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Unique Low Energy Tests exploiting the special 
properties of Leptons, Nucleons and Nuclei

1



NNPSS 2010 Lecture 3Krishna Kumar

Outline of Lectures

Standard Model of Electroweak Interactions

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 Vincenzo’s lecture yesterday, we are now 
quite familiar with the language of BSM searches and 
the role of symmetries at low energies

3



NNPSS 2010 Lecture 4Krishna Kumar

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

5

Specific choices of kinematics and target nuclei probes different physics:

• In mid 70s, goal was to show sin2θW was the same as in neutrino scattering
• Early 90s: target couplings carry novel information about hadronic structure
• Now: precision measurements with carefully chosen kinematics can probe 
physics at the multi-TeV scale

(gA
egV

T
 +β gV

egA
T)

Weak Neutral Current (WNC) Interactions at Q2 << MZ
2

Longitudinally Polarized 
Electron Scattering off 
Unpolarized Targets

€ 

10−4 ⋅Q2

€ 

APV ~ 10
−5 ⋅Q2 to gV and gA are function of sin2θW
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Experimental Technique
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•Optical pumping of a GaAs wafer
•Rapid helicity reversal: change sign of 
longitudinal polarization ~ 100 Hz to 
minimize drifts (like a lockin amplifier)
•Control helicity-correlated beam motion: 
under sign flip, keep beam stable at the sub-
micron level

“Flux Integration”: very high rates
direct scattered flux to background-free region 

•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

Parity-violating electron scattering has become a precision tool: 
Technical progress over 3 decades has enabled ppb systematic control
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E158 @ SLAC
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Purely leptonic reaction
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€ 

APV ∝meElab (1− 4sin
2ϑW )

€ 

δ(sin2ϑW )
sin2ϑW

≅ 0.05
δ(APV )
APV

APV =  (-131 ± 14 ± 10) x 10-9

50 GeV at SLAC: ~ 150 ppb!

45 GeV: 14.0 revs
g-2 spin precession

48 GeV: 14.5 revs

LH2
4-7 mrad

45 & 48 GeV Beam
85% longitudinal polarization

End Station A at the 
Standord Linear 
Accelerator Center (SLAC)

Phys. Rev. Lett. 95 081601 (2005)

Parity-Violating Electron-Electron (Møller) Scattering
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E158 Implications
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T

6σ
•Czarnecki and Marciano 
•Erler and Ramsey-Musolf
•Sirlin et. al.
•Zykonov

16 TeV17 TeV

0.8 TeV 1.0 TeV (Zχ)

0.01•GF

95% C.L.

Limits on “New” Physics

Running of sin2θW established to 6σ
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Neutrino Deep Inelastic 
Scattering
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Most precise 
measurement of 
neutrino-quark 
coupling

subtle quark 
physics effects 
can affect the 
result

generated great 
interest in both 
nuclear and 
particle 
phenomenology
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Lepton-Quark Neutral 
Current Interactions 
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A

V

V

A

€ 

δ(C1q )∝ (+ηRL
eq +ηRR

eq −ηLL
eq −ηLR

eq )

€ 

δ(C2q )∝ (−ηRL
eq +ηRR

eq −ηLL
eq +ηLR

eq )
PV elastic e-p scattering, APV

PV deep inelastic scattering

Consider

€ 

f1 f 1→ f2 f 2

€ 

f1 f2 → f1 f2or

€ 

Lf1 f2
=

4π
Λ ij
2 ηij

i, j= L ,R
∑ f 1iγµ f1i f 2 jγ

µ f2 j

Qweak
at 

Jefferson Lab
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APV in elastic e-p scattering:

€ 

Qweak
p = 2C1u + C1d

€ 

∝1− 4sin2ϑW

Qweak at Jefferson 
Laboratory
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Isovector weak charge
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E = 1.165 GeV, θlab ~ 9o, 
Q2 = 0.026 GeV2

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

Young 
et. al

•Design and construction over past several years
•Installation nearly complete
•First beam next week!
•Data ~ 2010 thru mid-2012

Contains GγE,M and GZE,M,
Extracted using global fit

86 scientists from 25 institutions
including U. Manitoba and TRIUMF 
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Atomic Parity Violation
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•6S → 7S transition in 133Cs is forbidden within QED
•Parity Violation introduces small opposite parity admixtures
•Induce an E1 Stark transition, measure E1-PV interference
•5 sign reversals to isolate APV signal and suppress systematics
•Signal is ~ 6 ppm, measured to 40 ppb

Power build-up cavity
  ( F=100 000 )

dye laser 
beam 

ξex

E

B

Re-excitation of the 
depleted HF level

depletes 
one HF 

level

Bp
ξp

polarizes the 
atoms

|F,m=±F>

diode laser, tuned to the 
depleted HF level

APV signal:   odd  in  E,   
ξex,  B,   Bp,  ξp

I fluo

Boulder Experiment Partial Level Structure of Cesium
Noecker et. al (1988)

QW ∝ C1u + C1d

HW =
GF

2
√

2
QW γ5ρ(#r)

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

nuclei and nucleons are special laboratories to test electroweak interactions

these are bound states ultimately governed by QCD dynamics

 a detailed knowledge of hadron dynamics is often needed to 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

13

Very 
recent:

Lamb Shift (1s-2s transition) 
in muonic hydrogen

Proton 
charge 
radius
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Strange Quarks in the 
Nucleon

14

!!Z
0

Z
0

Z
0

Strong
Isospin

Symmetry

Weak

Isospin
Symmetry

neutron

4He

2H

protonproton

Quark Model QCD?

Strange quarks carry nucleon 
momentum: Other external 
properties affected?

Late 1980’s

Historically, their determination has come mainly from 
unpolarized electron scattering experiments. In the past two 
decades, substantial advances in high-intensity polarized 
beams, high-polarization targets, and polarimetry have led 
to a new class of precision measurements of the neutron and 
proton electric and magnetic form factors. At the time of the 
2002 Long Range Plan, polarization-based experiments at 
JLAB had discovered, in stark contrast to what had previ-
ously been recorded in textbooks based on unpolarized scat-
tering, that the proton’s charge and magnetism distributions 
are quite different. "e discrepancy in the results from the 
two methods is now thought to arise from subtle “two-pho-
ton” contributions, which obscured the interpretation of the 
unpolarized scattering results. Future experiments compar-
ing the scattering of electrons and positrons with the aim to 
directly determine the two-photon contributions are planned 
at JLAB, at the VEPP-3 facility in Novosibirsk, Russia, and 
at DESY.

A comparably precise determination of the neutron’s spa-
tial structure has been much harder to achieve because of the 
absence of a free neutron target. But, the combined results 
of polarization experiments at JLAB, the Mainz Microtron 
Institute, and the MIT-Bates Laboratory have changed the 
situation. "e neutron’s charge distribution (together with 
that of the proton for comparison) is shown in figure 2.5. 
"ese results clearly identify the neutron’s positively charged 
interior and negatively charged halo, consistent with the view 
that the nucleon’s structure is strongly influenced by a cloud 
of paired-up, light quark-antiquark pairs, the pions. As we 
look toward the next decade, experiments will probe ever 
shorter distance scales, going into a regime where the details 
of, for example, the quark orbital motion will play a more 
significant role. Such measurements remain the only source 
of information about quark distributions at small transverse 
distance scales. "e differences between proton and neutron 
form factors represent an important benchmark for lattice 
QCD calculations. 

!e Role of Strange Quarks. "e role of strange quarks in 
the structure of neutrons and protons has been a subject of 
intense theoretical and experimental interest over the last 
two decades. Quark-antiquark pairs and gluons from the 
sea account for the vast majority of the mass of the nucleon. 
However, the virtual character of the quark-antiquark 
pairs means they cannot contribute to properties such as 
overall charge. "ey can, however, contribute to the local 

27QCD and the Structure of Hadrons

Figure 2.6: The worldwide program of parity violating electron-scattering 
data at Q2~0.1 GeV2 that constrain the electric (vertical axis) and magnetic 
(horizontal axis) contributions of strange quarks to the proton’s charge 
(magnetism) at large spatial distances (low Q2). The solid ellipse represents 
a !t to the data shown, incorporating Standard Model radiative correc-
tions. The dashed ellipse includes additional data at short distance and 
removes Standard Model constraints on the nucleon axial form factors. 
Also shown, as a plus symbol, is a calculation that incorporates methods 
from lattice QCD.

charge distribution, and thus to the nucleon’s form factors. 
Strange quarks, normally not thought of as being part of a 
nucleon, can contribute in this way to the nucleon’s proper-
ties by modifying the internal distribution of its charge and 
magnetism.

Experiments have been underway to identify strange-
quark contributions, using polarized electrons scattered from 
unpolarized targets. "e experiments look for tiny changes in 
the scattering of electrons when the beam spin is reversed, a 
violation of the parity, or “mirror,” symmetry that is attrib-
utable to the weak force. "ey thus measure the weak force 
equivalent of the charge and magnetism distributions, which 
can be combined with the precision electromagnetic data to 
disentangle the strange-quark contributions. JLAB has car-
ried out the most sensitive of these experiments to date. "e 
combined results allow the possibility of separating the elec-
tric and magnetic contributions for the first time, as shown 
in figure 2.6. Taken together, they place tight constraints on 
the strange-quark contributions: less than 5% of the spatial 

Progress in revealing the strangeness form factors has seen
a dramatic improvement over the past few years, with
experimental results being reported by SAMPLE at MIT-
Bates [5,6], PVA4 at Mainz [7,8] and the HAPPEX [9,10]
and G0 [11] Collaborations at Jefferson Lab. Depending on
the target and kinematic configuration, these measure-
ments are sensitive to different linear combinations of the
strangeness form factors, Gs

E and Gs
M, and the nucleon

anapole form factor [18,19]. Recently, we reported a global
analysis [20] of these measurements to extract all form
factors from the data.

Incorporating the new high-precision data, recently pub-
lished by the HAPPEX Collaboration [12], into our glo-
bal analysis [20], yields the most precise determination of
the strange-quark currents to date, namely, (at Q2 !
0:1 GeV2) Gs

E ! 0:002" 0:018 and Gs
M ! #0:01" 0:25

(correlation coefficient #0:96). Should one further con-
strain to theory estimates for the anapole form factor [19],
as discussed below, these numbers shift by less than 1 stan-
dard deviation (with Gs

E ! #0:011" 0:016 and Gs
M !

0:22" 0:20). Nevertheless, with the best fits constrained
by data alone, we now ascertain that, at the 95% confidence
level (CL), strange quarks contribute less than 5% of the
mean-square charge radius and less than 6% of the mag-
netic moment of the proton. This new result offers further
support for the latest theoretical quantum chromodynamics
calculations [21,22].

This determination of the strangeness form factors in-
timately relies on the accurate knowledge of the low-
energy electroweak parameters of Eq. (1). Here we dem-
onstrate that the latest PVES measurements are sufficient
to probe new physics by testing the Q2 evolution of the
standard model.

Our global analysis of PVES measurements fits the
world data with a systematic expansion of the relevant
form factors in powers of Q2. In this way one makes
greatest use of the entire data set, notably the extensive
study of the dependence on momentum transfer between
0.1 and 0:3 GeV2 by the G0 experiment [11]. We now
allow the two coupling constants, C1u and C1d, to be
determined by the data.

Most of the PVES data have been measured on a hydro-
gen target. For small momentum transfer, in the forward-
scattering limit, the parity-violating asymmetry can be
written as

 Ap
LR ’ A0$Qp

weakQ
2 % B4Q4 % . . .&; (2)

where the overall normalization is given by A0 !
#G!='4"#

!!!
2

p
(. The leading term in this expansion di-

rectly probes the weak charge of the proton, related to the
quark weak charges by Qp

weak ! GZp
E '0( ! #2'2C1u %

C1d(. (We note that in our earlier analysis [20], the full
expressions for the relevant asymmetries were written in
terms of radiative correction factors [23], related by $p

V !
#2'2C1u % C1d( and $n

V ! #2'C1u % 2C1d(). The next-

to-leading order term, B4, is the first place that hadronic
structure enters, with the dominant source of uncertainty
coming from the neutral-weak, mean-square electric radius
and magnetic moment. Under the assumption of charge
symmetry, this uncertainty naturally translates to the
knowledge of the strangeness mean-square electric radius
and magnetic moment. By considering different phenome-
nological parameterization of the elastic form factors, we
have confirmed that the potential uncertainties from this
source have a negligible impact on our final result.

The extent of the data taken over the range 0:1<Q2 <
0:3 GeV2 allows a reliable extrapolation in Q2 to extract
the proton’s weak charge. In Fig. 1 we show the various
proton-target measured asymmetries, extrapolated to zero
degrees as explained below. The data is normalized as
Ap
LR ) Ap

LR='A0Q2(, such that the intercept at Q2 ! 0
projects onto Qp

weak. The fit curve and uncertainty band is
the result of the full global fits, where helium, deuterium,
and all earlier relevant neutral-weak current measurements
[14,24] are also incorporated.

Because measurements have been performed at various
scattering angles, the data points displayed in Fig. 1 have
been rotated to the forward-angle limit using the global fit
of this analysis, with the outer error bar on the data points
indicating the uncertainty arising from the % ! 0 extrapo-
lation. The dominant source of uncertainty in this % ! 0
extrapolation lies in the determination of the anapole form
factor of the nucleon. The experimentally-constrained un-
certainty on the anapole form factor is relatively large

0 0.05 0.1 0.15 0.2 0.25 0.3
Q2 GeV2

0

0.1

0.2

0.3

0.4

A
LRp

HAPPEX

SAMPLE

PVA4

G0

0 0.05 0.1 0.15 0.2 0.25 0.3
Q2 GeV2

0

0.1

0.2

0.3

0.4

A
LRp

FIG. 1 (color). Normalized, parity-violating asymmetry mea-
surements on a proton target, extrapolated to the forward-angle
limit using our analysis of all world data on PVES (see text). The
extrapolation to Q2 ! 0 measures the proton’s weak charge,
where the previous experimental knowledge (within uncertain-
ties on the neutron weak charge) is shown by the triangular data
point, and the standard model prediction by the star. The solid
curve and shaded region indicate, respectively, the best fit and
1-& bound, based upon our global fit to all electroweak data. The
dotted curve shows the resulting fit if one incorporates the
theoretical estimates [19] of the anapole form factors of the
nucleon.

PRL 99, 122003 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
21 SEPTEMBER 2007

122003-2
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PREX at Jefferson 
Laboratory

15

•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

• Neutron star  has solid crust  
over liquid core.

• Heavy nucleus has neutron 
skin.   

Both neutron skin and neutron star crust are made out of 
neutron rich matter at similar densities. 

Neutron Star Heavy Nucleus

crust skin

Rp ~ 5.5 fm
Rn-Rp ~ 0.1 to 0.3 fm?

An experimental clean measurement of skin is now viable:

10 
km 10 

fm
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PREX and Neutron Stars

16

Qp
EM ~ 1 Qn

EM ~ 0

Qp
W ~ 1 - 4sin2θW Qn

W ~ 1

δ(APV) ~ 3%

δ(Rp-Rn) ~ 1%

γ

A technically demanding measurement: 

Q2 ~ 0.01 GeV2 APV ~ 0.5 ppm

•Rate ~ 2 GHz
•Separate excited state at 2.4 MeV
•Stat. Error ~ 15 ppb
•Syst. Error ~ 1 to 2 %

Construction and 
Installation took place 
over the last 6 months

C. Horowitz

Result highly prized by nuclear structure and nuclear astrophysics communities

Physics run April - mid June

expect to have < 3% measurement of neutron radius
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MOLLER at Jefferson 
Laboratory

Ebeam = 11 GeV

APV = 35.6 ppb

δ(APV) = 0.73 ppb

δ(QeW) = ± 2.1 (stat.) ± 1.0 (syst.) %

75 μA 80% polarized

δ(sin2θW) = ± 0.00026 (stat.) ± 0.00012 (syst.) ~ 0.1%

~ 38 weeks
(~ 2 yrs)

Measurement of Lepton-Lepton Electroweak Reaction

Λ√
|g2

RR − g2
LL|

= 7.5 TeVLe1e2 =
∑

i,j=L,R

g2
ij

2Λ2
ēiγµeiējγ

µej

APV

Λ√
|g2

RR + g2
LL|

= 4.4 TeV Λ
gRL

= 5.2 TeV |g2
RR − g2

LL|

Best current limits on 4-electron contact interactions: LEPII at 200 GeV
(Average of all 4 LEP experiments)

insensitive toOR

10
2

10
3

0.23 0.232 0.234

sin
2
!

lept

eff

m
H
  
[G

e
V
]

"
2
/d.o.f.: 11.8 / 5

Al(SLD) 0.23098 ± 0.00026

A
0,b

fb 0.23221 ± 0.00029

± 0.00029

Average 0.23153 ± 0.00016

had= 0.02758 ± 0.00035
(5)

mt= 172.7 ± 2.9 GeV

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

Jefferson Lab 12 GeV Upgrade
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o

Precision Tests of the 
Weak Charged Current

18

MCC ≈
g2

8MW
2 (V − A)⊗ (V − A)

Fermi Constants

µ decay

β decay

GF
µ

2
=

g2

8MW
2

GF
β

2
=

g2

8MW
2 Vud

GF
β GF

µ = Vud

g2 8MW
2 is universal

Universality obscured by 

1 + Δrµ( )
1 + Δrβ( )

1 + Δrβ − Δrµ( )

New physics
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Super-Allowed Beta 
Decays

19

€ 

Ft = ft 1+ ′ δ R + δNS( ) 1−δC( )
= K 2(GF

β )2

0+ to 0+  “Superallowed”

Nuclear structure-
dependent corrections
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Beta Decay Correlation 
Coefficients
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• Unique sensitivity to S,T operators (via interference terms ∝ me/Ee) 

• Example:  limit on b from 
0+ → 0+  transitions 
corresponds to 

Hardy & Towner 2009  

Jackson, Treiman, Wyld 
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The Neutron

21

Major initiatives in Canada, 
USA, Europe and Japan

Independent measure of Vud

Other terms sensitive 
TeV scale BSM physics 
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Semi-Leptonic Decays
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Vud

€ 

0+ → 0+

€ 

n→ peν

€ 

Λ→ peν,...  

€ 

K→π lν

€ 

K→ µν

€ 

τ → hSντ
(inclusive)

€ 

(π ± →π 0eν)

Vus

Radiative corrections Hadronic matrix elements
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• Remarkable agreement with Cabibbo universality:

• Confirms large EW rad. corr.  (2 α/π log(MZ/Mp)=+3.6%)

• It would naively fit  MZ = (90  ± 7) GeV 
23

Vud  =  0.97425 (22)
Vus  =  0.2252 (9)

χ2 /dof  = 0.65/1

Fit result 

Error equally shared  between Vud and Vus 

 |Vud |2 + |Vus|2 = 0.9999(6)

Vud from  0+  → 0+
ΔCKM = - (1 ± 6)∗10-4

Marciano-Sirlin

arXiv:0907.5386

Global Fit to Vud and Vus
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 Muon decay (“Michel”) parameters ρ, η, Pµξ, δ 
 muon differential decay rate vs.  energy and angle:

 where

and 

Precision Muon Decay 
Measurements

24

θ 

TWIST
at

TRIUMF



NNPSS 2010 Lecture 4Krishna Kumar

TWIST Results
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Restricted (“manifest”) General 

Important new limits on right-
handed currents
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Muon g-2
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Radiative Corrections
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g-2 Experiment at BNL
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g-2 Data and Plans
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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

30
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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 you all to develop the next 
generation of clever ideas that will move 
this subfield forward into the future

32


