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Overview of the PIBETA/PEN programs

The PIBETA-PEN Program of Measurements

1st phase: The PIBETA expt.: Runs: 1999-2001; 2004

» mt — wlety,

o SM checks related to CKM unitarity
» T — etrey(or ete™)
o Fa/Fy, 7 polarizability (xPT calibration)
o tensor coupling besides V. — A (7)
> put — et y(or ete™)
o departures from V — A in Lyeak

2nd phase: The PEN expt. Since 2006 — ongoing

» tt — et
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, ...
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Overview of the PIBETA/PEN programs

Summary of known decays

Known and Measured Pion and Muon Decays

Decay
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BR

0.9998770 (4)
2.00(25) x 1074
1.230(4) x 10~*
1.61(23) x 1077
1.025(34) x 1078
3.2(5) x 107°

0.98798 (32)
1.198(32) x 1072
3.14(30) x 1075
6.2 (5) x 1078

~ 1.0
0.014 (4) v
3.4(4) x 107°
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Overview of the PIBETA/PEN programs  The apparatus and method

The PIBETA/PEN Apparatus

PEN Detector 2008

stopped 7 beam
active target counter
240-det. Csl calorimeter
central tracking
digitized waveforms
stable temp./humidity

. mt o =% M\PCL
| = o e
BC N e WL
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10 cm
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Pion Beta Decay

Pion Beta Decay:
at — 7ty

1999-2001 data set
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Pion Beta Decay Motivation

Quark-Lepton (Cabibbo) Universality

The basic weak-interaction V-A form persists in hadronic weak decays
M x (p|h*|n) — U,7*(Gvy — Gavys)u, with Gya ~1.

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

?
CKM unitarity cond.: AV? =1 — (|Vu4|? + |Vus|? + [Vuw|?) = 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. Vg and V.
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Number of Events

Number of events

Pion Beta Decay

Detector performance
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Pion Beta Decay Branching fraction result

PIBETA Result for mg Decay [PRL 93, 181803 (2004)]

BEP = [1.040 4 0.004 (stat) # 0.004 (syst)] x 10°%,

BYY = [1 036 + 0.004 (stat) + 0.004 (syst) + 0.003 (7e2)] x 1078

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

SM Prediction (PDG, 2006):
B= 1.038—-1.041x10"% (90% C.L.)
(1.005 — 1.007 x 1078  excl. rad. corr.)

PDG 2008: Vg = 0.9742(3)
PIBETA current: V4 = 0.9748(25) or V,4 = 0.9728(30).
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Pion Beta Decay

Branching fraction result

Present Status of V 4

|V, = 0.97424 + 0.00022

nuclear neutron nuclear pion
o*— o+ mirrors
_______
|:| Experiment - Radiative correction - Nuclear correction

(Courtesy of John Hardy, May 2009)
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Radiative pion decay T — evy

Radiative pion decay:

T — evry

1999-2001 & 2004 data sets
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Radiative pion decay Motivation and Status
nt — 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 and Status

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

eGr Vg _(ky Py, owq”
fomeeia (Ko Puy TwdT) gy,
7 mee"* & ka  pa + kg X (1—s)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 _27Tr7re2{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 and Status

Available data on Pion Form Factors

w1l [ 2R
IFy| & =,/ ——— = 0.0259(9) .
o\ TT oMy
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Radiative pion decay Motivation and Status

Available data on Pion Form Factors

w1 [ 2n
[Fy| = =/ ——— = 0.0259(9) .
o\ TTomg

Fa x 10% reference

106 4+ 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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Radiative pion decay Motivation and Status

Available data on Pion Form Factors

w1 [ 2n
[Fy| = =/ ——— = 0.0259(9) .
o\ TTomg

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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Radiative pion decay Branching fraction result

Results, V — A fit  [1999-01 data, PRL 93, 181804 (2004)]

Best-fit 1 — ewv~y branching ratios obtained with:
Fv = 0.0259 (fixed) and Fo = 0.0115(4) (fit)
x2/d.o.f. = 25.4.

Radiative corrections are included in the calculations.

Emin E,’;‘i” eggn Bexp Bihe no. of
(MeV) (MeV) (x1078) (x1078) 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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Radiative pion decay

nt — etvy (S5/B) 2004

Region I
E,, E.+ > 51.7MeV

Region Il:

E, > 55.6 MeV

20 < Eo+ < 51.7MeV
(fey > 40°)

Region IlI:

20 < Ey < 51.7MeV
E.+ > 55.6 MeV
(fey > 40°)
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2004 Data Set
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Radiative pion decay = 2004 Data Set

115 [ T T T T T
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4

F o Form Factor x 10

Radiative pion decay

Pion form factors
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Fy; Form Factor x 104

PIBETA and PEN Experiments

{Best values of pion

Form Factor
Parameters:

Combined analysis
of 1999-2001 and
2004 data sets

[M. Bychkov, 2008]
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Radiative pion decay Pion form factors

q°(ev) dependence
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Radiative pion decay Pion form factors

Experimental History of Pion Fa and Fy

THIS{WORK
POCANIC (2004

BOLOTOV: (1990)

DOMINGUEZ ® {1988

@®

EGLI: " (1986)

BAY (1986

STETZ (1978)

DEPOMMIER (1963)

PIILONEN (1986) +—

o—i

EGLI (1986)

F,=0.0259 .
vV rod
R 200253 CVC PREDICTION (2008)
F,=0/0255
THIS WORK e

BOLOTOV (1990)

-06 -04 -02 0 02 04 06 08 1 12 -002 -0.01

v=F,/Fy
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Radiative pion decay Pion form factors

Summary of Pion Form Factor Results

Fv = 0.0258 & 0.0017 (14x)
Fa = 0.0119 + 0.00015%,, (16x)
a=0.10 & 0.06 (c0)
—52x107* < Fr <4.0x10* 90% C.L.

Derived pion polarizability and 70 lifetime:

LY + LYy = 0.00145(1)exp(5)ry / 0.001475 (3-param. fit)
= —Bw = (2.783 £ 0.023,,,) x 10~* fm?

T = (8.5+1.1) x 107175 PDG: 8.4(6)

Also:

Br., (Ey > 10MeV, 6., > 40°) = 73.86(54) x 10~% (17x)
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Radiative muon decay pn — eviy

Radiative muon decay:
u — evvy

2004 data set
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Radiative muon decay Michel theory of RMD

Michel Parameters of Radiative Muon Decay: u — evi~y

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

dx dy 27 d(cos 6)
3 3 V2 gV 12 olpT 12 4 olgT |2
P=71712 lgirl” + lgrel” + 2lgrr]” + 2|gRyL]
+ R(gRLens +gL5RgL7;?)} = o
i} 1
i = (lewt? + lelzl?) + 5 (efk + 280sl + 8B + 284 )
SM
+2(lglkP +1kP) E 0.
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Radiative muon decay PIBETA RMD results, 2004 data set

Differential Branching Ratio  [B. VanDevender, Ph.D. Thesis]

nine—piece target

x 107
02 - 5% oted signal
B simulated background
m
© o4
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
o
o0 due to small-angle
L L B e R ¥ o e o o L I LA A
ok x10] bremsstrahlung
x 0.3
02 uncertainties in GEANT
m m 0.2
hel ©
0.1
0.1
0 o 0 .
20 30 40 50 20 30 40 50
E(e*) (MeV) E(y) (MeV)

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

Bthee = 430x107%  (E, > 10MeV, 6 > 30°)
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Radiative muon decay PIBETA RMD results, 2004 data set

RMD analysis:  Fit of 17 and p  [B. VanDevender's thesis]

data set M P
nine-piece target —0.066 +0.070 0.750 +0.010

—0.065 4+ 0.065  0.75 (fixed)
one-piece target —0.115+0.085 0.751 +0.011
—0.111+0.077  0.75 (fixed)

< 0.033 (68% c.I.) or 7j < 0.060 (90% c.l.) |

Combined: 77 = —0.084 4 0.050(stat.) £ 0.034(syst.)

new world average: 77 < 0.028 (68% c.l.) ‘ 2.5%

Currently being updated by new high quality PEN data: (2X statistics).
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Radiative muon decay

Experimental History of 7

PIBETA
33 k events
(2005)

Eichenberger et. al.

7.5 k events
(1984)

Bogart et. al.

0.9 k events
(1967)
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PIBETA RMD results, 2004 data set
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The PEN Experiment T — ev

The PEN Experiment:

mw — el

Ongoing since 2007
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The PEN Experiment T — ev

7 — ev Decay: SM Calculations; Measurements

M(m — ev(v))

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

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

1.2354 (2) x 10=* Decker and Finkemeier, [Phys. Lett. B 387 (1996) 391]
1.2352(1) x 10=* Cirigliano and Rosell, [PRL 99, 231801 (2007)]
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The PEN Experiment T — ev

7 — ev Decay: SM Calculations; Measurements

M(m — ev(v))

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

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

Experiment, world average [current PDG]:

M(m — ev(v))

— = (1.230 + 0.004) x 104
M = () )
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The PEN Experiment T — ev

7 — ev Decay: SM Calculations; Measurements

M(m — ev(v))

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

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

Experiment, world average [current PDG]:

M(m — ev(v))

— = (1.230 + 0.004) x 104
M = () )

N.B.:

0B
PEN goal: B ~5x107%.
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Summary: present status, plans

PEN Experiment: Status and Plans

» Approved in 2006; two development runs, in 2007 and 2008,

» Total pions stopped in 2007 and 2008 runs: > 8 x 10%°,
> 4.7 x 10° 7gy's recorded = (0B/B)stat < 5 x 1074,

» Detailed data analysis under way in preparation for a 2009 run,
planned to complete the required event statistics.

» Improved beam tracking with a miniTPC ready for implementation.

2 10tk
° £ \ top: muons

g 10° % \M bottom:  positrons E

Pion decays: g ok
T — pv s T M”‘ﬂm ]
) £ o0 \w‘% EiTe
T — ev: 2 L «WM ]
timing in TGT - Py,
il I

0 50 100 150 200
pion decay time [ns]

» PEN is set to double 7, i radiative data set with higher quality.
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Summary: present status, plans PIBETA/PEN Collaborations

Current and former PIBETA and PEN collaborators

L. P. Alonzi® K. Assamagan? V. A. Baranov® W. Bertls C. Broennimannt,

S. Bruch® M. Bychkov® Yu.M. Bystritskyb, M. Daum€, T. FligelS E. Frlez?,
R. Frosch K. Keeter®, V.A. Kalinnikov®, N.V. Khomutov®, J. Koglin?

A.S. Korenchenko®, S.M. Korenchenko®, M. Korolija%, T. Kozlowski¢,

N.P. Kravchuk® N.A. Kuchinskyb, D. Lawrence”, W. Li?, J. S. McCarthy?,

R. C. Minehart® D. Mzhavia®f A. Palladino®< D. PoZanié®*, B. Ritchie"

S. Ritt> P. Robmanng O.A. Rondon-Aramayo?, A.M. Rozhdestvenskyb,

T. Sakhelashvili’, S.N. Shkarovskiy®, P. L. Slocum? L. C. Smith? N. Soi¢,

U. Straumanné |. Supek? P. Trucl& Z. Tsamalaidze® A. van der Schaaf®*,
E.P. Velicheva® V.P. VoInykhb, Y. Wang? C. Wigger, H.-P. WirtzS, K. Ziock?

2Univ. of Virginia, USA bJINR, Dubna, Russia
¢PSI, Switzerland 4/RB, Zagreb, Croatia
€Swierk, Poland fIHEP, Thilisi, Georgia
&Univ. Ziirich, Switzerland h Arizona State Univ., USA

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