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STANDARD MODEL
OF ELEMENTARY PARTICLES AND FUNDAMENTAL INTERACTIONS
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STANDARD MODEL
Unified framework for 3 of 4 forces - renormalizable non-abelian 
gauge field theory

Simple symmetry principle to organize all known phenomena;

Predictive power - experimentally observed predictions 
(Z,W, Higgs bosons, 3 fermion generations, asymptotic freedom, 
anomaly, CVC, t-quark mass, running coupling etc.);

Offers an explanation to the origin of mass - Higgs boson;

Can accommodate further properties (neutrino oscillations, CP-
violation in K, B-decays etc.)

SU(3)c ⇥ SU(2)L ⇥ U(1)Y
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Everything we know is made of the same building blocks 
and is bound together by the same interactions

Life 

DNA ⇠ 10�5cm

Earth & planets

REarth ⇠ 6.4 · 108cm

Stars & Galaxies

R
Galaxy

⇠ 1022cm
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Hermetics: the whole Universe is driven by one and only principle
Study the microcosm (small) to learn about the macrocosm (big)

Standard Model is our philosophical stone 
same principles describe phenomena in atoms and in stars.
If our understanding of the hydrogen atom changes, it propagates 
in all Universe

WE LIVE AN ALCHEMIST’S DREAM
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An alchemist kneels to a Royalty/Duke/Count promising to make 
gold out of lead;

After N years no gold found - alchemist imprisoned/decapitated



WE LIVE AN ALCHEMIST’S DREAM
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 A physicist submits a grant proposal to DOE/NSF promising to 
find New Physics;

After 3 years no New Physics found - grant renewed/terminated, 
the life of the physicist spared

An alchemist kneels to a Royalty/Duke/Count promising to make 
gold out of lead;

After N years no gold found - alchemist imprisoned/decapitated



WE LIVE AN ALCHEMIST’S DREAM

6

 A physicist submits a grant proposal to DOE/NSF promising to 
find New Physics;

After 3 years no New Physics found - grant renewed/terminated, 
the life of the physicist spared

An alchemist kneels to a Royalty/Duke/Count promising to make 
gold out of lead;

After N years no gold found - alchemist imprisoned/decapitated

Great improvement in safety at work
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IT’S NOT THE END OF THE STORY...
We may know WHAT everything is made of, 
but we still don’t know HOW exactly...

The Higgs mechanism only accounts for -5% of the nucleon 
mass - where does the rest come from?

Quarks are confined inside hadrons - what exactly is the 
mechanism of confinement?

Do other QCD bound states (exotics) exist?  - Hall D @ JLab

Are neutrinos Dirac or Majorana?
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IT’S NOT THE END OF THE STORY...
Standard Model is incomplete: 

•  SM turns out to be extremely fine-tuned (hierarchy problem)

• CP violation and matter-antimatter asymmetry (SM is 
symmetric w.r.t. matter-antimatter but the Universe is not)

• Cosmology: known matter is only small part of the Universe!

4%
23%73% Dark Matter

Baryonic Matter

Dark Energy
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• Collider searches: 
accelerate known particles to produce heavy new particles

SEARCHES FOR NEW PHYSICS

A typical p-p event in the CMS 
detector @ LHC

A peak at 126 GeV in γγ decay 
channel - probably Higgs boson

No new particles (few 100’s GeV) observed yet - quest continues
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SEARCHES FOR NEW PHYSICS
• Astrophysics searches: 

observe signals of new particles coming from the space

No new particles observed yet
< 300 GeV 
- quest continues
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SEARCHES FOR NEW PHYSICS

 Low energy tests: 

 deviations from SM predictions 
set constraint onto quantum 
fluctuations due to unknown 
heavy particles

Precision = scale of New Physics

Precision in BOTH experiment and SM theory becomes crucial

?
Theory (SM)

Experiment

Coupling g

Mass Λ
⇠ g2

⇤2
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LOW ENERGY PRECISION TESTS
Parity-Violating Electron Scattering

QWEAK,  PVDIS, HAPPEX, PREX, G0 @ JLab; A4 @ Mainz; SAMPLE @ MIT-
Bates; E158 @ SLAC; 

Future: QWEAK @ Mainz, PVDIS (Hall C), Møller @ JLab

Measurements of the PV asymmetry in 
elastic electron scattering to extract:
- weak mixing angle;
- nucleon’s strange FFs;

Probe the scale of New Physics
-  few TeV

QWEAK apparatus
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LOW ENERGY PRECISION TESTS

Neutrino Oscillation Experiments
NuTeV, LSND, Daya Bay, MiniBooNE, SciBooNE, NOvA, SNO, Super-K, OPERA, 

NEMO, MINOS, Ice Cube, Borexino, ANTARES, Double Chooz

Measurements of neutrino 
oscillation parameters: 
- masses; 
- neutrino mixing angles;
- Dirac vs. Majorana neutrino 

MiniBooNE detector
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LOW ENERGY PRECISION TESTS

nEDM, eEDM - 
@ PSI, ORNL, ILL,... Dark Photon Search

@ JLab, Mainz, ...

Muonic g-2 
@ BNL, Fermilab

Lamb shift in muonic 
atoms @ PSI

Precision tests 
of QED

New Physics at 
Low Energies
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THEORY SUPPORT TO LOW ENERGY TESTS

• Precision calculations of observables in the kinematics of 
atomic, nuclear and hadronic experiments are needed!

• Appropriate model-independent methods for strong 
interacting systems with reliable error estimation 

• Requires understanding QCD in the non-perturbative regime

?
Theory (SM)

ExperimentLeave to the experimentalists 
gauging the scale

Theorists: gauge the weights!
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THEORY SUPPORT: QCD

9. Quantum chromodynamics 1

9. QUANTUM CHROMODYNAMICS
Written October 2009 by G. Dissertori (ETH, Zurich) and G. P. Salam (LPTHE, Paris).

9.1. Basics

Quantum Chromodynamics (QCD), the gauge field theory that describes the
strong interactions of colored quarks and gluons, is the SU(3) component of the
SU(3)!SU(2)!U(1) Standard Model of Particle Physics.

The Lagrangian of QCD is given by

L =
!

q

!̄q,a(i"µ#µ$ab " gs"
µtCabA

C
µ " mq$ab)!q,b "

1
4
FA

µ!FA µ! , (9.1)

where repeated indices are summed over. The "µ are the Dirac "-matrices. The !q,a are
quark-field spinors for a quark of flavor q and mass mq, with a color-index a that runs
from a = 1 to Nc = 3, i.e. quarks come in three “colors.” Quarks are said to be in the
fundamental representation of the SU(3) color group.

The AC
µ correspond to the gluon fields, with C running from 1 to N2

c " 1 = 8, i.e.
there are eight kinds of gluon. Gluons are said to be in the adjoint representation of the
SU(3) color group. The tCab correspond to eight 3 ! 3 matrices and are the generators of
the SU(3) group (cf. the section on “SU(3) isoscalar factors and representation matrices”
in this Review with tCab # %C

ab/2). They encode the fact that a gluon’s interaction with
a quark rotates the quark’s color in SU(3) space. The quantity gs is the QCD coupling
constant. Finally, the field tensor FA

µ! is given by

FA
µ! = #µAA

! " #!AA
µ " gs fABCAB

µ AC
! [tA, tB] = ifABCtC , (9.2)

where the fABC are the structure constants of the SU(3) group.
Neither quarks nor gluons are observed as free particles. Hadrons are color-singlet (i.e.

color-neutral) combinations of quarks, anti-quarks, and gluons.
Ab-initio predictive methods for QCD include lattice gauge theory and perturbative

expansions in the coupling. The Feynman rules of QCD involve a quark-antiquark-
gluon (qq̄g) vertex, a 3-gluon vertex (both proportional to gs), and a 4-gluon vertex
(proportional to g2

s). A full set of Feynman rules is to be found for example in Ref. 1.
Useful color-algebra relations include: tAabt

A
bc = CF $ac, where CF # (N2

c " 1)/(2Nc) =
4/3 is the color-factor (“Casimir”) associated with gluon emission from a quark;
fACDfBCD = CA$AB where CA # Nc = 3 is the color-factor associated with gluon
emission from a gluon; tAabt

B
ab = TR$AB , where TR = 1/2 is the color-factor for a gluon to

split to a qq̄ pair.

The fundamental parameters of QCD are the coupling gs (or &s =
g2
s

4'
) and the quark

masses mq.

C. Amsler et al., PL B667, 1 (2008) and 2009 partial update for the 2010 edition (http://pdg.lbl.gov)
January 28, 2010 12:02
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Quark fields

Gluon fields

Strong (running) coupling constant

↵s(µ2) =
1

11Nc�2nf

12⇡ ln(µ2/⇤2)

↵s =
g2

s

4⇡

Asymptotic freedom and Confinement

No free quarks or gluons observed  - remain bound inside hadrons
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THEORY SUPPORT: QCD
QCD Lagrangian is written in terms of quark and gluon fields

BUT: asymptotic (in and out) states are hadrons 

Hadrons are composed from quarks and gluons, but we do not 
know how exactly
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THEORY SUPPORT: QCD

A few special cases exist where one can use perturbation theory

• Hard kinematics (DIS and hard processes): minimal Fock 
states dominate, others give kinematical corrections;

• Low energies: the relevant degrees of freedom are pions and 
nucleons, ChPT grasps some features of the QCD

• Numerical solution of QCD in a discretized Euclidean space-time
- Lattice QCD: much progress recently but not all observables 
can be calculated; unclear estimation of systematic uncertainties

Perturbative methods have limited range of applicability
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Dispersion relations: 
+ different regimes are naturally connected 
+ works with hadronic states - straightforward to relate to observables
+ respect all symmetries of QCD, analyticity, unitarity 
+ possible error estimation directly from data 
+ minimal model dependence
- are largely ignorant of the underlying theory, QCD

THEORY SUPPORT: DISPERSION RELATIONS

1 10 100
W (GeV)

0.1

1

10

100

Q
2  (G

eV
2 )

VALENCE DIS: x > 0.01

DIFFRACTIVE DIS: x < 0.01

REGGERE
SO

N
A

N
CE VDM

GVDM

Various models/frameworks
live in different regions on W-Q² plot DIS

Regge
VDM

ChPT

Resonances



DISPERSION RELATIONS
Cauchy’s Theorem

f(⌫ + i✏) =
1

2⇡i

I

C

f(⌫0)
⌫0 � ⌫ � i✏

d⌫0

⌫ + i✏

•  Singularities = Physical Processes
•  Analyticity = Causality
•  Unitarity = Conservation of Probability
•  Operate with physical (hadronic) states - directly related to 
observables measured in experiment 
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Reconstruct the scattering 
amplitude using several principles:

Establish model-independent relations between various processes
without having to understand in detail the underlying theory!



DISPERSION RELATIONS

⇡e2

2M2
2

N =
Z 1

⌫0

�3/2(⌫)� �1/2/(⌫)
⌫

d⌫

Example: Gerasimov-Drell-Hearn Sum Rule - 1960’s

204 µb $ (212± 6stat ± 16syst)µb

21

Anomalous magnetic moments = weighted integral over photo-
absorption cross section

Measured with 
static magnetic 

field

Measured with 
MeV to GeV 

photons
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THEORY SUPPORT: DISPERSION RELATIONS

THEORY TOOL:

Dispersion Relations

Proton’s
Weak Charge

Proton
Radius Puzzle

Weak Compton
Scattering

Neutron
Skin
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THEORY TOOL:

Dispersion Relations

Proton’s
Weak Charge

Proton
Radius Puzzle

Weak Compton
Scattering

Neutron
Skin

THEORY SUPPORT: DISPERSION RELATIONS



Weak mixing angle: central role in SM

The theory uncertainty corresponds to the thickness of the line!

Running of the w.m.a. - an authentic prediction of Standard Model;
Substantial deviation ANYWHERE = signal of New Physics

18 10. Electroweak model and constraints on new physics

0.2403 ± 0.0013, and established the scale dependence of the weak mixing angle (see
Fig. 10.3) at the level of 6.4 standard deviations. One can also define the so-called weak
charge of the electron (cf. Eq. (10.32) below) as QW (e) ! "2 C2e = "0.0403 ± 0.0053
(the implications are discussed in Ref. 133).

Figure 10.3: Scale dependence of the weak mixing angle defined in the MS

scheme [132] (for the scale dependence of the weak mixing angle defined in a
mass-dependent renormalization scheme, see Ref. 133). The minimum of the curve
corresponds to Q = MW , below which we switch to an e!ective theory with the
W± bosons integrated out, and where the !-function for the weak mixing angle
changes sign. At the location of the W boson mass and each fermion mass there
are also discontinuities arising from scheme dependent matching terms which are
necessary to ensure that the various e!ective field theories within a given loop
order describe the same physics. However, in the MS scheme these are very small
numerically and barely visible in the figure provided one decouples quarks at
Q = !mq(!mq). The width of the curve reflects the theory uncertainty from strong
interaction e!ects which at low energies is at the level of ±7#10!5 [132]. Following
the estimate [135] of the typical momentum transfer for parity violation experiments
in Cs, the location of the APV data point is given by µ = 2.4 MeV. For NuTeV we
display the updated value from Ref. 134 and chose µ =

$
20 GeV which is about

half-way between the averages of
"

Q2 for " and " interactions at NuTeV. The
Tevatron measurements are strongly dominated by invariant masses of the final
state dilepton pair of O(MZ) and can thus be considered as additional Z pole data
points. However, for clarity we displayed the point horizontally to the right. Similar
remarks apply to the first measurement at the LHC by the CMS collaboration.

June 18, 2012 16:19



Weak Charge of the Proton
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Elastic e-p scattering
with polarized e⁻ beam

APV =
�" � �#
�" + �#

= � GF Q2

4
p

2⇡↵em

Qp
W +O(Q4)

Standard Model (tree-level)

10. Electroweak model and constraints on new physics 11

where the EW radiative corrections have been absorbed into corrections !f ! 1
and "f ! 1, which depend on the fermion f and on the renormalization scheme.
In the on-shell scheme, the quadratic mt dependence is given by !f " 1 + !t,

"f " 1 + !t/ tan2 #W , while in MS, !!f " !"f " 1, for f #= b (!!b " 1 ! 4
3!t,

!"b " 1 + 2
3!t). In the MS scheme the normalization is changed according

to GF M2
Z/2

$
2$ % !%/4!s 2

Z!c 2
Z . (If one continues to normalize amplitudes by

GF M2
Z/2

$
2$, as in the 1996 edition of this Review, then !!f contains an additional

factor of !!(1!!!rW )!%/%.) In practice, additional bosonic and fermionic loops, vertex
corrections, leading higher order contributions, etc., must be included. For example,
in the MS scheme one has !!! = 0.9981, !"! = 1.0013, !!b = 0.9869, and !"b = 1.0067. It
is convenient to define an e"ective angle s2

f & sin2 #Wf & !"f !s 2
Z = "f s2

W , in terms

of which gf
V and gf

A are given by
$

!f times their tree-level formulae. Because g!
V is

very small, not only A0
LR = Ae, A

(0,!)
FB , and P" , but also A

(0,b)
FB , A

(0,c)
FB , A

(0,s)
FB , and

the hadronic asymmetries are mainly sensitive to s2
! . One finds that !"f (f #= b) is

almost independent of (mt, MH), so that one can write

s2
! " !s 2

Z + 0.00029 . (10.18)

Thus, the asymmetries determine values of s2
! and !s 2

Z almost independent of mt,
while the "’s for the other schemes are mt dependent.

Throughout this Review we utilize EW radiative corrections from the program
GAPP [21], which works entirely in the MS scheme, and which is independent of the
package ZFITTER [70]. Another resource is the recently developed modular fitting
toolkit Gfitter [92].

10.3. Low energy electroweak observables

In the following we discuss EW precision observables obtained at low momentum
transfers [6], i.e. Q2 ' M2

Z . It is convenient to write the four-fermion interactions
relevant to &-hadron, &-e, as well as parity violating e-hadron and e-e neutral-current
processes in a form that is valid in an arbitrary gauge theory (assuming massless
left-handed neutrinos). One has,

!L
#h =

GF$
2

& 'µ(1 ! '5)&

(
"

i

[(L(i)qi 'µ(1 ! '5)qi + (R(i)qi 'µ(1 + '5)qi], (10.19)

!L
#e =

GF$
2

&µ'µ(1 ! '5)&µ e 'µ(g#e
V ! g#e

A '5)e, (10.20)

!L
eh = !

GF$
2

"

i

#
C1i e 'µ'5e qi 'µqi + C2i e 'µe qi 'µ'5qi

$
, (10.21)

June 18, 2012 16:19

Effective e-q interaction

Qp, tree
W = �2(2C1u + C1d) = 1� 4 sin2 ✓W ⇡ 0.05

Q2
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QWeak @ JLab: 
Determination of the 

weak mixing angle 
to - 0.3% precision

10. Electroweak model and constraints on new physics 17

were nucleon form factors from which the quoted results were obtained by the removal
of a multi-quark radiative correction [126]. Other linear combinations of the Ciq have
been determined in polarized-lepton scattering at CERN in µ-C DIS, at Mainz in e-Be
(quasi-elastic), and at Bates in e-C (elastic). See the review articles in Refs. 127 and 128
for more details. Recent polarized electron asymmetry experiments, i.e., SAMPLE, the
PVA4 experiment at Mainz, and the HAPPEX and G0 experiments at Je!erson Lab, have
focussed on the strange quark content of the nucleon. These are reviewed in Ref. 129,
where it is shown that they can also provide significant constraints on C1u and C1d which
complement those from atomic parity violation (see Fig. 10.2).

Figure 10.2: Constraints on the e!ective couplings, C1u and C1d, from recent
(PVES) and older polarized parity violating electron scattering, and from atomic
parity violation (APV) at 1 !, as well as the 90% C.L. global best fit (shaded) and
the SM prediction as a function of the weak mixing angle !s 2

Z . (The SM best fit
value !s 2

Z = 0.23116 is also indicated.)

The parity violating asymmetry, APV , in fixed target polarized Møller scattering,
e!e! ! e!e!, is defined as in Eq. (10.28) and reads [130],

APV

Q2 = "2 C2e
GF#
2"#

1 " y

1 + y4 + (1 " y)4
, (10.31)

where y is again the energy transfer. It has been measured at low Q2 = 0.026 GeV2 in the
SLAC E158 experiment [131], with the result APV = ("1.31±0.14 stat.±0.10 syst.)$10!7.
Expressed in terms of the weak mixing angle in the MS scheme, this yields !s 2(Q2) =

June 18, 2012 16:19

QWEAK

QWEAK measurement



QWEAK measurement
Important and independent test of Standard Model at low energies
Complimentary to measurements at the Z-pole

18 10. Electroweak model and constraints on new physics
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Sensitive to New Physics
above 2 TeV- comparable to the LHC!

QWEAK & New Physics

LPV
NP = � g2

4⇤2
ē�µ�5e

X

q

hq
V q̄�µq

Generic New Physics parametrization

hu
V = cos ✓h hd

V = sin ✓h

Generic flavor dependence

Young et al., PRL 99 (2007) 122003

RPC SUSY Generic Z’ RPV SUSY

e

p

Leptoquark
Possible New Physics scenarios

Ramsey-Musolf, PRC 60 (1999) 015501; Erler et al., PRD 68 (2003) 016006.
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Weak Charge of the Proton: EW corrections
To match the experimental precision - include radiative corrections

Hadronic structure-dependent

Soft-photon dominated: safe

O(↵em)

O(1)

↵em ⇡ 1/137
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W. J. Marciano and A. Sirlin, PRD 27, 552 (1983); 29,75 (1984); 31, 213 (1985).
M.J. Ramsey-Musolf, PRC 60, 015501 (1999).

Weak Charge of the Proton: EW corrections

Qp
W = (1 + �⇢ + �e)(1� 4 sin2 ✓̂W + �0

e) + ⇤WW + ⇤ZZ + ⇤�Z

Hadronic structure effects are under control

2γ-Box: kinematically suppressed

WW,ZZ-Box: perturbative- calculable reliably

γZ: for low energies (atomic PV experiments)
cancellation between box and crossed
- is it still true for -1 GeV energy experiment?

Vacuum polarization: reconstructed from 
e⁺e⁻➛hadrons with dispersion relations

Corrections due to kinematics, 
t-dependence of form factors - known

Weak Charge of the Proton

�PV
RC = �̄PV

RC + �PV
TBE

APV =
GF t

4
p

2⇡↵em

Qp
W

�
1 + ⌧Re�PV

kin + Re�PV
RC

�

Can be calculated reliably to ������

32

Corrections due to kinematics, 
t-dependence of form factors - known

Weak Charge of the Proton

�PV
RC = �̄PV

RC + �PV
TBE

APV =
GF t

4
p

2⇡↵em

Qp
W

�
1 + ⌧Re�PV

kin + Re�PV
RC

�

Can be calculated reliably to ������

32



Energy dependence of the γZ-Correction
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MG & C.J. Horowitz, PRL102, 091806 (2009) 

pµ = (M,~0)

q
Q2 = �qµqµ � 0

q
kµ = (E,~k)

W 2 = (p + q)2

ge
V , ge

A

Forward dispersion relation for

APV resultCan quantify the energy dependence

Possess different symmetry 
between box and crossed terms:

⇤�Z = ge
V ⇤�ZA + ge

A⇤�ZV

Re⇤�ZA(0) 6= 0

Re⇤�ZV (0) = 0Re⇤�ZV (E) =
2E

⇡

1Z

⌫0

dE0

E02 � E2
Im⇤�ZV (E0)

Re⇤�ZA(E) =
2
⇡

1Z

⌫0

E0dE0

E02 � E2
Im⇤�ZA(E0)



32

Energy dependence of the γZ-Correction

PV DIS data 
- not (YET!) available

Isospin-rotate the e.-m. data
Evaluate at E = 1.165 GeV (QWEAK)Current results for ☐!ZV

Fairly similar
But recall QWp,LO + ☐WW ≈ 0.07, with hope of 4% measurement 
or " ≈ 0.0028.  Above are about 0.005---twice hoped for 
uncertainty---and were initially ignored.   
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the energy relevant to Qweak comes from energies below
4 GeV, where the Q2 range extends to !6 GeV2 and W to
!3 GeV. This is fortunate as it is precisely in this region
that a wealth of very accurate data exists from JLab
[16,17].

In Fig. 4 the nonresonant contribution is small at low
energies but rises logarithmically with increasing E. The
resonance contribution increases steeply to a maximum at
E! 1 GeV, before falling off like 1=E. The resonant and
nonresonant contributions to RehV

!Z"E# are 0.0026 and

0.0021, respectively, at the energy relevant for the Qweak

experiment, E $ 1:165 GeV. We should note, however,

that this separation is somewhat arbitrary, as only the
physically meaningful, total cross section enters into our
fit.
The combined correction to Qp

W at the Qweak energy is
then 0:0047%0:0011

&0:0004, or 6:6
%1:5
&0:6% of the standard model value

0.0713(8) for Qp
W , with the error band obtained from the

uncertainty in the fit parameters using a variational
method. In comparison, the correction found in Ref. [7]
was ' 0:003. The major difference with our value arises
from the additional factor 2 in Eq. (11), which has been
verified by the independent checks discussed earlier, as
well as our use of more recent electroproduction data and
the correct relation between structure functions and the
virtual photon cross section. The correction is important
for the interpretation of the Qweak experiment, given its
projected uncertainty of(0:003 [1]. It is also critical to the
physical interpretation of the experiment which is expected
to constrain possible sources of parity violation from be-
yond the standard model at a mass scale of * 2 TeV [3].
While the uncertainty in the result reported here is satis-
factory from the point of view of Qweak, it can be further
reduced by incorporating the new inclusive parity-
violating data in the resonance region which should be
taken soon at JLab [29].

We thank R. Carlini, M. Gorchtein, D. Schildknecht, and
W. van Oers for helpful discussions and communications.
This work was supported by DOE Contract No. DE-AC05-
06OR23177, under which Jefferson Science Associates,
LLC operates Jefferson Lab, NSERC (Canada), and the
Australian Research Council through an Australian
Laureate Fellowship (A.W. T.).

[1] JLab experiment E-08-016 (Qweak), R. D. Carlini et al.,
spokespersons.

[2] S. G. Porsev, K. Beloy, and A. Derevianko, Phys. Rev.
Lett. 102, 181601 (2009).

[3] R. D. Young, R. D. Carlini, A.W. Thomas, and J. Roche,
Phys. Rev. Lett. 99, 122003 (2007).

[4] J. Erler, A. Kurylov, and M. J. Ramsey-Musolf, Phys. Rev.
D 68, 016006 (2003); J. Erler and M. J. Ramsey-Musolf,
Phys. Rev. D 72, 073003 (2005).

[5] M. J. Musolf et al., Phys. Rep. 239, 1 (1994).
[6] W. J. Marciano and A. Sirlin, Phys. Rev. D 27, 552 (1983);

29, 75 (1984); 31, 213(E) (1985).
[7] M. Gorchtein and C. J. Horowitz, Phys. Rev. Lett. 102,

091806 (2009).
[8] H. Q. Zhou, C.W. Kao, and S.N. Yang, Phys. Rev. Lett.

99, 262001 (2007).
[9] J. A. Tjon and W. Melnitchouk, Phys. Rev. Lett. 100,

082003 (2008).

[10] J. A. Tjon, P. G. Blunden, and W. Melnitchouk, Phys. Rev.
C 79, 055201 (2009).

[11] C. Amsler et al., Phys. Lett. B 667, 1 (2008).
[12] A. A. Cone et al., Phys. Rev. 156, 1490 (1967).
[13] S. Stein et al., Phys. Rev. D 12, 1884 (1975).
[14] F.W. Brasse et al., Nucl. Phys. B110, 413 (1976).
[15] L.W. Whitlow et al., Phys. Lett. B 282, 475 (1992).
[16] M. Osipenko et al., Phys. Rev. D 67, 092001 (2003).
[17] I. Niculescu et al., Phys. Rev. Lett. 85, 1186 (2000); Y.

Liang et al., arXiv:nucl-ex/0410027; S. P. Malace et al.,
Phys. Rev. C 80, 035207 (2009).

[18] V.M. Braun, A. Lenz, G. Peters, and A.V. Radyushkin,
Phys. Rev. D 73, 034020 (2006).

[19] N. Bianchi et al., Phys. Rev. C 54, 1688 (1996).
[20] G. Cvetic, D. Schildknecht, B. Surrow, and M. Tentyukov,

Eur. Phys. J. C 20, 77 (2001).
[21] A. Capella, A. Kaidalov, C. Merino, and J. Tran Thanh

Van, Phys. Lett. B 337, 358 (1994).

FIG. 4 (color online). !Z box correction hV
!Z"E# to Qp

W as a
function of electron energy E, showing the resonant (dashed
line) and nonresonant (dotted line) contributions, as well as the
sum (solid line) and the overall (asymmetric) uncertainty
(shaded area). The vertical arrow at E $ 1:165 GeV indicates
the energy of the Qweak experiment.

!Z CORRECTIONS TO FORWARD-ANGLE PARITY- . . . PHYSICAL REVIEW D 82, 013011 (2010)

013011-5

18

P33(1232) S11(1535) D13(1520) S11(1665) F15(1680) P11(1440) F37(1950)
P

Res.

Model I (�10�3) (1.21± 0.12) (0.28+0.34
�0.17) (0.18± 0.03) (0.06+0.14

�0.06) (0.04+0.013
�0.011) (0.09± 0.03) (0.48± 0.44) (2.34+0.59

�0.50)

Model II (�10�3) (1.23± 0.12) (0.29+0.34
�0.17) (0.18± 0.03) (0.06+0.14

�0.06) (0.04+0.013
�0.011) (0.06± 0.02) (0.40± 0.36) (2.24+0.53

�0.43)

TABLE V: Resonances contributions to the dispersion correc-
tion to the weak charge of the proton Re��Z at the QWEAK
energy Elab = 1.165 GeV, in units of 10�3. For each con-
tribution, we indicate the uncertainty discussed in the text.
Results for Model I and Model II are shown.

Background

Model I (2.85± 0.85) �10�3

Model II (3.49± 1.92)�10�3

TABLE IV: Background contribution to the dispersion correc-
tion to the weak charge of the proton Re��Z at the QWEAK
energy Elab = 1.165 GeV. Results for Model I and Model II
are shown.

(Model II), it is completely dominated by the continuum
contribution whose isospin structure is undetermined. In
the pQCD approach (Model I), a contribution similar in
strength is assigned to the cc̄ state. However, because in

this case we know exactly how the weak boson couples
to c-quarks, the uncertainty is about half the size of that
for Model II. This 50% reduction is simply due to the
fact that gcV � 1

3 = 1
2ec.

The individual resonance contributions are displayed
in Table V. It can be seen that the overall uncertainty
in the resonance contribution is dominated by the un-
certainty in two contributions, namely S11(1535) and
F37(1950). The former, in turn is dominated by the
uncertainty in the neutron transition helicity amplitude.
The heavy resonance state is not well-determined and
should be studied in greater detail to decrease the re-
spective uncertainty for the dispersion correction.

According to the discussion in the previous Section,
we plot the result for Re ��Z and display the error bar
on this calculation in Fig. 15. For the central value,
we take the average of Model I and Model II, and use
the di�erence between this central value and either of
Model I or II as the uncertainty due to modeling the e.-
m. data. For the isospin rotation-related uncertainty,
we calculate the error within each model as discussed
before, and quote the larger of the two. We summarize
this section by quoting the result of the forward sum rule
evaluated within two models as follows:

0.5 1 1.5 2 2.5 3
Elab (GeV)

0.002

0.004

0.006

0.008

0.01

0.012

R
e 
�
ᵧz

(E
, t

=0
)

Re �ᵧz - Avg. (Model I,II)
Re �ᵧz ± ∆ (�ᵧz)

QWEAK (E = 1.165 GeV)

FIG. 15: (Color online) Full result for Re ��Z with the the-
oretical error bar.Re ��Z(E = 1.165 GeV)
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New SM prediction for the proton’s weak charge

To be compared to the previous prediction

Qp
W + Re⇤�Z(E = 1.165 GeV) = 0.0767± 0.0008± 0.0020�Z

Qp
W = 0.0713± 0.0008

4σ(theory) effect was missed in the original QWEAK analysis;
Theory uncertainty needs to be further reduced
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FIG. 2: Total (el+res+DIS) axial-vector hadron correction
!

A
!Z(E) (labeled “A”) and the sum of axial and vector hadron

[8] corrections (labeled “V+A”), together with the E = 0
result of MS [3] (extended to finite E for comparison). The
vertical dashed line indicates the energy at Qweak kinematics.

mind, we consider two models for Q2 < Q2
0.

Model 1 sets

F !Z
3 (x,Q2) =

!

1 + !2/Q2
0

1 + !2/Q2

"

F !Z
3 (x,Q2

0), (14)

which has the property that F !Z
3 (xmax, Q2) ! (Q2)0.3 as

Q2 " 0. Here !2 is a parameter that can be adjusted to
examine the model sensitivity of the integral in Eq. (9).
For !2 in the range (0.4# 1.0) GeV2, we obtain a ±10%
variation in the values for !A

!Z(E) shown in Fig. 1.

Model 2 freezes F !Z
3 at the Q2 = Q2

0 value for all W 2,
which is equivalent to setting F !Z

3 (x,Q2) = F !Z
3 (x0, Q2

0),
with x0 = xQ2

0/
#

(1# x)Q2 + xQ2
0

$

. For this model, F !Z
3

is constant as Q2 " 0, and yields a 15% larger contribu-
tion to !

A
!Z(E) than Model 1, as illustrated in Fig. 1.

The total correction to !
A
!Z is given by the sum

(el+res+DIS), and is shown in Fig. 2 as a function of
E. As demonstrated, the E dependence arises predomi-
nantly from the elastic and resonance contributions. We
assign a very conservative uncertainty estimate equal to
twice the low-Q2 DIS value. This allows for uncertainties
in the resonance and low-Q2 DIS contributions, and in
the e"ect of the running coupling constants on the dom-
inant n = 1 contribution. The total contribution to !

A
!Z

is 0.0044(4) at E = 0, and 0.0037(4) at E = 1.165 GeV
(the Qweak energy). This should be compared to the
value 0.0052(5) used in Ref. [2], which is assumed to be
energy independent. Also shown in Fig. 2 is the total
!!Z = !

V
!Z +!

A
!Z using the result for !V

!Z from Ref. [8],
which has an uncertainty that grows with E.
Our value shifts the theoretical estimate for Qp

W from
0.0713(8) to 0.0705(8), with a total energy dependent
correction !!Z(E) # !!Z(0) of 0.0040+0.0011

!0.0004 at E =
1.165 GeV. A similar uncertainty would be obtained us-
ing the estimate of !V

!Z from Ref. [9], while a larger un-
certainty on the vector hadron correction was quoted in

Ref. [10]. These uncertainties can be reduced with future
PV structure function measurements at low Q2, such as
those planned at Je"erson Lab. The high precision deter-
mination of Qp

W would then allow more robust extraction
of signals for new physics beyond the Standard Model.
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γZ-Correction to the QWEAK Measurement
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Background P33(1232) S11(1535) F37(1950) Other Resonances

γZv -correction for QWEAK
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Uncertainty thereof

Reduce uncertainty on S11 resonances - joint effort with Data 
Analysis Center @ GWU and PAC @ JLab
Reduce uncertainty on the background: evaluate the VDM 
sum rule at JLab energies (possible new measurements?)
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 Uncertainty of the γZ-Correction to the QWEAK

Main source of the uncertainty: 
background in the resonance region and above
- how a gamma/Z polarizes vacuum in the target’s proximity?
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Reducing Theory Uncertainty
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FIG. 1: W -dependence of the parity-violating asymmetries in
!e!H2 scattering extracted from this experiment. The asymmetries
are scaled by Q2 and compared with calculations from Ref. [24]
(dashed), Ref. [20] (dotted), Ref. [21] (solid) and the DIS esti-
mation (dash-double-dotted) using Eq. (4) with the extrapolated
MSTW2008 PDF. The error bars are statistical uncertainties, while
experimental systematic uncertainties are shown as the shaded band
at the bottom. For each of the four kinematics, calculations were per-
formed at the fixed Eb and Q2 values of Table I and with a variation
in W to match the coverage of the data.

carrying out the nucleon resonance calculations. X. Zheng
would like to thank the Medium Energy Physics Group at
the Argonne National Lab for supporting her during the ini-
tial work of this experiment. This work was supported by the
Department of Energy (DOE), the National Science Founda-
tion, and the Jeffress Memorial Trust. Jefferson Science As-
sociates, LLC, operates Jefferson Lab for the U.S. DOE under
U.S. DOE contract DE-AC05-060R23177.

! now at Richland College, Dallas County Community College
District, Dallas, Texas 75243, USA

† Deceased
‡ Electronic address: xiaochao@jlab.org

[1] E.D. Bloom, and F.J. Gilman, Phys. Rev. Lett. 25, 16 (1970).
[2] O. Natchtmann, Nucl. Phys. B63, 237 (1973); H. Georgi and

H.D. Politzer, Phys. Rev D14, 1829 (1976); H. Georgi and H.D.
Politzer, Phys. Lett B64, 428 (1976).

[3] W. Melnitchouk, R. Ent, and C.E. Keppel, Phys. Rep. 406, 127
(2005).

[4] K. Nakamura et al., (Particle Data Group) J. Phys. G37, 075021
(2010).

[5] C.Y. Prescott et al., Phys. Lett. B77, 347 (1978); C.Y. Prescott
et al., Phys. Lett. B84, 524 (1979).

[6] S.L. Glashow, Nuc. Phys 22, 579 (1961); S. Weinberg, Phys.
Lett 19, 1264 (1967); A. Salam, Elementary Particle Theory,
ed. N. Svartholm (Almquist Forlag, Stockholm, 1968).

[7] D.S. Armstrong and R.D. McKeown, Ann. Rev. Nucl. Part. Sci.
62, 337 (2012).

[8] X. Zheng, P. Reimer, R. Michaels, JLab E08-011.
[9] R. D. McKeown, Phys. Lett. B 219, 140 (1989); D.T. Spayde et

al., Phys. Lett. B583, 79 (2004); T. Ito et al., Phys. Rev. Lett.
92, 102003 (2004).

[10] K.A. Aniol et al., Phys. Lett. B 509, 211 (2001); K.A. Aniol et
al., Phys. Rev. Lett. 96, 022003 (2006); K.A. Aniol et al., Phys.
Lett. B635, 275 (2006); A. Acha et al., Phys. Rev. Lett. 98,
032301 (2007); Z. Ahmed et al., Phys. Rev. Lett. 108, 102001
(2012).

[11] K. A. Aniol et al.,Phys. Rev. C 69, 065501 (2004).
[12] D.H. Beck, Phys. Rev. D 39, 3248 (1989); D.S. Armstrong et

al., Phys. Rev. Lett. 95, 092001 (2005); D. Androic et al., Phys.
Rev. Lett. 104, 012001 (2010).

[13] F.E. Maas et al., Phys. Rev. Lett. 93, 022002 (2004); F.E. Maas
et al., Phys. Rev. Lett. 94, 152001 (2005); S. Baunack et al.,
Phys. Rev. Lett. 102, 151803 (2009).

[14] K. Paschke, A. Thomas, R. Michaels and D. Armstrong, J.
Phys. Conf. Ser. 299, 012003 (2011).

[15] S. Abrahamyan et al., Phys. Rev. Lett. 108, 112502 (2012); C.J.
Horowitz et al., Phys. Rev. C85, 032501(R) (2012).

[16] J. T. Londergan, J. C. Peng and A. W. Thomas, Rev. Mod. Phys.
82, 2009 (2010).

[17] I.C. Cloet, W. Bentz, A.W. Thomas, Phys. Rev. Lett. 109,
182301 (2012).

[18] D. Androi"c et al., arXiv:1212.1637 [nucl-ex].
[19] M. Gorchtein and C. J. Horowitz, Phys. Rev. Lett. 102, 091806

(2008); A. Sibirtsev, P.G. Blunden, W. Melnitchouk, A.W.
Thomas Phys. Rev. D82, 013011 (2010); P.G. Blunden, W. Mel-
nitchouk, A.W. Thomas, Phys. Rev. Lett. 107, 081801 (2011),
Phys. Rev. Lett. 109, 252301 (2012); B.C. Rislow and C.E.
Carlson, Phys. Rev. D83, 11307 (2011).

[20] M. Gorchtein, C.J. Horowitz, and M.J. Ramsey-Musolf, Phys.
Rev. C84, 015502 (2011).

[21] N.L. Hall et al., JLAB-THY-13-1698 (2013), to be published.
[22] M.J. Ramsey-Musolf et al., Phys. Rept. 239, 1 (1994);

J.E. Amaro et al., Phys. Rept. 368, 317 (2002); M.B. Barbaro
et al., Phys. Rev. C69, 035502 (2004); A. De Pace et al., Nucl.
Phys. A741, 249 (2004); S.L. Adler, Ann. Phys. 50, 189 (1968);
D.R.T. Jones and S.T. Petcov, Phys. Lett. B91, 137 (1980);
L.M. Nath, K. Schilcher and M. Kretzschmar, Phys. Rev. D25,
2300 (1982).

[23] R. N. Cahn and F. J. Gilman, Phys. Rev. D17, 1313 (1978).
[24] K. Matsui, T. Sato, and T.-S.H. Lee, Phys. Rev. C72, 025204

(2005).
[25] J. Alcorn et al., Nucl. Instrum. Meth. A 522, 294 (2004).
[26] C. K. Sinclair et al., Phys. Rev. ST Accel. Beams 10, 023501

(2007); P.A. Adderley et al., Phys. Rev. ST Accel. Beams 13,
010101 (2010).

[27] K. D. Paschke, Eur. Phys. J. A 32, 549 (2007).
[28] R. Subedi et al., arXiv:1302.2854 [physics.ins-det].
[29] M. Friend et al., Nucl. Instrum. Meth. A676, 96 (2012); Es-

coffier, S, Nucl. Instrum. Meth. A551, 563 (2005).
[30] H. Olsen and L. C. Maximon, Phys. Rev. 114, 887 (1959).
[31] S. Abrahamyan et al., Phys. Rev. Lett. 109, 192501 (2012).
[32] L. W. Mo and Y. -S. Tsai, Rev. Mod. Phys. 41, 205 (1969).
[33] E. J. Beise, M. L. Pitt and D. T. Spayde, Prog. Part. Nucl. Phys.

54, 289 (2005). D. Abbott et al., Eur. Phys. J. A 7, 421 (2000).
S. J. Pollock, Phys. Rev. D 42, 3010 (1990) [Erratum-ibid. D
43, 2447 (1991)].

[34] P. Blunden, private communication.
[35] A. D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, Eur.

Phys. J. C 63, 189 (2009).
[36] P. E. Bosted and M. E. Christy, Phys. Rev. C 77, 065206 (2008).
[37] H. -L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky,

J. Pumplin and C. -P. Yuan, Phys. Rev. D 82, 074024 (2010).

New data on PV DIS structure 
functions coming - PV DIS, SOLID 
- will help constraining the theory 
uncertainty



37

Report: QWeak has data

26Mark Dalton  DNP, Fall 2012First direct measurement of proton weak charge

Weak mixing angle result

33

QW(p)*
(using(only(4%(of(
Qweak(dataset)

(full(Qweak(dataset(
expected(precision)

*(Uses(electroweak(radia<ve(correc<ons(from(Erler,(Kurylov,(RamseyCMusolf,(PRD(68,(016006((2003).(

4% of total d
ata

Mark Dalton  DNP, Fall 2012First direct measurement of proton weak charge

Weak mixing angle result

33

QW(p)*
(using(only(4%(of(
Qweak(dataset)

(full(Qweak(dataset(
expected(precision)

*(Uses(electroweak(radia<ve(correc<ons(from(Erler,(Kurylov,(RamseyCMusolf,(PRD(68,(016006((2003).(

4% of total d
ata

from Mark Dalton, APS/DNP meeting, Fall 2012
Full data expected public late 2013

Thursday, March 14, 13

From Mark Dalton / QWEAK

QWEAK HAS ANALYZED 4% OF THEIR DATA

Weak mixing angle a little low;
Stay tuned!

New Physics
smoking gun?



38

THEORY TOOL:

Dispersion Relations

Proton’s
Weak Charge

Proton
Radius Puzzle

Weak Compton
Scattering

Neutron
Skin



39

Proton Charge Radius from Electron Scattering

Elastic e-p scattering

GE , GM

Q2

Precise form factors from elastic electron scattering

J C Bernauer

Massachusetts Institute of Technology, Cambridge, MA 02139-4307, USA

E-mail: bernauer@mit.edu

Abstract. Experiments to determine the electric and magnetic form factors of nucleons have
been performed for over half a century. This article gives an overview of the current state of
our knowledge and discusses new features discovered in recent high precision experiments.

1. Introduction

The electric and magnetic form factors encode the distribution of charge and magnetization
inside the nucleon. Precise determinations of the form factors therefore provide benchmarks
for theoretical descriptions, may they be based on e↵ective degrees of freedom or QCD. In the
one-photon-exchange approximation, the cross section is given by
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in terms of the form-factor independent Mott cross section and the two Sachs form factors GE

and GM .

2. Proton form factors

2.1. Rosenbluth separation
The classical approach to disentangle the form factors from cross section measurements is the
Rosenbluth separation [1]. The linear structure of Eq. 1 is exploited to disentangle the form
factors at a given Q2 from several measurements at the chosen Q2 but with di↵erent ".

The black symbols in Fig. 1 show the progress achieved in the last half century of
measurements. After an initial gold rush phase in the 1970s, the focus was on the higher
Q2 range in the 90s. In recent years, with advances in accelerator, detector and experiment
design, several experiments achieved a considerable reduction of the uncertainty.

In Fig. 2, both form factors are shown on a logarithmic scale, to demonstrate some of the
basic traits: GE and GM follow a very similar curve, with a constant factor of µp between them,
the so-called Scaling relation. In early measurements [2], a dipole was proposed as a simple
phenomenological function description:
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While this simple approximation is still valid as a coarse description, precise measurements
show deviations both at low and high Q2.
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Figure 4. The 1422 cross section measurements of the Mainz experiment [6], divided by the
dipole prediction, as a function of the scattering angle. The data points are shifted according
to the incident beam energy.
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Figure 5. The form factor ratio from polarization experiments and the recent Mainz unpolarized
measurement [6]. From the latter, two typical models are shown.

measurements. This, however, brings the form factor ratio into better agreement with the
recent polarization experiment [34], where form factor ratios at eight Q2-values between 0.3
and 0.6 (GeV/c)2 were extracted. The better understanding of the background situation in
this experiment led to a reanalysis of an older experiment [33]. Both experiments show ratios
slightly smaller than previous, less precise experiments. In Fig. 5, the results of [6] and [33, 34]
are compared to previous polarization results.
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Precise 
measurement 

at Mainz

Bernauer et al [A1 Coll.], PRL 105 (2010) 242001
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While the deviation of GM from previous measure-
ments seems surprising at first glance, it reconciles the
form factor ratios from experiments with unpolarized
electrons, like this one, with those found with polar-
ized electrons, especially with the high-precision mea-
surements in ref. [17]. The previous GE and GM data
are basically not compatible with the polarized measure-
ments even when TPE corrections are applied. New re-
sults from Je!erson Laboratory [18, 19] with uncertain-
ties of about 2% confirm this statement and are in excel-
lent agreement with this experiment.
The charge and magnetic rms-radii are given by
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In the study of the model dependency through simu-
lated data only the flexible models reproduce the input
radii reliably. In the fits to the measured data the models
can be divided into two groups: Those based on splines
with varying degree of the basis polynomial and num-
ber of support points and those composed of polynomials
with varying orders. For the charge radius the weighted
averages of the two groups di!er by 0.008 fm.
For the spline group we obtain the values
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2 = 0.875(5)stat.(4)syst.(2)model fm,
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and for the polynomial group
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1

2 = 0.778(+14
!15)stat.(10)syst.(6)model fm.

Despite detailed studies the cause of the di!erence be-
tween the two model groups could not be found. There-
fore, we give as the final result the average of the two
values with an additional uncertainty of half of the dif-
ference:

&
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2 = 0.879(5)stat.(4)syst.(2)model(4)group fm,
&

r2M
'

1

2 = 0.777(13)stat.(9)syst.(5)model(2)group fm.

These radii have to be taken with the applied correc-
tions in mind. While the Coulomb correction used is
compatible with other studies [5, 6] a more sophisticated
theoretical calculation may a!ect the results slightly.
The electric radius is in complete agreement with the

CODATA06 [20] value of 0.8768(69) fm based mostly on
atomic measurements. It is also in complete accord with
the old Mainz result [21] when the Coulomb corrections
[5, 6] are applied. However, the results from very recent
Lamb shift measurements on muonic hydrogen [22] are
0.04 fm smaller, i.e. 5 standard deviations. This di!er-
ence is unexplained yet. The calculation of the Lamb

shift in muonic hydrogen requires the solution of a rela-
tivistic bound state problem (see Ref. [23] and references
therein). The deviation may be due to the distorted wave
functions, significantly more distorted than in electronic
hydrogen, necessitating the consideration of multiphoton
exchange.
The magnetic radius has a larger error than the charge

radius since the experiment is less sensitive to GM at
low Q2. Its value is smaller than results of previous fits,
however, it is in good agreement with ref. [24], who found
0.778(29) fm from hyperfine splitting in hydrogen.
The consequences of the results presented here for our

picture of the proton are discussed in ref. [1]. A full ac-
count of this work will be published [25, 26].
This work was supported by the Collaborative Re-

search Center SFB 443 of the Deutsche Forschungsge-
meinschaft. H. Fonvieille is supported by the French
CNRS/IN2P3.
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Proton Radius from Lamb Shift in Hydrogen Atom
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Extractions of Proton Charge Radius
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Figure 6. Determinations of the electric proton radius. Circles: electron scattering experiments.
Crosses: fits/reanalyses to scattering data, triangles: Hydrogen energy level measurements,
rectangles: CODATA fits.

2.5. Proton size puzzle
The proton electric and magnetic radii can be extracted from the slope of the form factors at
Q2 = 0. They are also important for corrections to the calculations of atomic energy levels, a
focus of QED validity studies. Figure 6 shows the results of the di↵erent measurements over
the last decades. While there appears to be a number of electron-scattering results, most of the
reanalyses are either solely based on or dominated by the Simon et al. [18] data set. However,
both electric Hydrogen results and the independent electron-proton scattering result of Bernauer
et al. [6] yield compatible values. In contrast to this, Pohl et al. [49], reported a much smaller
value, with unpreceded levels of accuracy. They measured level transitions in muonic Hydrogen,
where the proton size e↵ect is orders of magnitude larger than in ordinary electric Hydrogen.
This ⇠ 7� di↵erence prompted a large amount of theoretical work, including recalculations of
the theoretical corrections, modifications of the form factors at low Q2 and even physics beyond
the standard model. However, no clear explanation has emerged so far.

3. Neutron form factors

The lack of a free neutron target makes determining the neutron form factors much harder, as
one has to use deuterium or helium as the target material. For GE , the measurement is further
complicated by the smallness of the form factor itself and by the large (⇠ 50%) theoretical
corrections.

Figure 7 shows the world data set for the neutron magnetic form factors. The data are again
roughly approximated by the dipole up to 4 (GeV/c)2, at higher Q2, the data points indicate a
strong downward trend. Upcoming data from JLab will cover this region with similar density
as the lower Q2 region.

Due to these experimental challenges, the world data set for the neutron electric form factor
is still somewhat limited in size, precision, and Q2-range, as visible in Fig. 8. Since the electric
form factor is so small, almost all measurements employ polarization observables.

5

7σ-discrepancy!

Recent measurement of Lamb shift in muonic Hydrogen
CREMA Collaboration

Pohl et al., Nature 466 (2010) 213
Antognini et al., Science 339 (2013) 417

rp
E = 0.84087(39) fm
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“Polarizability” Correction to Lamb Shift
Order O(↵5) correction

DR: Pachucki, PR A 53 (1996) 2092;
DR: Vanderhaeghen & Carlson, PR A 84 (2011) 020102; 
ChPT: Birse & McGovern, EPJ A48 (2012) 120;
DR+FESR: MG, Llanes-Estrada, Szczepaniak, arXiv:1302.2807

Dispersion Relation + Data

Subtraction 
Constant

Cannot be obtained directly from data;
Need for an input from theory

�E2P�2S = �40± 5 µeV

�EMissing ⇡ �300 µeV
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“Polarizability” Correction to Lamb Shift

Uncertainty in the dispersive part = uncertainty in the data on 
elastic form factors and total photoabsorption cross section
at low energy and Q²;

Subtraction constant: constrained by the magnetic polarizability,
by resonances (in FESR approach) at low Q² and by J=0 pole 
at high Q²

New Physics
smoking gun?

Hard to understand even within New Physics 
scenario: lepton non-universality constrained 
by the (g-2)µ!

Proton size is a true puzzle!
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Neutron Skin Measurement @ PREx
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30 ppm=GeV2, which would correspond to an additional
systematic uncertainty on APV of 3 ppb (0.5% of APV).

The beam polarization was continuously monitored by a
Compton polarimeter. Helicity-dependent asymmetries in
the integrated signal from backscattered Compton photons
yielded Pb ! "88:2# 0:1# 1:0$% averaged over the du-
ration of the run. The beam polarization was stable within
systematic errors. An independent Møller polarimeter
making nine measurements at different times during the
run gave Pb ! "90:3# 0:1# 1:1$%. We used an average
of these two measurements, Pb ! "89:2# 1:0$% which
conservatively accounts for the correlated systematic er-
rors between the two measurements.

After all corrections,

APb
PV ! 656# 60"stat$ # 14"syst$ ppb;

at hQ2i ! 0:008 80# 0:000 11 GeV2. This result is dis-
played in Fig. 1, in which models predicting the point-
neutron radius illustrate the correlation of APb

PV and Rn [39].
Seven nonrelativistic and relativistic mean-field models

[12–15] were chosen that have charge densities and bind-
ing energies in good agreement with experiment, and that
span a large range in Rn. The weak charge density !w was
calculated from model point-proton !p and neutron !n

densities, !w"r$ ! qp!ch"r$ % qn
R
d3r0&Gp

E!n %Gn
E!p',

using proton qp ! 0:0721 and neutron qn ! (0:9878
weak charges that include radiative corrections. Here Gp

E
(Gn

E) is the Fourier transform of the proton (neutron)
electric form factor. The Dirac equation was solved [9]
for an electron scattering from !w and the experimental !ch

[1], and the resulting APV""$ integrated over the accep-
tance, Eq. (3), to yield the open circles in Fig. 1. The
importance of Coulomb distortions is emphasized by in-

dicating results from plane-wave calculations, which are
not all contained within the vertical axis range of the figure.
A least squares fit of the model results yields Rn )
6:156% 1:675hAi( 3:420hAi2 fm (with hAi in ppm), as
illustrated. Comparing this to the measured APb

PV implies a
value for Rn ! 5:78%0:16

(0:18 fm. More details of this analysis,
along with additional information such as the weak charge
form factor and weak radius, will be presented in a future
publication [40].
Assuming a point-proton radius of 5.45 fm [41], corre-

sponding to the measured charge radius of 5.50 fm [1],
implies that the neutron distribution is 1:8# larger than that
of the protons: Rn ( Rp ! 0:33%0:16

(0:18 fm [39] (see also
[42]). A future run is planned which will reduce the quoted
uncertainty by a factor of 3 [43], to discriminate between
models and allow predictions relevant for the description
of neutron stars and parity violation in atomic systems.
We wish to thank the entire staff of JLab for their efforts

to develop and maintain the polarized beam and the ex-
perimental apparatus. This work was supported by the U.S.
Department of Energy, the National Science Foundation,
and from the French CNRS/IN2P3 and ANR. Jefferson
Science Associates, LLC, operates Jefferson Lab for the
U.S. DOE under U.S. DOE Contract No. DE-AC05-
060R23177.
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30 ppm=GeV2, which would correspond to an additional
systematic uncertainty on APV of 3 ppb (0.5% of APV).

The beam polarization was continuously monitored by a
Compton polarimeter. Helicity-dependent asymmetries in
the integrated signal from backscattered Compton photons
yielded Pb ! "88:2# 0:1# 1:0$% averaged over the du-
ration of the run. The beam polarization was stable within
systematic errors. An independent Møller polarimeter
making nine measurements at different times during the
run gave Pb ! "90:3# 0:1# 1:1$%. We used an average
of these two measurements, Pb ! "89:2# 1:0$% which
conservatively accounts for the correlated systematic er-
rors between the two measurements.

After all corrections,

APb
PV ! 656# 60"stat$ # 14"syst$ ppb;

at hQ2i ! 0:008 80# 0:000 11 GeV2. This result is dis-
played in Fig. 1, in which models predicting the point-
neutron radius illustrate the correlation of APb

PV and Rn [39].
Seven nonrelativistic and relativistic mean-field models

[12–15] were chosen that have charge densities and bind-
ing energies in good agreement with experiment, and that
span a large range in Rn. The weak charge density !w was
calculated from model point-proton !p and neutron !n

densities, !w"r$ ! qp!ch"r$ % qn
R
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using proton qp ! 0:0721 and neutron qn ! (0:9878
weak charges that include radiative corrections. Here Gp
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E) is the Fourier transform of the proton (neutron)
electric form factor. The Dirac equation was solved [9]
for an electron scattering from !w and the experimental !ch

[1], and the resulting APV""$ integrated over the accep-
tance, Eq. (3), to yield the open circles in Fig. 1. The
importance of Coulomb distortions is emphasized by in-

dicating results from plane-wave calculations, which are
not all contained within the vertical axis range of the figure.
A least squares fit of the model results yields Rn )
6:156% 1:675hAi( 3:420hAi2 fm (with hAi in ppm), as
illustrated. Comparing this to the measured APb

PV implies a
value for Rn ! 5:78%0:16

(0:18 fm. More details of this analysis,
along with additional information such as the weak charge
form factor and weak radius, will be presented in a future
publication [40].
Assuming a point-proton radius of 5.45 fm [41], corre-

sponding to the measured charge radius of 5.50 fm [1],
implies that the neutron distribution is 1:8# larger than that
of the protons: Rn ( Rp ! 0:33%0:16
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FIG. 1 (color). Result of this experiment (red square) vs neu-
tron point radius Rn in 208Pb. Distorted-wave calculations for
seven mean-field neutron densities are circles while the diamond
marks the expectation for Rn ! Rp[39]. References: NL3m05,
NL3, and NL3p06 from [11], FSU from [12], SIII from [13],
SLY4 from [14], SI from [15]. The blue squares show plane wave
impulse approximation results.
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PREx: 

PV asymmetry to parts 

per billion accuracy

Important input to nuclear astrophysics 
(properties of neutron-rich matter)
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“Moore’s Law” for PV Experiments
• Foundation of Standard Model 
• E122 @ SLAC

• Perturbative and non-perturbative QCD 
structure of the nucleon
• Bates-12C, SAMPLE (MIT-Bates), 
Mainz-Be, A4 @ Mainz, G0, 
HAPPEX, PV-DIS @ JLab

• Neutron skin of a heavy nucleus
• PREX @ JLab

• Beyond Standard Model Searches
• E158 @ SLAC, QWeak, MOLLER, 
SOLID @ JLab

Parity-violating electron scattering has become a precision tool 
→ Sub-ppb statistical and systematic uncertainties, sub-1% normalization

K.Kumar

time:
1980s-2010s

11 Neutron Skin Measurement @ PREx

At the frontier of precision PV program

Are radiative corrections, most notably Coulomb distortion 
effects under control?
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Mott asymmetry: beam polarized normal 
to the scattering plane

Related observable: vector analyzing power An

About 10 times larger than PV asymmetry in the same kinematics
           - important systematic effect for PVES experiments 
Test our understanding of the theory entering γZ calculation
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d! {KIN.FACTOR ⇥ DATA}

In the two-photon exchange approximation: no theory uncertainty
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The theory does well for H-1, He-4 and C-12 but not for Pb-208 
Coulomb distortions? Go the opposite direction for elastic states...
Check intermediate nuclei - CREX @ JLab
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THEORY TOOL:

Dispersion Relations

Proton’s
Weak Charge
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Radius Puzzle

Weak Compton
Scattering
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Motivation: MiniBooNE Excess

64 W.C. Louis / Progress in Particle and Nuclear Physics 63 (2009) 51–73

Fig. 17. The estimated neutrino fluxes in MiniBooNE as a function of energy for antineutrino (negative horn polarity) running.

Fig. 18. A schematic drawing of the MiniBooNE detector.

including an improved background estimate, an additional fiducial volume cut that greatly reduces the background from
events produced outside the tank (dirt events), and an increase in the data sample from 5.579 ⇥ 1020 POT to 6.462 ⇥ 1020

POT. A total of 89,200 neutrino events pass the initial selection, while 1069 events pass the complete event selection of the
Final Analysis with EQE

⌫ > 200 MeV, where EQE
⌫ is the reconstructed neutrino energy.

5.4. Neutrino oscillation signal and background reactions

Table 8 shows the expected number of candidate ⌫e CCQE background events with EQE
⌫ between 200–300 MeV,

300–475MeV, and 475–1250MeV after the complete event selection of the Final Analysis. The background estimate includes

W.C. Louis / Progress in Particle and Nuclear Physics 63 (2009) 51–73 63

Fig. 14. The confidence regions of the oscillation parameters for the combined likelihood analysis, assuming statistical compatibility of LSND and
KARMEN [18].

Fig. 15. A schematic drawing of the MiniBooNE experiment.

Fig. 16. The estimated neutrino fluxes in MiniBooNE as a function of energy for neutrino (positive horn polarity) running.

⌫µ
x ⌫e

CC

e�
Incident neutrino flux

Charged current events



52

MiniBooNE Excess of Events
The more electrons are seen in the detector 
- the more muon-ν converted into electron-ν 
- larger neutrino mass differences 
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1. Introduction

Strong evidence for neutrino oscillations comes from solar-neutrino [19,1,28,9,23] and reactor-antineutrino
experiments [21], which have observed ⌫e disappearance at 1m2 ⇠ 8 ⇥ 10�5 eV2, and atmospheric-neutrino [30,24,11,12]
and long-baseline accelerator-neutrino experiments [10,34],which have observed ⌫µ disappearance at1m2 ⇠ 3⇥10�3 eV2.
In addition, the Liquid Scintillator Neutrino Detector (LSND) experiment [14] has presented yet unconfirmed evidence for
⌫̄µ ! ⌫̄e flavor change at the1m2 ⇠ 1 eV2 scale. For simplicity it is assumed that the LSND excess of events can be explained
by simple two-neutrino oscillations with the probability of oscillations given by P⌫̄µ!⌫̄e = sin2(2✓) sin2(1.271m2L⌫/E⌫),
where ✓ is themixing angle,1m2 is the difference in the neutrino eigenstatemasses squared in units of eV2, L⌫ is the distance
traveled by the neutrino in units of meters, and E⌫ is the neutrino energy in units of MeV. If all three phenomena are caused
by neutrino oscillations, these three1m2 scales cannot be accommodated in an extension of the StandardModel that allows
only three neutrinomass eigenstates. An explanation of all threemass scaleswith neutrino oscillations requires the addition
of sterile neutrinos [39,37,26,33,36] or further extensions of the StandardModel (e.g., [31]) that may not necessarily involve
neutrino oscillations. Evenwith the addition of sterile neutrinos, there is tension between the LSND signal and existing limits
from ⌫e appearance and ⌫µ disappearance [32].

The LSND [14] experiment was designed to search for ⌫̄µ ! ⌫̄e oscillations with high sensitivity and to measure ⌫C
cross sections. A photograph of the inside of the detector tank is shown in Fig. 1. The main characteristics of the LSND
experiment are given in Table 1. LSND had the advantage of high proton intensity, a large detector mass, and particle
identification. Also shown in Table 1 are the main characteristics of the Karlsruhe Rutherford Medium Energy Neutrino
(KARMEN) experiment, whichmade use ofmuch shorter andmore intense neutrino pulses than LSND and had better energy
resolution. An important difference between the experiments is that the LSND neutrino flight path was 30 m, compared to
17.7 m for KARMEN, so that a combined analysis provides a sensitive search for neutrino oscillations. Both experiments
made use of a high-intensity, 800MeV proton beam that interacted in an absorber to produce a large number of pions. Most
of the pions produced are ⇡+, which almost all decay. The ⇡� are mainly absorbed and only a small fraction decay to µ�,
which in turn are largely captured. Almost all of the neutrinos that are produced arise from ⇡+ ! µ+⌫µ andµ+ ! e+⌫̄µ⌫e
decays, where most of the decays (>95%) are at rest and only a small fraction (<5%) are in flight. After six years of data
collection, the LSND experiment obtained evidence for neutrino oscillations in the mass range 1m2 > 0.2 eV2, as shown in
Fig. 2. Although this evidence was not confirmed by the KARMEN experiment, a joint analysis of the two experiments [18]
reveals regions of compatibility in a band from 0.2 to 1 eV2 and in a region around 7 eV2.

The Mini Booster Neutrino Experiment (MiniBooNE) was designed to test the neutrino oscillation interpretation of the
LSND signal in both neutrino and antineutrino modes. Fig. 3 shows a photograph of the inside of the MiniBooNE detector
before the tank was sealed and filled with mineral oil. As shown in Table 2, MiniBooNE has approximately the same L/E⌫

as LSND and KARMEN but with an order of magnitude higher baseline and energy. Due to the higher energy and dissimilar
event signature, MiniBooNE systematic errors are completely different from LSND errors. MiniBooNE’s oscillation results in
neutrino mode [4] show no significant excess of events at higher energies; however, a sizeable excess of events is observed
at lower energies, as shown in Fig. 4. Although the excess energy shape does not fit two-neutrino oscillations, the number of
excess events agrees approximately with the LSND expectation. At present, this low-energy excess is unexplained, although
forthcoming antineutrino and NuMI data may help differentiate between a Standard Model explanation (e.g. neutral-
current radiative scattering [29]) or a beyond the Standard Model explanation (e.g. neutrino oscillations involving sterile
neutrinos [39,37,26,33,36]).

The LSND/MiniBooNEdetector design hasworked verywell, and follow-up experiments at the FermiNational Accelerator
Laboratory (FNAL) or the Oak Ridge National Laboratory (ORNL) could take advantage of this detector design. BooNE at FNAL
would employ a second detector similar to MiniBooNE at a different distance, while the Oscillations at the SNS (OscSNS)
detector at ORNLwould involve aMiniBooNE-like detector at a distance of⇠60m from the Spallation Neutron Source (SNS)
beam dump. Another follow-up experiment, MicroBooNE, which was recently approved at FNAL, will consist of a ⇠70 ton
fiducial volume Liquid Argon Time Projection Chamber (LArTPC). In addition, the LENS experiment could perform a sensitive
search for active to sterile neutrino oscillations by exposing the detector to an intense MCi51Cr source.
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1. Introduction

Strong evidence for neutrino oscillations comes from solar-neutrino [19,1,28,9,23] and reactor-antineutrino
experiments [21], which have observed ⌫e disappearance at 1m2 ⇠ 8 ⇥ 10�5 eV2, and atmospheric-neutrino [30,24,11,12]
and long-baseline accelerator-neutrino experiments [10,34],which have observed ⌫µ disappearance at1m2 ⇠ 3⇥10�3 eV2.
In addition, the Liquid Scintillator Neutrino Detector (LSND) experiment [14] has presented yet unconfirmed evidence for
⌫̄µ ! ⌫̄e flavor change at the1m2 ⇠ 1 eV2 scale. For simplicity it is assumed that the LSND excess of events can be explained
by simple two-neutrino oscillations with the probability of oscillations given by P⌫̄µ!⌫̄e = sin2(2✓) sin2(1.271m2L⌫/E⌫),
where ✓ is themixing angle,1m2 is the difference in the neutrino eigenstatemasses squared in units of eV2, L⌫ is the distance
traveled by the neutrino in units of meters, and E⌫ is the neutrino energy in units of MeV. If all three phenomena are caused
by neutrino oscillations, these three1m2 scales cannot be accommodated in an extension of the StandardModel that allows
only three neutrinomass eigenstates. An explanation of all threemass scaleswith neutrino oscillations requires the addition
of sterile neutrinos [39,37,26,33,36] or further extensions of the StandardModel (e.g., [31]) that may not necessarily involve
neutrino oscillations. Evenwith the addition of sterile neutrinos, there is tension between the LSND signal and existing limits
from ⌫e appearance and ⌫µ disappearance [32].

The LSND [14] experiment was designed to search for ⌫̄µ ! ⌫̄e oscillations with high sensitivity and to measure ⌫C
cross sections. A photograph of the inside of the detector tank is shown in Fig. 1. The main characteristics of the LSND
experiment are given in Table 1. LSND had the advantage of high proton intensity, a large detector mass, and particle
identification. Also shown in Table 1 are the main characteristics of the Karlsruhe Rutherford Medium Energy Neutrino
(KARMEN) experiment, whichmade use ofmuch shorter andmore intense neutrino pulses than LSND and had better energy
resolution. An important difference between the experiments is that the LSND neutrino flight path was 30 m, compared to
17.7 m for KARMEN, so that a combined analysis provides a sensitive search for neutrino oscillations. Both experiments
made use of a high-intensity, 800MeV proton beam that interacted in an absorber to produce a large number of pions. Most
of the pions produced are ⇡+, which almost all decay. The ⇡� are mainly absorbed and only a small fraction decay to µ�,
which in turn are largely captured. Almost all of the neutrinos that are produced arise from ⇡+ ! µ+⌫µ andµ+ ! e+⌫̄µ⌫e
decays, where most of the decays (>95%) are at rest and only a small fraction (<5%) are in flight. After six years of data
collection, the LSND experiment obtained evidence for neutrino oscillations in the mass range 1m2 > 0.2 eV2, as shown in
Fig. 2. Although this evidence was not confirmed by the KARMEN experiment, a joint analysis of the two experiments [18]
reveals regions of compatibility in a band from 0.2 to 1 eV2 and in a region around 7 eV2.

The Mini Booster Neutrino Experiment (MiniBooNE) was designed to test the neutrino oscillation interpretation of the
LSND signal in both neutrino and antineutrino modes. Fig. 3 shows a photograph of the inside of the MiniBooNE detector
before the tank was sealed and filled with mineral oil. As shown in Table 2, MiniBooNE has approximately the same L/E⌫

as LSND and KARMEN but with an order of magnitude higher baseline and energy. Due to the higher energy and dissimilar
event signature, MiniBooNE systematic errors are completely different from LSND errors. MiniBooNE’s oscillation results in
neutrino mode [4] show no significant excess of events at higher energies; however, a sizeable excess of events is observed
at lower energies, as shown in Fig. 4. Although the excess energy shape does not fit two-neutrino oscillations, the number of
excess events agrees approximately with the LSND expectation. At present, this low-energy excess is unexplained, although
forthcoming antineutrino and NuMI data may help differentiate between a Standard Model explanation (e.g. neutral-
current radiative scattering [29]) or a beyond the Standard Model explanation (e.g. neutrino oscillations involving sterile
neutrinos [39,37,26,33,36]).

The LSND/MiniBooNEdetector design hasworked verywell, and follow-up experiments at the FermiNational Accelerator
Laboratory (FNAL) or the Oak Ridge National Laboratory (ORNL) could take advantage of this detector design. BooNE at FNAL
would employ a second detector similar to MiniBooNE at a different distance, while the Oscillations at the SNS (OscSNS)
detector at ORNLwould involve aMiniBooNE-like detector at a distance of⇠60m from the Spallation Neutron Source (SNS)
beam dump. Another follow-up experiment, MicroBooNE, which was recently approved at FNAL, will consist of a ⇠70 ton
fiducial volume Liquid Argon Time Projection Chamber (LArTPC). In addition, the LENS experiment could perform a sensitive
search for active to sterile neutrino oscillations by exposing the detector to an intense MCi51Cr source.
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1. Introduction

Strong evidence for neutrino oscillations comes from solar-neutrino [19,1,28,9,23] and reactor-antineutrino
experiments [21], which have observed ⌫e disappearance at 1m2 ⇠ 8 ⇥ 10�5 eV2, and atmospheric-neutrino [30,24,11,12]
and long-baseline accelerator-neutrino experiments [10,34],which have observed ⌫µ disappearance at1m2 ⇠ 3⇥10�3 eV2.
In addition, the Liquid Scintillator Neutrino Detector (LSND) experiment [14] has presented yet unconfirmed evidence for
⌫̄µ ! ⌫̄e flavor change at the1m2 ⇠ 1 eV2 scale. For simplicity it is assumed that the LSND excess of events can be explained
by simple two-neutrino oscillations with the probability of oscillations given by P⌫̄µ!⌫̄e = sin2(2✓) sin2(1.271m2L⌫/E⌫),
where ✓ is themixing angle,1m2 is the difference in the neutrino eigenstatemasses squared in units of eV2, L⌫ is the distance
traveled by the neutrino in units of meters, and E⌫ is the neutrino energy in units of MeV. If all three phenomena are caused
by neutrino oscillations, these three1m2 scales cannot be accommodated in an extension of the StandardModel that allows
only three neutrinomass eigenstates. An explanation of all threemass scaleswith neutrino oscillations requires the addition
of sterile neutrinos [39,37,26,33,36] or further extensions of the StandardModel (e.g., [31]) that may not necessarily involve
neutrino oscillations. Evenwith the addition of sterile neutrinos, there is tension between the LSND signal and existing limits
from ⌫e appearance and ⌫µ disappearance [32].

The LSND [14] experiment was designed to search for ⌫̄µ ! ⌫̄e oscillations with high sensitivity and to measure ⌫C
cross sections. A photograph of the inside of the detector tank is shown in Fig. 1. The main characteristics of the LSND
experiment are given in Table 1. LSND had the advantage of high proton intensity, a large detector mass, and particle
identification. Also shown in Table 1 are the main characteristics of the Karlsruhe Rutherford Medium Energy Neutrino
(KARMEN) experiment, whichmade use ofmuch shorter andmore intense neutrino pulses than LSND and had better energy
resolution. An important difference between the experiments is that the LSND neutrino flight path was 30 m, compared to
17.7 m for KARMEN, so that a combined analysis provides a sensitive search for neutrino oscillations. Both experiments
made use of a high-intensity, 800MeV proton beam that interacted in an absorber to produce a large number of pions. Most
of the pions produced are ⇡+, which almost all decay. The ⇡� are mainly absorbed and only a small fraction decay to µ�,
which in turn are largely captured. Almost all of the neutrinos that are produced arise from ⇡+ ! µ+⌫µ andµ+ ! e+⌫̄µ⌫e
decays, where most of the decays (>95%) are at rest and only a small fraction (<5%) are in flight. After six years of data
collection, the LSND experiment obtained evidence for neutrino oscillations in the mass range 1m2 > 0.2 eV2, as shown in
Fig. 2. Although this evidence was not confirmed by the KARMEN experiment, a joint analysis of the two experiments [18]
reveals regions of compatibility in a band from 0.2 to 1 eV2 and in a region around 7 eV2.

The Mini Booster Neutrino Experiment (MiniBooNE) was designed to test the neutrino oscillation interpretation of the
LSND signal in both neutrino and antineutrino modes. Fig. 3 shows a photograph of the inside of the MiniBooNE detector
before the tank was sealed and filled with mineral oil. As shown in Table 2, MiniBooNE has approximately the same L/E⌫

as LSND and KARMEN but with an order of magnitude higher baseline and energy. Due to the higher energy and dissimilar
event signature, MiniBooNE systematic errors are completely different from LSND errors. MiniBooNE’s oscillation results in
neutrino mode [4] show no significant excess of events at higher energies; however, a sizeable excess of events is observed
at lower energies, as shown in Fig. 4. Although the excess energy shape does not fit two-neutrino oscillations, the number of
excess events agrees approximately with the LSND expectation. At present, this low-energy excess is unexplained, although
forthcoming antineutrino and NuMI data may help differentiate between a Standard Model explanation (e.g. neutral-
current radiative scattering [29]) or a beyond the Standard Model explanation (e.g. neutrino oscillations involving sterile
neutrinos [39,37,26,33,36]).

The LSND/MiniBooNEdetector design hasworked verywell, and follow-up experiments at the FermiNational Accelerator
Laboratory (FNAL) or the Oak Ridge National Laboratory (ORNL) could take advantage of this detector design. BooNE at FNAL
would employ a second detector similar to MiniBooNE at a different distance, while the Oscillations at the SNS (OscSNS)
detector at ORNLwould involve aMiniBooNE-like detector at a distance of⇠60m from the Spallation Neutron Source (SNS)
beam dump. Another follow-up experiment, MicroBooNE, which was recently approved at FNAL, will consist of a ⇠70 ton
fiducial volume Liquid Argon Time Projection Chamber (LArTPC). In addition, the LENS experiment could perform a sensitive
search for active to sterile neutrino oscillations by exposing the detector to an intense MCi51Cr source.

Solar, reactor ν’s 
Atmospheric, long-base ν’s 
LSND puzzle

MiniBooNE 
motivation:

MiniBooNE results:
- exclude LSND for 
E > 0.5 GeV
- observe excess at 
0.2 < E < 0.5 GeV 
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MiniBooNE Excess of Events

Hypothesis: NC-induced photons 
mis-ID for electrons in the detector NC

⌫µ
⌫µ

Currently: only a model with Delta excitation in the analysis

A generalization of virtual Compton scattering to a weak probe

VCS measurements @ Mainz, JLab, MIT-Bates

Dispersion relations for VCS: 
Pasquini, MG, Drechsel, Metz, Vanderhaeghen, EPJA (2001)

γ*

e⁻ e⁻



54

Dispersion relations for weak Compton scattering:
MG, X. Zhang, in preparation

Pion-nucleon intermediate state:
use the know-how of pion photo- 
and electro-production: 
SAID@GWU, MAID@Mainz
- extend to weak probes!

Two pion-nucleon and higher states:

At low energies: constraints from ChPT

Weak Compton Scattering
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Weak Compton Scattering

Inverse process:
gamma-Z conversion in dense matter
- energy budget of neutron stars
- induced e.-m. properties of neutrinos

Weak pion production: 
- an amendment to existing analyses;
- useful tool for neutrino experimentalists

Dispersion approach to weak Compton scattering:
brings together baryon spectroscopy (JLab & GWU), ChPT, 

neutrino experiments (MiniBooNE) and astrophysics
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SUMMARY



57

• Standard Model: great success but not the end of the story

• Low energies tests: probe new physics in the TeV range 

• Need for precision calculations that account for strongly-
interacting matter

• Dispersion relations and sum rules: model-independent 
formalism, use experimental data, reliable error estimation

• Overlap of atomic, nuclear, neutrino and astrophysics!

• Theorists are urged to estimate systematical uncertainties of
their calculations - need to understand QCD better - DR 
offer a unique model-independent tool for this task
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THANK YOU!
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intermediate hadronic states,
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emJµ
NCV

⇥
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respectively. Calculating such matrix elements in general case represents fundamental di⇧culty, since in QCD, the
basis for intermediate states X is infinite and non-perturbative. Under certain kinematical conditions, one can organize
this basis into leading and subleading (kinematically suppressed) sub-sets. At high energy and Q2, and finite Bjorken
x, the leading set of states is X = q + X ⇥, and to leading order in 1/Q X ⇥ is a spectator, thus e.m. (weak) current
probes directly a single quark within the nucleon, and gives access to the parton distribution functions in DIS. At
high energy and Q2, and small x, however, the picture changes, as the leading set is X = q̄q + N . In this regime, the
photon polarizes the QCD vacuum at the periphery of the hadron, and the resulting q̄q-pair forms a color dipole that
interacts with thte nucleon. This latter picture was first realized in the Vector Meson Dominance model (VDM) that
capitalized on the fact that vector mesons and photon have the some quantum numbers, so the latter can fluctuate
into former ones [8, 9]. With the advent of QCD, one can perform microscopic calculations in the Color Dipole Pisture
(CDP) using perturbative techniques. At low energies, the relevant degrees of freedom are hadronic (that is, highly
non-perturbative), X = N, ⌅N, ⌅⌅N,N�,� etc.

If data for �Z interference cross section existed throughout all these distinct regimes, we would not need to know
details of any of the aforementioned models. Unfortunately, no or very poor data on PVDIS exist. Instead, one may
try to make use of extensive data sets for real and virtual photoabsorption that exist through vast kinematical region
in energy and Q2. To do this, one has to establish relation between matrix elements ⇤X|Jµ

em|N⌅ and ⇤X|Jµ
NC |N⌅. In

Standard Model, Z and � couplings to the quarks are related by means of a simple isospin rotation,
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3
⇤

2
, qI=1 = 1⇤

2
, qs = � 1

3 , qs = 2
3 , whereas the weak charges are gI=0

V =
� 1⇤

2
4
3s2⇥W , gI=1

V = 1⇤
2
(2� 4s2⇥W ), gs

V = �1 + 4
3s2⇥W .

This isospin decomposition is used to relate weak proton form factors to the proton and neutron electromagnetic
form factors,

⇤p|Jµ
NC,V |p⌅ = (1� 4s2⇥W )⇤p|Jµ

em|p⌅ � ⇤n|Jµ
em|n⌅ (25)

where we neglected strangeness contributions. The above relation is valid for I = 1
2 resonances, as well.

⇤X|Jµ
NC,V |p⌅ = (1� 4s2⇥W )⇤X|Jµ

em|p⌅ � ⇤X|Jµ
em|n⌅ (26)

It is then straightforward to relate the contribution of a resonance R with isospin 1/2 to the interference �Z ”cross
section” to its contribution to the electromagnetic cross section:

⇤p|Jµ
em|R⌅⇤R|Jµ

NC,V |p⌅ = (1� 4s2⇥W )|⇤R|Jµ
em|p⌅|2 � ⇤p|Jµ

em|R⌅⇤R|Jµ
em|n⌅ (27)

We next use the definition of the transition helicity amplitudes,

Ap(n)
R,1/2 = ⇤R,⇥R = 1/2|Jµ

em(⇤� = 1)|p(n),⇥N = �1/2⌅

Ap(n)
R,3/2 = ⇤R,⇥R = 3/2|Jµ

em(⇤� = 1)|p(n),⇥N = 1/2⌅

Sp(n)
R,1/2 = ⇤R,⇥R = 1/2|Jµ

em(⇤� = 0)|p(n),⇥N = 1/2⌅ (28)

Isospin 1/2, 3/2 resonances
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intermediate hadronic states,

⇤N |T
�
J⇤

emJµ
NCV

⇥
|N⌅ =

⌅
· · ·

⇤

X

⇤N |J⇤
em|X⌅⇤X|Jµ

NCV
|N⌅ (21)

and

⇤N |T [J⇤
emJµ

em] |N⌅ =
⌅

· · ·
⇤

X

⇤N |J⇤
em|X⌅⇤X|Jµ

em|N⌅ (22)

respectively. Calculating such matrix elements in general case represents fundamental di⇧culty, since in QCD, the
basis for intermediate states X is infinite and non-perturbative. Under certain kinematical conditions, one can organize
this basis into leading and subleading (kinematically suppressed) sub-sets. At high energy and Q2, and finite Bjorken
x, the leading set of states is X = q + X ⇥, and to leading order in 1/Q X ⇥ is a spectator, thus e.m. (weak) current
probes directly a single quark within the nucleon, and gives access to the parton distribution functions in DIS. At
high energy and Q2, and small x, however, the picture changes, as the leading set is X = q̄q + N . In this regime, the
photon polarizes the QCD vacuum at the periphery of the hadron, and the resulting q̄q-pair forms a color dipole that
interacts with thte nucleon. This latter picture was first realized in the Vector Meson Dominance model (VDM) that
capitalized on the fact that vector mesons and photon have the some quantum numbers, so the latter can fluctuate
into former ones [8, 9]. With the advent of QCD, one can perform microscopic calculations in the Color Dipole Pisture
(CDP) using perturbative techniques. At low energies, the relevant degrees of freedom are hadronic (that is, highly
non-perturbative), X = N, ⌅N, ⌅⌅N,N�,� etc.

If data for �Z interference cross section existed throughout all these distinct regimes, we would not need to know
details of any of the aforementioned models. Unfortunately, no or very poor data on PVDIS exist. Instead, one may
try to make use of extensive data sets for real and virtual photoabsorption that exist through vast kinematical region
in energy and Q2. To do this, one has to establish relation between matrix elements ⇤X|Jµ

em|N⌅ and ⇤X|Jµ
NC |N⌅. In

Standard Model, Z and � couplings to the quarks are related by means of a simple isospin rotation,

Jµ
em = qI=0Jµ

I=0 + qI=1Jµ
I=1 + qsJµ

s

Jµ
NCV

= gI=0
V Jµ

I=0 + gI=1
V Jµ

I=1 + gs
V Jµ

s , (23)

with

Jµ
I=0 =

1⌃
2
(ū�µu + d̄�µd)

Jµ
I=1 =

1⌃
2
(ū�µu� d̄�µd)

Jµ
s = s̄�µs (24)

and the e.m. charges given by qI=0 = 1
3
⇤

2
, qI=1 = 1⇤

2
, qs = � 1

3 , qs = 2
3 , whereas the weak charges are gI=0

V =
� 1⇤

2
4
3s2⇥W , gI=1

V = 1⇤
2
(2� 4s2⇥W ), gs

V = �1 + 4
3s2⇥W .

This isospin decomposition is used to relate weak proton form factors to the proton and neutron electromagnetic
form factors,

⇤p|Jµ
NC,V |p⌅ = (1� 4s2⇥W )⇤p|Jµ

em|p⌅ � ⇤n|Jµ
em|n⌅ (25)

where we neglected strangeness contributions. The above relation is valid for I = 1
2 resonances, as well.

⇤X|Jµ
NC,V |p⌅ = (1� 4s2⇥W )⇤X|Jµ

em|p⌅ � ⇤X|Jµ
em|n⌅ (26)

It is then straightforward to relate the contribution of a resonance R with isospin 1/2 to the interference �Z ”cross
section” to its contribution to the electromagnetic cross section:

⇤p|Jµ
em|R⌅⇤R|Jµ

NC,V |p⌅ = (1� 4s2⇥W )|⇤R|Jµ
em|p⌅|2 � ⇤p|Jµ

em|R⌅⇤R|Jµ
em|n⌅ (27)

We next use the definition of the transition helicity amplitudes,

Ap(n)
R,1/2 = ⇤R,⇥R = 1/2|Jµ

em(⇤� = 1)|p(n),⇥N = �1/2⌅

Ap(n)
R,3/2 = ⇤R,⇥R = 3/2|Jµ

em(⇤� = 1)|p(n),⇥N = 1/2⌅

Sp(n)
R,1/2 = ⇤R,⇥R = 1/2|Jµ

em(⇤� = 0)|p(n),⇥N = 1/2⌅ (28)

Rescale each I=1/2 resonance from e.-m. to γZ cross section as

7

and the connection ⌃p(n),R
T ⇤ |Ap(n)

R,1/2|2 + |Ap(n)
R,3/2|2 and ⌃p(n),R

L ⇤ |Sp(n)
R,1/2|2 to write

⌅R
Z/� ⇥

⌃�Z,p
T,R

⌃��p
T,R

= (1� 4s2⇤W )�
Ap

R,1/2A
n�
R,1/2 + Ap

R,3/2A
n�
R,3/2

|Ap
R,1/2|2 + |Ap

R,3/2|2 (29)

As we notice, the ratio of the interference and electromagnetic cross sections is sensitive not only to the absolute
value of the transition amplitudes, but also to the relative phase between the proton and neutron transition. The total
cross section fits as in [14, 23] do not access this information, therefore we turn to models of baryons that provide
all the information on the individual helicity channels, in particular the constituent quark model of Isgur-Karl. Ref.
[32] quotes the results of the model for the transition helicity amplitudes as compared to the experimental values (cf.
Table VII). For the resonances of isospin 3/2, the transition is purely isovector, and the ratio of the cross sections is
given by gI=1

V
qI=1 = 2(1 � 2 sin2 ⇤W ). Using the value of the weak mixing angle sin ⇤W = 0.23118 [21] and the helicity

amplitudes from [32] as input, we obtain the following estimates: 1

P33(1232) S11(1535) D13(1520) S11(1665) F15(1680) P11(1440)

⇥R
Z/� 1.075 0.885 0.938 0.473 0.35 0.745

TABLE I: Ratios of interference to electromagnetic cross sections for di�erent resonances.

Vector Meson Dominance Model (VDM) capitalizes on the fact that the photon (Z-boson) has the same quantum
numbers as vector mesons and can be represented as a superposition of a few vector mesons,

|�⌃ =
�

V =⇥,⌅,⇤,...

|V ⌃. (30)

In the naive VDM, these three channels cannot mix among each other, and one obtains a prediction for the ratios
of the cross sections of ⇧/�⌥ production:

⌃��p⇥⇥p : ⌃��p⇥⌅p : ⌃��p⇥⇤p = 1 :
(qI=0)2

(qI=1)2
:

(qs)2

(qI=1)2
= 1 :

1
9

:
2
9

(31)

Apart from the SM isospin decomposition, the above prediction relies on the assumption of the flavor-blindness of
the V N interaction, an assumption supported in the color dipole picture (CDP) that makes a natural connection of
VDM with perturbative QCD and provides a good description of low-x DIS data. The predictions of Eq. (31) were
confronted to the experimental data at high energies and for Q2 that ranged from zero to a few GeV2 [33] and showed
a very good agreement for the �/⇧ ratio, while for the ⌥/⇧ ratio the agreement was not as good.

Accomodating these two assumptions here, we obtain the following ratio of the high energy (”VDM”) contributions
to ��p ⇧ Zp and ��p ⇧ ��p cross sections:

⌃��p⇥Zp

⌃��p⇥��p
⌅ gI=1

V qI=1⌃⇥p + gI=0
V qI=0⌃⌅p + gs

V qs⌃⇤p

(qI=1)2⌃⇥p + (qI=0)2⌃⌅p + (qs)2⌃⇤p

⌅ gI=1
V qI=1 + gI=0

V qI=0 + gs
V qs

(qI=1)2 + (qI=0)2 + (qs)2
=

5
6

+
7
6
(1� 4 sin2 ⇤W ) ⌅ 0.92 (32)

V. RESULTS FOR RE��Z

We are now in the position to present results for ⇥�Z in the forward direction using the sum rule of Eqs. (16,17),
the models I,II, and III for the electromagnetic cross sections along with the isospin considerations provided in the

1 In addition to the resonances quoted in Table I, a broad resonance with mass ⇡ 1.9 GeV was included in the fit of Ref. [23]. It features
a very mild monopole form factor that in principle raises a question of whether this contributions should be considered as part of the
background where monopole form factors arise naturally in the VDM picture. Due to lack of any solid identification, we assign the
isospin 3/2 to this resonance (which also reflects the isovector dominance in the VDM regime).

Isospin rotation of e.-m. data: resonances

yR
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FIG. 10: Comparison of the x-dependence of the DIS struc-
ture function F2(x, Q2) at fixed Q2 and as a function of x,
in GVD/CDP model of [37] (solid lines) and the naive GVD
model of [39] (dashed lines) to the low-x DIS data of H1 Col-
laboration [33]. The experimental errors are not shown.

P33(1232) S11(1535) D13(1520) S11(1665) F15(1680) P11(1440) F37(1950)

yR -1.0�0.1
+0.1 -0.51�0.71

+0.35 -0.77�0.125
+0.125 -0.28�0.86

+0.45 -0.27�0.12
+0.1 -0.62�0.2

+0.19 -1�1
+1

TABLE III: Ratios yR with respective uncertainties for seven
resonances.

The above relation is valid for transitions to I = 1
2

resonances, as well:

⇤X|Jµ
NC,V |p⌅ = (1� 4s2⇤W )⇤X|Jµ

em|p⌅ � ⇤X|Jµ
em|n⌅ .(33)

It is then straightforward to relate the contribution of
a resonance R with isospin 1/2 to the interference �Z
cross section entering Eq. (16) to its contribution to the
electromagnetic cross section:

⇤p|Jµ
em|R⌅⇤R|Jµ

NC,V |p⌅ = (1� 4s2⇤W )|⇤R|Jµ
em|p⌅|2

� ⇤p|Jµ
em|R⌅⇤R|Jµ

em|n⌅ (34)

Consequently, for each resonance, we define two ratios
describing the relative strength of its contribution to the
�Z-interference cross sections ⇧�Z,p

T (L),R with respect to the

purely electromagnetic ones ⇧�p
T (L),R as

⌅R
Z/�(Q2) ⇥

⇧�Z,p
T,R

⇧�p
T,R

⇥R
Z/�(Q2) ⇥

⇧�Z,p
L,R

⇧�p
L,R

(35)

In the Appendix A we discuss in detail the Q2-
dependence of these ratios, as well as the ratios of the
longitudinal cross sections ⇥R

Z/� . Basing on the discus-
sion in Appendix A, we will use the value

⌅R
Z/�(Q2) =

�
1� 4s2⇤W (0)

⇥
� yR = const. , (36)

to rescale the contribution of a resonance R to both trans-
verse and longitudinal cross section. Possible discrepan-
cies (which, if known, are model-dependent) from this

Uncertainties - from PDG helicity amplitudes values
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N N

V Vγ∗ γ∗

V=ρ,ω,ϕ|��� =
�

V

C��V |V �

4�

f2
V

= 0.4545, 0.04237, 0.05435 (⇥, ⌅, ⇤)VM decay constants 

Elastic Vp cross section - independent of V⇤�p
tot =

�

V =⇥,⌅,⇤

4⇥�

f2
V

⇤V p

Vector Dominance Model (VDM)

VDM sum rule: ⌅tot(⇥p) =
�

V =⇥,⌅,⇤

⇥

16⇤
4⇤�

f2
V

d⌅�p�V p

dt
(t = 0)

ZEUS: Z.Phys.’95,’96, PLB’96HERA: NPB’ 02
139± 4 (µb) ⇥ 111± 13 (µb) at W = 70 GeV

Measured 
experimentally

⇤�p
tot =

�

V =⇥,⌅,⇤

4⇥�

f2
V

⇤V p + ⇤CpGeneralized VDM - continuum contribution
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Isospin rotation of e.-m. data: background



Isospin rotation of e.-m. data: background
Rescale the background according to

��⇤p!Zp

��⇤p!�⇤p
=

gI=1
V

eI=1
+ gI=0

V
eI=0

��⇤p!!p

��⇤p!⇢p + gs
V

es

��⇤p!�p

��⇤p!⇢p + X0

��⇤p!⇢p

1 + ��⇤p!!p

��⇤p!⇢p + ��⇤p!�p

��⇤p!⇢p + X
��⇤p!⇢p

��⇤p!V p

��⇤p!⇢p
=

rV

r⇢

m4
V

m4
⇢

(m2
⇢ + Q2)2

(m2
V + Q2)2

VDM:  identify X(X’) with continuum

62

0 2 4 6 8 10 12
0.06
0.07
0.08
0.09

0.1
0.11
0.12
0.13

ω
/ρ
⁰

ω/ρ⁰ - exp. [ZEUS]
SU(4): 1/9
ω/ρ⁰ - VDM

0 2 4 6 8 10 12
0.05

0.1

0.15

0.2

0.25

ϕ/
ρ⁰ ϕ/ρ⁰ - VDM

SU(4): 2/9
ϕ/ρ⁰ - exp [H1]
ϕ/ρ⁰ - exp [ZEUS]

0 2 4 6 8 10 12
Q² (GeV²)

0

0.2

0.4

0.6

0.8

1

(J
/ψ

)/ρ
⁰

SU(4): 8/9
(J/ψ)/ρ⁰ - exp [ZEUS]

Exp. data: W = 40-120 GeV

�⇠V,Model A

Z/�

=

"✓
��

⇤!V

��

⇤!⇢

◆
exp

�
✓

��

⇤!V

��

⇤!⇢

◆
Model A

#
��

⇤!V!Z

Continuum - 100%  uncertainty

Uncertainty estimate - from data!



63

Our approach: modeling, isospin decomposition AND systematic 
uncertainty estimate are driven by INDEPENDENT SETS OF DATA;
The main region of validity of VDM corresponds to the region that gives 
the dominant contribution to the γZ-box correction

Uncertainty Estimates

Rislow & Carlson: use resonance + background to model the data 
and CQM to model the isospin structure and estimate uncertainty -
what is the intrinsic uncertainty of the CQM?

Sibirtsev et al: use resonance + background to model the data 
and DIS to isospin-rotate the background and estimate the uncertainty;
The main contribution to the γZ-box - from low Q², intermediate W²
- is DIS picture reliable at 0 < Q² < 1 GeV²?
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How Everything is Made?

Q Q̄ “Meson” Q QQ Q̄Q̄Q̄“Baryon” “Anti-baryon”

Strong interaction acts on color charge 
(carried by quarks and gluons)

Quarks form mesons and baryons (proton, neutron etc.)
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ELECTROMAGNETIC INTERACTION

~E
~B

Faraday’s experiments in mid 1800’s, Maxwell 1873: 
electricity, magnetism and optics
are encoded in these simple equations

Fµ⌫ = @µA⌫ � @⌫Aµ

@µFµ⌫ = J⌫

@µF̃µ⌫ = 0

Field strength tensor

4-vector potential Aµ = (�, ~A)

Fields ~E = ~r�, ~B = ~r⇥ ~A

Current (sources) Jµ = (⇢, ~J)

F̃µ⌫ =
1
2
✏µ⌫↵�F↵�Its Dual 
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1920-1940‘s: Quantum electrodynamics (Dirac, Pauli, Feynman, ...)

L = �1
4
Fµ⌫Fµ⌫ +  ̄(i 6@ �m) + eAµ ̄�

µ 

Invariant under U(1) group of transformations 
- Abelian gauge field theory

The interaction mediator - the photon - is massless:
the range of the interaction is infinite

ELECTROMAGNETIC INTERACTION

Renormalization  - meaningful perturbation theory 
- extremely precise theoretical calculations possible
- precision tests of QED
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WEAK INTERACTION
Continuous spectrum 
➟ existence of neutrino (Pauli)

parity non-conservation 
➟ contact Fermi interaction

The rates for left and right-handed 
electrons in beta decay are different

Flavor change = rotation in flavor space - SU(2)L symmetry

(Z, A)! (Z + 1, A) + e� + ⌫̄e

LFermi = GF ē�µ(1� �5)⌫ p̄�µ(1� �5)n

Weak interaction changes the kind of particle - “flavor”
Nuclear transmutations
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ELECTROWEAK INTERACTION

Wµ
± =

1⇤
2

(Aµ
1 ± iAµ

2 )

Zµ = cos �W Aµ
3 + sin �W Bµ

Aµ = � sin �W Aµ
3 + cos �W Bµ

Postulate the existence of further 
spin-1  gauge bosons - connected 
by a rotation in the “weak isospin”

New bosons have to be massive (weak interaction is short-range) 
- leave the photon massless

SU(2)L symmetry is broken by masses
- spontaneous symmetry breaking 
- new spin-0 Higgs doublet
- mass = coupling to Higgs field

✓
H+

H0

◆
! 1p

2

✓
0
v

◆
v = 245GeV sin ✓W = 0.23118

New boson fields

Photon field
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ELECTROWEAK INTERACTION
Electroweak Lagrangian

10. Electroweak model and constraints on new physics 1

10. ELECTROWEAK MODEL AND
CONSTRAINTS ON NEW PHYSICS

Revised November 2007 by J. Erler (U. Mexico) and P. Langacker (Institute for Advanced
Study).

10.1 Introduction
10.2 Renormalization and radiative corrections
10.3 Cross-section and asymmetry formulae
10.4 Precision flavor physics
10.5 W and Z decays
10.6 Experimental results
10.7 Constraints on new physics

10.1. Introduction

The standard electroweak model (SM) is based on the gauge group [1] SU(2) ! U(1),
with gauge bosons W i

µ, i = 1, 2, 3, and Bµ for the SU(2) and U(1) factors, respectively,
and the corresponding gauge coupling constants g and g!. The left-handed fermion fields

!i =
!

!i
"!i

"
and

!
ui
d"i

"
of the ith fermion family transform as doublets under SU(2), where

d!i "
#

j Vij dj , and V is the Cabibbo-Kobayashi-Maskawa mixing matrix. (Constraints
on V and tests of universality are discussed in Ref. 2 and in the Section on “The
CKM Quark-Mixing Matrix.” The extension of the formalism to allow an analogous
leptonic mixing matrix is discussed in the Section on “Neutrino Mass, Mixing, and Flavor
Change.”) The right-handed fields are SU(2) singlets. In the minimal model there are
three fermion families and a single complex Higgs doublet " "

$
#+

#0

%
.

After spontaneous symmetry breaking the Lagrangian for the fermion fields is

LF =
&

i

!i

!
i ## $ mi $

gmiH

2MW

"
!i

$ g

2
%

2

&

i

!i $µ (1 $ $5)(T+ W+
µ + T" W"

µ ) !i

$ e
&

i

qi !i $µ !i Aµ

$ g

2 cos %W

&

i

!i $µ(gi
V $ gi

A$5) !i Zµ . (10.1)

%W " tan"1(g!/g) is the weak angle; e = g sin %W is the positron electric charge; and
A " B cos %W + W 3 sin %W is the (massless) photon field. W± " (W 1 & iW 2)/

%
2 and

Z " $B sin %W + W 3 cos %W are the massive charged and neutral weak boson fields,

CITATION: C. Amsler et al., Physics Letters B667, 1 (2008)

available on the PDG WWW pages (URL: http://pdg.lbl.gov/) July 24, 2008 18:04

Charged current

Electromagnetic piece

Neutral current

Kinetic term + Higgs

Predicted new particles: W⁺⁻,Z⁰,H⁺, H⁰

LG,H = �1
4
Aa

µ⌫Aa µ⌫ � 1
4
Bµ⌫Bµ⌫ +

g2v2

4
W+

µ W�µ +
v2

8
�
gW 3

µ � g0Bµ

�2 +
1
2
(@µH)2 � 1

2
m2

HH2

W⁺⁻,Z⁰,H⁰(?) observed experimentally!
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Ainelast
n ⇡ � 1

4⇡2

me
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e�(B/2)Q2

FC(Q2)
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Z Elab
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Related observable: vector analyzing power An

A.Afanasev, PRD 70, 073002 (2004);  PLB 599, 48 (2004).
MG PRC 73, 035213 (2006); PLB 644, 322 (2007)  - for the proton
MG, C.J. Horowitz, PRC 77, 044606 (2008) - for spin-0 nuclei

An ⇠ ✏µ⌫↵�pµk⌫�↵S� Requires momentum transfer

“Correct” the input (optical theorem) for non-forward kinematics
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Compton diff. cross section shows an exponential fall-off
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