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Warm Up

How many games are played in a single elimination tournament?

CHAMPION

NEW ORLEANS
April 2

NEW ORLEANS
March 31

NEW ORLEANS
March 31

Fill out your brackets on your mobile phone. Go to ESPN.com/tc on your phone's browser. Regional Sites: Atlanta, GA; Boston, MA; Phoenix, AZ; St. Louis, MO

NCAA TOURNAMENT
BRACKET

2012

First Round
March 13-14

First Round
March 13-14

Second Round
March 15-16

      Third Round
March 17-18

Regional
Semifinals

March 22-23

National
Semifinals

March 31

Regional
Finals

March 24-25
NATIONAL

CHAMPIONSHIP
Second Round
March 15-16

Third Round
March 17-18

Regional
Semifinals
March 22-23

Regional
Finals
March 24-25

National
Semifinals
March 31

PRESENTED BY

Cheat Sheet

• 32+16+8+4+2+1 = 63 games

•
k−1∑
i=0

2i = 63 (w/ k = #rounds)

• N − 1 = 63 (w/ N = #teams)

�� ��Invoking the fundamental nature of a phenomena is powerful.
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Feynman’s Analogy
Imagine you are watching a game of chess; except you do not know the
rules, and cannot see the whole board.

Street Chess by Petr Kratochvil
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Pion Decay

http://teachers.web.cern.ch/teachers/archiv/HST2006/bubble chambers/BCWebIntro.htm

L.P. Alonzi (UVa-PEN) Nuclear Physics Seminar at CENPA 27th of March, 2012 6 / 35



Fundamentals of Pion Decay Experimental Techniques Results

Pion Decay
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The Pion’s Role

• Testing Yukawa’s hypothesis

• Mass of the W boson

• Characterize Weak Force (V-A)

0.5 ns
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• Weak Lepton Universality

• Pion Structure (FA/FV )

• Beyond Standard Model Tests
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Tree Level Pion Decay

�
�

�



Γ(π→ eν)

Γ(π→ µν)
∼ 10−4 me � mµ
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Mirror Symmetry: (x → −x , y → −y , z → −z)
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The Left-Handed Force

M∼ ū(p)γµ(1− γ5)ν(k) Helicity ≡ ~S • ~P�� ��Helicity is not a Lorentz invariant. Violation ∼ mass
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Global Context π → eν

THEORY: BR =
Γ(π → eν(γ))

Γ(π → µν(γ))
=

ge
gµ

m2
e(m2

π −m2
e)

m2
π(m2

π −m2
µ)

=


(1.2352± 0.0005)× 10−4 Marciano and Sirlin, [PRL 71 (1993) 3629]

(1.2354± 0.0002)× 10−4 Finkemeier, [Phys. Lett. B 387 (1996) 391]

(1.2352± 0.0001)× 10−4 Cirigliano and Rosell, [PRL 99, 231801 (2007)]

EXPERIMENT [PDG]: BR = (1.230± 0.004)× 10−4;
δBR

BR
≈ 3.3× 10−3

�



�
	PEN GOAL:

δBR

BR
< 5× 10−4
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Kinematics of π+ → e+νeγ

�π+

e
+

νe

γ

12 free parameters:

• Momentum Conservation (3)

• Energy Conservation (1)

• Particles (3)

• Arbitrary Rotation (3)

• 2 DOF remain

We measure 3 observables:

• photon energy (Eγ, x)

• positron energy (Ee, y)

• opening angle (cos Θeγ)
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M(π→ e+νeγ) =MSD +MIB

�ud̄ l
+

W
+

γ

νl

π
+ �π

+

l
+

W
+

νl

l
+⋆

γ
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Structure Dependent Component

�ud̄ l
+

W
+

γ

νl

π
+

�



�
	d2ΓSD

dxdy
=

α

8π
Γπ→eν

(
mπ

me

)2 (
1

fπ

)2 [
(FV + FA)2SD+(x , y) + (FV − FA)2SD−(x , y)

]
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Inner Bremsstrahlung Component

�π
+

l
+

W
+

νl

l
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γ

�
�

�



d2ΓIB

dxdy
=

α

2π
Γπ→eνIB(x , y)
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PEN Event Trigger

Processes to Observe

• π→ eν

• π→ eνγ

• π→ µν (norm)

Traits to Prefer

• Stopped Pion

• Early Pion decay times

• Large secondary energies
 0

 0.2

 0.4

 0.6

 0.8

 1

 0  50  100  150  200  250  300

yi
el

d

time [ns]

π2e
π2µ2e

�� ��To understand the trigger is to understand the experiment.
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PEN Detector Overview
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PEN Detector Overview

AD AT
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PMTvac.
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MWPC2
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pure

π+
beam

10 cm
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Target Waveform Digitization
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Background Suppression
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Background Suppression
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mTPC Technical Specifications

• Proportional Region: 40x6x40 mm

• Drift Region: 40x40x50 mm

• Drift Gas: 90% He and 10% C2H6

• 4000 V across drift region

• Grid: 50µm wires with 1 mm spacing

• Nichrome Anode Wires

◦ 40 mm length
◦ 20µm diameter
◦ 10 mm spacing
◦ 235 Ω resistance

• CAEN VME digitizer V1720

Fabricated by our collaborators from Dubna, Russia
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Waveform Digitization
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• x: charge division

• y: drift time

• z: wire location
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Results from 2009 Data Run

Decay Vertex Prediction

mTPC X (mm)
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• X Position

◦ charge division
◦ σx < 1.3 mm

• Y position

◦ drift time
◦ σy < 0.35 mm
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2010 mTPC (Mark II)
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PEN Run Summary

Year Run Time (days) π-stops (1010) π→ e (106) π→ eγ (103)

2008 111 7.5 4.5 5.8
2009 98 13.1 8.3 10.0
2010 68 16.4 10.3 12.5

�� ��Channel event statistics from physics goals assessment, not published results.
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Isolating FV and FA (2008 data)

VF
0.01 0.015 0.02 0.025 0.03

A
F

0.01

0.015

0.02

0.025

0.03

X

L.P. Alonzi (UVa-PEN) Nuclear Physics Seminar at CENPA 27th of March, 2012 32 / 35



Fundamentals of Pion Decay Experimental Techniques Results

Isolating FV and FA (2008 data)
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Collaboration backup

Experiment R-05-01 (PEN) collaboration members:

L. P. Alonzia, V. A. Baranovb, W. Bertlc, M. Bychkova, Yu.M. Bystritskyb,
E. Frleža, V.A. Kalinnikovb, N.V. Khomutovb, A.S. Korenchenkob,
S.M. Korenchenkob, M. Korolijad, T. Kozlowskie, N.P. Kravchukb,
N.A. Kuchinskyb, M.C. Lehmana, D. Mekterovićd, D. Mzhaviab,f,
A. Palladinoa,c, D. Počanića∗, P. Robmanng, A.M. Rozhdestvenskyb,
S.N. Shkarovskiyb, U. Straumanng, I. Supekd, P. Truölg, Z. Tsamalaidzef,
A. van der Schaafg∗, E.P. Velichevab, and V.P. Volnykhb

aDept of Physics, Univ. of Virginia, Charlottesville, VA 22904-4714, USA
bJoint Institute for Nuclear Research, RU-141980 Dubna, Russia
cPaul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
dInstitut “Rudjer Bošković”, HR-10000 Zagreb, Croatia
eInst. Problemów J ↪adrowych im. Andrzeja So ltana PL-05-400 Swierk, Poland
fIHEP, Tbilisi State University, GUS-380086 Tbilisi, Georgia
gPhysik Institut der Universität Zürich, CH-8057 Zürich, Switzerland

Web page: http://pen.phys.virginia.edu
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mTPC Coordinate Calibration
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• MWPC coordinates well known

• Calibrate mTPC with MWPC
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mTPC coordinate Resolution
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δi = i2 − i1 +
(i0 − i3)

3
hello world!

σi =
RMSδi√

12 + 12 + (1/3)2 + (1/3)2

⇒ σx < 1.3 mm (charge division)

⇒ σy < 0.35 mm (drift time)
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