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Pion discovery: Cecil Powell et al., emulsion tracks 1947
~1mm

high in the Andes: Chacél’taya, Bolivia
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Known and measured pion and muon decays

Decay BR
at — utv 0.9998770 (4) (mu2)
vy 2.00(25) x 107*  (m,24)
ety 1.230(4) x 107*  (7e2)
etvy 7.39(5) x 107 (Te2+)

mlety 1.036 (6) x 1078  (mes, 75)
efrefe” 3.2(5) x 107° (Tre2ee)

70— vy 0.98798 (32)
ete y 1.198(32) x 102 (Dalitz)
e"e"eTe™ 3.14(30) x 107°

ete” 6.2(5) x 1078

pt — etuw ~ 1.0 (Michel)
etupy  0.014(4) (RMD)
eTviete™ 3.4(4) x 107°
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Known and measured pion and muon decays

Decay BR
t = uty 0.9998770 (4) (mu2)
puh vy 2.00(25) x 107*  (mu2y)
= etv 1.230(4) x 107*  (7e2) —
= etvy 7.39(5) x 1077 (7e2y)
mlety 1.036 (6) x 1078  (mes, 75)
efrefe” 3.2(5) x 107° (Tre2ee)
70— vy 0.98798 (32)
ete y 1.198(32) x 102 (Dalitz)
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etupy  0.014(4) (RMD)
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The electronic (7re2) decay:
nt — ety

BR ~ 10~*

Lepton univ/expt tests: The 7y decay 25 May '16
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Tep decay: SM calculations, lepton universality
» Early evidence for V — A nature of weak interaction.

. _ M= en(y)) _ g2 mZ (1 me/m)
= T o) g mi (1= e Ol
« _ Nm = er(y))

e/u M(m — uv (7)) caLc
12352 (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]

» Modern SM calculations:

= . "
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Tep decay: SM calculations, lepton universality

> Early evidence for V — A nature of weak integactil%rh5
5 x
o Troer)  gfm)i-mi/mp
T () i) (1= m2/m2)? o

M7 — ev(y)) _
T(m — u(7)) cac

» Modern SM calculations: R

1.2352(5) x 10~  Mérciano 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.
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Tep decay: SM calculations, lepton universality

v

Early evidence for VV — A nature of weak integactil%rh5
5 x
o Troer)  gfm)i-mi/mp
T () i) (1= m2/m2)? o

M7 — ev(y))

» Modern SM calculations: RY = - =
_ M(m = p(7)) carc
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.

> R:/ tests lepton universality: in SM e, u, 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.

r -3 5,
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decay: SM calculations, lepton universality

Early evidence for VV — A nature of weak inteEEactil%rL5
5 x
o Troer)  gfm)i-mi/mp
T () i) (1= m2/m2)? o

M7 — ev(y))

Modern SM calculations: RY = - =
_ M(m = p(7)) carc
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.

RT, , tests lepton universality: in SM e, K. T differ t?y Higgs couPIings only;
there could also be new Sor PS bosons with non-universal couplings

(New Physics); repercussions,also in the neutrino sector.

Experimental world average is 23X less accurate than SM calculations!

[1.2327(23) x 10~*]
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decay: SM calculations, lepton universality

Early evidence for VV — A nature of weak integactil%rh5
5 x
o Troer)  gfm)i-mi/mp
T () i) (1= m2/m2)? o

M7 — ev(y))

Modern SM calculations: RY = - =
_ M(m = p(7)) carc
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.

RT, , tests lepton universality: in SM e, K. T differ t?y Higgs couPIings only;
there could also be new Sor PS bosons with non-universal couplings

(New Physics); repercussions,also in the neutrino sector.

Experimental world average is 23X less accurate than SM calculations!

[1.2327(23) x 10~*] WHY SHOULD WE CARE?
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Reach of ey decay beyond the SM (New Physics)

™ _
Lnp = {imuwad + — 2/\2 u%/ysd] ey (1 — vs)v

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

2/\2

o= ]
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Reach of ey decay beyond the SM (New Physics)

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

2/\2

+ [ 2/\2 od £ 2/\2 U’)/5d:| (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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Lepton universality (and neutrinos)

From
h, = (@ er) _gmAom/m) o
T (= up(y)) g2 m3 (1 — m2/m2)? o/u
~ 2 3 02 7 2)2
R M(r—er(y) g m (1-m3/m2) (14 0R, ;)

M — 1w7(7)) ~ &2 2m2ms (1~ m2 /m2)?

one can evaluate

<g6> — 1.0021 +0.0016 and <g7> — 1.0030 + 0.0034.
g.“’ T glt T

For comparison

(ge> =0.999+0.011 and <gT> =1.029 £ 0.014.
w w

8 8e

[Presently allowed level of LUV could account for “NuTeV anomaly.”]
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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

= i
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PEN Goal: AR, /R7, =~ 0.05%

r — ev
Recall that R™ (= (7))

— ~ 1.2 X 10_4
/TN (m = ui(y))

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

Y e
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PIBETA Detector Assembl

Lepton univ/expt tests: The 7y decay



PIBETA Detec

=~
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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
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[
8
S ¥
= 2. 4
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PEN: matching the 240 calorimeter modules

002~ " ) b 002 ) ) ?“\. ) )
# \ Measurement
E(30 deg cone) h u

Measurement
P ) ) ) °°F E(45 deg cone) f 4 ) .
ook d Simulation ] ootsf- L *  Simulation
I. 0.014 “ ‘l'
H .
Fi {1 0012 £ Y
oo f. ‘\ 1 001 .’l

< o" Y
0.008f
& 0.006 ‘/ "-
0.005| Y - \
w

0.004 [ 5
.
0002
of
E3 0 55

70 75 E 5

65 70 75
MeV
NNN = next to nearest neighbors
| »‘ A
M remen easurement
E(clump) gy Jlosureme t e Eclump + NNN) ¢ % o ooodn

0015 |- ¢ Simulation 1 oote | %+ Simulation

. kY

L)

.
f 0014 !’
/ )\ g /!
s
0.005 '/ 5

.

v
0.008 »

i
Ry |

= |
BIE  D. Potani¢ (UVa) Lepton univ/expt tests: The 7o decay 25 May '16 ﬁ 15/ 26



PEN: agreement with predictions (2010 data analysis)

10°

10 |
(2]
c
n .
O 10 fersmiiiie
—
[]
o
ﬂ 1024 1=26.03 ns, 0.5 ns smeared
c
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(3]
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PEN: low E “tail” response (preliminary)

e+ energy, smooth |
e+ energy

10° 4

10%

10 A

25 30 35 40 45 50 55 60 65 70 75 80

e+ energy GEANT, smooth ;
e+ energy GEANT G 4

el

30 35 40 45 50 55 60 65 75 80

= i
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PEN: “tail” in inv. mass response (1/4 data)
10°

—E+pc6

E=Epe7
— E+pc 7 smooth
—E+pc8

— E+pc9

— E+pc 10
—E+pcil
— E+pc12

—E+pc13
—E+pc14
—E#pcis
—E+pc16
— E+pcl7

H = E+pc 17 smooth

- E+pe 15, simL
—— E+pc 15, sim2
1

0 ] 50 100 150
E + |plc

= e
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Radiative electronic (7e2~) decay:
7t — ety

BRnon—IB ~ 10_7

(Essential “companion” to m — ev decay)

F - ——
B D. Potani¢ (UVa) Lepton univ/expt tests: The men~, decay 25 May '16 19/ 26



Physics of
7t — eTvy (RPD):

QED IB terms:

and SD V, A terms:

A tensor interaction,
too?

-
B D. Potani¢ (UVa)

v
SM
SD:Fy, vy e SD:F, vy e
,,,,,,,,,,,,,,,, LA
\% A
v v

T, F; Y e
Exchange of S=0 leptoquarks
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 “dﬁrmeG”*é(k“—p“%-an > 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 \°
— T . ,{IB T

dxdy Tor 62{ () + <2f7rme

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

7 [Py + Fa) St (o) + (Fy — Fa) S ()]

-y P 1
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Pre-2004 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)

o ]
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Pre-2004 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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PIBETA results for m — ev~y

Best values of pion Form Factor Parameters:

sob 7 Combined analysis of all PIBETA
: ¥ Contours | data sets
140 AN 1 [Bychkov et al., PRL 103, 051802 (2009)]
<r9 130 0028 [
i
§ 120 |
o L h 0027 -
E I : g
2 110 § UE«
u?: \ E 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 TR TR Ll TRV Ll L d 0 0.1 02 03 04 05
220 230 240 250 260 270 280 290

Fy; Form Factor x 104

o ]
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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)

F - —
BIE  D. Potani¢ (UVa) Lepton univ/expt tests: The men~, decay 25 May '16 25/ 26



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.

o —
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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)

o |
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Precision studies of allowed decays of pions (and muons)

» 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 71 — er branching ratio,
o m—evy (Fy, F%'), and
° L — eviy,

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)

o= ]
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