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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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Pions, muons, symmetries and conservation laws

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

Pion triplet (w*, 7%, 77), are the Goldstone bosons in the
spontaneous breaking of Chiral Symmetry;

Explicit breaking of xS: mfr o< mq (Gell-Mann—Oakes—Renner rel.);
Conserved Vector Current: <= SU(2)y;

Why is the beta energy spectrum in ;. — e decay continuous?
and many other questions ... => Lepton Flavor Conservation, ...
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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 electronic (7rey) decay:
nt — ety

BR ~ 10~*
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Tep decay: SM calculations, lepton universality

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

o) o
oo = p(y))  gnmy (1= m7/m2)?

M(r— ev
» Modern SM calculations: e”/“ = M =
™ — UV\7Y)) caLc

1.2352(5) x 100* 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 (2007) 231801]
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Tep decay: SM calculations, lepton universality

» Early evidence for V — A nature of weak interaction.
~25x107°

. T(r o ep(y)) _ g2[md)(1— m2/m)?
I T (7))~ g2l (1 — m jm2)2

Mm — ev(y)) B

M(m — uo(7)) care

1.2352(5) x 107* Mlarciano and Sirlin, [PRL 71 (1993) 3629]
1.2354(2) x 103%” Finkemeier, [PL B 387 (1996) 391]

1.2352(1) x 0=* Cirigliano and Rosell, [PRL 99 (2007) 231801]

(1 + (5Re/#)

» Modern SM calculations: 7, =

> 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.
~25x107°

. T(r o ep(y)) _ g2[md)(1— m2/m)?
I T (7))~ g2l (1 — m jm2)2

o/ Tm—ev(y))  _

T = (7)) cae

1.2352(5) x 107* Mlarciano and Sirlin, [PRL 71 (1993) 3629]
1.2354(2) x 105%” Finkemeier, [PL B 387 (1996) 391]

1.2352(1) x 0=* Cirigliano and Rosell, [PRL 99 (2007) 231801]

(1 + (5Re/#)

Modern SM calculations:

v

v

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

> R;’/ 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).
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Tep decay: experiments
Experimental world average is less accurate than SM calculations:
Mm — ev(7))

ICEyo) 1.230(4) x 107%  [1.2352(1) x 107%]

SM calc
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Tep decay: experiments

Experimental world average is less accurate than SM calculations:
Mm — ev(7))

UL =1.230(4) x 1074 [1.2352(1) x 107*
M(m — u(7)) exp [ Jsw e

Most recent and relevant experiments for world average:

TRIUMF — TINA (Nal det) Bern — PSI (BGO array)
) ! 7T+ S
Wire Chambers

TINA | ]] V1
(Nal) D .
.
- D [ lL‘;
e, N B1 \ '
B >
N\ /,\\\3 7
[ Rl \Torget o
1{j Assembly
00 :
I —
— T~
, 117273

Britton et al, PRL 68 (1992) 3000

Czapek et al, 1993 PRL 70 (1993) 17
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Tep decay: experiments

Experimental world average is less accurate than SM calculations:
Mm — ev(7))

UL =1.230(4) x 1074 [1.2352(1) x 107*
M(m — u(7)) exp [ Jsw e

Most recent and relevant experiments for world average:

TRIUMF — TINA (Nal det) Bern — PSI (BGO array)

. =\
Wire Chambers

TINA ||| Vi
(Nal) DD N
\
+ | 1"‘:
eI N B1 ) /
B 2
N\ /,\\3 7
[ Rl \Torget o
| E_j Assembly
il
L = —
— I~
4 T1,72,73

Britton et al, PRL 68 (1992) 3000

Czapek et al, 1993 PRL 70 (1993) 17
Why should we improve the current 0.4% result?
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Reach of ey decay beyond the SM (New Physics)

™ _
Lnp = {iwuvad + — 2/\2 U’}/a’75d:| ey (1 — vs)v

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

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

™ _
Lnp = |::l:2/\2u7ad + 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 = |::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|.
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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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Lepton universality (and neutrinos)

_ 2 21— m2/m2)2
Re//t = —(Tr - eg(’}l)) = &%4( me/m‘u) (1 + 5Re/ )
F(r— po(y)) g2 m2(1—m2/m2)2 :

(
_r—eny) g m (1 my/m2)
R = )) g2 2m2 (1_m2/ ) (1+5R7/ﬂ)

lead to these limits:

<ge> —1.0021 4+ 0.0016 and <g7> — 1.0030 & 0.0034.
8u/r 8u/rr

For comparison

(ge> —0.999 +0.011 and <gT> — 1.020 + 0.014.
8u/w Ee Jw

[Presently allowed level of LUV could account for “NuTeV anomaly.”]
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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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The PEN/PIBETA apparatus

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 separating m — e and m — 1 — e events

< 4 10°
ﬁ 10*
=)
> 104
% 3T 10*
c
(5}
E’) 103
D 214 102
[
8
S ¥
= 2. 4
=g 0 10° : : :
8 %E,.ssorwev.nso-zoms
0 1 10 /| =E. 260MeV, 1<20ns H :
15 20 g -2 -2 1.5 1 05 0 0.5
positron target pathlength [mm] AXP)
03
- 0.2
I 0.1
lnnonll ool aicnlloaon 0.0

200~

Time between pion and positron (ns)
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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

decay time [ns]

'ﬂl‘! D. Poéani¢ (UVa) Rare pi & mu decays: The 7o decay 11 Aug '14 gt‘ 15/ 29



Key PEN systematic: low E “tail” response

background subtracted background subtracted
----- error 2.2 - 5.0 ===== grror 2.2 - 5.0
error 0.0- 0.9 error 0.0 - 0.9

ie simulation 2008 = « pie simulation 2008

4004 H H H

3504

10°4
300+

250

102
200

150

105 100

50

- i R A I
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
total energy [MeV] total energy [MeV]
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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
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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 ()]
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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 7
"
§ 120 |
o L h 0027 -
E I : g
S 110 + 55
PR ? \ g
u‘ H 0026
100 : ) g
F=255(3) x 107X} >
90 B oos - slope =0.10£0.06 [PIBETA, 2009] -
[ \ Res-¢PT calculation [Mateu & Portoles, 2007] :
80 [ 0024 |, | | | | [
i SR TR TR L L TRV Ll L d 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)]

Fv = 0.0258 + 0.0017 (8x)
Fa = 0.0119 £ 0. OOOIeECVC) (16x)
a=0.10 4 0.06 (q? dep of Fy) (c0)
—52x107* < Fr < 4.0 x 104 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.
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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Pion beta (7r.3) decay:

at — 70

etu,
BR ~ 108

Theoretically the cleanest path to access CKM V4

-
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098 ———

Current status (0" - 0°) [Hardy09]
O'F Vud L PIBETA [P

0.975

KM unitarity|
PDG 2012]

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

3
>7097 -

»
N4
5

0.965 —

Neutron 3 decay
results need to be
sorted out before

-1.28 ‘ . -1.26

returning to me3. - A= g0,
7ot o | Vial*lgv (1 + 3141

A [PDG 2012]

A [UCNA 2013]
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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

Rare pi & mu decays: Radiative muon decay 11 Aug '14 (it‘
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Radiative muon decay, u* — etviry, (new analysis of 2004 data)

Csl Time Coincidence

10°
¢
S1200f ]
3
2
£1000f E
g
800~ ]
600~ ]
400 ]
200 ]
=10 8 6 -2 0 2 4 6
M= 8 3 9
s0000f" SErE
cut B visio evens

50000~

40000

30000~

20000~

10000~

Rt
L
S
i %\m&\\m&%\\ b

D. Potani¢ (UVa)

% Signal MC + Misid. events

m  DATA(measured)

45 0 5
Photon Energy [MeV]

"Split clumps” very

Rare pi & mu decays:

60

40

20

40000

35000

30000

25000

20000

15000

10000

5000!

‘1 08 -06 04 02 0 0v2 04 06 08

S Signal MC + Misid. events

B DATA(measured)

B swavc
B e

K Signal MC + Misid. svents

= DATA(easured)

aa::&t:m !
e
uEEE L U
:&&:&&&:&w&&
\mx\mw%xxmx\%\xx\m

45 50 B
Positron Energy [MeV]

well accounted for!

Radiative muon decay
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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):

> 18]

16,

14,

1

I = 0.006 + 0.017|

10,

\ [ X?/NDF = 0.8 |

8

6

4

N

>~

-0.08 -0.06 -0.04 -0.02 0 0.02

-
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NB: preliminary results!

Rare pi & mu 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

» 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

o T —ev,
o m—evy (Fy, F%'), and
® /L — evry.
to be achieved in the near future.

-
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Current and former PIBETA and PEN collaborators
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Home pages: http://pibeta.phys.virginia.edu
http://pen.phys.virginia.edu
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Available data on pion form factors

cvc 1 2h
[Fu| = =/ ——— = 0.0255(3) .
o\ TTomy
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Available data on pion form factors

cvc 1 2h
Fy| = =4/ = 0.0255(3) .
o\ TTomy

Fa x 10% reference

106 £+ 60 Bolotov et al. (1990)
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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Available data on pion form factors

cvc 1 2h
Fy| = =4/ = 0.0255(3) .
o\ TTomy

Fa x 104 reference note

106 £+ 60 Bolotov et al. (1990) (Fr = —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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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

(RT;,)P'BETA = (1.2366 + 0.0064) x 10*

e/

i

[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~*.
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What to do with Michel parameters?

For 11 — ev,vey: (X —

d3B(Xay76) _ 4
=1 f; 1—-p)f:
dx dy 27 d(cos ) 1(x,,0) + 71f(x,y,0) + (1 = 3p)fa(x.y,0)
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What to do with Michel parameters?

For 11 — ev,vey:

(X: EEE and y = E )

Ema)(
d*B(x,y,0) 4
v ) = f 9 _f 0 1 _ f_— 9
dXdyZWd(cosﬁ) 1(X7y7 )—1—"’]2(X,y, )+( 3p) 3(X,y, )
3 3 . i 3
p=7 Z[\gﬁelurIgRVL|2+2\g&|2+2|g,5‘2+3%(g,§Lg,5 +gL5RgLTR)] sm 2

_ 1
7= (Iehl” + letnl”) + 5 (letn + 280l + lgi + 21" ) +2 (ledel + ek
M

= 0.

(92}

Y
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What to do with Michel parameters?

For pn — ev,e: (x _ EEe and y — EEAI, )
d*B(x,y,0) 4
v ) = f 9 _f 0 1 _ f 9
dXdy27Td(cosé?) 1(X7y7 )+’r]2(Xa}/7 )"’( 3p) 3(X,y, )

AW
ENJ o)
%]
iz

p=3 = 5 |lglRl + gkl + 2elkl + 20l + R(eRied + giveir)]

W

) 1
7= (Igf‘e/L\Q + Igﬁ?|2) +3 (Ing +2g/r* + lgr + 2g§L|2) +2 (|gl_TR|2 + IgRTLI2)

2 9.

Combined with 7, 9, p, parameters of OMD (TWIST), a global fit will
yield model-independent limits on non—(V — A) couplings.
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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 Vid Vus Vb
Cabibbo-Kobayashi-Maskawa (CKM) matrix (1973): | Vea Vs Veb
Via Vis Vw

CKM unitarity cond.: AV? =1 — (|Vua|? + |Vus|? + [Vub|?) <z 0,
stringently tests the SM. ‘Until 2004 appeared violated by ~ 30! ‘
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Te3 decay rate in the SM

B G| V.4[?A° AN
F=To(l+6x)=—7 53— fleA){1-5 — | (1+0x),

where
me\ 2 1
A = my — my = 4.5936(5) MeV and €= (—) ~
while

o) =V (1 2 1)+ S (25)

A2
— 0.941
(my + mo)

~N | W

and d, ~ 0.035 is the sum of radiative/loop corrections with ~ 0.05%
uncertainty.
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Te3 decay rate in the SM

B G| V.4[?A° AN
F=To(l+6x)=—7 53— fleA){1-5 — | (1+0x),

where
me\ 2 1
A = my — my = 4.5936(5) MeV and €= ( ) ~ —

while

o8 =T (1 et} + S (L/E50)

A2
— 0.941
(my + mo)

~N | W

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

Pion beta decay provides the theoretically cleanest access to V4.
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Te3 decay: experimental studies

1967 CERN: AB/B ~ 10%
[Depommier etal NP B4 (68) 189]

U
+>

==

|

1984 LAMPF: AB/B ~ 4%
[McFarlane etal PRD 32 (85) 547] =

1999-2001 PIBETA at PSI (below)
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PIBETA results; 1999-2001 runs

» B00OF ™ T T T — @ T T T AN N N T T
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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 2012: Vg = 0.97425(22)
PIBETA: Vg4 = 0.9748(25) or V,q = 0.9728(30).
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