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Overview

Outline

Overview and status of allowed 7 and p decays
Pion beta decay: 7+ — 7letv

Radiative pion decay: 77 — eTvy

Allowed muon decays: ordinary and radiative
The 7ep decay: 77 — etv

Summary
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Overview

Summary of known decays

Known and measured pion and muon decays

Decay
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Overview  Summary of known decays

Pions, muons, fundamental interactions & symmetries

» Why isn't m — e the dominant decay mode?
Deep link to V — A nature of the weak interaction <= PV;

> Pion triplet (7*, 7%, 77), are the Goldstone bosons in the

spontaneous breaking of Chiral Symmetry;
> Explicit breaking of xS: m2 o mq (Gell-Mann—Oakes—Renner rel.);
» Conserved Vector Current: <= SU(2)v;

» Why is the beta energy spectrum in p — e decay continuous
(3-body decay, NO . — ev)? = Lepton Flavor Conservation.

Today there are many excellent precise measurements exploring
these topics: FAST, MEG, MULAN, Muon(g-2), TWIST,...
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Overview Recent measurements

Recent 7, 11 allowed decay measurements

st o mletve L, PIBETA ('99-'01)
o SM checks related to CKM unitarity
7t — eTvey(orete™) ..., PIBETA ('99-'04), PEN ('06-)

o Fa/Fy, 7 polarizability (xPT calibration)
o tensor coupling besides V — A (7)

pt ety TWIST (2003-04)
o departures from V — A in Lyeak
pt — etve,y(orete™) ..., PIBETA ('04), PEN ('06-)
o departures from V — A in Lyeak
PEN (2006—

= et o _ ( )

_ i PiENu ('06-)
o e-p universality

o pseudoscalar coupling besides V — A
o v sector anomalies, Majoron searches, mp4, PS I-q's, V I-q's, ...
o search for signs of SUSY (MSSM)
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Pion beta decay

Pion beta decay:
at o mlety

(PIBETA: 1999-2001 runs)

7, p decays
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Pion beta decay Motivation

Quark-Lepton (Cabibbo) Universality
The basic weak-interaction V-A form (e.g., p decay):

M o (e|l*|ve) — Tey™(1 — 75)u,
is replicated in hadronic weak decays
M x (p|h*|n) — U,7*(Gy — Gavs)u, with Gya ~1.

Departure from Gy = 1 (CVC) comes from weak quark (Cabibbo)
mixing: Gy = G, cos Oc(= G,Vu) cosOc ~ 0.97

3 g generations lead to the Vud Vus Vb
Cabibbo-Kobayashi-Maskawa Ved Ves Vb
(CKM) matrix (1973): Via Vis Vi

CKM unitarity cond.: AV2 =1 — (|Vua|? + [Vus|? + [Vub|2) = 0,
stringently tests the SM.

Prior to 2004 there was a persistent ~ 2.5¢ shortfall in AV?,
motivating many experiments to determine CKM m.e.’s, esp. Vg4 and V.
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Pion beta decay The apparatus and method

The PIBETA/PEN apparatus

PEN Detector 2009
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central tracking
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Pion beta decay The apparatus and method

PIBETA result for 73 decay [PRL 93, 181803 (2004)]

BEP™ = [1.040 £ 0.004 (stat) £ 0.004 (syst)] x 1075,

BIP® = [1.036 £ 0.004 (stat) == 0.004 (syst) = 0.003 (me)] x 107%,

McFarlane et al. [PRD 1985]: B = (1.026 & 0.039) x 108

SM Prediction (PDG):
B= 1.038—1.041x10"% (90% C.L.)
(1.005 — 1.007 x 1078  excl. rad. corr.)

PDG 2008: V4 = 0.9742(3)
PIBETA: Vg4 = 0.9748(25) or V,q = 0.9728(30).
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Pion beta decay

The apparatus and method

Present Status of V 4

|V, = 0.97424 + 0.00022
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nuclear neutron nuclear pion
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Experiment

- Radiative correction

(Courtesy of John Hardy, May 2009)
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Radiative pion decay 7t = ety

Radiative pion decay:
7t = ety

PIBETA: 1999-2001 & 2004 runs
( PEN: 2008-2010 runs )
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Radiative pion decay Motivation
t — etvy:

Standard IB and

V — A terms
T Fy v e
A tensor
interaction, too? " Exchange of S=0 leptoquarks
T P Herczeg, PRD 49 (1994) 247
14
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Radiative pion decay Motivation

The m — er~y amplitude and FF's
The IB amplitude (QED):

eGr Vg _(ky Py, owq”
fomeeia (Ko Puy AN gy,
7 mee"* & ka  pa + kg X (1—7s)v

The structure-dependent amplitude:

Mg = —i

€ ey (1 —v5)v X [Fv€uorp’q" + iFA(8uwPd — Pvay)] -
meV2

The SM branching ratio (v = Fa/Fv; x =2E,/my; y = 2E./my),

drweg-\/ @ va72r 2
dx dy _27Trﬂe2{IB (y)+ <2fﬂme
x [(1+9)2SD* (x,y) + (1 =7)*SD™ (x,y)]

+<F‘/f7:"”)[(1+7)51m(x,y)+( =) S (%, )]}
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Radiative pion decay Motivation

Available data on pion form factors

1 /2r(n% —
Ryl &L 2T 2 ) g 6950(0) .
«a ™m0
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Radiative pion decay Motivation

Available data on pion form factors

1 /2r(n% —
Ryl &L 2T 2 ) g 6950(0) .
«a ™m0

FA X 104

reference

106 + 60
135+ 16

60 + 30
110 + 30

116 + 16

Bolotov et al. (1990)
Bay et al. (1986)
Piilonen et al. (1986)
Stetz et al. (1979)

world average (PDG 2004)
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Radiative pion decay Motivation

Available data on pion form factors

1 /2r(n% —
Ryl &L 2T 2 ) g 6950(0) .
«a ™m0

FA X 104

reference note

106 + 60
135+ 16

60 + 30
110 + 30

116 + 16

Bolotov et al. (1990) (Fr = —56 £ 17)
Bay et al. (1986)

Piilonen et al. (1986)

Stetz et al. (1979)

world average (PDG 2004)
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Radiative pion decay

Results
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form factor
parameters:

Combined analysis
of 1999-2001 and
2004 data sets

M. Bychkov, et al.,
PRL 103 (2009)
051802.
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Radiative pion decay Results

Experimental history of pion Fa and Fy

THIS{WORK

POCANIC (2004

BOLOTOV: (1990)

DOMINGUEZ ® {1988

@®

EGLI: " (1986)

F,=0.0259
,=0,0253
=0.0255

BAY (1986

DEPOMMIER (1963)

PIILONEN(1986) +—e—

STETZ (1978) ———

CVC PREDICTION (2006) o
THIS WORK .
BOLOTOV (1990)

EGLI (1986)

-06 -04 -02 0 02 04 06 08 1 1

v=F,/Fy
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Radiative pion decay Results

Summary of pion form factor and B.R. results

Fy = 0.0258 -+ 0.0017 (14x)
Fa = 0.0119 + 0.00015%,, (16x)
a = 0.10 = 0.06 (c0)
—52x107* < Fr < 4.0 x 1074 90% C.L.

Derived pion polarizability and 70 lifetime (at L.O.):
ag = —fw = (2.783 £ 0.023,,,) x 10~* fm3

PrimEx p'print: 8.32(23)

T = (8.5 £ 1.1) x 107s {t PDG ave: 8.4(5)

Bre, (Ey > 10MeV, 6., > 40°) = 73.86(54) x 10-8 (17x)

Above results will be improved with new PEN data and analysis.
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Muon decays  put — e*ueﬂu(w)

Allowed muon decays:
put — etwe,  (TWIST 2003-05)

+ +., 5
Pt — €T,y (PIBETA 2004,
PEN 2008-10)
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Muon decays Basic theory

Michel parameters of muon decay: u — ev, v,

d’r

_ My g /2
dx d(cosf)  4x3 We GF X2 =g %
x [Fis(x) + P+ cos 0 Fas(x)] [1 + Poi(x,0) - 5]

Isotropic part:
2 2 2
Fis(x) = x(1—x) + §p(4x —3x —x5) + nx(1 —x)

Anisotropic part:

Fas(x) = 3¢ X2‘X°(1_X+35[4X_3+<m_1>b
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Muon decays Michel theory of RMD

Michel parameters of radiative muon decay: pu — ev, ey

d*B(x, y.0 4
(xy,0) .y, 0) +i1f(x,y.0) + (1= 3p)fa(x.y.0)

dx dy 2m d(cos 0)
3 3 V2 oY 2 4 olel 2 4 ol 2
P=71712 lgirl” + lgrel” + 2lgrr]” + 2|gRyL]
+ R(gRLens +gL5RgL7;?)} = o
_ 1
ii = (lewt? + lelzl?) + 5 (efk + 280rl + &R + 284 )

]
Nz

+2 (Ielrl? + ek )
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Muon decays Michel theory of RMD

Experimental Limits (90% C.L.) on g/

|ggﬂ] S %4 T
LL >0.960 =0
LR
RL
RR =0

[Most recent global fit by C.A Gagliardi et al., PR D 72 (2005) 073002]
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Muon decays Michel theory of RMD

Experimental Limits (90% C.L.) on g/

18151 S % T

LL 0.550 >0.960 =0

LR 0.088 0.036 0.025

RL 0.417 0.104 0.104

RR 0.067 0.034 =0
max. values: |g£5| |go\¢/ﬁ| ]g(;rﬁ|
1

<2 <1 <Xw~o5s

[Most recent global fit by C.A Gagliardi et al., PR D 72 (2005) 073002]
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Muon decays Michel theory of RMD

OMD study: TWIST experiment (TRIUMF)

Brid Gas Manifold Target Foil —
nge—\\\ as Manifold —,  Target Fail \ .Q

L

Fized Bumpears —,

|1[[E\.

Tension Rods

P

Counts

Muon Beam e

i h :
i '““\W\d\}}m

Gas Window —

3 t
\—Bas«aPlale/ 50 40 -30 20 -10 0 em
Cover Plate

—z

Main results:
p = 0.7501 (5) and 6 = 0.7507 (7),

MacDonald, et al., Phys. Rev. D 78 (2008) 032010.

D. Potani¢ (UVa) 7, p decays PSI2010, 12 Oct '10 23 /39



Muon decays Michel theory of RMD

RMD differential branching ratio  [B. VanDevender, PhD thesis]

nine—piece target
-3
X 10 ST T T T T

* data
02 B simulated signal
B simulated background

'PRELIMINARY |

(new analysis+data)

due to small-angle
bremsstrahlung
uncertainties in GEANT

E(e*) (MeV) E(y) (MeV)

B™P = [4.40 4 0.02 (stat.) + 0.09 (syst.)] x 1073

Bthee = 430x 1072  (E, > 10MeV, 6 > 30°)
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Muon decays Michel theory of RMD

. . — — tral val — limit
Experimental History of 7 ‘Cen m‘ ve Ue! u‘pper 'r‘“'
PIBETA —— !
33 k events —
(2005) '
Eichenberger et. al. ,_,_E_.
7.5 k events -
(1984) '
Bogart et. al. ._;_.—.
0.9 k events N
(1967) !
i

-02 -0.1 0 01 02
n
PIBETA preliminary (B. VanDevender, PhD thesis; 2004 data set):

77 = —0.084 £ 0.050(stat.) £ 0.034(syst.)

= 7] < 0.033; new world average: |7 < 0.028 | (68 % c.l.)

reduced by a factor of 2.5.
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The mep decay 7t ety

The e decay:
at — ety

PEN and PiENu experiments (2006-)
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The 7ep decay 7t ety

7 — ev decay: SM calculations; measurements

M(m — ev(7))

Modern theoretical calculations: Bl = — =
e r(ﬂ— — MV(’Y))calc

1.2352(5) x 107* Marciano and Sirlin, [PRL 71 (1993) 3629]

1.2354(2) x 10~*  Finkemeier, [PL B 387 (1996) 391]
1.2352 (1) x 10=* Cirigliano and Rosell, [PRL 99, 231801 (2007)]
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The 7ep decay 7t ety

7 — ev decay: SM calculations; measurements

M(m — ev(7))

Modern theoretical calculations: Bl = — =
e r(ﬂ— — MV(’Y))calc

1.2352(5) x 107* Marciano and Sirlin, [PRL 71 (1993) 3629]
1.2354(2) x 10~*  Finkemeier, [PL B 387 (1996) 391]
1.2352 (1) x 10=* Cirigliano and Rosell, [PRL 99, 231801 (2007)]

Experiment, world average [current PDG]:

M7 — ev(7))

— = (1.230 +0.004) x 104
= () )
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The 7ep decay 7t ety

7 — ev decay: SM calculations; measurements

M(m — ev(7))

Modern theoretical calculations: Bl = — =
e r(ﬂ— — MV(’Y))calc

1.2352(5) x 107* Marciano and Sirlin, [PRL 71 (1993) 3629]
1.2354(2) x 10~*  Finkemeier, [PL B 387 (1996) 391]
1.2352 (1) x 10=* Cirigliano and Rosell, [PRL 99, 231801 (2007)]

Experiment, world average [current PDG]:

M7 — ev(7))

— = (1.230 +0.004) x 104
= () )

N.B.:

PEN, PiENu aim at: %B ~5x 1074

D. Potani¢ (UVa) 7, p decays PSI2010, 12 Oct '10 27 / 39



The mep decay SM calculations; mass limits

Te2 Decay and the SM
B(7e2) in SM dominated by (V — A) helicity suppression. Deviations

primarily due to PS int. terms. Most general 4-fermion 7e> amplitude:

\Gf'; | ([@07°u) (Per™23(1 = 7%)e) i,

+ foL (C_/’YSU) (17e75(1 - 75)6) } +r.h. v term

In the SM: £{ =1, while £z = 1 =0, with £ = e, p.

Strong helicity suppression amplifies sensitivity to f5;:

B — BM  AB 2m?
= = _fS ~|7700f5 |
BSM BSM me(my + mg) T-

Te2

Tgt accuracy of the PEN experiment, AB/B ~ 5 x 10~%, translates into
attractive mass limits:
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The mep decay SM calculations; mass limits

Example mass bounds from PEN goal accuracy

(a) Charged Higgs, my. [Shanker, NP B204 (82) 375]
Given a mixing angle suppression S ~ 1072, we get

fs ~ ST yielding  [muy > 6.9TeV].
My
(b) Pseudoscalar leptoquarks, mp
Given an estimated effective Yukawa coupling of y ~ 1/250, we can
find mp, mass of the color-triplet PS /-g:

V2 y? ..
fo ~ e 2ym§, yielding mp > 3.8TeV|.

(c) Vector leptoquarks, Mg
Following Shanker who assumes gauge coupling g =~ gsy2), we get:

. AM3, .
foL~ — yielding Mg > 630 TeV|.
MG
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MSSM calculations

The mep decay

150 200 300 500 700 1000
Min (me, mz,) (GeV)

0.005 T
0.002
minimal 2
= 0001
selectron, &
smuon E? 0.0005
masses:
0.0002
100
slepton §
=
mass de- %
=i
generacy:

0.1

RPV scenario constrain
D. Poéani¢ (UVa)

1 10

Mg, /Mg,
ts also discussed.

SUSY tests

lowest
mass
chargino:
Higgsino
mass
param. p
and my,:

7, p decays

(RPC) [Ramsey-Musolf et al., PR D76

[8RZEY]/ Reg
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PSI2010, 12 Oct '10

DA
30 / 39



The mep decay Lepton universality

Lepton universality (and neutrinos)

From
_ M evy)) _ g2 me (1= me/m,)°
Reln = T o () ~ g2 me (1= mjma e (4 ORern)
M(r—ep(n) g m (1-mz/m2)?
RT/TI' = F(m — pi(y )) 52mim7r (1— u/ ) (1 +6R7'/7r)

one can evaluate

(ge> — 1.0021 +0.0016 and (é”) — 1.0030 + 0.0034.
8u/r 8u/nr

For comparison

(ge> —0.999 +0.011 and (gT> — 1.029 + 0.014.
8u/w 8e/w

[Presently allowed level of LUV could account for “NuTeV anomaly.”]
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A

The mep decay Lepton universality

0.04
Loinaz et al.,
0.02
PRD 70 (2004)
113004
0.00
~0.02 Dgp =
2<&__>
8v
—0.04

eT
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PEN experiment: status and plans

trigger-weighted events / ns

The mep decay PEN experiment: status, plans

> Approved in 2006; development runs: 2007, '08; data runs '09, '10.

» Improved beam tracking (miniTPC) implemented in '09, '10 runs.

> > 20M 7ep's recorded = (6B/B)stat =~ 2 x 1074,

lllustration: decays in the target detector (2008 run):

top: muons

bottom:  positrons

MM 200
s

M “'”W“ouLnuu 4:; 150
m

ey 100

D. Potani¢ (UVa)

— Measurement

— mdecay curve

Pl b Y

(SR |

150 200
pion decay time [ns]

7, p decays

W

(B
t, -tz (ns)

N
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The mep decay

PEN experiment: status, plans

Waveform fitting in PEN
———T 1 65000

[Anthony Palladino]
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PEN: distinguishing 7

—e and m — pu — e decays (measurement)

The mep decay

10 aamacccs 0.005
0.0045
8f 0.004
A+ 0.0035
oF 0.003
— W sk 0.0025
N
c aF 0.002
o
= b 0.0015
. oF 0.001
a 0.0005
. i X
-
3 1 7 10 0
o
c 0.0016
I f
© 0.0014
= ok ]
4 0.0012
[a N &+ E
< 4 1 oo
— N
% of 4 Ho.0008
2F 8 0.0008
af E
0.0004
oF E
o 1" Ho.0002
§ . ; , o
7020 30 40 50 60 70
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PEN experiment: status, plans
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The mep decay PEN experiment: status, plans

PEN: distinguishing 7 — e and m — p — e decays (simulation)

0.005 0.002
sf 0.004 o 4B0.0016
7 0.0035 0.0014
ofF 0.003 0.0012
— W sf 0.0025 0.001
N
c aF 0.002 0.0008
o
= af 0.0015 0.0006
. of 0.001 0.0004
o 0.0002
. 3 0.0005 X
-
3 T 7 10 70 0
o
c 1 —— 0.0016 0.0016
el
@ 0.0014 0.0014
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The mep decay PiENu experiment

PiENu experiment (TRIUMF)
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Project started in 2006. Data taking currently under way.
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Summary

Status of allowed 7 and u decays

» A significant experimental effort is under way to make use of
the unparalleled theoretical precision in the weak
interactions of the lightest particles.

» Information obtained is complementary to expected collider
results, and necessary for their proper interpretation.

» Orders of magnitude improvement in precision has been
achieved; more lie in store.

» These projects are ideally suited to PSI (and TRIUMF).
» Modest scale of investment of resources required.
» Unique opportunity for scientific advancement.

» Great projects for graduate students and postdocs—full
range of professional training.
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