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Outline of Lectures

o
@ Searches for Violations of Discrete Symmetries

@ Charged Lepton Flavor Violation and Precision Weak
Neutral Current Experiments |

@ Parity-Violating Electron Scattering Experiments,
Electroweak Probes of Hadron Structure &
Precision Weak Charged Current Experiments
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Review and Perspective

® In lecture 1, we introduced the electroweak
interaction and its verification using colliders

@ In lecture 2, we learned about symmetries and
discussed EDM searches to find T-violation

@ In lecture 3, we discussed lepton flavor violation and
weak neutral current experiments

@ Coupled with Vincenzos lecture yesterday, we are now
quite familiar with the language of BSM searches and
the role of symmetries at low energies
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Outline of Lecture #4

@ Parity-violating electron scattering as a
probe of new flavor diagonal amplitudes at
the TeV scale

@ Electroweak probes of hadron structure
@ Precision charged current experiments

@ Muon g-2
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Parity-Violating Electron
Scattering

Weak Neutral Current (WNC) Interactions at Q% << M,?

Longitudinally Polarized
Electron Scattering off longitudinally
Unpolarized Targets

polarized ¢

2

c @ I A’Y -I-AweakI

- A P . ,
-ALR= APV = g_:_%:_ ~ A_;veak Nfﬁ‘s (gA gVT+I3 gy gAT)

e
gy and g, are function of sin’0y, - Apy ~ 10°-0° to 107 - 0’

Specific choices of kinematics and target nuclei probes different physics:
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Experimental Technique

pols
specialized *Optical pumping of a 6aAs wafer

‘Rapid helicity reversal: change sign of
longitudinal polarization ~ 100 Hz to

optics

minimize drifts (like a lockin amplifier)

-Control helicity-correlated beam motion:
under sign flip, keep beam stable at the sub

"Flux Integration”: very high rates
C
RTRI ae l direct scattered flux to background-free region

== : copper

electron flux [ : quartz

Technical progress over 3 decades has enabled ppb systematic control

Parity-violating electron scattering has become a precision tool:
Many-body nuclear physics: Neutron skin of 208Pb

Nucleon structure: strangeness contribution to form factors
Valence quark structure: Deep inelastic scattering at high-x

Search for new TeV physics: Precision electroweak parameters
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Parity-Violating Electron-Electron (Mgller) Scattering

EI58 @ SLA
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85% longitudinal polarization ,HZ ACCBlel’ai'Ol’ Ceni'el’ (SLAC)

half-wave
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s. Rev. Lett. 91 081601 (2005)
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Data Sets
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E158 Implications

Limits on “New” Physics

95% C.k.
LEP Il

e el? | e e
<

_ e e e

" Running of sin“0,, established to 60 17 TeV

2

SLAC E158 NuTeV Fermilab
Moller
|v-DIS q e

Cesium ‘ >y
[ IAPV q] £ \e

60

| eCzarnecki and Marciano v
*Erler and Ramsey-Musolf
oSirlin et. al.

*Zykonov doubly charged
L scalar exchange
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Q [GeV
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Neutrino Deep Inelastic
Scattering

NuTeV Neutrino Experiment

@ Most precise
measurement of
neutrino-quark
coupling

Target / Calorimeter Toroidal Spectrometer

Drift Chamber Drift Chambers

@ subtle quark

physics effects
m can affect the
result

\ /4 -~ - \ /

2" Steel -E\;-E-ifllill;lllﬁﬂ' Steel loroids
] 1 " | > 2
p'(z—sin‘vn.) interest in both
nuclear and

sin® 0" """ = 0.2277+0.0013(stat.) | Standard Model prediction is 0.2227 Basiicle
+0.0009(syst.) (3o deviation) phenomenology

@ generated great
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Lepton-Quark Neutral
Current Interactions

Consider f1 J_C1 —> f2 ]?2 or f1 f2 — fl f2 7 f]
47 - _ ><
Lf1f2 = E A2 nzjﬂiyuﬂiijnyzj 2 fé ! v qd
ij

i,j=L.,R

€q

5(C1q) o (+Mgy + Mrr —Npr —Mir) L AP e-p scattering, APV

atr *’fl ‘a‘_
Jefferson Lab = " Jf = IE==
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Qweak at Jefferson
Laboratory

Apy in elastic e-p scattering: Contains GYe,m and G%g wm,

MO =0) = - [Q701,+Q'B(07)

Extracted using global fit

hi =2C, +Cy x1-4sin’ 9,

weak

o
[u—y
(@)

E =1.165 GeV, 01,5 ~ 9°,
0? =0.026 GeV-

~
@)
+

=N
@)

=) o
SR N
Isoscalar weak charge

Q-weak
: : Isovector weak charge
Design and construction over past several years 08 07 06 01
Installation nearly complete C14~Cia
First beam next week!

Data ~ 2010 thru mid-2012

New, complementary constraints on lepton-quark
interactions at the TeV scale
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Atomic Parity Violation

*6S — 78S transition in 33Cs is forbidden within QED

eParity Violation introduces small opposite parity admixtures
e/nduce an E1 Stark transition, measure E1-PV interference

5 s:gn reversals to isolate APV signal and suppress systematics

Partial Level Structure of Cesium
m=+4

TS1p

Dye Laser
(540 nm)

polarizes the
atoms i G
» |F,m=tF> ,’c Detector AQ

’ 4 Re-excitation of the
y W depleted HF level
d:r?;elflis dye laser diode laser, tuned to the

level beam depleted HF level

New alkalis being investigated
initiatives include TRIUMF
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Electroweak and Hadron
Physics Interplay

@ nuclei and nucleons are special laborafories to test electroweak interactions
@ these are bound states ultimately governed by QCD dynamics

@ a detailed knowledge of hadron dynamics is often needed tfo interpret the
measurement and probe the TeV scale

@ conversely, the experimental techniques being developed lead to new
insights on hadron structure. Some classic examples:

@ elastic electron-nucleon and -nuclear scattering

@ nuclear beta decay and muon capture prO'I'On
Very Lamb Shift (1s-2s transition) charge
recent: in muonic hydrogen radius
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Strange Quarks in the
ucleon

neutron charge distribution

Quark Model ﬂ aQcD o 00
)
Late 1980’s

neutron "pion cloud”

Strange quarks carry nucleon
momentum: Other external

properties affected? Isospin
Symmetry

Symmetry

Q*~0.1 GeV? proton neutron
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PREX at Jefferson
Laborator

Neutron Star Heavy Nucleus
= Neutron star has solid crust .

over liquid core.

* Heavy nucleus has neutron

skin crust

R p~ 5.5fm Both neutron skin and neutron star crust are made out of
i ~ ” neutron rich matter at similar densities.
R,-R,~ 0.1 to 0.3 fm

A neutron skin is expected: how thick is it?

- The extent of the skin constrains the transition density from solid
crust to liquid core in a neutron star

- The density dependence of the symmetry energy constrains the
composition of the neutron star core: important implications for rate
of neutron star cooling

An experimental clean measurement of skin is now viable:
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PREX and Neutron Stars

C. Horowitz QpEM ~ 1 QnEM ~0

% . 5(Apy,) ~ 3%

Density (fm”)

E+M charge
Weak charge
Proton

Neutron

20886, (R -R,) ~ 1% @

Q2~0.01 GeVZ ——> Ap, ~0.5 ppm

Construction and
A technically demanding measurement: Installation took place
Rate ~ 2 GHz over the last 6 months
Separate excited state at 2.4 MeV

Stat. Error ~ 15 ppb

Physics run April - mid June
Syst. Error ~ 1 t0 2 %

expect to have < 3% measurement of neutron radius

Result highly prized by nuclear structure and nuclear astrophysics communities
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MOLLER at Jefferson
Laboratory

Measurement of Lepton-Lepton Electroweak Reaction
+ 0.00029

~ 38 weeks 0.23098 + 0.00026

Epeam =11 GeV 75 uA  80% polarized %{> O0(Apyv) =0.73 ppb
~2yrs

0.23221 + 0.00029

Apv = 35.6 ppb :> 6(Qew) = £ 2.1 (stat.) £ 1.0 (syst.) %

0.23153 + 0.00016
x?/d.0f.:11.8/5

d(sin?6w) = + 0.00026 (stat.) + 0.00012 (syst.) —> ~0.1%

Project design, construction and
installation will take 4-5 years 727226 Gav

Jefferson Lab 12 GeV Upqgrade

Apy A

2
8ij _ _
Loy = ) A2 S ke e :> =75 TeV
ij=L.,R V8RR — 811

Best current limits on 4-electron contact interactions: LEPII at 200 GeV

(Average of all 4 LEP experiments)

gRL

——————=44TeV QR — =52TeV  insensitive to |g%r — g2L|
8RR + 8LL
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Precision Tests of the
Weak Charged CulrremL

Leo = >

2/ 2

_H”L[l A (1=~ VYV ;D + Tt (1=~ |lk]—|—h< MCC 8M2 (V A)®(V -A)

|14

- d Ve e Fermi Constants
! D=1 s v=1 v, [=1 n 2
i G# g
b , T U decay =

) 8M§w
VVI = VIV =T Gl g
B decay Fo_ v ( )
Z Vas ‘/::3 = Oary
3

g2 / SM;, is universal New physics

Universality obscured by G’ /G“ V., (1 @)
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Super-Allowed Beta
Decays

WORLD
DATA, 2002

o0 O ©C000COo

Ft-value (s)

Nuclear structure-

dependent corrections

Jt= 3072.2 + 0.8

‘/_: v = (.6
J.C. Hardy 2003

Number of Protons, Z

slo 4'0 . - 0 1|0 I 2|0
Number of Neutrons, N Z of daughter
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Beta Decay Correlation
Coefficients

o |

Jackson, Treiman, Wyld

® Example: limit on b from oy & Towmer 2009
0" — 0" transitions ) - 0004
corresponds to 4

L > 7'leV

VCs

5 10 15 20 25 30 35
Z of daughter

br = —0.0022 £ 0.0026
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dw

~ koE.(Eg — E.)?
dE.dQ.dQ, ~ °© e(Eo — Ec)

The Neutron

N M\ ajor initiatives in Canada,
Ke-k, . m Ke Ky, ke X Ky
M EE, +"E—e+<"">'(“e—e+35—,,+° USA, Europe and Japan

with:
1— 2 2
1=, AP+ Re())
14+ 3|72 14+ 3|22

|A|? — Re()\) Im()\)
B=2——_——— D=2
14+ 3|72 14+ 3|22

14.55

G -
A= G_A (with 7, = CKM V,4) (D # 0 < T inv. violation)
'

Independent measure of Vus TS

Other terms sensitive
TeV scale BSM physics "R g
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Semi-Leptonic Decavys

T — hyg V-

T— hyv_

(inclusive)

2

I = [G}“) I'}‘,} x Mf]had|2 X (1 + dem) X Fiin

Hadronic matrix elements Radiative corrections
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Global Fit toV, 4 andV

arXiv:0907.5386

| FRiA

”C(KaonWG

Fit result

| £.(0) = 0.9644(49) VUd = 0.97425 (22)
| f/f = 1.189(7) Vs = 0.2252 (9)

.

2 /dof =0.65/1

|

[ Vud |2 + [ Vus|> = 0.9999(6) J

Error equally shared between Vud and Vs

0970

Vud from 07 — 0F - |
® Remarkable agreement with Cabibbo universality: [ACKM =- (I £6)= |Oﬂ

Marciano-Sirlin

® Confirms large EW rad. corr. (2 &/11 log(Mz/Mp)=+3.6%)
® |t would naively fit Mz = (90 = 7) GeV
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Precision Muon Decay
Measurements

Muon decay ("Michel”) parameters p, 1, P §, 6

® muon differential decay rate vs. energy and angle:
d?T
dx dcos@

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

® where
2
Fis(z, py 1) (1l —x)+ 50(4332 — 3z — x3) + nao(l — x)

fAS(waévé) %6372_333 [1—:1;—|—§5{4:U—3—|— <1 _w(Z)_ 1)}]
p

Superconducting magnet and cryostat

TWIST Spectrometer Support cradle a n d ‘ ‘ ne —

(cutaway view) Prop. and drift chamber
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Peoples 1966
TWIST 2005
TWIST 2008

TWIST 2010
0.744

Balke 1988
TWIST 2005
TWIST 2008

TWIST 2010
0.744

Beltrami 1987

TWIST 2006

TWIST 2010
0.988

TWIST Results

Krishna Kumar

Important new limits on right-
handed currents

Wr =Wicos(+ Wasin{, Wpgr = ei“’(—Wl sin ( + W3 cos ()

Restricted (“manifest”) General

BRI
IO 0
ed S SISO

/I”WWW//////

N
9
o
c
©
o
IE
X
=

e N _ ) ; \

=0.08f —— Jodidio 1988 Ppsb/p(MLRS)k\\ N -0.08F —— Jodidio 1988 P \blp (LRS) i\\ i

——— TWIST2010p,5,P % (MLRS) . TWIST 2010p, , P S (LRS)

400 600 800 1000 1200 - 200 400 600 800 1000 1200

m, (GeV/c?) (9,/9,)m, (GeVi/c?)
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e Dirac predicts in g=2 in 1928
e 1947 : Measurements of Kusch and Foley found g. deviates from 2

e Schwinger calculated : )
g9e = 2(1+a.),  where @ = (ge; ) _ % ~ 0.00116

~(& - 3
%) - -9

Schwinger Kinoshita and others

e a. due to corrections from virtual particles appearing in loops (radiative corrections)

e 1 part in 850 effect, huge success for QED !
Krishna Kumar NNPSS 2010 Lecture 3




Radiative Corrections

,(SM) = 0,(QED) + a,(Weak) + a,(Hadronic) |

z
1 TR W f
Z
u u X H
i

EW 1 Loop EW 2 Loop

A A A

Hadronic Leading Order Higher Order Light-by-Light

a, gets contributions from all physics - including the unknown
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g-2 ExprlmemL at BNL

e Inject polarized muons at 3.094 GeV/c into superferric storage ring, radius = 711.2 cm

e Muon spin precesses in homogeneous 1.45 T field, time dilated lifetime of 64.4 us, measure for 700 us

difference between spin and cyclotron frequencies

1 L
2_1)ﬂxE} = at 7=293 = Go=-—— |

9 mc

= To determine a,, need to measure w, and B

e Muon spin direction correlated with decay electron direction, and Ey,;, =~ v E* (1 + cos 6%)
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g-2 Data and Plans

3 2

£ 10° )/ R A

. E XX + - .
7 v ,

692 694 696 698
time (us)
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Summary

Weak Neutral Current Measurements are an important
complement to search for TeV-scale flavor diagonal
interactions

Electroweak experiments probe novel aspects of
hadron structure

Charged Current Interactions search for new physics
in sectors often not accessible at colliders

muon g-2 is a very sensitive indirect search for SUSY
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Conclusions and
Perspectives

@ I hope you had at least some fraction of the
fun I had in preparing these lectures

@ Nuclear theory & experiments will continue
to explore fundamental symmetries and
interpret/complement collider experiments
uncover the underlying theories of nature

@ We need Yyou all to develop the next
generation of clever ideas that will move
this subfield forward into the future
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