√

1− ε
(

1− 9

2
ε− 4ε2

)
+
ε2

4
ln

(
1−
√

1− ε√
ε

)
− 3

7

∆2

(m+ + m0)2
' 0.941

and δπ ∼ 0.035 is the sum of radiative/loop corrections with ∼ 0.03%
relative uncertainty.

Prior to 2004, Γ and B measured with about 4 % precision.

D. Počanić (UVa) Rare π decays: The πe3 decay 7 Nov ’19/INT 37 / 34



πe3 decay rate in the SM (a pure vector 0− → 0−decay)

Γ = Γ0(1 + δπ) =
G 2
F |Vud |2∆5

30π3
f (ε,∆)

(
1− ∆

2m+

)3

(1 + δπ) ,

where

∆ = m+ −m0 = 4.5936(5) MeV and ε =
(me

∆

)2
' 1

81

while

f (ε,∆) =
√

1− ε
(

1− 9

2
ε− 4ε2

)
+
ε2

4
ln

(
1−
√

1− ε√
ε

)
− 3

7

∆2

(m+ + m0)2
' 0.941

and δπ ∼ 0.035 is the sum of radiative/loop corrections with ∼ 0.03%
relative uncertainty.

Prior to 2004, Γ and B measured with about 4 % precision.
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πe3 decay rate in the SM (a pure vector 0− → 0−decay)

Γ = Γ0(1 + δπ) =
G 2
F |Vud |2∆5

30π3
f (ε,∆)

(
1− ∆

2m+

)3

(1 + δπ) ,

where

∆ = m+ −m0 = 4.5936(5) MeV and ε =
(me

∆

)2
' 1

81

while

f (ε,∆) =
√

1− ε
(

1− 9

2
ε− 4ε2

)
+
ε2

4
ln

(
1−
√

1− ε√
ε

)
− 3

7

∆2

(m+ + m0)2
' 0.941

and δπ ∼ 0.035 is the sum of radiative/loop corrections with ∼ 0.03%
relative uncertainty.

Prior to 2004, Γ and B measured with about 4 % precision.

D. Počanić (UVa) Rare π decays: The πe3 decay 7 Nov ’19/INT 37 / 34



PiENu experiment at TRIUMF

Csl ring

WC1

WC2

WC3

V1

V1

π+

T2

V2

B1

B2 Tg T1

S1S1 S3

V2

V3

V3

x

y

Csl ring

Nal (TI)

I Goal: ∆B/B ' 0.001

I Excellent E resolution

I Very precise tracking
with Si-strip detectors
and MWPCs

I Data taking completed
in 2012

I O(107) πe2 events
collected

I analysis is ongoing.

First result: 1.2344(23)stat(19)syst × 10−4
[Aguilar-Arevalo et al, PRL 115 (2015) 071801].
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PIBETA result for π+ → π0e+ν (πβ) decay [PRL 93, 181803 (2004)]

Pion beta decay yield normalized to measured π → eν events:

Bexp-t
πβ = [1.040± 0.004 (stat)± 0.004 (syst)]× 10−8 ,

Bexp-e
πβ = [1.036± 0.004 (stat)± 0.004 (syst)± 0.003 (πe2)]× 10−8 ,

McFarlane et al. [PRD 1985]: B = (1.026± 0.039)× 10−8

SM Prediction (PDG):
B = 1.038− 1.041× 10−8 (90% C.L.)

(1.005− 1.007× 10−8 excl. rad. corr.)

⇒ Most sensitive test of CVC/radiative corr. in a meson to date!

PDG 2018: Vud = 0.97420(21)
PIBETA: Vud = 0.9748(25) or Vud = 0.9728(30).
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D. Počanić (UVa) Rare π decays: The πe3 decay 7 Nov ’19/INT 39 / 34



PIBETA result for π+ → π0e+ν (πβ) decay [PRL 93, 181803 (2004)]

Pion beta decay yield normalized to measured π → eν events:

Bexp-t
πβ = [1.040± 0.004 (stat)± 0.004 (syst)]× 10−8 ,

Bexp-e
πβ = [1.036± 0.004 (stat)± 0.004 (syst)± 0.003 (πe2)]× 10−8 ,

McFarlane et al. [PRD 1985]: B = (1.026± 0.039)× 10−8

SM Prediction (PDG):
B = 1.038− 1.041× 10−8 (90% C.L.)

(1.005− 1.007× 10−8 excl. rad. corr.)

⇒ Most sensitive test of CVC/radiative corr. in a meson to date!

PDG 2018: Vud = 0.97420(21)
PIBETA: Vud = 0.9748(25) or Vud = 0.9728(30).
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Reach of πe2 decay beyond the SM (New Physics)

LNP =

[
± π

2Λ2
V

ūγαd ±
π

2Λ2
A

ūγαγ5d

]
ēγα(1− γ5)ν

+

[
± π

2Λ2
S

ūd ± π

2Λ2
P

ūγ5d

]
ē(1− γ5)ν , (Λi . . . scale of NP)

CKM unitarity and superallowed Fermi nuclear decays currently limit:

ΛV ≥ 20 TeV, and ΛS ≥ 10 TeV .

At ∆Rπe/µ/R
π
e/µ = 10−3, πe2 decay is directly sensitive to:

ΛP ≤ 1000 TeV and ΛA ≤ 20 TeV ,

and indirectly, through loop effects to ΛS ≤ 60 TeV .

In general multi-Higgs models with charged-Higgs couplings

λeν ≈ λµν ≈ λτν , at 0.1 % precision, Rπeµ probes mH± ≤ 400 GeV .
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Lepton universality (and neutrinos)

From:

Re/µ =
Γ(π → eν̄(γ))

Γ(π → µν̄(γ))
=

g2
e

g2
µ

m2
e

m2
µ

(1−m2
e/m

2
µ)2

(1−m2
µ/m

2
π)2

(
1 + δRe/µ

)
Rτ/π =

Γ(τ → eν̄(γ))

Γ(π → µν̄(γ))
=

g2
τ

g2
µ

m3
τ

2m2
µmπ

(1−m2
π/m

2
τ )2

(1−m2
µ/m

2
π)2

(
1 + δRτ/π

)
one can evaluate:(

ge
gµ

)
π

= 0.9996± 0.0012 and

(
gτ
gµ

)
πτ

= 1.0030± 0.0034 .

For comparison,(
ge
gµ

)
W

= 0.999± 0.011 and

(
gτ
ge

)
W

= 1.029± 0.014 .

I significant consequences in the neutrino sector;

I interesting limits on MSSM extension observables.
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MSSM calculations (R parity cons.) [Ramsey-Musolf et al., PR D76 (2007) 095017]
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(R parity violating scenario constraints also discussed.)
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Loinaz et al.,

PRD 70 (2004)

113004

∆``′ =

2

(
g`
g`′
− 1

)

D. Počanić (UVa) Rare π decays: The πe3 decay 7 Nov ’19/INT 43 / 34



PIBETA detector assembly
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PIBETA detector on platform

D. Počanić (UVa) Rare π decays: The πe3 decay 7 Nov ’19/INT 45 / 34



GEANT4 Monte Carlo

Canonical Geant gives energies, timings, and positions
Requires additional physics input to simulate full detector response

In the Experiment:

I digitized energies and timings of detector elements

I mTPC, beam counters, and target waveforms

I photoelectron statistics smear signal
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rf : δt for beam particles
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Chamber efficiencies
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Chamber efficiencies: simulation
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dE/dx = g(E ) in chamber gas π → e+νe 70 MeV monoenergetic
µ→ eνν̄ 0− 52.5 MeV spectrum

Monte Carlo is weighted to simulate chamber efficiencies
Absorbed into acceptances (blinded)
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Observables to aid discrimination

D. Počanić (UVa) Rare π decays: The πe3 decay 7 Nov ’19/INT 50 / 34



rN : number of π → µ→ e (“Michel”) events
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contribution to ∆Rπe/µ/R
π
e/µ . . . not significant
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rN : number of πe2(γ) events
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πe2 tail including photoneutron corrections
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MC simulated vs. experimental πe2 tail
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Pre-2004 data on pion form factors

|FV |
cvc
=

1

α

√
2~

πτπ0mπ
= 0.0255(3) .

FA × 104 reference

note

106± 60 Bolotov et al. (1990)

(FT = −56± 17)

135± 16 Bay et al. (1986)
60± 30 Piilonen et al. (1986)

110± 30 Stetz et al. (1979)

116± 16 world average (PDG 2004)
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PIBETA πe2γ

differential
distributions:
2009 analysis of
1999-01, 2004
data sets.
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RMD preliminary results, cont’d.

Preliminary result for RMD branching ratio (thesis E. Munyangabe):

Bexp= 4.365 (9)stat. (42)syst. × 10−3 , 29×
BSM= 4.342 (5)stat-MC × 10−3 (for Eγ > 10 MeV, θeγ > 30◦)

η
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

2 χ

2

4

6

8

10

12

14

16

18

 0.017± = 0.006 η

/NDF = 0.82χ

NB: preliminary results!

Analysis of PS subset:
13 MeV < Eγ < 45 MeV, and

10 MeV < Ee+ < 43 MeV, yields

η̄= 0.006 (17)stat. (18)syst., or

η̄< 0.028 (68%CL) .

∼ 4× better than best previous

experiment (Eichenberger et al, 84).
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Radiative muon decay:

µ+ → e
+νeν̄µγ

BR ∼ 10−3 for energetic γ’s

I Sensitive to admixtures beyond V − A

I Limiting factor in µ→ eγ LFV searches
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RMD: µ+ → e+νν̄γ, [E. Munyangabe’s analysis of 2004 PIBETA data]
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DATA(measured)

cut
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DATA(measured)

cut
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DATA(measured)

cut

”Split clumps” very well accounted for!
∼30-fold improvement in precision of the RMD BR.
∼4-fold improvement over best previous limit on η̄ Michel parameter.
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PEN RMD plots (Run 3 data set)
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Simple track requirement,
Data selection using target cuts,
Adding coverage to PiBeta data set.

Ready for new BR and η̄ evaluations.
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