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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 7, 1 decays
The PIBETA & PEN experiments at PSI
The 77 — 7%e*v (7e3), pion beta decay
The 77 — etve (me2), electronic decay
The 77 — etvey (me2y), radiative decay
Radiative muon decay

Summary

-
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Discovery of the pion: Cecil Powell’s emulsion tracks 1947
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Discovery of the pion: Cecil Powell’s emulsion tracks 1947
~1mm
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Known and measured pion and muon decays

Decay BR

S TAY 0.9998770 (4) (m2)
purvy 2.00(25) x 1074 (Tu2y)
etv 1.230(4) x 10~* (7e2) v
et vy 7.39(5) x 10~/ (Te2y)
ety 1.036 (6) x 1078 (mes, ™3) V'
efrete 3.2(5) x107° (Tre2ee)

0 — yy 0.98798(32) v

ete ™y 1.198(32) x 1072 (Dalitz)
eTe"eTe™ 3.14(30) x 107°

ete” 6.2(5) x 1078
pt — efvw ~ 1.0 v (Michel)
etviry 0.014(4) Vv (RMD)

etvvete” 3.4(4)x107°
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The PIBETA/PEN apparatus

e TE1 beamline at PSI
e stopped 7 beam
e active target counter
e 240-detector, spherical
pure Csl calorimeter
e central tracking
e beam tracking I

PEN detector
2009-10

e digitized waveforms I " ﬂi-/” MWPGCH
e stable temp. /humidit n Tt+,g - mTPC
p./ Y tioeam  vacum |, nC F@M‘I’
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Pion beta (7r.3) decay:

lety,

I
BR ~ 108

A theoretically clean path to access CKM V4
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Te3 decay: quark-lepton (Cabibbo) universality
The basic weak-interaction V-A form (e.g., p decay):

M x (e|l*|ve) — tey*(1 — 75)uy
is replicated in hadronic weak decays
M x (p|h°‘|n> — ﬁp'yo‘(GV — GA’y5)un with G\/,A ~1.

Departure from Gy = 1 (CVC) comes from weak quark (Cabibbo) mixing:
G\/ = GH cos 9(:(: GHVud) [of0 1] 0(: ~ 0.97

3 q generations lead to the Viud Vus Vb
Cabibbo-Kobayashi-Maskawa (CKM) matrix (1973): | Vea Vs Veb
Via Vis Vw
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Te3 decay: quark-lepton (Cabibbo) universality

CKM unitarity cond.: AV? =1 — (|Vua|? + |Vus|? + [Vub|?) L 0,
stringently tests the SM. ‘Until 2004 appeared violated by ~ 30! ‘
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me3 decay rate in the SM (a pure vector 0~ — 0~ decay)

B  GE|V,4P00 AN
r—r0(1+6ﬂ-)—Wf(6,A) 1—M (1+57r);
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me3 decay rate in the SM (a pure vector 0~ — 0~ decay)

B G| V,4[PA° AN
F=To(l+0x) =73 3—f(A) 1‘% (14 0x),

where
me\ 2 1
A = my — my = 4.5936(5) MeV and €= < ) ~ —
while
2 (1-y1-
fle,A) =vV1—e <1— 26—462> +€Z|n (6>

A2

(my. + mo)?

~N | W

~ 0.941

and d; ~ 0.035 is the sum of radiative/loop corrections with ~ 0.05%
relative uncertainty.
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me3 decay rate in the SM (a pure vector 0~ — 0~ decay)

B G| V,4[PA° AN
r—r0(1+5w)—Wf(€,A) ].—m (1+57r)7

where
me\ 2 1
A = my — my = 4.5936(5) MeV and €= < ) ~ —
while
2 (1-y1-
fle,A) =vV1—e (1— 26—462> +€Z|n <6>

A2

(my. + mo)?

~ 0.941

~N | W

and d; ~ 0.035 is the sum of radiative/loop corrections with ~ 0.05%
relative uncertainty.

Prior to 2004, I and B measured with about 4 % precision.
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PIBETA results;

1999-2001 runs

+ +
4 2000l T - eV, ]
g —T1=26.23+0.12ns
3
2 '
& 1000 4
E .
z
(] = L ) n n T
0 20 40 60 80 100 120 140
(@) —t(AD) (ns)
r _) . - . - . -
» [ 7 ev + background DATA
] — Monte Carlo 3
3 3
s ]
E 3
€ = El
2 [ q
L n 1 n n n ]
0 150

 BOOOF ; Yy . —
I >ty 0=0.90 ns
5 6000 > y1y2 ]
; 4000F S/B>700 ]
€ 2000F ]
z2 B
-10 -5 o] 5 10
t(r1)-t(r2) (ns)
" T
E 2000 7' —>nle'v B
& 1500}  + DATA ]
k] — GEANT
5 1000 i
)
£ 500 ]
S
“ 0
0 50 100 150 200
E(7°) (MeV)
T T T T J
7000 N 0+ 3
” nomne'v 3
£ 6000 E
% 5000 |- ’Y1+Y2 ,;
é 4000 - —— simulation E
-é 3000 [~ * measurement ,f
S E
Z 2000 - E
1000 é
0, + L L L L E|
160 165 170 175 180

Opening angle 6y,y, (deg)

D. Poéani¢ (UVa)

Pion & muon decays:

I
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PIBETA result for 7" — 7% v (73) decay [PRL 93, 181803 (2004)]

Pion beta decay yield normalized to measured m — ev events:
B = [1.040 £ 0.004 (stat) £ 0.004 (syst)] x 10~%,

BIP® = [1.036 & 0.004 (stat) & 0.004 (syst) = 0.003 (me2)] x 10~%,

McFarlane et al. [PRD 1985]: B = (1.026 & 0.039) x 1078

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

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

PDG 2013: V4 = 0.97425(22)
PIBETA: Vg4 = 0.9748(25) or V,q = 0.9728(30).
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0.98

Current status
of Vudi

0.975

3
>70.97

Neutron 3 decay
results need to be
sorted out before
returning to mes.

—1
Tn

0.965 —

T T T T T T T T T T

ft(0* - 0") [Hardy09]
PIBETA [Pocanic04]

SRR

nitarity|
PDG 2012]

PKO1  DD-ME2
ft(0" ~ 0") [Liang09]

A [PERKEO Il 2013]

A [PDG 2012]

A [UCNA 2013]

-1.29 -1.28 -1.27 -1.26
A =g,/

oc | Vua|*lgv (1 + 3|A%)
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The electronic (7rey) decay:
nt — ety

BR ~ 10~*

Pion & muon decays: The ey decay 4 Sep '14 3

13/ 31



Tep decay: SM calculations, lepton universality

> Early evidence for V — A nature of weak interaction.

M(m—ev(y) g2 m?(1—mz/m;)?

T e

_ m o eny)) g me 2T Me/ M) s
= o) ~ gt (L gy (O ORern)

< _ Ir = er()

(= (7)) care
1.2352(5) x 10=* Marciano and Sirlin, [PRL 71 (1993) 3629]

1.2354(2) x 107* Finkemeier, [PL B 387 (1996) 391]
1.2352 (1) x 10=* Cirigliano and Rosell, [PRL 99 (2007) 231801]

» Modern SM calculations:
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Tep decay: SM calculations, lepton universality

> Early evidence for V — A nature of weak interaction.
~2.5x107°

»  T(r—ev(y)) gg@(lf m2/m?2)?
e/n — Mr — ui(y)) gT% 1- mi/mgr)z (1 +5Re/u)
_ Hm = ev(v))

- T(m = (V) care
1.2352(5) x 10=* Marciano and Sirlin, [PRL 71 (1993) 3629]

1.2354 (2) x 10~%/ Finkemeier, [PL B 387 (1996) 391]
1.2352 (1) x 1°* Cirigliano and Rosell, [PRL 99 (2007) 231801]

» Modern SM calculations:

> Strong SM helicity suppression amplifies sensitivity to PS terms
(“door” for New Physics) by factor 2m,./me(m, + my) = 8000.
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Tep decay: SM calculations, lepton universality

v

Early evidence for V — A nature of weak interaction.
~2.5x107°

»  T(r—ev(y)) gg@(lf m2/m?2)?
e/n — Mr — ui(y)) gT% 1- mi/mgr)z (1 +5Re/u)
_ Hm = ev(v))

- T(m = (V) care
1.2352(5) x 10=* Marciano and Sirlin, [PRL 71 (1993) 3629]

1.2354 (2) x 10~%/ Finkemeier, [PL B 387 (1996) 391]
1.2352 (1) x 1°* Cirigliano and Rosell, [PRL 99 (2007) 231801]

v

Modern SM calculations:

v

Strong SM helicity suppression amplifies sensitivity to PS terms
(“door” for New Physics) by factor 2m,./me(m, + my) = 8000.

> RZ;/ tests lepton universality: in SM e, p, 7 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.
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v

v

v

v

decay: SM calculations, lepton universality

Early evidence for V — A nature of weak interaction.
~2.5x107°

»  T(r—ev(y)) gg@(lf m2/m?2)?
e/p M(m — u(y)) B gTQL (1- mi/mgr)z (1 + 5Re/u)
_ Hm = ev(v))

- T(m = (V) care
1.2352(5) x 10=* Marciano and Sirlin, [PRL 71 (1993) 3629]

1.2354 (2) x 10~%/ Finkemeier, [PL B 387 (1996) 391]
1.2352((1)) 4 Cirigliano and Rosell, [PRL 99 (2007) 231801]

Modern SM calculations:

Strong SM helicity\suppression amplifies sensitivity to PS terms
(“door” for New Phydcs) by factor 2m,./me(m, + my) = 8000.

RT, . tests lepton universality: in SM e, w T differ t?y Higgs couplings only;
there could also be new S\or PS bosons with non-universal couplings
(New Physics); repercussion¥ also in the neutrino sector.

Experimental world average is less accurate than SM calculations!
[1.230(4) x 1074]
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v

v

v

v

decay: SM calculations, lepton universality

Early evidence for V — A nature of weak interaction.
~2.5x107°

»  T(r—ev(y)) gg@(lf m2/m?2)?
e/n — Mr — ui(y)) gT% 1- mi/mgr)z (1 +5Re/u)
_ Hm = ev(v))

- T(m = (V) care
1.2352(5) x 10=* Marciano and Sirlin, [PRL 71 (1993) 3629]

1.2354 (2) x 10~%/ Finkemeier, [PL B 387 (1996) 391]
1.2352@ 4 Cirigliano and Rosell, [PRL 99 (2007) 231801]

Modern SM calculations:

Strong SM helicity\suppression amplifies sensitivity to PS terms
(“door” for New Phydcs) by factor 2m,./me(m, + my) = 8000.

RT, . tests lepton universality: in SM e, w T differ t?y Higgs couplings only;
there could also be new S\or PS bosons with non-universal couplings
(New Physics); repercussion¥ also in the neutrino sector.

Experimental world average is less accurate than SM calculations!
[1.230(4) x 1074] WHY SHOULD WE CARE?
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Reach of ey decay beyond the SM (New Physics)

™ _
Lnp = {iwuvad + — 2/\2 U’}/a’}/sd:| ey (1 — vs)v

+ |: 2/\2 —bud £ — u’y5d:| (1 - ’}/5)1/, (A; ...scale of NP)

2/\2
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Reach of ey decay beyond the SM (New Physics)

™ _
Lnp = |::t2/\2u7adi U’Va'75d} ey (1 —s)v

2/\2

+ [ 2/\2 od £ 2/\2 U’Y5d:| (1 — ’}/5)11, (A; ...scale of NP)

CKM unitarity and superallowed Fermi nuclear decays currently limit:

ANy > 20TeV, and Ns > 10TeV.
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Reach of ey decay beyond the SM (New Physics)

™ _
Lnp = |::t2/\2u7adi U’Va'75d} ey (1 —s)v

2A2
+ [ 2/\2 od £ 2/\2 U’Y5d:| (1 — ’}/5)11, (A; ...scale of NP)
CKM unitarity and superallowed Fermi nuclear decays currently limit:

ANy > 20TeV, and Ns > 10TeV.

At AR;T/M/ T 073, mep decay is directly sensitive to:

[Ap <1000TeV|  and Aa < 20TeV|,
and indirectly, through loop effects to |As < 60 TeV|.
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Reach of ey decay beyond the SM (New Physics)

™ _
Lnp = |::l:2/\2u7ad + U’Va'75d} ey (1 —s)v

2A2
+ [ 2/\2 od £ 2/\2 U’Y5d:| (1 — ’}/5)11, (A; ...scale of NP)
CKM unitarity and superallowed Fermi nuclear decays currently limit:

ANy > 20TeV, and Ns > 10TeV.

At AR;T/M/ T 073, mep decay is directly sensitive to:

[Ap <1000TeV|  and Aa < 20TeV|,
and indirectly, through loop effects to |As < 60 TeV|.

In general multi-Higgs models with charged-Higgs couplings

Aev = Ay = Ary, at 0.1 % precision, R, e/, probes ’ my+ < 400 GeV‘
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MSSM calculations (R parity cons.) [Ramsey-Musolf et al., PR D76 (2007) 095017]

0.005 T T T T T 0.005 T T T T T
CURRENT]| UL (90% c.l.) CURRENT|UL (90% c.I")
0.002 - e 0.002 b
.« . = =
minimal o:? 0001 lowest 2 oo
selectron, & mass E.
smuon %0 0.0005 . %" 0.0005
- chargino: =
masses:
0.0002 0.0002
100 150 200 300 500 700 1000 100 150 200 300 500 700 1000
Min (ms,, mz,) (GeV) my, (GeV)
0.005 T T 5 T
CURRENT |UL (90% c.l. 1000
700
KX H H 500
5 Higgsino _
slepton = &g g
5 mass € 0
mass de- # ) =
E] param'’s.
generacy: . 200
My My, - 150
100
01 ! 10 100 150 200 300 500 700
Mey /Mg, mg (GeV)

(R parity violating scenario constraints also discussed.)
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The PEN/PIBETA apparatus

PEN detector

e stopped T beam 2009-10

e active target counter
e 240-detector, spherical
pure Csl calorimeter
e central tracking
e beam tracking |

e digitized waveforms I e ]
o stable temp./humidity ! s =5 mwecCt

-_— -
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PEN Goal: AR;T/“

/RT, ~ 0.05%

e/p

PEN runs: 2008-2010
> 22M ™ — e, and
> 200M m — p — e recorded.



Highlights and challenges of PEN analysis (under way)

Active target waveforms: separating the decay particle pulses!

Early pion decay (extremely common) Early muon decay (still annoying)
30000
F ~—— TGT waveform L —— TGT waveform
25000: — TGT waveform filtered r — TGT waveform filtered
C ——— TGT waveform, pion and e+ prediction r ——— TGT waveform, pion and e+ prediction
F — TGT waveform, found muon 20 |- ~— TGT waveform, found muon
200007 [
r 15000
15000 E \
L K 10000~ HML‘L
10000[- \ r &
5000 5 ﬂJ
L hkmﬂ A g e s,
= ) —
op=fg £ S R R .
S RN LS =0 500 o0 700
target waveform bin target waveform bin

» m and eT pulse time and amplitude predicted from other detector systems (mTPC,
MWPCs, PH)!

» Waveform system functions evaluated based on prompt hadronic events.

» Hypotheses with/without a p pulse evaluated.
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PEN: agreement with predictions (2010 data analysis)

10° 4

104

T~

T=26.03 ns, 0.5 ns smeared \bfu

Tt ev distribution folded with p decaytime

10° demmiisis

104

events per 0.5 ns

104

Tt [ - e, probability of extra p below 2.5%

0 50 100 150 200

observed/predicted Tt ev events

. 1 e N Wity lUA\P') \JU\ 'ﬁhﬁ&“lﬂh}w {"WU L ‘lel J—JVTLJ—

1 1]

5
.

ot Ij's'éf\'iédlbféd‘f:'fé'd Tio e events:
1.02 4
N JHW i o et llﬂMﬂ “..JIML. A g ol ptadh o Koy 1dsa
Tl AApm oy e IR i
0.98
0 50 100 150 200
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Can PIBETA say anything on the 7, BR?
YES!

-
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Can PIBETA say anything on the 7, BR?
YES!

We fix V4 to the extraordinarily precise PDG 2013 recommended value

Vg = 0.97425 + 0.00022

and adjust Rg/u until the extracted value of V:f agrees. This exercise yields

(RZ),)""®FTA = (1.2366 + 0.0064) x 10*

i

[recall (Rg/N)SM = 1.2352(1) x 1074
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Can PIBETA say anything on the 7, BR?
YES!

We fix V4 to the extraordinarily precise PDG 2013 recommended value
V,d = 0.97425 + 0.00022

and adjust Rg/u until the extracted value of V:dﬁ agrees. This exercise yields

(RZ),)7"®FTA = (1.2366 + 0.0064) x 10*

[recall (Rg/M)SM = 1.2352(1) x 1074

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

(RT),)"e '8 = (1.2317 £ 0.0031) x 10~*.

-
BIE  D. Potani¢ (UVa) Pion & muon decays: The ey decay 4 Sep '14 3 20/ 31



PiENu experiment at TRIUMF

Cslring

x " > Goal: AB/B ~0.001
Ly v > Excellent E resolution

wer > Very precise tracking with

vij Si-strip detectors and
n*—» Nal (TI) MWPCS

wer 72 Data taking completed in
2012

Bl > O(10") ey events
collected

I_
v

B1 5151 S3 v3

Cslring

» analysis under way
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Radiative electronic (7e2~) decay:
7t — ety

BRon-ig ~ 10~7

-
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Physics of
7t — eTvy (RPD):

QED IB terms:
and SD V, A terms:
r.. & AN
\ A
v v
T, F; ¥ e
A tensor interaction, - Exchange of S=0 leptoquarks
too? S
T P Herczeg, PRD 49 (1994) 247
v

-_ Q
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The m — ev~y amplitude and FF's
The IB amplitude (QED uninteresting!):

GrV, k v
Mg = —iS=F “dﬁrmee”*é(k“—p“%-awq > X (L=s)v.
q

V2 pq  2kq

The structure-dependent amplitude (interesting!):

Msp = ey (1 —v5)v x [Fvéuworp’q" + iFa(guwpPq — pPvqu)] -
V2
The SM branching ratio (x = 2E,/my; y = 2E./my),
dMre2y m2 \°
——r.{IB T
dxdy Tor 62{ () + <2f7rme
X[(FV+FA)2SD+(X7y)+(FV_FA)ZSD_(Xay)]
7 [Py + Fa) St (o) + (Fy — Fa) S ()]

-_ Q
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PIBETA results for m — ev~y

Best values of pion Form Factor Parameters:

sob 7 Combined analysis of 1999-01 and
; ¥ Contours | 2004 data sets
140 AW 1 [Bychkov et al., PRL 103, 051802 (2009)]
<r9 130 0028 [
i
§ 120 |
o L h 0027 -
E I : g
2 110 § f-‘é
!:: [ \ é 0026 -
100 ! ) g
F=255(3) x 107X} >
90 = oos - slope =0.10£0.06 [PIBETA, 2009] 4
[ \ Res-%PT calculation [Mateu & Portoles, 2007] :
80 |- 0024 |5, | | | I [~
i SR TR L TR Ll TRV Ll TR | 0 0.1 02 03 04 05
220 230 240 250 260 270 280 290

Fy; Form Factor x 104
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Summary of PIBETA results on m — er~y [PRL 103, 051802 (2009)]

Fy = 0.0258 + 0.0017 (8x)
Fa = 0.0119 £ 0.0001%%, (16x)
a=0.10 4 0.06 (q? dep of Fy) (c0)
—52x107* < Fr < 4.0 x 107* 90% C.L.

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

- ~
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Summary of PIBETA results on m — er~y [PRL 103, 051802 (2009)]

Fy = 0.0258 + 0.0017 (8x)
Fa = 0.0119 £ 0.0001%%, (16x)
a=0.10 4 0.06 (q? dep of Fy) (c0)
—52x107* < Fr < 4.0 x 107* 90% C.L.

E, > 10 MeV, 6., > 40°) = 73.86(54) x 108 (17x
Y

7792'7

Above results will be improved with the new PEN data analysis.
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Summary of PIBETA results on m — er~y [PRL 103, 051802 (2009)]

Fy = 0.0258 & 0.0017 (8)
Fa = 0.0119 & 0.00015%,, (16x)
a=0.10 4 0.06 (q? dep of Fy) (c0)
—52x107* < Fr < 4.0 x 107* 90% C.L.

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

Above results will be improved with the new PEN data analysis.
At L.O. (lo + ho), Fa, Fy are related to pion polarizability and 7 lifetime
okl = —pLO = (2.783 £ 0.023p) x 1074 fm3

current PDG avg: 8.52(12)

70 = (85+1.1) x 107Ys {
PrimEx PRL '10: 8.32(23)

-
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Radiative muon decay:
pt — etvw,y
BR ~ 1073 for energetic 4's

» Sensitive to admixtures beyond V — A
» Limiting factor in ;4 — ey LFV searches
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Radiative muon decay, u* — etviry, (new analysis of 2004 data)
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Pion & muon decays:
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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. X 1073,

Bsm= 4.342 (5)statmc x 1072 (for E;, > 10MeV, e, > 30°)

-
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RMD preliminary results, cont'd.

Preliminary result for RMD branching ratio (thesis E. Munyangabe):
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NB: preliminary results!

Pion & muon decays:

Bexp= 4.365 (9)stat. (42)syst. x 1073,

Bsm= 4.342 (5)stat-mc x 1073

(for Ey > 10 MeV, 6, > 30°)

Analysis of PS subset:
13MeV < E, < 45MeV, and
10MeV < E.+ < 43 MeV, yields

T_]: 0.006 (17)stat. (18)syst.7 or
77< 0.028  (68%CL).

better than best previous

experiment (Eichenberger et al, 84).
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Study of allowed 7 and p decays in PEN

v

D

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.

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

Improvements in precision for
& T — el,
o m—evy (Fy, F¥), and
® L — evry.

to be achieved in the near future.

Decision on future measurement of 7+ — 7% will await results of
current neutron beta decay experiments.
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