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From their discovery, pions, muons
and their decays

have been central to the understanding
of the weak interaction.

How can they contribute in the LHC era?

(Are these even beta decays?)
(Do they belong in this workshop?)
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Outline

Introduction and overview of π, µ decays

The PIBETA & PEN experiments at PSI

The π+ → π0e+ν (πe3), pion beta decay

The π+ → e+νe (πe2), electronic decay

The π+ → e+νeγ (πe2γ), radiative decay

Radiative muon decay

Summary
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Discovery of the pion: Cecil Powell’s emulsion tracks 1947

∼1 mm

↑ π

µ→ ↑ e
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Known and measured pion and muon decays

Decay BR

π+ → µ+ν 0.9998770 (4) (πµ2)
µ+νγ 2.00 (25)× 10−4 (πµ2γ)
e+ν 1.230 (4)× 10−4 (πe2) X
e+νγ 7.39(5)× 10−7 (πe2γ) X
π0e+ν 1.036 (6)× 10−8 (πe3, πβ) X
e+νe+e− 3.2 (5)× 10−9 (πe2ee)

π0 → γγ 0.98798 (32) X
e+e−γ 1.198 (32)× 10−2 (Dalitz)
e+e−e+e− 3.14 (30)× 10−5

e+e− 6.2 (5)× 10−8

µ+ → e+νν̄ ∼ 1.0 X (Michel)
e+νν̄γ 0.014 (4) X (RMD)
e+νν̄e+e− 3.4 (4)× 10−5
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The PIBETA/PEN apparatus

• πE1 beamline at PSI
• stopped π+ beam
• active target counter
• 240-detector, spherical

pure CsI calorimeter
• central tracking
• beam tracking
• digitized waveforms
• stable temp./humidity
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Pion beta (πe3) decay:

π+ → π0e+νe

BR ∼ 10−8

A theoretically clean path to access CKM Vud
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πe3 decay: quark-lepton (Cabibbo) universality

The basic weak-interaction V-A form (e.g., µ decay):

M∝ 〈e|lα|νe〉 → ūeγ
α(1− γ5)uν

is replicated in hadronic weak decays

M∝ 〈p|hα|n〉 → ūpγ
α(GV − GAγ5)un with GV,A ' 1 .

Departure from GV = 1 (CVC) comes from weak quark (Cabibbo) mixing:
GV = Gµ cos θC(= GµVud) cos θC ' 0.97

3 q generations lead to the
Cabibbo-Kobayashi-Maskawa (CKM) matrix (1973):

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


CKM unitarity cond.: ∆V2 = 1− (|Vud|2 + |Vus|2 + |Vub|2)

?
= 0,

stringently tests the SM. Until 2004 appeared violated by ∼ 3σ!
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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 ∼ 0.05%
relative uncertainty.

Prior to 2004, Γ and B measured with about 4 % precision.
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PIBETA results; 1999-2001 runs
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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 2013: Vud = 0.97425(22)
PIBETA: Vud = 0.9748(25) or Vud = 0.9728(30).
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Current status
of Vud :

Neutron β decay
results need to be
sorted out before
returning to πe3. λ = gA/gV

  V
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PIBETA [Pocanic04]
ft(0+→0+) [Hardy09]

CKM unitarity
[PDG 2012]
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The electronic (πe2) decay:

π+ → e+ν

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 Rπe/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.

I Experimental world average is 40× less accurate than SM calculations!

[1.230(4)× 10−4]

WHY SHOULD WE CARE?

D. Počanić (UVa) Pion & muon decays: The πe2 decay 4 Sep ’14 14/ 31



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 Rπe/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.

I Experimental world average is 40× less accurate than SM calculations!

[1.230(4)× 10−4]

WHY SHOULD WE CARE?
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D. Počanić (UVa) Pion & muon decays: The πe2 decay 4 Sep ’14 14/ 31



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 .

D. Počanić (UVa) Pion & muon decays: The πe2 decay 4 Sep ’14 15/ 31



Reach of πe2 decay beyond the SM (New Physics)

LNP =

[
± π

2Λ2
V
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ūγαd ±
π

2Λ2
A
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D. Počanić (UVa) Pion & muon decays: The πe2 decay 4 Sep ’14 15/ 31



Reach of πe2 decay beyond the SM (New Physics)

LNP =

[
± π

2Λ2
V
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MSSM calculations (R parity cons.) [Ramsey-Musolf et al., PR D76 (2007) 095017]
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selectron,
smuon
masses:
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(R parity violating scenario constraints also discussed.)
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The PEN/PIBETA apparatus

• stopped π+ beam
• active target counter
• 240-detector, spherical

pure CsI calorimeter
• central tracking
• beam tracking
• digitized waveforms
• stable temp./humidity

AD AT
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flightpath
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PEN detector
2009-10
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PEN detector
2009-10

PEN Goal: ∆Rπe/µ/Rπe/µ ' 0.05%

PEN runs: 2008–2010

> 22M π → e, and

> 200M π → µ→ e recorded.
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Highlights and challenges of PEN analysis (under way)

Active target waveforms: separating the decay particle pulses!

Early pion decay (extremely common)

h_tgtwave1
Entries  18791
Mean    588.7
RMS      28.1

target waveform bin
550 600 650 700

0

5000

10000

15000

20000

25000

30000

h_tgtwave1
Entries  18791
Mean    588.7
RMS      28.1

TGT waveform

TGT waveform filtered

TGT waveform, pion and e+ prediction

TGT waveform, found muon

Early muon decay (still annoying)

h_tgtwave1
Entries  5934
Mean    604.5
RMS     26.58

target waveform bin
550 600 650 700

0

5000

10000

15000

20000

25000
h_tgtwave1

Entries  5934
Mean    604.5
RMS     26.58

TGT waveform

TGT waveform filtered

TGT waveform, pion and e+ prediction

TGT waveform, found muon

I π and e+ pulse time and amplitude predicted from other detector systems (mTPC,
MWPCs, PH)!

I Waveform system functions evaluated based on prompt hadronic events.

I Hypotheses with/without a µ pulse evaluated.
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PEN: agreement with predictions (2010 data analysis)
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Can PIBETA say anything on the πe2 BR?

YES!

We fix Vud to the extraordinarily precise PDG 2013 recommended value

Vud = 0.97425± 0.00022

and adjust Rπe/µ until the extracted value of V πβ
ud agrees. This exercise yields

(Rπe/µ)PIBETA = (1.2366± 0.0064)× 104 ,

[recall (Rπe/µ)SM = 1.2352(1)× 10−4]

Adding the new value to the world data set would move the average slightly
to

(Rπe/µ)new avg = (1.2317± 0.0031)× 10−4 .
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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 under way
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Radiative electronic (πe2γ) decay:

π+ → e+νeγ

BRnon-IB ∼ 10−7
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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 (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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PIBETA results for π → eνγ

Best values of pion Form Factor Parameters:

FV Form Factor x 104
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slope = 0.10 ± 0.06 [PIBETA, 2009]

Res-χPT calculation [Mateu & Portoles, 2007]
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Summary of PIBETA results on π → eνγ [PRL 103, 051802 (2009)]

FV = 0.0258± 0.0017 (8×)

FA = 0.0119± 0.0001exp

(FCVC
V )

(16×)

a = 0.10± 0.06 (q2 dep of FV) (∞)

−5.2× 10−4 < FT < 4.0× 10−4 90 % C.L.

Bπe2γ (Eγ > 10 MeV, θeγ > 40◦) = 73.86(54)× 10−8 (17×)

Above results will be improved with the new PEN data analysis.

At L.O. (l9 + l10), FA, FV are related to pion polarizability and π0 lifetime

αLO
E = −βLO

M = (2.783± 0.023exp)× 10−4 fm3

τπ0 = (8.5± 1.1)× 10−17 s

{
current PDG avg: 8.52 (12)

PrimEx PRL ’10: 8.32 (23)
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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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Radiative muon decay, µ+ → e+νν̄γ, (new analysis of 2004 data)
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”Split clumps” very well accounted for!
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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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D. Počanić (UVa) Pion & muon decays: Radiative muon decay 4 Sep ’14 29/ 31



Study of allowed π and µ decays in PEN

I A significant experimental effort is under way (in PEN and in other
experiments) to make use of the unparalleled theoretical precision in
the weak interactions of the lightest particles.

I Information obtained is complementary to expected collider results,
and valuable for their proper interpretation.

I Improvements in precision for
• π → eν,
• π → eνγ (FV , F ul

T ), and
• µ→ eνν̄γ.

to be achieved in the near future.

I Decision on future measurement of π+ → π0e+ν will await results of
current neutron beta decay experiments.
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