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* Lecture 1
 Motivations
« Symmetries, Parity, and the Weak Interaction
« The Fermi Constant
 Muon Decay as a test of V-A theory
* Lecture 2
* Neutron beta decay
» Parity as a tool to probe matter: PVES
* Highly sensitive low-energy probes of New Physics
* Lecture 3 (transition here at some point ...)
« CPV and Electric Dipole Moments
« Charged Lepton Flavor Violation
* Muon g-2

*With some random experimental details and a modern perspective



Much of the motivation of this field is about
looking for New Physics ... using low-energy
experimental techniques

translation: not colliders
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My group’s program: An Evolution of Precision
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Mass ~ 207 m, (50 ppb)

- (m,/m )2 =43, OOO times more sensitive to “new physics” through quantum Ioops
compared to electrons (taus would be better!)

Lifetime ~2.2 US (1 ppm)
— High-intensity beams; can stop and study; can possibly collide

: - . + 0
Primary production: n*> p'v, ~ (99.98%)

— Polarized naturally:

Primary decay u*> e'v,v,  (~99%)
— Purely weak; distribution in 0 and E reveals weak parameters

: ! }
Lepton number is conserved w=> et v, v

(BRs 4 < 10-13) [ ]




Neutron Primer

Mass ~ 939.5 MeV (6 ppb)

Free n Lifetime ~880 s (we will return to this)

Magnetic moment: -1.91 py (all “anomalous”)

Electric Dipole moment: < 0.3 x 10-2° e cm (we will discuss)
Primary decay n-> pev, (we will also discuss)

Baryon number is conserved



Electron Primer

« Seriously ?

* It’s light, charged, stable, and we know lots about it



The Motivation for Tests of Fundamental Symmetries and
the Role of Precision Measurement (the conventional)

« Establish the Standard Model parameters and laws.
Examples include:
— Masses M,, My, M, m,, m;,; m_,, m,, m, ... “NP Role”
— Couplings: OlQED> aStrong! GFJ Ggrav
— Structure of interactions SU(3)-xSU(2),xU(1)y
— Broad issues
* Numbers of generations
* Mixing angles, quarks and neutrinos

» Lepton number and flavor

- Majorana or Dirac neutrinos [ See lectures by Kumar ]
- Charged Lepton Flavor Violation

» CP violation parameters in K and B sector
 The Standard Model as we know it has been built on an

enormous experimental foundation involving Precision
and Energy frontier efforts

* And, some exquisite Theory !



The Motivation for Tests of Fundamental Symmetries and
the Role of Precision Measurement (the exotic)

« Can we sensitively test the SM limitations to help
answer key questions:

— Baryon Asymmetry of the Universe
— EW symmetry breaking
* Are the Standard Model predictions complete?
— What is missing?
— What extensions are needed?

So far: No direct evidence for Supersymmetry, Extra
Dimensions, 4" Generation, New Dynamics...

At The LHC!

The Higgs — Last Particle Ever Discovered?

Marciano




The unconquered Standard Model

Direct
approach

LHC,,

w A
1

Coming up empty

The indirect approch



Discrete Fundamental Symmetries

0 Parity

o0 Does experiment distinguish between left and right?

o Time Reversal
0 Are physics processes the same in both time directions ?

o0 Charge Conjugation
o0 Do particles and antiparticles behave the same



Combined Symmetries

o CP

o0 E.g, Do particles and their antiparticles decay with the same
patterns?

o CPT

o Combination felt to be very solid for any local QM gauge theory.
No violations at all sensed. Implications include
« If CP is violated, T must be violated (a bit of a shock)
« CPT and Lorentz violation are tested as one

« Many tests of particle and antiparticle properties, such as magnetic
moments of proton — antiproton, electron — positron, muon —
antimuon; Lifetimes of particle — antiparticle, and others

o0 Very unlikely to have time for much here, but ongoing efforts exist



Topic 1

A Radical Thought



Question of Parity Conservation in Weak Interactions™

T. D. Leg, Columbia Universilv, New York, New YVork
AND

C. N. Yaxe,| Brookhaven National Laboratory, Upton, New YVork
(Received June 22, 1956)

The question of parity conservation in 8 decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.

0 A troubling problem was the t+— 0t puzzle, ... well really K* decay:
Kt2>#an® & K'-2>rnnn
named 0t T
parity +1 -1

Same
particle?

o0 Conjecture: two different decay modes of the same particle, with
same mass and same lifetime

o Can happen if parity is not strictly conserved

o0 This begged the question, “Has parity been checked in the Weak
Interaction?” =2 answer. Not very well



Question of Parity Conservation in Weak Interactions™

T. D. Leg, Columbia Universilv, New York, New YVork
AND

C. N. Yaxe,| Brookhaven National Laboratory, Upton, New YVork
(Received June 22, 1956)

The question of parity conservation in 8 decays and in hyperon and meson decays is examined. Possible
experiments are suggested which might test parity conservation in these interactions.

o Then, what would constitute a weak-interaction parity test?
o Are muons polarized with respect to their momentum in pion decay?

o Is the decay pattern of electrons from muon decay non-symmetric with
respect to the muon’s spin?

o Are the decay products from a polarized hyperon non-symmetrically
emitted?

o Is the beta decay of a polarized Co-60 nucleus non-symmetric?

0 ...these are common ...
You need “an axis” to define a direction
You need something that is not symmetric with respect to that axis



A flurry of tests begins ...

LETTERS T0O

Madam Wu'’'s
famous test
with Co-60

(in practice, it took the
experts at NIST to pull off
the key polarization step)

Experimental Test of Parity Conservation
in Beta Decay™
C. 5 Wo, Columbi UMaresiiy, New Vard, Moo Tark
1]
E. Ameier, K. W, Havywanm, L 1V Horres, ase B P Hooaos,
Nafionad Barvau af Standards, Fackinglas, 3. .
[ Erewived Jamuary 15, FOET

N a reoent pager’ an the questivn of parity in weak

imteractions, Lee and Yang critically sarveyed the
experimental information concerning this question anxd
reached the canclusion thas there & no existing evidence
5 her 1o st oF Lo refine parbly conservation inwealk
imteractives, They proposed s namber of experiments on
beta decays and hyperon and meeson demys which would
provide the necessary eviderce for parity conservation
or nonoerservation, In beia decay, one could measure
1 i :|r'|r;|||:|r dirpbition of the slectrons T Troan
heta decays of polsrized suclel, I an asymetey 6 the
distribution between @ and 180° =8 (where & i= the angle
hetween the orienfation of the parent nocki amd the
momentam of ihe elecirons) s observed, it provides
usegquivocn] proof that parity is not conserved in betn
decay, This asymmery efert has besn abserved in the
case af orenied o™,

11 has beer known for ssme e that Co® mockd can
b pdariznl by the Kose-Corter mgt sl 1\ corh
magnesium (eobalt) mitmte, and the degree of pala-
mibion detecied by measuring the amisoiropy of the
sacceeding gumma rays.” To apply this technicque to gk
presznt probdem, two major difficulties kad to be over-

THE EDITOR 1413

come, The Betn-particle counter shoukd be placed ineide
the demagnetization oryostal, and the madisactive
nuckl musi he lpcated noa fen turface |:|:|'\-r| anil
piodarizd, The schematic dagram ol the orvaslal s
shom in Fig. L.

Tao detect beta pariiches, o thin amthmcene crystal
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The scintillarhess are (rremined I|'.r-c||IH|'| i Eless
winclow gl g Lucite light pape 4 fes long 1o 4 pheto-
multiphier (6191 which is locted st the 1op of Lbe
cryosiat. The Lucite heacd is machined fooa logarithmic
gpirnl shope for maximam light collection. Useler this
eanditien, the C5™ conversion line (624 kev) still
FElalres o res of 1790, The :-'.:lllilll_l.' ol the beia
counter was carelully checked Tor any mageseiic or
temperature effects amd none were founid. To measare
the amound of polariztion of Co®, two additional Nal
gamma scintillation counters were installed, ane in
1hi: I\.'||||:|I|:-:|.|.| |.||u|||! arel  one mear  che |:4|I:|r
persifion. The ofserved pamma-fay  anlsalropy was
wl a8 g measure ol polaceation, amsl, effectively,
temperature. The bulk susceptibility was alse mon-
foared bui this = of secomdary significance  due
i surface heating effects, and the gamma-ray ani-
matrapy alone |||'\.|'.'i|||11 a relinble mezsure of muclear
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A flurry of tests begins

Garwin, Lederman, Weinrich 71"***#4“—!— v,
follow with muon decay , i
experiment phr—e"+42v.
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Lee and Yang also suggest that, if PV were so, it offers a natural
way to determine the muon’s magnetic moment !

And, later, we will return to this subject with a modern focus

mt—ut o, (1)
ptr—et 42, (2)

They have pointed out that parity nonconservation
implies a polarization of the spin of the muon emitted
from stopped pions in (1) along the direction of motion
and that furthermore, the angular distribution of
electronsin (2) should serve as an analvzer for the n
polarization. They also point out that the longitudinal
polarization of the muons offers a natural way of

determining the magnetic moment.* Confirmation of

Remarks on Possible Noninvariance under Time Reversal
and Charge Conjugation®

T. D. LeE, Columbia University, New York, New Vork
AND

ReEmwrarn OenME AND C. N, Yanc, Institute for Advanced Study, Princeton, New Jersey
(Received January 7, 1957)

Using this theorem, one concludes that if any left-
right asymmetry of the form o-p is found, the part of
this asymmetry that is independent of the distortion of
the final-state wave functions can arise only if charge
conjugation symmetry breaks down for the weak inter-
actions, In particular, in decays where there iz mno
strong final-state interactions, as, e.g., in ¥—u+» and
p—re+p+v decays, the detection' of parity noncon-
servation through the observation of o p becomes im-
possible if C is strictly conserved.

Observations of the Failure of Conservation
of Parity and Charge Conjugation in
Meson Decays: the Magnetic
Moment of the Free Muon*

Ricuarp L. Garwin,} Leon M. LEDERMAN,
AND MARCEL WEINRICH
Plivsics Departmient, Nevis Cyclotron Laboratories,
Columbia University, Trvington-on-Hudson,
New York, New Verk
(Received January 15, 1957)

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

g,=2.0%0.1

- Spin of u is 'z (Dirac, point-like object)

And angular distribution proves by
theorem here that charge conjugation is
also not conserved in WI



Parity violation “at home”

At rest, the muon precesses in a magnetic field, giving g2,
(or the magnetic moment)

g — 2_1 i 0_1 §m§_ H 2=-30to30cm
s +
£ 100— \ J[

L o 8 0 | J[ + + t t
Fitting Error ~ 1.5 % ] / ] BT et
Magnetic field error ~ 5.5 % 1001} | H A

ao0f] it
-300{ EE?EE;?"E?;‘“ o;j:i{,{“:éz
1 ‘|| L1 2\ L1 g Ly | BG 5 3 -12.31+ 3;0

Time (us)

Univ. lllinois cosmic ray setup for undergraduate modern experimental physics course



Parity Violation appears on all
Weak Decays

* Leptonic

— Muon, tau decays
 Hadrons

— Kaon, B-meson

— Neutron
— Nuclel



Weak Interaction Primer”

0 Fermi’s idea for neutron beta decay " P
0 4-point interaction ¥ =%[m-“-u.-w][u—;z-”uu]
o0 A charge-changing inte ion
= (hadronic = leptonic current) v, e
o0 No propagator (was wrong)
0 Purely Vector (also wrong)

0 Actually: 3 massive gauge bosons mediate WI
o W#*, Z% - propagator form:
0 At low energy > -

My z—q*

0 The “coupling” or “strength” is G:/2
0 The “real” weak coupling is g,,.- We will see relation soon
« Fun fact:

1 ] g2
EM coupline : arpy = —  Weak coupling : ay = =& = —
plng EM 137 ouplng W I 20

*I'd love to cite the source | used, but the lovely posted lecture has no name...



Parity & V-A*

0 Parity transform: Pui(t.z.y.z) = 0(t, —z. —y, —2) =0/ (t', 2"y, 2')
= +%(t, z, y, 2)
0 Under P, transform of Dirac equatlon unchanged ¥ — Py = i“ Y
0 Eigenvalues of P operator are 11

0 The V-A Interaction (took a while to establish)

o Most general matrix element M o [g7 O uyil~5—lar O ug]

M?—gq

o O is combination of y matrices
/ o0 Need combination where charged WI only couples to Left-Handed chiral
particles
Pp=3(1-7°)

I'\Jll—

o Only the vector (V) and axial vector (A) currents are responsible for PV
nature of WI

Name Symbol | Current | Number of components | Effect under Parity
Scalar S ) 1 +
L : Vector V UyH 4 (+,--+)
Tensor T DaH 6
Axial Vector A L"“""L 4 (+.+.+.+)
Pseudo-Scalar P Py°1 1 -

*I'd love to cite the source | used, but the lovely posted lecture has no name...



Parity & V-A*

o0 What we observe is always a square of an amplitude:

M2 ~ (V—A)V —A)
— VV =24V + AA

o Apply a parity transformation (V flips, A does not)
P{M|*} ~ P{(V-A)(V-A)}
— P{VV — 24V + AA)}
= (=V)(=V)+ AA—24(-V)
= VV+AA+24V

0 ComparelM|’ to P{|M|*} A big difference; the interference term 2AV

o V-A “violates parity maximally” since both currents have same

strength .
_.Enl.-P- cu — O -“‘.'Jm{j
5% Ly AT )
o0 cy=1landc,=1
Eig T “—{1 — -"_’}u Weak Charged Current
V.

*I'd love to cite the source | used, but the lovely posted narrative has no author listed ...



Topic 2

Aspects of the Weak
Interaction




Muon Lifetime

Fundamental electro-weak couplings

15 ppm — 0.5 ppm 0.37 ppb 23 ppm

Implicit to all EW precision physics

Gr  ¢*
V2 8M

(14 Ar(mg, my, .. .))

Uniquely defined by muon decay Extraction of G from 1, :

reduced error from

2,5 ~
1 _ Gy m;, (1 +q) 15 to ~0.5 ppm
Tyt 19273

QED




i 2
From 7, {o sin“ 6,,

— Momentum transfer g% = (p, = p,,)? = (Pe * Pye)* < M2 much smaller than M,,?

— Thus, W propagator shrinks to a point and can be well approximated through a
local four-fermion interaction, (Fermi’s original conjecture)

g* g* At

~ — = E4\/§G
MZ, —q> MZ  sin?6, Mg, g

G =(1.166 378 8 £ 0.000 000 7) - 10~5 GeV~2

» sin? 8, = 0.215

(there are further quantum corrections here not included)



Let’s be careful
G,orGg?

0 Lepton Universality is assumed

o0 The bare gauge couplings assumed the same regardless
of the lepton involved

—

[

I LB
G5, = 93, = G,
0 And the bare natural relations

-"J.

€0 0 02
> =1 — (my,/my)°.
g?n

o Is this really true? And how well do we know it?

sin® 6y, =



Fermi Constants and “New
Physics” — W. Marciano

GZ,m2 [ m] 3 m?2 a (25
e tonty = G (1) (1, 32 (o (B )
(7 vo (7)) 19273 f (m.?_) ( T35 -m.f:,_.—) o\ 77

—

(1 — evir(y)) = 4.035(19) x 107" GeV

[(r — pvi(y)) = 3.933(19) x 107 GeV

~——

—

G,. = 1.1666(28) x 107° GeV~*

G, =1.1679(28) x 107> GeV 2

~——

Tests Lepton Universality to 0.2%
(much more to this study)
There are even more precise limits at ~10+4



World avg 47,/7, is 18 ppm, but is it right?

Lessons from History

940 . . . . Precision
VS
Accuracy
020 - — — A
” world average |
— T aQE 7
Tond T 885.7+0.8 |
L1}]
= - _ l - SF o
:":5 _F__‘!‘_;—iE oo E 1 ppm
- 660 + i d X 10 | of e ”
o - [ -
= -T- Y
aE:J 860 _ 878.5+0.8 |
new result 10— ulan 06
g404 | .
gy —
'uh__tn 9 ;\D
820+ v
1985 1990 1995 2000 2005
Vedalr

Goal of MuLan is 1 ppm.




ASIDE: Precision measurements have a checkered history.
Before common practice was to ‘blind*’ results tended to
have a trend toward an asymptotic value.

1115.8

LLOO grreverrsrprrersrrosprossrepessrrareperareme CpTrmmmmm—————— i
— 1050F _ A11'15.6__ hﬂmﬁmﬂm i
O - ] S I ]
Q L i o L ]
g L ] _
b5 IOOOHH ‘- E 1154l Hm _
= i ] 2 - :
— r 7 5]
5 9501 N g * ]
g . H ] <1115.2] i
S b ] ' [ -
~ o0k i, : : _
L 1 1]]507”| ......... Lo L Lo Lo f
850 Lo e oL 1960 1970 1980 1990 2000 2010
1960 1970 1980 1990 2000 20 A A M PUBLICATION DATE
o -1.181 N
1= - -
| i j
= -1.200 .
t : ]
= -1.22[ N
h - .
S i
i _
= i )
%0 1260 HHM{HI b
i Tiizzzs]
1280 b b b ]

1970 1980 1990 2000 2010

*If you want me to talk about how to blind experiments, just ask ...



Spoiler Alert

Tmutan) = 2 196 980.3 * 2.2 ps (1 ppm)
G =1.166 378 7(6) x 10> GeV-2 (0.5 ppm



MulLan measured ~ 2 x 1072 decays
: Regldata Kicker On

[1]
~10° : . .
R = h Accumulation Period, T‘,L
« 8 :
e i
( E H
(3 a
Sl gl
L 10 S Measurement Period, T
N = M
! o
( =
J g
! =i
: e
K 9
< 10°p T
C ¥
: Background Level
1 1 1 1 i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1
-5000 0 5000 10000 15000 20000

Time relative to kicker transition [ns]

at PSI

Detector has symmetric design around stops



Modern experiments record the complete waveforms
using digitizers. Here, 500 MSPS, 8 bit
“Now” 800 MSPS,12-bit

220

— 11 = gum = 1) -
200Normal Pulse artificial” deadtimes
180;;— | | | |
160— 1 | 1 1
- I I I I
>2 x 1012 decays 140E" : oo
120 1 1 1 1
- . I I
1005;— | I '>| I
o0 T
60— : | | >:
C 1 | 1 1
2‘:._I T T TSR N R S ! T T S T NONR S I. L vy
0 5 10 15 L 20
2Sui_Two pulses close together 250, 1A difficult fit

200— F ]
N 200
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- 150 —
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C C | +
50— N | i
C 50— r 1 f n
o ._.ll wL
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F
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If you count 1 when 2 went through, it's called Pileup
Leading order pileup is a ~5x10 effect, yet ...

10°
107
10°
10°
104
10°
102

10

Fill i+1

Q[Tﬂmqlmmrﬂﬂml|m

2/2.

Normal Time
« Distribution

Pileup Time
Distribution

<«

i

I I | I I I
5000

1 | 1
15000 20000
time [ns]

1 | 1 1 1
10000

Statistically reconstruct
pileup time distribution
*Fit corrected distribution

This is only the 1st
order effect



Final deadtime corrected lifetime

€ [ A slope exists due to a pileup undercorrection

o |

=1

— 69—

© I

68.5—
" A
es[— [1 ppm

'_"Y+ 12 | ndf 16.62 / 11
- A R, 67.31+ 0.02
i . slope 0.01797 + 0.00072
€ — - - - - - - - - - >
g | 150 ns qeadtlme range l |
0 10 20 40 50 60

Artificial Deadtime (c.t.)
Extrapolation to 0 deadtime is correctanswer



SYSTEMATICs, SYSEMATICs, and many tests

residuals

Entries
Mean
EMS
12 ndf
pi

1.101582e+12

4694

2808

1232 1 1188
-0.001448 + 0.029001

[ lifetimeLast ADT=5.00, CW=5.00 | lifetimelast2_px lifetimeLast ADT=5.00, CW=5.00 |
Entries 1.1015682e+12 | 3
- Mean 1049 | £ C
[ = C
RMS 1| =
~ I ndf o 6
N M B.045e+09% 136826 | = [
= 1
n mrt + —TR 66.82+1.14 | 3
. PP H B 1.015e+07+184 | &
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107 E |
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tau vs fit start time

Red band is the
set-subset allowed
variance

0

IIIIIIIII
000 s000 90

00 10000
time in fill (ct)

Constant
Mean -0.004201+ 0.030036
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The analysis is double blinded to avoid biasing
the results.

Agilent E4400 Function
Generator

S B 1 ct=2217XXX ns

i i ||
.'E.H.H.-L!L-Ll:..
u.( EL
mNrre En

f=451.0+/-0.2 MHz
Input frequency only known to 200 kHz [~ +/- 443 ppm]

-

o
=
=)

-
[=]
©

coincidences per 8 ct

108

107 |-

Fit results reported in terms of a relative secret reference value

- ¥? I ndf = 1224 /1185
- N 8.9456+09 + 1.387e+04 Tr—7

R 67.42+1.18 | D > R — 0 X 106
E B 1.015e+07 = 1.851e+02 ’Z'O

A -0.8006 + 0.3564

Ty = XXXXXXXX ns

AR=1is 1 ppm shift of lifetime

L 1 1 ‘ I ‘ 11 | 1 ‘ I 111 ‘ I | I | I ‘ I ‘ 11 | 1 ‘ 11 |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
time (ct)



Okay, enough. Unblind it

& Balandin - 1974

& Giovanetti - 1984

. Bardin - 1984

—

Chitwood - 2007

. FAST Barczyk - 2008

MuLan - RO6

— PSI

MulLan - RO7

2.19705 2.19710 2.19715
Lifetime (us)

The most precise particle or nuclear or atomic lifetime ever measured

t(R06) = 2 196 979.9 + 2.5+ 0.9 ps
t(R07) =2 196 981.2 £ 3.7 + 0.9 ps

t(Combined) =2 196 980.3 £ 2.2 ps (1.0 ppm)
At(RO7 — R06) = 1.3 ps

PRL 106, 041803 (2011)
Phys. Rev. D 87, 052003 (2013)



From 1t to G ...

1927°

|

GF:

The determination of Gy in units of GeV 2 from the
measurement of 7, in units of ps requires a unit conversion
via Planck’s constant, .. For Planck’s constant, the value
recommended by the 2010 CODATA committee [9] of
h = [6.58211928(15) X 10~ %°] GeV - s is used.

For the muon mass, the recommended value of m w=
[105.6583715(35)] MeV [9] is used. This value is derived
from the combination of the measurements of the electron
mass and the electron-to-muon mass ratio.

Computing the theoretical corrections requires both
the electron-to-muon mass ratio m,/m x and the fine struc-
ture constant a(m #_) at the momentum transfer ¢ = m “
of the w-decay process. The recommended value of
mefm#_ = 4.83633166(12) X 1073 [9] is used. For the
fine structure constant a(m,) the value a(m,) = 1.0/
135.902660087(44) is used. The value is obtained from
Eq. (4.13) of van Ritbergen and Stuart [2] using the
CODATA value of the fine structure constant «(0) =
1.0/137.035999074(44) [9] at zero momentum transfer.

5 _ . A ,(2)
Ty, 1+ AqW + Ag'V + Ag?

The value for the phase space term Ag"” = —187.1 ppm
is obtained from Eq. (2.7) in Ref. [2] and the value for the
one-loop QED correction Ag" = —4233.7 ppm is ob-
tained from Eq. (2.8) in Ref. [2]. Note that Eq. (2.8) of
Ref. [2] incorporates the effects of the nonzero electron
mass on the one-loop QED correction.”!

The value for the two-loop QED correction Ag'? =
+36.3 ppm 1s obtained by summing the individual contri-
butions from purely-photonic loops [Eq. (9) in Ref. [3]],
electron loops [Eq. (10) in Ref. [3]], muon loops [Eq. (19)
in Ref. [4]], tau loops [Eq. (20) in Ref. [4]]. and hadronic
loops |Eq. (16) in Ref. [4]]. Additionally, a correction of
—0.4 ppm. first evaluated by Pak and Czarnecki [8], is
included to account for the effects of the nonzero electron
mass on the two-loop QED correction.

Using Eq. (23) and the aforementioned values for the 7,
m,,. and the theoretical corrections Ag'”, Ag'V, and Ag'?,
we obtain

G r(MuLan) = [1.1663787(6) X 107°] GeV 2 (0.5 ppm).



Gg & 7, precision has improved by ~4 orders of
magnitude over 60 years.
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1*! order QED
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—— Theory

InsideScience.ox
Inside Science News Service
resnani 15,2000

Research

Tesze: & Pint®  E-mailtis ston 0 (6 soveeex £ 2

Weak Nuclear Force Is Less Weak

New insights from subatomic particles that fly apart.
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Measurement of the Positive Muon Lifetime and Determination of the Fermi

D.M. Webber," V. Tishchenko,? Q. Peng.3 S. Battu,? R.M. Care}‘,a D.B. Chitwood,! J. Crnkovie," P.T. Debevee,!
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Constant to Part-per-Million Precision

(MuLan Collahoration)




The 1 ppm u” lifetime Is compared to the p- lifetime In
gaseous p or d targets to determine the capture rate

A

Scale: AT( <0.16%

-y )

0 Example: W + p —> n+ v,
C
>
8 System Uncertainty (ppm)
5’ A 1
Ag 10
Ap 10

u+ MuLan (complete)

wp

MuSun (in progress
MuCap (complete uSun (in progress)

1 decay time

; = Atotal = Adecay + Acapture

E Extract physics here



The singlet muon capture A5 on the proton is sensitive to
axial nucleon structure

As

2 (q) Yo +

24(q) Ya ¥s

Technique: Precision lifetime
measurement in an ultra-pure
hydrogen time projection chamber



1st Precise and Unambiguous Result
Vqufies Basic Prediction of Low-Energy QCD
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Axis &
o . MuCap Avg

MuCap is designed to “ignore” this problem
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Horizontal axis represents some not-well-known Mu-Molecular physics

Why do we say the result is Unambiguous ?

Phys.Rev.Lett. 110 (2013) 012504



The Structure of the Weak Interaction
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Final results from TWIST measurement of muon
decay parameters

Is muon decay purely V-A?
Sensitive to attractive SM extensions:
L-R symmetric models, which would permit a W
Basic idea:

Measure the energy and angular distribution of e* from
u*>e*vev, and compare to Monte Carlo expectations




Even more generally: Muon decay spectrum
in greater detail: TWIST experiment

d’T .
drd(cos0) o« (3-3x)+ @x —-3) +@}(1 —X)
os 9{(1 —x)+ x _ 3)}

Ee
where x=

e,max

SM
p = 0.7518 £ 0.0026 3/4
n = -0.007 £ 0.013 0

P& =1.0027 + 0.0079 + 0.0030 1
5 = 0.7486 £ 0.0026 + 0.0028  3/4
P (€8/p) > 0.99682 (90% c.l.) 1

45



The formalism, "Michel” parameters

> Muon decay parameters p, n, P £, &
» Differential decay rate vs. energy and angle:

d’T 1 4o s
dx dcos 0 - Zm”W”eGF * @

{Frs(xz,p,n) + P, cosO - Fas(z,£,6)} + R.C.




Michel Parameters: TWIST final results

SM
3, | P =0.74977 £ 0.00012 (stat) £ 0.00023 (syst)
"SM still okay” |5, | 5= 0.75049 £ 0.00021 (stat) £ 0.00027 (syst)
N 1 +0.00165
. P,¢ = 1.00084 % 0.00029 (stat) g ogos3 (SYSt)
\ N . i
Resblts mostiy.constrain right-handed muon terms
\ ”\NN
0.10 _ \‘\ TS~. 0107 . —

[ Manifest LRS model @) “~~._ | Generalized LRS model

_ 3 TS~ _,——— e ]

B \ R v B NN‘ VAl e —-—::____
= f e N B g °* o SR
2 - / f'#‘x:;- ---------- E B I e -
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PHYSICAL REVIEW D 84, 032005 (2011) Phys. Rev. D 85, 092013 (2012)



Topic 3

Parity Violation, the Weak
Interaction, & neutrons

Progress in Particle and Nuclear Physics71(2013) 93-118
Contents lists available at SciVerse ScienceDiract

20 Progress in Particle and Nuclear Physics
B "“‘,.! .

journal homepage: www.elsevier.com/locate/ppnp

Review

Beta decays and non-standard interactions in the LHC era

Vincenzo Cirigliano®*, Susan Gardner®, Barry R. Holstein®

 Thearetical Division, Los Alamos National Laboratory, Los Alamos, NM & SA

¢ Department of Physics-L GRT,




The Neutron as a Fundamental Laboratory

Neutron beta decay Only 3 parameters needed: V 4, A, ¢
n—p-+e +v, - CKM matrix element V.
neutron lifetime 7= 15 min ‘ - ratio of c.c. 4 = g, /gy = [4]e*
p-endpoint energy: E__= 782 keV - relative phase ¢
(T-symmetry: ¢ = 180°)

O
\ v 7 E=0-0.8MeV

‘E

E,=0-0.8 keV




Dynamics and observables
Basic beta decay Lagrangian for a baryon

GF - , - |
Lw (x) = =75 Vud [Up(x) 31+ 27°)n(x)] [delx)ru(l + 7)o (x)]
1 -
=7 [Dp(x)1u(8v + 2471 )¥n(x)] [Pe(x)7u(1 + ") (x)]
where Bv — GF Vud — GFG'I.-'" and BA — GF Il-f'f._lal.-:!'n — GFG;, .
I UEU Ve Gr ~ 1.1664 x 10~ MeV 2 (for our purposes,

o infinitely well determined in p decay)

A= —1.272 (from correlations in n decay)

Rate of neutron decay/lifetime is given by:

[ =

Lo+ ez,

in

Slides: D. Pocanic



Extracting V 4 from n decay

Evaluating the preceding relation we get:

“l T (1 +3A2)
r—1 = const.(G5 + 3G3) o

,  4908.7(1.9) sec

or

We therefore need to measure:

» neutron lifetime 7, (counting neutrons)

» ratio A = G,/ Gy (decay correlations)

Key questions:
*» How thick (uncertain) are the 7, ellipse and the A line?

» How reliable and consistent are the results from different methods of
7, and A evaluation?

Slides: D. Pocanic



Richness in the Neutron Decay Distribution

G \
nop te FV. Y 9{ E.=0-0.8 MeV
neutron lifetime 7~ 15 min i,
. p
B-endpoint energy: E__= 782 keV
E,=0-0.8 keV

dwfywe)[f@%::zz @

1_(&I jz J{&] [gA _(gA
r,oc1/(gi+3gy )| | \& g )| |p=2-8t L
A o | [Tk
8y gy 8y
2 2
(g,+3g,)

Neutron beta decay measurements give: g /
A




Neutron Decay Correlations

SA

g./ 8y

gy

Nuclear Of* — O+ Decays,
CKM Unitarity

g5 +3g;
n Lifetime

How thick are the
bands and do they
overlap ?

v

53



2007 picture: Lifetime and Correlations combine in a
confused picture for the physics of g, or unitarity

1 ] 1 1 1 1 I 1 ] 1
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J. Nico, 2007



Let’s look at more recent versions of these
experiments, but define two “kinds” of n sources

10” _ 10"
10° |
Cold and Ultra-cold _
Neutrons 10° —
10 ~ -
z 1w - R e e
-F:F E lu-‘r E‘r —
5 10 = 2
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10 e £
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Difficulty is consistency in neutron
decay experiments

+ Lifetime experiments:

— Cold "beam” of neutrons ... arrange to trap, store,
then count the feeble decay protons

— Bottled up neutrons ... hold them for a
while, dump, and count how many are left

 Asymmetry experiments

— Cold polarized beam passes through a spectrometer
and count the left and right going particles vs. the spin
orientation (very few decay, but there are many in the
beam)

polarized neutrons and somewhat similar

arrangement, but very few in the "beam” but many
decay in the fiducial volume



Modern Lifetime Methods

alpha, triton

detector
& precision _  Pproton
aperture detector
X XY -
] f ol o ' neutron beam
du;;sit mirmor trap clectrodes  door closed
* (+800 V) (+800 V)

Bottle

Keep n away from all walls
1) Gravity (up)

2) Magnetic dipoles (down)




Stopping Point

for today

PHYSICS AT TME FARM : DISCOVERY of THE MUON .




	Fundamental Symmetries and Precision Physics*
	Much of the motivation of this field is about looking for New Physics … using low-energy experimental techniques��translation:  not colliders
	My group’s program: An Evolution of Precision
	Muon Primer
	Neutron Primer
	Electron Primer
	The Motivation for Tests of Fundamental Symmetries and the Role of Precision Measurement (the conventional)
	The Motivation for Tests of Fundamental Symmetries and the Role of Precision Measurement (the exotic)	
	The unconquered Standard Model
	Discrete Fundamental Symmetries
	Combined Symmetries
	Topic 1
	Slide Number 13
	Slide Number 14
	A flurry of tests begins …
	A flurry of tests begins …
	Lee and Yang also suggest that, if PV were so, it offers a natural way to determine the muon’s magnetic moment !
	Parity violation “at home”�At rest, the muon precesses in a magnetic field, giving g, (or the magnetic moment)
	Parity Violation appears on all  Weak Decays
	Weak Interaction Primer*
	Parity & V-A*
	Parity & V-A*
	Topic 2
	Muon Lifetime
	From tm to sin2 θW 
	Let’s be careful�Gm or GF ?
	Fermi Constants and “New Physics” – W. Marciano
	World avg dtm/tm is 18 ppm, but is it right?
	ASIDE:  Precision measurements have a checkered history.  Before common practice was to ‘blind*’ results tended to have a trend toward an asymptotic value.
	Spoiler Alert
	Slide Number 31
	Modern experiments record the complete waveforms using digitizers. Here, 500 MSPS, 8 bit�“Now”  800 MSPS,12-bit
	If you count 1 when 2 went through, it’s called Pileup�Leading order pileup is a ~5x10-4 effect, yet …
	Slide Number 34
	SYSTEMATICs, SYSEMATICs, and many tests 
	Slide Number 36
	Okay, enough.  Unblind it
	From tm to GF … 
	Slide Number 39
	The 1 ppm m+ lifetime is compared to the m- lifetime in gaseous p or d targets to determine the capture rate
	Technique:  Precision lifetime measurement in an ultra-pure hydrogen time projection chamber
	Why do we say the result is Unambiguous ?
	The Structure of the Weak Interaction�Is it really only V-A ?  (no tensor, scaler terms …)
	Final results from TWIST measurement of muon decay parameters
	Even more generally:  Muon decay spectrum in greater detail:  TWIST experiment
	The formalism, "Michel" parameters
	Michel Parameters:  TWIST final results
	Topic 3
	The Neutron as a Fundamental Laboratory
	Dynamics and observables�Basic beta decay Lagrangian for a baryon
	Extracting Vud from n decay
	Richness in the Neutron Decay Distribution
	Slide Number 53
	2007 picture:  Lifetime and Correlations combine in a confused picture for the physics of gA or unitarity 
	Let’s look at more recent versions of these experiments, but define two “kinds” of n sources
	Difficulty is consistency in neutron decay experiments
	Modern Lifetime Methods
	Stopping Point�for today

