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C. Glaser, Dinko Počanić, (for the PEN Collaboration)

Institute for Nuclear and Particle Physics, University of Virginia

29 May 2018

CIPANP 2018
Palm Springs, CA,
29 May – 3 June 2018



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)
e+νγ 7.39(5)× 10−7 (πe2γ)
π0e+ν 1.036 (6)× 10−8 (πe3, πβ)
e+νe+e− 3.2 (5)× 10−9 (πe2ee)

π0 → γγ 0.98798 (32)
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 (Michel)
e+νν̄γ 0.014 (4) (RMD)
e+νν̄e+e− 3.4 (4)× 10−5

=⇒
=⇒

⇐=
⇐=
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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 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.

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

[1.2327(23)× 10−4]

WHY SHOULD WE CARE?
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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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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

mTPC
PMTVACUUM

MWPC1

MWPC2

PH

BC

~3 m
flightpath

CsI

pure

π
+

beam

10 cm

PEN detector
2009-10
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PEN detector
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PEN Goal: ∆R
π
e/µ/R

π
e/µ ' 0.05%

Recall that Rπ
e/µ =

Γ(π → eν̄(γ))

Γ(π → µν̄(γ))
' 1.2× 10−4

PEN runs: 2008–2010

> 22M π → e, and

> 200M π → µ→ e recorded.
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PIBETA Detector Assembly
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PIBETA Detector on Platform
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Experimental branching ratio (Rπ-exp
e/µ )

Given that:

I timing gates affect number of πe2 and π → µ→ e observations, and

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

10 20 30 40 50 60 70 80 90
0

2000
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10000
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14000

16000

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) = probability from time

π → µ→ e

×10−3

π → eν

ECsI (MeV)

C
o

u
n

ts
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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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Discrimination and waveforms
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∆χ2 uses predicted and observed
timings and energies

Evaluate 2 peak fit ⇒ χ2
2

Evaluate 3 peak fit ⇒ χ2
3

∆χ2 = χ2
2 − χ2

3 (normalized)

π → µν and π → eν will be used to train a likelihood analysis.
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Gain matching the 240 calorimeter modules
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NNN = next to nearest neighbors

(C. Glaser)
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Agreement with predictions (2010 data subset)

Entries  0
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Low E “tail” response in MC simulation
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Getting the photonuclear processes right is a challenge.
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Photonuclear cross sections and models
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Low energy “tail” in positron response (measured, 2010 data)
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C. Glaser

Analysis of a dedicated “tail” trigger designed to suppress early
π → µ→ e events (t ≤ 50 ns). Successive cuts add restrictions.
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LE tail: comparison simulation vs. measurement (2010 subset)
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Decay in flight (DIF) Observables
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Decays in flight: simulation vs. measurement

πDIF → eν decays: (C. Glaser)
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Uncertainty Budget

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

rf rε rA

Type Observable Value ∆Rπe/µ/R
π
e/µ

Systematic: ∆εtail ' 0.025

{
' 0.001exp

2× 10−4|MC
goal

rf 0.046 1.8× 10−4

rε ' .99 < 10−4

rA ' 1 ' 10−4

NπDIF→eν/Nπ→eν < 2× 10−3 10−6 − 10−5

NπDIF→µν/Nπ→µν 2.3× 10−3 10−6 − 10−5

NµDIF→eνν̄/Nµ→νν̄ 1.4× 10−4 10−6 − 10−5

Statistical: ∆Nπ→eν/Nπ→eν ' 2.9× 10−4

Overall goal 5× 10−4
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Summary: studies of pion (and muon) allowed decays

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

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

I Notable improvements in precision for
• π → eν branching ratio,
• π → eνγ (FV , F ul

T ), and
• µ→ eνν̄γ,

await in the near future.

Home pages: http://pibeta.phys.virginia.edu

http://pen.phys.virginia.edu

Review: Počanić, Frlež, van der Schaaf, J.Phys.G. 41 (2014) 114002; (arXiv:1407.2865)
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Additional slides
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Radiative electronic (πe2γ) decay:

π+ → e
+νeγ

BRnon-IB ∼ 10−7

(Essential “companion” to 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 (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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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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D. Počanić (UVa) PEN experirment: The πe2γ decay 29 May ’18 28/ 22



PIBETA πe2γ

differential
distributions
(2009 analysis)
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PIBETA results for π → eνγ

Best values of pion Form Factor Parameters:

FV Form Factor x 104

F
A

 F
o
rm

 F
a
c
to

r 
x
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 Contours
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Combined analysis of all PIBETA
data sets

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

slope = 0.10 ± 0.06 [PIBETA, 2009]

Res-χPT calculation [Mateu & Portoles, 2007]

q
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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 improve 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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MSSM calculations (R parity cons.) [Ramsey-Musolf et al., PR D76 (2007) 095017]

minimal
selectron,
smuon
masses:
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mass de-
generacy:
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(R parity violating scenario constraints also discussed.)
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