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Introduction Theory of Pion Decay

Theory of 7+ Decay

Quark Content: 77 = ud
Mass: m, . — 139.6 MeV

Lifetime: 7.+ = 26.03 ns

Decay Mode Bexp

™ — uFru(y) 0.9998770(4)

™ — vy e 2.00(25) X 107% seieiar o

at — e+ye(’y) 1.230(4) x 1074 Czapek et al. '93, Britton et al. ‘92, Bryman et al. '86
mt — e+ue'y(5’ > 10MeV) 7.386(54) X 1077 Bychkov et al. 09

at — %ty 1.036(6) x 1078 rocanic cv ol 0s

7t — etyete” 3.2(5) x 1079 Egli et al. '89 N
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Introduction Theory of Pion Decay

Theory of 7+ Decay
Why is 7™ — eTv, a rare decay? Helicity Suppression
Conservation of Angular Momentum:

In 7 rest frame, the m has S = 0.
The outgoing lepton pair (each spin 1/2) must combine to give S =0

e both Right-Handed (Positive Helicity), or
e both Left-Handed (Negative Helicity)
Property that if m = 0:
e All S =1/2 particles are Left-Handed (Negative Helicity)
e All S =1/2 antiparticles are Right-Handed (Positive Helicity)

= The negative helicity v, forces the e™ into a negative helicity
state. But,

Me+ << Myt
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Introduction Theory of Pion Decay

Theory of 7+ Decay

Helicity:
Correct Helicity State = % + 3%
Wrong Helicity State =1 -1

For v = ¢, fraction “Wrong” = 0.

For a given E, v > v, = e is less likely to have wrong helicity.

LH(e")

-5
[ ~ 3.2 x 10

7 Decay Phase Space:
Since the et is lighter, the 77 — e v, decay has a larger phase
space than the 77 — 71, decay. = gives a factor ~ 3.3

PAUL SCHERRER INSTITUT

[ —eve) 033 x(3.2x1075 )~ 10*

Mrt—pto,)
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Introduction Theory of Pion Decay

Theory of 7+ Decay

7t — e,
2-body decay
= E.+ = 69.8MeV

Arbitrary Normalization

b T I R |
1010 20 30 40 50 60 0 80 90 1

Total Positron Energy (MeV)

mt — ptu, followed by
pt— eJrVte“
sequential decay

= E®* = 52.5MeV

Arbitrary Normalization

10': el bt b e b o tl o PAUL SCHERRER INSTITUT
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Introduction Physics Motivation

The PEN Experiment

o Precision Measurement of the 7™ — e*v branching ratio.

2
_ [(rt—etue(n) _ &>2 (m )2 (1=mi/mi)”
B = Mrt—ptvu(v) — (gu my (1-m2/m2)? (1+0R)
(1.2352 +0.0005) X 10™*  Warciano & Sirlin, [PRL 71, 3620 (1993)]
(1.2354 +0.0002) x 10~ 4 Finkemeier, [Phys. Lett. B 387, 391 (1996)]

)

Bcalc = )
(1.2352 :l: 0-0001) X 10_ Cirigliano & Rosel, [PRL 99, 231801 (2007)]

0~

4
Experiment World Average (Current PDG)

Bexp = (1.230 £ 0.004) x 1

Lepton Universality: W. Loinaz, et. al., Phys. Rev. D 65, 113004 (2004) [hep-ph/0403306]

(g;;>7r — 1.0021 + 0.0016

. % —4 . ABSX" 3 e schnner wsmirur
Our Goal: By = 5 x 10 PDG: ~ 3.3 x 10" BEl
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Introduction Physics Motivation

Lepton Universality

0.04 From Loinaz et al.,PRD 70 (2004) 113004

Y-
D =257

0.02

0.00

Ay

-0.02

-0.04

PAUL SCHERRER INSTITUT

Anthony Palladino (UVa/UZh/PSI) The PEN Experiment at PSl:Testing Lepton Universality 14 Apr '10 8 /51



Introduction Physics Motivation

Deviations from SM Prediction

A Branching Ratio that is different from the SM prediction could be
caused by:

lepton non-universality,
charged Higgs particles in theories with more Higgs than SM,

pseudoscalar leptoquarks in theories with dynamical symmetry
breaking,

vector leptoquarks in Pati-Salam type GUT's,
SUSY partner particles appearing in loop diagrams,
non-zero neutrino masses,

Majorons.

PAUL SCHERRER INSTITUT
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Introduction Physics Motivation

Mass Limits on Leptoquark and Supersymmetric Particles

A measurable deviation in B from the SM prediction is clear evidence of
physics beyond the SM, sensitive to mass scales of many TeV.

Particle Current Bounds | Projected Mass Sensitivity
Charged Higgs Boson mpy > 2 TeV > 6.9 TeV
Pseudoscalar Leptoquark mp > 1.3 TeV > 3.8 TeV
Vector Leptoquark Mg > 220 TeV > 630 TeV

Following the calculations in Shanker, NP B204 (82) 375
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PEN Experiment Previous Measurements

History of the Measurement

Czapek (1993)

Britton (1992)

Bryman (1986)

DiCapua (1964) —eo—f

Anderson (1960)

0.0001 0.00011 0.00012 0.00013 0.00014
Branching Ratio PAUL SCHERRER INSTITUT
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PEN Experiment PEN Detector

Paul Scherrer Institute
Villigen, Aargau, Switzerland
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PEN Experiment PEN Detector

The PEN Apparatus PEN Detector 2008
o stopped T beam

o active target counter

o 240-det. pure Csl calo.

o central tracking

o digitized PMT signals ‘
o stable temp./humidity |
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PEN Experiment PEN Detector

PEN Detector
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PEN Experiment PEN Detector

Beam Counter, Focusing Magnets, and Detectors

2760 mm

i
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PEN Experiment PEN Detector

Example Calibration/Stabilization
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Analysis Maximum Likelihood Analysis

PEN Data Analysis

Strategy:

Determine the most likely value of the 7+ — eT v, branching ratio using a
Maximum Likelihood Analysis.

Benefits:

¢ Provides a unique, unbiased, minimum variance estimate (for a large
enough sample).

e Practical, tractable approach via product p.d.f.'s

e Use as much data as possible to determine B; loose cuts.
Complication:

e Critical dependence on p.d.f.
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Analysis Maximum Likelihood Analysis

Maximum Likelihood Analysis

One likelihood function encompassing many observables and processes.

N

(W) =TT |2 (% M)

=1 Lm=1

where /\/ is the number of events, and

(X ) are the observables

(Npm) normalization of process m

e Time between 71 and et n n
® Np2e, T — € (p2e)

Total Positron E
e TJotal Positron Energy o Nyjep, 75 — ,u+ et (ichel)
, e N,cc, Accidentals / Pile-up
“P“pile-up = In Z e~ ldtl/Tu e Ngir, Pion Decays-in-flight

_ k=1 e Np, Proton
e Pion Decay Vertex
o No, etc.

e “Probability” of Pile-up
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e etc.
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Analysis Maximum Likelihood Analysis

Model: Probability Density Functions
- —
L <E, t; Np2e> Npmich, Nace, Ndif>

E, (Mev)

Maximization Techniques: bl ]
e Binned vs. Unbinned -
e Maximum Likelihood Fit

° X2 Fit wEL —— Totd pa.
) ) ) Se. NEEETTTT p2e Component
e Negative Log Likelihood, I Aceidental Componen]
i s Se, T glléfori:;:;r:ﬂ PAUL SCHERRER INSTITUT
= —In RO
102 L ). L

Timebetwoen ion e pesron ()
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Analysis Maximum Likelihood Analysis

Measurement: Data

Events

e

50 2
Time between pion and positron

T
. Me@remem Data
— SUM p.d.f.
= = =1 p2e Component
=== Accidental / Pile-up
80

o

Events

10°

===+ Michel Component
= = =+ DIF Component

10°

10*

[
3
N
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Variable Binning — Improvement in calculation speed
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Analysis Maximum Likelihood Analysis

Techniques: Negative Log Likelihood

{=—InL L= e_Z Np2e VS. Nmichel

Number of T - ev events

=
02 I =
— 37000f
=5 =
—— =
ol ‘.:‘::::—:'/) =
i O% N — N
03750 “::‘3.:::‘:::‘:::‘:‘:‘“ 87
NS = 5.
T 30500 N 1951962‘95"1 e oS 360000 L i e
6,26000 195619587 | e of M 1956 1958 106 1962 1064 1066 1068 107
s Number of Michel events

Use of standard software libraries MINUIT, MIGRAD, HESSE, and MINOS
on £. Use of ROOFIT and ROOSTATS to set up model p.d.f.
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Analysis Maximum Likelihood Analysis

Maximum Likelihood Analysis

e Still in very early stages

o Critical dependence on p.d.f.’s
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Anthony Palladino (UVa/UZh/PSI) The PEN Experiment at PSl:Testing Lepton Universality 14 Apr '10 22 /51



Analysis Maximum Likelihood Analysis

Maximum Likelihood Analysis

e Still in very early stages

o Critical dependence on p.d.f.’s

How do we determine the p.d.f's?

e Obtain guidance from GEANT4 simulation
e Use the measurement data itself

o Make cuts to isolate each process
o Use a target waveform analysis

PAUL SCHERRER INSTITUT
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Analysis ~ Waveform Fitting

Target Waveform Analysis

Why?
e To provide cuts useful for distinguishing the various processes

o Potential new observables for likelihood analysis

TGT Waveform TGT Waveform
3 T 3 8 T T
2 30000 4 £ 30000
% E| 5
£, 25000] 4 5, 25000]
5 B 5

20000) 3 20000)

15000 - 15000

10000) 4 10000)

5000 4 5000)
% 00205300 400 5 % 00 200 300 400 600 700 . 800
Channel Number (ns*2)

600 . 700
Channel Number (ns*2)

Michel Event 7t — eTv, Event.
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Analysis ~ Waveform Fitting

Acqiris Digitizer

Acqiris High Speed 10-bit PXI/CompactPCl Digitizer, Model DC282
4 Channels, each with 2 GS/s

Digitized PMT waveforms from three beamline detectors:

e Upstream Beam Counter
o Active Degrader
o Active Target

PAUL SCHERRER INSTITUT
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Analysis ~ Waveform Fitting

Response Functions

[ Degrader (Top) pion Waveform | [ Target pion Waveform
40000 T T T T ARRRAAARRE RARRS RARRE RALEE RARRE RARRE RARES
35000F 3 250000 3
30000F E 20000 7
25000F 3 E ]
E E 15000 =
20000:‘ E [ ]
15000 E 10000} .
10000 3 E ]
£ E 5000 7
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GO 10 20 30 40 50 60 70 80 G0 10 20 30 40 50 60 70 80

Figure: System Response Functions (Waveforms).
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Analysis ~ Waveform Fitting

Pulse Shaping

Developed an iterative program to create a digital adaptive filter.

Input: g I i ‘ ‘ ‘ ‘ ‘ N
5 08F =
e Averaged system E b E
response waveform B b E
array, w; £ oaf E
o F 7
. P4 - ]
° 0F= ‘ : ‘ ‘ ‘ ‘ .
Desweci waveform 50 0 50 100 150 200 250 300
array, w;
Output: U 3
e Shaping array 3
("Filter"), s; 3
,"‘-——---__:
0 50 100 150 200 250 300
Kmax Waveform Bin (0.5ns)
PU|Se Shaplng: W’. - § SkM/j Where k E I _J PAUL SCHERRER INSTITUT
k:kmin
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Analysis ~ Waveform Fitting

Pulse Shaping

n
[

S
T

0.8
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0.4

0.2

-0.2

Pulse Shaping Filter Amplitude,

-0.4

el by b b b b b
O'”O 50 100 150 200 250 300 350 400
n (0.5ns)

Figure: Pulse Shaping Filter.
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Analysis ~ Waveform Fitting

Target Waveform Fit Parameters

Pulse Position in time (bin) Amplitude

7t Known (from Degrader) Known (from TOF and Ego + Y Edeg)
ut Unknown Known

et Known (from Plastic Hod.) Known (from tracking)

Pulse | Position in time (bin) Amplitude

mt o~ 110 ps o~ 470 keVee
ur Unknown o ~ 100 keVe
et o ~ 250 ps o ~ 900 keVee

PAUL SCHERRER INSTITUT
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Analysis ~ Waveform Fitting

7t Time 7 Amplitude
Determined from TOF and the
Determined from timing of 7 energy deposited in the
in degrader. degrader.
o~ 69.7 ps o ~ 0.47 MeVe
X2/ ndf 779.2/ 135
E 6000 T Constant 5776+ 19.5 Enti 17164
é E Mean -0.005387 + 0.000192 e
a e e
« 5000~ Sigma 0.0697 + 0.0001 rF
© [ T 25000 Mean  -0.1059+ 00014
5 ] r
€ 4000 - L Sigma 0.4739:+ 0.0010
2 E E 20000~ B
30001 e f ]
r 1 15000 .
2000~ B [ ]
F 1 10000 5
10001 - [ ]
F | P | ] SO(XJ} {
d6 04 02 0 02 04 06 i ]
tH -t (ns) Py S L . J—
3 2 1 0 1 2
Predicted T Amplitude - Fit tAmplitude (MeV)
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Analysis

et Time

Determined from the time of
the Plastic Hodoscope.

o < 250 ps

. - =
‘/kl 200 Comant uzesa
é 3 Men aus:00
; T

160F B

140 B

120 3

100 E|

o i

o i

o i

N3 i

Il

316 318 320
stion-t,_.. (09

300 305 310 315 320 325

L il
30 312 314
& position in waveform (ns) & po:
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Waveform Fitting

et Amplitude
Determined from the distance
e travels in the target.
Requires knowledge of the
positron decay vertex.

e 11 entry position from
pion tracking.

e et track from MWPC,
Plastic Hodoscope, and
Csl Calorimeter.

o~ 0.9 MeV
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Analysis ~ Waveform Fitting

w Time
Determined by the subtracting the predicted 7™ and e™ pulses.

TGT Waveform Subiracted [} TGT Waveform Sublracted

60000

s0000f=
ss000) 55000)
50000) 50000
45000 a5000)

40000 40000

35000 35000

L , L , | . L I | , L ,
350 400 450 500 550 600 650 700 300 700 500 500 700

Results in non-gaussian prediction resolution:

Number of Events
@ g &
I N
L L L L L

3
L

8
T
I

L L , L L L
-1 05 0 05 1 15 PAUL SCHERRER INSTITUT

th - 7 (ns)
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Analysis ~ Waveform Fitting

1 Amplitude

Known precisely since it is a two body decay.
o ~ 200 keVee
RMS/mean = 5.1%

s RARRRARRAR
5 r MuonEnergy| 7
T 50001~ 4
E Entries 135071
[ ]
; L Mean  4.124| ]
4000 4
-g r RMS  02133| §
=) L
Z 3000 7
2000F .
1000~ B
) I I
2 25 3 5 55 6

PAUL SCHERRER INSTITUT

Anthony Palladino (UVa/UZh/PSI) The PEN Experiment at PSl:Testing Lepton Universality 14 Apr '10 32 /51



Analysis ~ Waveform Fitting

Waveform Fitting
Modified x? Function:

- Fi L\ 2 2
) 1 n W’_FIt — W EFlt EPred EFlt EPred
E + £ 7 _c ¢
OE

+
oW OE,,

D L L L L L L L L

Shaped Target Waveform

5 A\t |- 2 Peak Fit Prediction

2 Peak Fit
----- 3 Peak Fit Prediction
—— 3 Peak Fit

wlt]

0.5

coa v b b f

600 605 610 615 620 625 630 635 640 645
t (0.5ns/ bin)
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Analysis ~ Waveform Fitting

Waveform Fitting
Modified x? Function:

- Fi L\ 2 2
) 1 n W’_FIt — W EFlt EPred EFlt EPred
) O [l P
OE

OE,,

LA e e M B
1.4 —

E —e— Shaped Target Waveform .

2= /1y |- 2 Peak Fit Prediction ]

1 2 Peak Fit -

E ----- 3 Peak Fit Prediction E

- 0.8; 3 Peak Fit B
T 06 3
0.4 -
0.2 =

I

550 560 570 580 590 600 610 620 630 640 FAUL SCHERRER IRSTITUT
t (0.5ns/bin)
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Analysis

Waveform Fitting

Waveform Fitting Results

X2 3 peak vs. X2 2 peak (above 60 MeV)

X2 3 peak vs. X2 2 peak (below 60 MeV)

4 1700 T v v v —
1600
3sf 35k
500 1400
30F
1500 1200
3
% 1400 1000
2,0k
» 20 800
kS 300
3 600
200
10F 400
SF r 100 sf 200
\ s L | . . o \ . L L . o
5 10 15 ,20 25 30 35 40 5 10 15 , 20 25 20
X2 2 peak X2 2 peak
Ax? vs. positron energy Ax? vs. decay time
30F 2500 30F 1000
20k e 20k
2000 800
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10k ] -10F
10| 1000 10| 400
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500 200
-30F -30F
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Analysis ~ Waveform Fitting

Waveform Fitting Results

gl bbb

0 20 40 60 80
Ecy (MeV)

107

Arbitrary Normalization
=
o
T Loy T

&

1020 30 40 50 60 70 80 90 10
Total Positron Energy (MeV)
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Analysis ~ Waveform Fitting

Waveform Fitting Results

A source of systematic uncertainties:

e Positron Energy in the target

Let's revisit the detector...

PAUL SCHERRER INSTITUT
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The PEN Apparatus: 2008

PEN Detector 2008

o stopped 7 beam

o active target counter

o 240-det. pure Csl calo.

o central tracking

o digitized PMT signals ‘
o stable temp./humidity |
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Analysis Waveform Fitting

The PEN Apparatus: 2008

— WAD

T

2=
=
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Analysis ~ Waveform Fitting

The PEN Apparatus: 2008
Novel, low cost, four-piece, Wedged Degrader. (UZh: P. Robmann)

top top left

HV cnannel 82

5,00 mm 5,00 mm
- 1.5 -

left 1,50 mm

/ HY cnannel SO

— 1,50 mm —  1,50mm
5,00 mm 500 mm

bottom .
HV cnannel $3 bottom right

0 rim

right
HV cnannel S§1

Pros:
e X,y position sensitivity of beam 7"

Cons due to thicker degrader (13mm as opposed to 5mm):
e higher beam momentum required = more nuclear reactions in target.

e more material increases multiple scattering = 7 position resoluhiQms wsm
suffers.
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Analysis

Waveform Fitting

The PEN Apparatus: 2008

———————————————— N e e e
! / :/:
e P - — - - — - - —— - - —— -
N -
Target S —
Couﬁter 7 ‘ irﬁi
\ Photorultiplier liodul
H 7 . +Hamamatsu H2431-50
f— / . |
i \ | L
. I . T 1
- - [E— - . [E— - - [E— - - } - - [E— - - [E— — — [E— - - 4‘7 -
} T
~ \.:
’ PAUL SCHERRER INSTITUT
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Anthony Palladino (UVa/UZh/PSI) The PEN Experiment at PSl:Testing Lepton Universality 14 Apr '10 40 / 51



Analysis ~ Waveform Fitting

\

Fwd Beam Counter

. 5 E§Bs

bbbl

Degrader Top & Bottom

NERITIND

ududulubululul

Degrader Left & Right

IEERRED

bbb

L
j
Target E____J\.J
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The PEN Apparatus: 2009

PEN Detector 2009

o stopped 7 beam

o active target counter

o 240-det. pure Csl calo.

o central tracking

o digitized PMT signals ‘
o stable temp./humidity |
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Analysis Waveform Fitting

The PEN Apparatus: 2009

- miPC
],
— AT

2=
=
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Analysis ~ Waveform Fitting

The PEN Apparatus: 2QO9

~_
—a, : !
e = 7 =
— — %@' Target ’
—— e — Lo O \ Counter ) / *ﬁ
e T NH =] ‘
= 4“ ‘ }
e Passive (Alu) ‘ N =

— = 15mm
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Analysis ~ Waveform Fitting

mTPC Technical Specifications

e Proportional Region:

40x6x40 mm
o Drift Region: 40x40x50 mm
Cothode e Drift Gas: 90% He and
MoRms 10% CoHe
7;1' o E;'.Td; -------- s e 4000V across drift region
oo, Z L z; e Grid: 50 um wires with 1 mm

o o spacing
o cto e Nichrome Anode Wires

o 40 mm length
20 um diameter
10 mm spacing
2352 resistance

° CAEN VME d|g|t|Zer V]rl?l RER INSTITUT

o O O

Anthony Palladino (UVa/UZh/PSI)  The PEN Experiment at PSl:Testing Lepton Universality 14 Apr '10 44 / 51



Analysis ~ Waveform Fitting

Waveform Digitization
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Analysis ~ Waveform Fitting

Results from 2009 Data Run

Decay Vertex Prediction
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Analysis ~ Waveform Fitting

Another systematic uncert.: Decays in Flight (DIF)

DIF ~ O(107%)
What happens if the 7™ decays before it stops?

In some cases this will cause a 7™ — p+ — e™ event to look like a
7T — e’ event.

e forward DIF ;™ go through the target

e backward DIF i+ don't have enough energy to appear as a 7"

e it turns out that p traveling at # > 24° mimic 7 in terms of energy
deposition.

PAUL SCHERRER INSTITUT
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Analysis ~ Waveform Fitting

7 Decays-in-flight

GEANT4 S|mu|at|0n (M. Bychkov) PEN Measurement
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Decays-in-flight shown in red.
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Conclusions

Conclusion
Year 2006 (Beam Development Phase):

e Detector Refurbishment (Same detector from PiBeta Experiment).
Year 2007 (Experiment Development Phase):

e Many new components and upgrades.

e Recorded ~ 3 x 10°7+ — eTv, decays
Year 2008 (1°* Production Phase):

e Use of wedged degrader for 7 tracking.
Year 2009 (2" Production Phase):

e Use of mini-TPC for improved 7 tracking.

2008 & 2009 runs resulted in > 1.24 x 107 recorded 7+ — eTv, decays
= (6B/B)star < 2.84 x 1074
( Recall Goal: (6B/B)star + (6B/B)sys <5 x107%)

Year 2010 (3" Production Phase):

e Goal of ~ 25 x 10% more 7+ — etv, decays
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