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Known and Measured Pion and Muon Decays (PDG 2004)

Decay BR
nt — utv 0.9998770 (4) (7 2)
ptuoy 2.00 (25) x 10—4 (7 2+)
etv 1.230 (4) x 10— (Tre2) v
etvy 1.61 (23) x 10~7 (Te2+) v
mletv 1.025 (34) x 1078 (Te3, T3) vV
etrvete~ 3.2(5) x107°? (TTe2ee)
w0 — Ay 0.98798 (32) pt — etvi ~ 1.0
ete”y  1.198 (32) x 102 etvy  0.014 (4)
ete"eTe™ 3.14(30) x 1075 etvvete™ 3.4(4) x 10~°

ete™ 6.2 (5) x 10~8



The PIBETA program of measurements
Perform precision checks of Standard Model and QCD predictions:

- 7wt — 7% T v, — main goal
o SM checks related to CKM unitarity
- T — etv.y(orete™)
o Fa/Fy, m polarizability (xPT prediction)
o tensor coupling besides V- — A (7)
- puT — eTver,y(orete™)
o departures from V — A in Lyeak

2nd phase:

- T — eTv, — The PEN experiment
o e-p universality
o pseudoscalar coupling besides V. — A

o neutrino sector anomalies, Majoron searches, mp4, PS l-g's, V l-q’s, ...



Quark-Lepton (Cabibbo) Universality

The basic weak-interaction V-A form (e.g., p decay):
M o (e|l*|ve) — e (1 — v5)us

persists in hadronic weak decays

M x (p|h¥|n) — tp,7*(Gv — Ga7ys)un with Gyva~1.

Departure from Gy = 1 (plain CVC) comes from weak quark mixing
(Cabibbo 1963): Gy = G, cosOc(= G Vyuda) cosBOc =~ 0.97

3 q generations lead to the CKM Vi, V. Ve
matrix (Kobayashi, Maskawa 1973):
‘/—cd Vcs Vcb
Via Vis Vib

CKM unitarity cond.: |Via|? + |Vis|® + |Vup|? = 1, can test the SM.



STATUS OF CKM UNITARITY (PDG 2002 + before)

o |Vus| = 0.2196 (26) from K3 decays.
o |Vus| = 0.0036 (7) from B decays.

0 |Vual| from superallowed Fermi nuclear 3 decays

1990 Hardy reconciled Ormand & Brown's and Towner's ft values:
(Vad|? + |Vaus|? + |Vaus|? = 0.9962 (16), or 1 — 2.40.
o |Vua| from neutron 3 decay (many results; currently incompatible)

S [ Vuil? = 0.9917 (28), or 1 — 3.00. [PERKEO 11 (2002)]

0 |Vayal| from pion 3 decay = PIBETA expt—discussed below.

2004: V, s revised upward; CKM unitarity discrepancy removed!




The Pion Beta Decay:

7t — mO%e*Try: B ~1x 108  pure vector trans.: 0~ — 0.

Theoretical decay rate at tree level:

1 G%|Vual?

TO 3073 ( B 2M_|_

3
) A5f(€7 A)
= 0.40692 (22)|V,q|? (s71) .

1 1
With radiative and loop corrections: — = — (1 4+ §) , so that the
T TO

branching ratio becomes:

B(n3) = %(1 +6) = 1.0593 (6) x 10~3(1 + &)|Vial? .



Recent calculations of pion beta decay radiative corrections

(1) In the light-front quark model
W. Jaus, Phys. Rev. D 63 (2001) 0530009.
o full RC for pion beta decay: 6 = (3.230 = 0.002) x 102,
(2) In chiral perturbation theory
Cirigliano, Knecht, Neufeld and Pichl, Eur. Phys. J. C 27 (2003) 255.
o xPT with e-m terms up to O(e?p?)
o theoretical uncertainty of 5 X 10~ % in extracting |V,q| from me3.

(3) Marciano and Sirlin recently further reduced theoretical uncert’s in all beta
decays [hep-ph/0519099, PRL 96,032002 (2006)].



Experimental accuracy of the pion beta decay rate

Best result until recently: [McFarlane et al., PRD 32 (1985) 547.]

B(nt — wleTr) = (1.026 £ 0.039) x 1078, (i.e,, ~ 4 %)

Accuracy: < 1% check CVC and rad. corrections
~ 0.5% add to SAF & ng input to V4
< 0.3% check for failure of CKM unitarity:
o 40 generation coupling
O Mz
o A of compositeness
o SUSY viol. of g-l universality

o signal of a smaller Gg (v osc.)
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The PIBETA Experiment:

o stopped w1 beam

o segmented active tgt.
o 240-det. Csl(p) calo.
o central tracking

o digitized PMT signals
o stable temp./humidity
o cosmic u antihouse
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PIBETA Detector on Platform (1998)




Pion beta decay: m™ — w'etv

Results, runs 1999-2001
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Summary of the main 73 uncertainties

Type Quantity Value Uncertainty (%)
external: 7T lifetime 26.033 ns 0.02
exp
ROP 0.9880  0.03
RTYD 1.230 x 1074 0.33 0.33
internal: NoY (syst.) 6.779 x 103 0.19
Alg /Amz 0.9432 0.12
0 ) fre2 1.130 0.26
3 aCC|d. bgd. 0.00 < 0.1
fcpp correction 0.9951 0.10
fpn correction 0.9980 0.10 0.38

statistical: Nrp 64 047 0.395
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T — eV decay: SM predictions and measurements

Marciano and Sirlin, [PRL 71 (1993) 3629]:

['(m — ev(v))
L(m — p(Y)) calc

= (1.2352 £ 0.0005) x 10~*

Decker and Finkemeier, [NP B 438 (1995) 17]:

I'(m — ev(v))
I‘(ﬂ- — “17(7))calc

= (1.2356 £ 0.0001) x 10~ *

Experiment, world average (PDG 2004):

I'(m — ev(v))

— = (1.230 £ 0.004) x 10~ 4
L(m — p(Y)) exp
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PIBETA Current Result for wg Decay [PRL 93, 181803 (2004)]

B} = [1.040 £ 0.004 (stat) £ 0.004 (syst)] x 10~°,

B = [1.03640.004 (stat)40.004 (syst)0.003 (7e2)] x107°,

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

SM Prediction (PDG, 2006):
B = 1.038 —1.041 x 10~ (90% C.L.)

(1.005 — 1.007 x 10~%  excl. rad. corr.)

PDG 2006: V4 = 0.9738(3)
PIBETA current: V4 = 0.9748(25) or V,q = 0.9728(30).



Radiative pion decay: m — ev~y
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Tt — eTry:

Standard I B and
V — A terms

A tensor

interaction, too?

22
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Exchange of S=0 leptoquarks

P Herczeg, PRD 49 (1994) 247
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The m — ev~y amplitude and FF's
The IB amplitude (QED):

eCTYF Vud ( ku Du O v qu )
Mg = —1 ~meel*e | — — + X (1 —~5) v
vz e kg pq  2kq ( )
The structure-dependent amplitude:
eGrVud Uk — o .
— e’ ey (1—v5)v X [Fve€unorP’q" + iFA(guPq — Puqu)] -

M —
SD /2
The SM branching ratio (v = Fa/Fv; € = 2E,/mz; y = 2E./m, )

2

dl . Q Fym?2
ekl =—rm2{IB (z,y) + ( )
dedy 27w 2fxme

x [(1+7)°SD" (z,y) + (1 —7)*SD™ (z,y) |

+ (F‘}:nw> (A +7) S (@9) + (1= ) S (:9)] -




AVAILABLE DATA on Pion Form Factors

cve 1 2h
|Fy| & = — 0.0259(9) .
(81 TT 0N

Fa x 104 reference note
106 & 60 Bolotov et al. (1990)
135 1+ 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

cve 1 2h
Fy| & = — 0.0259(9) .

(81 TT 0N
Fa x 104 reference note
106 & 60 Bolotov et al. (1990) (Fr = —56 £ 17)
135 1+ 16 Bay et al. (1986)

60 + 30 Piilonen et al. (1986)

110 £ 30 Stetz et al. (1979)

116 =16  world average (PDG 2004)




7T — eTvy (S5/B)
1999-2001 data set
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rt — e"‘u'y
1999-2001 data set
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Results of the SM fit
[Phys. Rev. Lett. 93, 181804 (2004)]

Best-fit m — ewv~y branching ratios obtained with:
Fy = 0.0259 (fixed) and F)4 = 0.0115(4) (fit)
x?/d.of. = 25.4.

Radiative corrections are included in the calculations.

E™"  ET" 6T B, Bie  no. of
(MeV) (MeV) (x1078) (x107%) events
50 50 —  2.71(5) 2.583(1) 30.6k
10 50  40° 11.6(3) 14.34(1) 5.2k

50 10  40° 39.1(13) 37.83(1) 5.7k
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m — etvy (S/B) 2004
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Analysis of 2004 data
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[M. Bychkov, PhD thesis, Aug 2005]
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Analysis of 2004 data, 8 regions

Number of events

400

300

200

100

200

0.5

400

200

2 ¢

0.5 1

\\\\‘\\\\‘\\\\‘\\O\\\\‘H\\‘\H\‘\\H‘H\

0.75 1

300

200

100

[ERN

\l

400

200

0 0.25 0.5

05

A=(2E/m)sin“(O,, /2)

400

200

400

300

200

100

[M. Bychkov, PhD thesis, Aug '05]

,‘ [ [ [ ‘ ]
0
T R 4] T
— 8 —
3 5
- 6
3 E
:\ | | ‘ | | | | ‘ \:
0.5 1
x=2(E,/m;)

31



Combined analysis of the 99-01 and 2004 data sets
[M. Bychkov, April 2007]

EM"  ETM 9T B, Bue  no. of

(MeV) (MeV) (x1078) (x1078) events
o0 o0 — 2.614(21) 2.599 36 k
10 o0 40° 14.46(22) 14.45 16 k
50 10 40° 37.69(46) 37.49 13 k

Obtained with best-values for Fy, Fy/, and a (see below), where:
Fa(q®) = F4(0), Fy(q®) = Fy(0)(1+a-q*) and

q*(ev) =1 — 2E./m, [Bijnens+Talavera ('97), Geng+Ho ('04)]

Alternatively, we evaluate the overall branching ratio for
E, > 10MeV, 0.y > 40° :

B> = 73.86(54) X 1078 and B'™ =74.11 x 10~8
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Best values of Pion Form Factor Parameters
[M. Bychkov, Apr. '07]

Resolving the quadratic sign ambiguity:

10\,?‘ I \ ‘ \ \ ‘ \ \ \ ‘ %
- x* Minimization A+B+C -

04 ., . F,=0.0119(1)

P 0h T -
m - o o 3
+ - .
> 07 \/ §
>< - . . -
- x% 1% = 880 1

10 ? [ J [ ] é

1 L L 1 | | N

-600 400 -200 0 200

FA-AxiaI Form Factor x10”
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Best values of Pion Form Factor Parameters
[M. Bychkov, Apr. '07]

Unconstrained fit results:

Fy = 0.0258(17), a = 0.095 + 0.058, F4 = 0.0117(17).

Excellent agreement with CVC and xPT:
F5'C =0.0259(9) and  a"VeXPT = 0.0417.

T J. Portoles and V. Mateu, priv. comm., (2007).
Constrained fit with Fy, = 0.0259, and a = 0.041, yields:

Fa

Fp=0.0119(1)ggrc  or 7= —yc = 0.459(4)esp

\%
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Experimental History of Pion F'y and FY,

THISWORK .

POCANIC(2004) o F =0.0259
- F =0.0253

CVC PREDICTION (2006)
BOLOTOV (1990) F 00255 1 f s ‘

DOMINGUEZ (1988) __._ﬂ THIS WORK e

EGLI (1986)

PIILONEN (1986) _.ﬁ BOLOTOV (1990) -

BAY (1986) .

DEPOMMIER (1963)—-

-06 -04-02 0 02 04 06 08 1 12 -002 -0.01 0 001 002 003 0.04

Y=F,/F, F,
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7w — er~y: Pion form factors and polarizability in yPT

To first order in xPT the pion weak form form factors fix:

FA r r
o = 3272 (15 + 13,)

while the pion polarizability is given by

4o . .
ap = —0Opm = — (lg + llO) 9
so that
Q F F
op = .22 ~6.058 x 1074 fm3 . 22,
8m2m,F2 Fy Fyv

with F, = 92.4 MeV and m, = 137.28 MeV.



Evaluating the pion polarizability

Using our new result for F4 /Fy, we obtain

ap = 2.783(23)ep X 1074 fm?

[To resolve lg and l1¢, one needs

1 m?2 1 m?2 3
2\ TC K
‘<’“> ﬁg OG22 (1“F+51“ 2 +5) )

world average accuracy is 1.1 %; most accurate data, NA7 1986.

We have now matched this precision!]
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Is there a Tensor Term, after all?

Based on either free or constrained fit analyses (M. Bychkov, Apr. '07),
stringent limits on F result. Keeping Fy -, F'4 and a fixed at their

optimum values, we get:
Fr = (—0.6 = 2.8) x 10™%,
or

Fr <3.0x10"% at90% C.L.

Simultaneous variation of F'4 and Fr gives essentially the same result.

This can be compared with the Poblaguev et al. original 1990 result:
Fr = (56+17) x 10~

(their later analyses yielded Fr values twice as large).
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Summary of Pion Form Factor Results

Fy = 0.0258 = 0.0017 (14 %)

F4, = 0.0119 0-0001f§§vc) (16x)

a = 0.095 = 0.058 (00)

Fr <3.0x 1074 90% C.L.

Derived pion polarizability:

agp = —Bn = (2.783 £ 0.023,,) X 10~ fm3
Also:

Br., (Ey > 10MeV, 0., > 40°) = 73.86(54) X 10~% (17X)
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Summary of Pion Rare Decay Results

We've improved the mg and 7.2~ branching ratio precision
sevenfold and fourteenfold, respectively.

We've improved the precision of pion form factors Fy, and F'4,
fourteenfold and sixteenfold, respectively.

We have evaluated for the first time the momentum dependence
of a pion FF from pion decay.

Our radiative 7, p results provide critical input in controlling the
systematics of the new m — er (PEN) experiment, PSI R-05-01.

The PEN experiment will double the R-04-01 data set on radiative
7, u decays, with yet lower backgrounds.

A final analysis will also reduce both systematic and statistical
uncertainties of the wg BR.



The PEN Experiment:

at — ety

A Study of e—u Universality
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Tre2 Decay and the SM

B(w — ev) = I'(me2) /T'(7u2) given in SM to 10~% accuracy; dominated by
helicity suppression (V' — A). Deviations from this rate can be caused by:

(a
(b

charged Higgs in theories with richer Higgs sector than SM,
PS leptoquarks in theories with dynamical symmetry breaking,

(d

)
)
(c) V leptoquarks in Pati-Salam type GUT's,
) loop diagrams involving certain SUSY partner particles,
)

(e) non-zero neutrino masses (and mixing).

Processes (a)—(d) lead to PS currents. Most general 4-fermion 7.2 amplitude:

G _
= { (d'7u75u) (’76'7”75(1 — 75)6) IaL

V2
+ 5. (dv°u) (Zey® (1 4+ 7°)e) } + r.h. v term

In the SM: f1 = 1, while £l = fL = 0, with I = e, p.



The f5, and Mass Bounds

Allowing for pseudoscalar coupling

2m a 2mra
Rre2 = Rgw (1 + —Pf§L> / (1 + —PfFﬁ'L> )
mean

e m,an

where 2nd term in denominator is negligible because f5 =~ f5 , while

a m
=~ T ~14.
ap m, + my

Therefore

(Robs _ psm )/RSM _ AR N 2m ap

= T~ T e 770078 !
Te2 mTe2 mwe2 RSM Mean PL PL

Target accuracy of the PEN experiment is AR/R ~ 5 X 10™%, which gives a
1o sensitivity of
§fS ~6.5x107°.

We can use this sensitivity to get estimates of the mass reach of PEN.
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PEN Mass Bounds Cont'd.

(a) Charged Higgs, my
Given a mixing angle suppression S ~ 10~2, we get

e mim- . .
pL 5 yielding mys+ > 6.9 TeV.
m

H-+

(b) Pseudoscalar leptoquarks, mp
Given an estimated effective Yukawa coupling of y ~ 1/250, we can find
mp, mass of the color-triplet PS [-q:

V2 y?

GF 2m§

foL ~ yielding mp > 3.8 TeV.

(c) Vector leptoquarks, Mg
Followig Shanker who assumes gauge coupling g >~ gsy(2), we have:

2
4M32,

fo, = yielding Mg > 630 TeV.

2
G
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Lepton universality (and neutrinos)

From
R, = Lm—er) _gome (L= me/m)” (| s
T — wp(y))  gpmE (1 —mi/m2)? N
r _ 2 3 1 — m2 2\ 2
RT/ﬂ- — (T — ey(ﬁY)) . gq- mq- ( m‘Tr/mT) (1 _I_ 5R7-/ﬂ-)

T D(m = pp(v) g% 2mEma (1—m2/m2)?

one can evaluate

gr

<%> — 1.0021 + 0.0016 and (
T I

) — 1.0030 & 0.0034 .
Iu T

For comparison

gr

(g—e> = 0.999 4+ 0.011 and (
1% %4 Je

) = 1.029 4+ 0.014.
du %%

[Violation of LU at presently allowed level would account for “NuTeV anomaly.”|
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Departures from lepton universality

Various models beyond the SM predict flavor non-universal suppressions of the
lepton coupling constants in Wev:

€
g — g, = ge(1 — 5) where  £=-e,p, T

Linear combinations constrained by W, 7, w, K decays are:

€ — € €, — € €E- — €
L Iy T A T
e 2 9u 2 ge 2

Two of the three are independent; experimental constraints are on:

Recent comprehensive reviews:
A. Pich, Nucl. Phys. Proc. Suppl. 123 (2003) 1; (hep-ph/0210445)
W. Loinaz et al., PRD 70 (2004) 113004; (hep-ph/0403306).



A

0.04

0.02

0.00

—0.02

—0.04

From

Loinaz et al.,
PRD 70 (2004)
113004

—0.04 —0.02 0.00 0.02 0.04

eT
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Precision measurements of

neutron decay parameters:

Nab and abBA Experiments

48
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Neutron Decay Parameters (SM)

dw o
~ keE.(Eqg — E,.)
dE.dQ.d?,
o1 Ee.Ey+bm+<_,> AEB+BEV+DEexIZV ]
a —+(On) | A— —
EeEl/ Ee Ee El/ EeEu
with:
1— A2 Al A
1= AP+ Re()
1+ 3|A|? 1+ 3|A|?
A2 — Re(\ Im(A\
L AP-Rey L Im()
1+ 3|\|? 1+ 3|\|?
Ga L L
A= — (D # 0 < T invariance violation.)
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Goals of Nab, abBA (other experiments similar)
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n-decay Correlation Parameters Beyond V4

Beta decay parameters constrain L-R symmetric model extensions to
the SM. [Review: Herczeg, Prog. Part. Nucl. Phys. 46, 413 (2001)]

Measurement of the electron-energy dependence of a and A can
separately confirm CVC and absence of SCC.
[Gardner, Zhang, PRL 86, 5666 (2001), Gardner, hep-ph/0312124]

Fierz interference term, never measured for the neutron, offers a
sensitive test of non-(V — A) terms in the weak Lagrangian (S, T).

A general connections exists between non-SM (e.g., S, T') terms in
d — wuer and limits on v masses. [Ito + Prézaeu, PRL 94 (2005)]
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The Fierz interference term b

b can be estimated from nuclear beta decays:
Cscv C1TC’A
— 2 2 ber = 2 2
|Cs|? + |Cv| |Cr|? + [Cal

br

These terms vanish for pure v(®) coupling.
b #£ 0 only for S, T coupling to vX) . (leptoquarks?)
From 0T — 07T decays [Towner + Hardy '98]:

C
bp| ~ Cs| < 0.0077 (90 % c.l.)
[Cv|
From analysis of GT decays [Deutsch + Quin, '95]:
Cr
ber = —0.0056(51) ~ ﬁ (now bounded by Fr from rea~)
A

= a ~ 1073 measurement of b,, would be very interesting!
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Correlation Parameters with Recoil Correction

[Gardner, Zhang, PRL 86, 5666 (2001), Gardner, hep-ph/0312124]

Most general form of hardonic weak current consistent with (V-A):

(p(Pp) | T | (pn, P)) =

f2(q?) u f3(q?)
q

Up(Pp) (fl(qz)'yu — 1 M, + M, q" + g1 (q2)’7”’75
92(¢%) 93(q*) “>
_ v v n n’P
M. o""Ysqy + M. vsq" |un (p )
a, A, B = \ = J1 while T, o< (f1)* + 3(g1)?
1

However, fo (weak magnetism) and SCC's (g2, gs), remain unresolved in
beta decays (best tested in A=12 system). With recoil corrections,
Gardner and Zhang find:

a(Ee) = func(f2) while A(E.) = func(f2,92)
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Final Comments

Low-energy precision experiments provide complementary
crosschecks of the SM for a subset of potentially realizable

physical processes.

These experiments won't directly detect particles like the Higgs,
but do produce useful limits on fundamental physics.

Theoretical precision is unparalleled; experiments are catching up.
New facilities and experiments are being planned or are under way.
Excellent training ground for graduate students and postdocs.

The measurements are very cost-effective.



