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Known and measured pion and muon decays
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PEN experirment:

BR

0.9998770 (4) (mu2)
2.00(25) x 107*  (m,2+)
1.230(4) x 107*  (7e2)
7.39(5) x 1077 (7e2y)
1.036 (6) x 1078 (mes, m5)
32(5) x107%  (mepee)

0.98798 (32)
1.198(32) x 1072 (Dalitz)
3.14(30) x 1075

6.2(5) x 1078
~ 1.0 (Michel)
0.014 (4) (RMD)
3.4(4) x 107>
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Known and measured pion and muon decays

Decay BR
o pty 0.9998770(4)  (m.2)
whuy 2.00(25) x 107*  (m,2+)
= etv 1.230(4) x 107*  (7e2) —
= etvy 7.39(5) x 1077 (me2y) T
ety 1.036 (6) x 1078 (mes, m5)
etrete™ 3.2(5) x 107° (Tre2ee)
0 4y 0.98798 (32)
ete ™y 1.198(32) x 1072 (Dalitz)
efeete” 3.14(30) x 107°
ete” 6.2(5) x 1078
pt — etuw ~ 1.0 (Michel)
et vy 0.014 (4) (RMD)

etviete” 3.4(4)x107°
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The electronic (7re2) decay:
nt — ety

BR ~ 10~%

29 May '18 o |

PEN experirment: The 7y decay
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mep decay: SM calculations, lepton universality

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

_ 2 2 (1 — m2/m2)2
e/n = L > e(y)) _ & me (1= me/m, ) (1+0Reyp)
ooNm = () gi mp (1= mp/mz)?

r _
» Modern SM calculations: i = Leli(v)) =

i F(m — u(7)) caLc

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 10=* Cirigliano and Rosell, [PRL 99 (2007) 231801]
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mep decay: SM calculations, lepton universality

> Early evidence for V — A nature of weak interaction..
2.5 x 10

. T(ren(y) _ g2fmd)(1— mE/m2)?

BT T(m = (7)) g2\m2)(1— m2/m2)?

(1+6Re)

" (7 — ei(y))

s G = (7)) caLc N
1.2352(5) x 10~* rciano and Sirlin, [PRL 71 (1993) 3629]

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

» Modern SM calculations: R”

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

> Early evidence for V — A nature of weak interaction..
2.5 x 10

L Tmoen() | g2fmd)(1- m/m2)
e/u — = -3 (1 + 6R9/H)
T T o an()) gl e

" (7 — ei(y))

s G = (7)) caLc N
1.2352(5) x 10~* rciano and Sirlin, [PRL 71 (1993) 3629]

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

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

» Modern SM calculations: R

> Rg"/ 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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mep decay: SM calculations, lepton universality

» Early evidence for V' — A nature of weak interaction..
2.5 x 10

L Tmoen() | g2fmd)(1- m/m2)
e/u — = -3 (]‘ + 6R9/H)
T T o an()) gl e

" (7 — ei(y))

» Modern SM calculations: R7, = — =
i F(m — u(7)) caLc
1.2352(5) x 10~* rciano and Sirlin, [PRL 71 (1993) 3629]
1.2354 (2) x 10~* /Finkemeier, [PL B 387 (1996) 391]
1.2352@>< 107*  Cirigliano and Rosell, [PRL 99 (2007) 231801]
> 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); repercussion also in the neutrino sector.

v

Experimental world average is 23x less accurate than SM calculations!
[1.2327(23) x 10~4]
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mep decay: SM calculations, lepton universality

> Early evidence for V — A nature of weak interaction..
2.5 x 10

»  T(r—ev(y) g?@(l — mg/mi)2
e/n r(7r — /Jﬁ(’y)) - Eﬁm2 (1 — mi/m%)z (1 +6R€/H)

" (7 — ei(y))

» Modern SM calculations: R7, = — =
i F(m — u(7)) caLc
1.2352(5) x 10~* rciano and Sirlin, [PRL 71 (1993) 3629]
1.2354 (2) x 10~* /Finkemeier, [PL B 387 (1996) 391]
1.2352@>< 107*  Cirigliano and Rosell, [PRL 99 (2007) 231801]
> 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); repercussion also in the neutrino sector.

v

Experimental world average is 23x less accurate than SM calculations!
[1.2327(23) x 10~4] WHY SHOULD WE CARE?
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Reach of ey decay beyond the SM (New Physics)

Lnp = 0Ved £ — uva'ysd] (1T —s)v

[ 202, 202

+ |: 2/\2 —iud + — 2/\2 U’}/5d:| _(1 - ’}/5)7/, (Aj ...scale of NP)
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Reach of 7z decay beyond the SM (New Physics)

Lnp = 0vad £ U’Yo/)/5d} A1 =)y

[ 202, 20,
+ |: 2/\2 od £+ 2/\2 U’}/5d:| _(1 — ’}/5)1/, (A; .. .scale of NP)

CKM unitarity and superallowed Fermi nuclear decays currently limit:

ANy > 20TeV, and Ns > 10TeV.
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Reach of 7z decay beyond the SM (New Physics)

Lnp = 0vad £ U’Yo/)/5d} A1 =)y

[ 202, 202

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

ANy > 20TeV, and Ns > 10TeV.

_3 . . - X
At AR:/M/ oy = , Te2 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 7z decay beyond the SM (New Physics)

Lnp = 0vad £ U’Yo/)/5d} A1 =)y

[ 202, 202

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

ANy > 20TeV, and Ns > 10TeV.

At AR /RT, =

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

In general multi-Higgs models with charged-Higgs couplings

1073, e decay is directly sensitive to:

Aev = Ay = Ary, at 0.1 % precision, R, e/, probes ’ my+ < 400 GeV ‘
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Lepton universality (and neutrinos)

F :
o M(r — eb(y)) g2 m2 (1—m2/m?)>?
R :—7:5&4#(1+5R )
T T up(y)) g2 m2 (1 — m2/m2)? e/u
T (r = pp(7)) g2 2m2my (1 — m2/m2)? T/

one can evaluate:

<ge> — 0.9996 + 0.0012 and (gT> — 1.0030 + 0.0034.
8 T 8u T
For comparison,

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

» significant consequences in the neutrino sector;
> interesting limits on MSSM extension observables.
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The PEN/PIBETA apparatus

PEN detector

e stopped ™" 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 stable temp./humidity

-
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PEN Goal:

e/u

/RT, =~ 0.05%

r — ev
Recall that 7, — L™ = €7())

~1.2x10~*
/TN = pi (7))

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



PIBETA Detector Assembly

PEN experirment: Apparatus



PIBETA Detector on Platform
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Experimental branching ratio ( R™ eXp)

Given that:
> timing gates affect number of 7, and m — p — e observations, and

» MWRPC efficiency depends on energy,

k
we have: R™T&P — ;Freieu(]- + Etall) fﬂ-*)/l*}e(Te) G(EMHEVE)MWPC Aw—)p,—)e
e/n N7r—>;u/ fTr—>eV(Te) F(Efr—nez/)MWPC Aﬂ'—>el/
re re ra
16000F N
14000} E. 1 E. = cutoff energy
312000? 1 N = number of events
S10000f b
G \ A = acceptance
8000} ]
so00f E erail(Ec) = tail to peak ratio
4000f T e T — ev ] e(E)mwepc = efficiency of MWPC
2000 Win ] f(T.) = probability from time

10 20 30 40 50 60 70 80 90
- ES! (Mev) .
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Discriminating me and 7,5 in TGT

et t(e™) in AT predicted from t(PH)

mTPC = (x,y) of Tstop in AT
ToF from B0 ™ w0 PC = (x,y) of Tstop
w i, PMT
E(x+ L
(7T ) AP A‘T EdeP(AD) = Edep,Z of Tstop in AT

t(r") in AT predicted from t(AD)

Predicted 7T and e™ energies agree VERY well with observations:

E (MeV)

g ‘
% 6 75 8 B5 9 65 10 105 11 3 e
Eng: (MeV) Eeiqt

4
(MeV)

= E and t predictions are used for mes /7,0 discrimination.

-
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Discrimination and waveforms

T T
Measurement

raw 0.07F 7 — ev simulation
200001~ f||tered b 0.060 7T — pv simulation
predicted
15000 I found b 005
5 004F
[
100000 target waveform 1 Loost
5000 0.02F
0.01F
| | 1 , . , . Qz
400 450 500 550 600 650 700 750 800
time (0.5 ns/bin)
0.030F Measurement AX2 uses predicted and observed
7 — ev simulation .. .
0.025[ 7 = py simulation | timings and energies
b
0.020F . 2
Evaluate 2 peak fit = x5
5 0.015]
° .
> 0010k Evaluate 3 peak fit = 3
0.005] sz = X% — X% (normalized)
0.000 , , : : i
-4 2 0

m — pv and ™ — ev will be used to train a likelihood analysis.
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Gain matching the 240 calorimeter modules

1 0.02- ol
# "g Measurement )‘\, Measurement
E(30 deg cone) fé 0 ) Y . " °8F E(45 deg cone) f % ) ur.e
ook Fi A Simulation 1 ootef- ! *  Simulation
': .‘ o014 .c- '.'
K 5 ootz & Y
0.01 / '.' 7 0.01F )’ '\
‘_ 0.008 - P 'n‘
0.005 ‘/ '\‘ - 0.008 |- / \‘-
0.004 - LN
o_—/‘d‘“" o 0.002 :—-/*I \
55 60 Mesv 70 75 8 5 55 60 Mssv 70 75
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’ ) ) Ik " ) oo ) ) [ ) )
E(clump) ," \ Measurement 206E E(clump + NNN) f\ Measurement
oois|- %  Simulation B ootsf- ¢ Simulation
i oouf: i 3
0.01p- ! “ n 0012 .; '.‘
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‘!’ \.'\. 0008 .r' ‘..
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Agreement with predictions (2010 data subset)

events per 0.5 ns

10° 4

104

10° 4

1024

10

T AL T A

T~

T

T=26.03ns, 0.5 ns smeared

- ev

Tt ev distribution folded with p decaytime

T 1 - e, probability of extra p below 2.5%

0 50 100 150 200
t observedipredicted Tt ey events
1.05 ¢
n or 4 T
J)'L jbserved/predicted Ti- [i'~ € events:
1.02 I
] iUWlNJM O N Y Y U 1T S T TN N T
RN e b AL Ul > ol A o)
0 50 100 150 200

PEN experirment:

decay time [ns]

Analysis & systematics
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Low E

“tail” response in MC simulation

10*

10

10°

10

10°

10°

: : g4. lO 02 Cascade (cor : :
.................. g410 02.No. photonuclear4..4..4.4..4..4.

o

g by vrenndorrsvnd ot eerml g armdr k-

0.0005

-0.0005
-0.001
-0.0015

DJfference

o

10 20 30 40 50 60 70 80
E (MeV)

Getting the photonuclear processes right is a challenge.
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Photonuclear cross sections and models

G (mb)

& (mb)

T T T T T T T T T T T T T T T T
s00F P00 i i i 1 M0E 2y 3
4 Bramblet, 1966 120 4 Bramblet, 1966 ]
2501 + v ion B e 000
e 10200 1001 e 10200
200 pupior R RN a0z (oo
€ 8o 1
150 °
o it ]
100 a0 PHH{HH > | 3
i |
20F l .
]
0% 10 12 16 18 20 22 0% 18 20 22 24 26 28 30 a2
E, (MeV) E, (MeV)
Cs(y,1n) 140 cs'(y,2n) E
300 3
4 Beman, 1969 1201~ 4 Berman, 1969 |
£ VLo 1oa E i
20 AR ook e E
e 1020 G 1020
E bR R e 02 e
200 T
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150 6ol
100 E a0l
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Low energy “tail” in positron response (measured, 2010 data)

10°

10° 1, SO S . I
10*

20 30 40 50 60 70 80 90
E. (MeV)
Analysis of a dedicated “tail” trigger designed to suppress early
T — i — e events (t < 50ns). Successive cuts add restrictions.

= B
BIE  D. Potani¢ (UVa) PEN experirment: Analysis & systematics 29 May '18 u 17/ 22



LE tail: comparison simulation vs. measurement (2010 subset)

' Measurement Mlchel subtracted

104 .......................................................................... s , .................. , .................. 2 RS , ...............
MC g4 10.02 Cascade(corr) : : : : :

0 10 20 30 40 50 60 70 80 90
E, (MeV)

- ¢
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LE tail: comparison simulation vs. measurement (2010 subset)

' Measurement Mlchel subtracted

P I R SR M. A g b N
10 MC g4 9 Cascade (P

0 10 20 30 40 50 60 70 80 90
E, (MeV)
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Decay in flight (DIF) Observables

Number Events

Number Events

10° T T T T T T T T T
7L P i
10 e
“ B
10°F, K 3
' Y

™ —
S g
" HDIF
* TDIF

v
ev

— u

— e 3

920

100

™ — puv
10 71— ev
HDIF —> €
10°F  TDIF M
15k
104
10°
05 T
(dE/ dx)tgt (MeV/mm)
. Potani¢ (UVa) PEN experirment:

10 e
109" 4
9 10°F E
<
g 10k ]
w -4
-
QJ
el
13
=1
z
™ — pv
1F T — ev
101k HDIF — €
TDIF — M
2 e
10°07720 720 60 80 100 120 140 160 180 20(
decaytime (ns)
10° . :
™ — pv
10 7 —ev E
9
T HDIF — €
:>j 10°:  TDIF K E
% e .
£ 10, e 1
2 K
104, '\\\7‘ -
10°F 4
L L t Ty L
15 10 5 0 5 10

Analysis & systematics

AERETO™ (Mev)
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Decays in flight: simulation vs. measurement

Tpr — ev decays:

o0.6FSimulation Decay in-flight 7 6L TT— eV Decay in flight’ 7
o4~ Tgtenergy deficit. 3 o4 - Tgt energy deficit E
0_27-1ns < decay time < Ins:- 1] Ozf—lns < decay time < 1n 1]
0.2f — 0.2F —
04l — -0.4f *
0.6 f -0.6F f

0102030 a0 50708090 01020030 8690

ECY (MeV)

(Mev)

a

1 Simulation Ttstopped
H decay selection

Measurement

_fSimulation TtDIF.
decay select

i decay selection

80 5 10 s g 5 0 g 10

0 5 0
2, (mm) 2, (mm) 2, (mm)
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Uncertainty Budget

k
RT-eXP _ Nfrej\ey(l + Gtail) f7r—>,u—>e(Te) E(Epﬁez/ﬁ)MWPC A7r—>,u—>e

e/u NTI'—)}LV f7T—>eV(Te) 6(Eﬁ~>ez/)MWPC A7T—>el/
re le ra
Type Observable Value AR;T/#/RQr "
~ 0.001%®
Systematic:  Aea ~ 0.025
ystematic Etail {2 y 10_4|g£l
re 0.046 1.8 x 107*
re ~ 99 <1074
ra ~1 ~ 1074
Nporoser/Noosey ~ <2x1073 1076 — 1075
Neor—spr/Ngospy 23 %1073 1076 — 1075
NMDIF—>eV’7/NM—>V'7 1.4 x 10_4 10_6 — 10_5
Statistical:  AN;_er/Ni—er ~29x107*
Overall goal 5x 1074
!'IEIII‘! D. Poéani¢ (UVa) PEN experirment: Analysis & systematics 29 May '18 “
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Summary: studies of pion (and muon) allowed decays

» A significant experimental effort is under way (in PEN, PiENu and
other experiments) to make use of the unparalleled theoretical
precision in the weak interactions of the lightest particles.

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

» Notable improvements in precision for

e 7 — ev branching ratio,
o ™ —evy (Fy, F¥), and
° L — evvy,

await in the near future.

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

Review: Potani¢, Frlez, van der Schaaf, J.Phys.G. 41 (2014) 114002; (arXiv:1407.2865)

- E
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Additional slides
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Radiative electronic (7e2~) decay:
7t — etr.y

BRnon—IB ~ 10_7

(Essential “companion” to m — ev decay)

- -
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Physics of L:] 7 e
7t — eTvy (RPD): %
QED IB terms: L
14
SM
SDIFy ¥ e SD:F, e
and SD V, A terms: .
\ A
v v
T F Y e
A tensor interaction, i Exchange of S=0 leptoquarks
too? -
T P Herczeg, PRD 49 (1994) 247
14

-_
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The m — er~y amplitude and FF's

The IB amplitude (QED uninteresting!):

.eGF Vg _ <k P, ouwq”
Mpg = —i frmeet*e [ £ - TH 4 ZF x(1—"s)v.
The structure-dependent amplitude (interesting!):
eGF V, d s — .
Msp = 7\[”26 &y (1 =)V X [Fveuworp”q" + iFa(guwPq — Puay)] -
™

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

dr7re2'y « m?2
—Tea{ 1B (. x

axdy 2n VB + g
X

[(Fv + Fa)?SD™ (x,y) + (Fv — Fa)>SD™ (x,y)]

My

+ T [(Fy + Fa) S (x,9) + (Fy = Fa) S (x,1)] | -

-_
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Pre-2004 data on pion form factors

cvec 1 2h
|Fv| = —/ ——— = 0.0255(3) .
o\ T oMy

Fa x 104 reference

106 4= 60 Bolotov et al. (1990)
135 +16 Bay et al. (1986)

60 4= 30 Piilonen et al. (1986)
110 4+ 30 Stetz et al. (1979)

116 + 16 world average (PDG 2004)

-
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Pre-2004 data on pion form factors

cvec 1 2h
|Fv| = —y/——— = 0.0255(3) .
o\ T oMy

Fa x 104 reference note

106 4= 60 Bolotov et al. (1990) (Fr = —56 £17)
135 +16 Bay et al. (1986)

60 4= 30 Piilonen et al. (1986)
110 4+ 30 Stetz et al. (1979)

116 + 16 world average (PDG 2004)
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PIBETA results for m — evry

Best values of pion Form Factor Parameters:

1 Combined analysis of all PIBETA
%> Contours | data sets

[Bychkov et al., PRL 103, 051802 (2009)]
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o0 00 - slope =0.10£0.06 [PIBETA, 2009] ]
7 ] Res-PT calculation [Mateu & Portoles, 2007] |
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Summary of PIBETA results on m — ev~y [PRL 103, 051802 (2009)]

Fv = 0.0258 + 0.0017 (8%)
Fa =0.0119 + 0.0001?’;'\’C/VC) (16x)
a = 0.10 = 0.06 (g? dep of Fy) (o0)
—52x107* < Fr < 4.0 x 1074 90% C.L.

B, (Ey > 10 MeV, 6., > 40°) = 73.86(54) x 10—% (17x)
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’ Above results will improve with the new PEN data analysis! ‘
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Summary of PIBETA results on m — ev~y [PRL 103, 051802 (2009)]

Fv = 0.0258 + 0.0017 (8%)
Fa =0.0119 + 0.0001?’F<gvc) (16x)
a = 0.10 = 0.06 (g? dep of Fy) (o0)
—52x107* < Fr < 4.0 x 1074 90% C.L.

B, (Ey > 10 MeV, 6., > 40°) = 73.86(54) x 10—% (17x)

’ Above results will improve with the new PEN data analysis! ‘

At L.O. (lo + ho), Fa, Fy are related to pion polarizability and 7 lifetime
okl = —BLO = (2.783 £ 0.023p) x 1074 fm?

current PDG avg: 8.52(12)

7.0 = (8.5+1.1) x 107
PrimEx PRL '10: 8.32(23)
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MSSM calculations (R parity COhS.) [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.l.)
0.002 - - 0.002 4
. = E
minimal 2 ootk lowest g 0001}
selectron, %f\ _ mass i oo
smuon & oooosf - . B -
chargino: —
masses:
0.0002F 0.0002
100 15‘0 260 3(50 5(;0 7(;0 1000 100 15‘0 2(;0 3(:;0 5(;0 7(;0 1000
Min (m;,L.m,;,_) (GeV) my, (GeV)
0.005 T T T
CURRENT |UL (90% c.l.
0.002 e
. .
5 Higgsino _
slepton = oo g8 2
de. B mass ¢
mass de- % , =
g 00005 param’s.
generacy: )
Ky mag,
0.0002

100 150 200 300 500 700
Mg /My, mgp (GeV)

R parity violating scenario constraints also discussed.)
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