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ABSTRACT

We present the final result for sin2 θW from the ν − N deep in-

elastic scattering experiment, NuTeV, at Fermilab. This measure-

ment of sin2 θW is the result of measuring the ratio of neutral to

charged current cross sections in neutrino and anti-neutrino beams

separately. The resulting value of sin2θ
(on−shell)
W from this measure-

ment is 0.2277 ± 0.0013(stat) ± 0.0009(syst). This value is equivalent

to the mass of the W boson, MW = 80.14 ± 0.08GeV/c2. The value of

sin2 θW is about three standard deviations higher than the Standard

Model prediction.
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1 Introduction

The Standard Model1 (SM) of particle physics unifies the weak and electromag-

netic interactions to SU(2) × UY(1) gauge theory. The theory introduces weak

neutral current interactions to unify the electrically neutral portion of the inter-

actions and uses measured physical parameters, such as:

g
′

= gtanθW , (1)

e = gsinθW , (2)

GF =
g2

√
2

8M2
W

, (3)

MW

MZ

= cosθW , (4)

to relate to mixing parameters for the couplings. Neutrinos in this picture are

unique because they only interact through left-handed weak interactions, prob-

ing the weak sector only, therevy reducing complications in the measurements.

Therefore, neutrino interactions provide clean channel for probing weak interac-

tions. Since in the electroweak sector of the Standard Model it is not known a

priori what the mixture of electrically neutral electromagnetic and weak mediators

is, the mixing parameter sin2 θW provides the degree of this mixing.

As it has been shown in Eqs. 1–4, within the on-shell renormalization scheme,

sin2 θW is:

sin2θon−shell
W = 1 − M2

W

M2
Z

. (5)

Therefore, a measurement of sin2 θW also provides information on mass of the W

boson (MW ), within the context of SM and using the precisely measured value of

Z boson mass (MZ). Since MW is a fundamental parameter in the electroweak

sector of SM, the other parameters; Fermi constant (GF ), the fine structure con-

stant (α), mass of the Z boson (MZ), and electroweak radiative correction δr

can be expressed in terms of MW . Among these parameters GF , αEM , and MZ

are measured to very high precision. Since the precision of MW from the sin2 θW

measured in neutrino experiments is at a comparable level of direct measurements

from collider experiments, the indirect measurement of MW can be used to con-

strain the mass of SM Higgs bosons, MH , together with the measured top quark

mass via radiative corrections.

In addition, since sin2 θW measures light quark couplings, it is sensitive to other
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WEMweak QIcoupling θ2)3( sin−∝)3(
weakIcoupling∝Figure 1: Feynman diagrams of CC (left) and NC (right) interactions for νµ (νµ).

types of couplings, such as anomalous couplings. In other words, due to the radia-

tive corrections that requires modification with the introduction of new particles,

precision measurement of sin2 θW also provides a constraint on new physics beyond

the SM, including new vector bosons, quark compositeness, neutrino oscillations,

etc.

In this paper, we present the final result for the sin2 θW measurement, a possible

interpretation of the deviation of this measurement from the SM prediction, and

the resulting mass of the W boson from the ν − N DIS experiment, NuTeV,2 at

Fermilab.

2 Measurement of sin
2 θW in ν − N DIS

In tree level calculations, the electroweak mixing angle, sin2 θW , appears in neutral

current interactions of neutrinos, and the calculations have process dependent

radiative corrections. As can be seen in Fig. 1, since the cross section of CC

interactions of neutrinos is proportional to weak isospins (I
(3)
Weak) while that for

NC interactions is proportional to (I
(3)
Weak − QEMsin2 θW ), the ratio of the CC to

NC cross sections is proportional to sin2 θW , as expressed in the Llewellyn-Smith

formula3:

Rν(ν) =
σ

ν(ν)
NC

σ
ν(ν)
CC

= ρ2





1

2
− sin2 θW +

5

9
sin4 θW



1 +
σ

ν(ν)
CC

σ
ν(ν)
CC







 . (6)

Previous experiments have exploited this relationship to measure sin2 θW through

the measurement of the ratio between NC and CC cross sections. Since experi-
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ments measure the ratio of the number of NC and CC-like events, some corrections

are necessary to extract sin2 θW from the measured ratio. The radiative correc-

tions are needed to take into account radiations through strong and electroweak

interactions. Corrections for heavy quark effects are needed to take into account

heavy quark production threshold effects. Isovector target corrections are needed

because the iron in the calorimeter that is used as neutrino target has an imbal-

ance in the number of neutron and protons in the atom. In addition, higher order

corrections, such as higher twist effects and longitudinal structure function effects,

are needed.

3 Previous Measurement of ν − N DIS

Since neutrinos interact only through weak interactions, their cross sections are

extremely small (O(10−38)cm2/GeV). Neutrino experiments traditionally use var-

ious techniques to obtain a sufficient number of statistics. The techniques include;

1) increasing the number of protons striking the primary target to produce a large

number of secondary hardons (π and K), thereby resulting in a large number of

neutrinos; 2) inncreasing the energy of neutrinos to increase cross sections; and

3) using dense material as the target for neutrinos to interact in. In this section,

I will describe the setup for a neutrino experiment designed to measure sin2 θW

precisely and point out the systematic uncertainties that the measurement en-

countered. Next we motivate the need for upgrades to the NuTeV experiment

and detail the improvements made in the experiment.

3.1 Neutrino Beam Production

Figure 2 shows a schematic diagram of CCFR experiment, the previous incarna-

tion of the NuTeV experiment. As can be seen, the experiment had a straight line

configuration from the primary proton target location to the detector. It used

a Quadrupole Triplet (QT) magnet train in the region immediately downstream

of the primary target to collect as many secondary charged hadrons as possible.

The QT train is followed by a few hundred meter vacuum pipe for the secondary

hadrons to decay in to produce neutrinos. The decay products are then passed

through lead, steel, and dirt shields to filter out any remaining particles other than

neutrinos. This beamline chain provides both neutrinos and anti-neutrinos simul-
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Figure 2: A schematic diagram of CCFR (FNAL-E770) experiment.

taneously. The neutrinos produced from this conventional beamline are mostly

muon type neutrinos, νµ, with a few percent electron neutrino component.

3.2 Event Separation

The most important element in this measurement is separating NC from CC events

as cleanly as possible experimentally. Figure 3 shows event displays for CC and

NC events. Since CC events result in a quark and a muon in the final state, there

is the long trace of a minimum ionizing particle track through the detector, along

with a hadronic shower resulting from materialization of the quark in the event.

Conversly, since NC events results in a quark and neutrino in the final state, they

do not produce long muon tracks.

Given the characteristics of CC and NC interactions, an experimental variable

has been developed to separate CC and NC candidate events. This separation

is obtained statistically by using the event length variable. The event length is

defined for each event to be the number of counters with energy deposition above

1/4 of that for a single muon. The NC events have a short length due to the

absence of the muons in the event, while CC events are long. Figure 4 shows

a Monte Carlo (MC) simulation of length distributions for a neutrino (left) and

an anti-neutrino beam (right) separately. As can be seen, while the actual CC

events predominantly populate longer lengths and the NC events short length

regions, there are events that cross over the cut-off value of length, contaminating

the precise counting. In addition, there are other type of events, such as CC

events resulting from non-zero electron neutrino components, which cannot be

distinguished from short NC events.
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Figure 3: Event displays of CC (top) and NC (bottom) interactions. The CC

interactions result in a hadronic shower from a quark and a muon in the events

while NC events only have a hadronic shower from the quark.

Figure 4: Monte Carlo prediction of length distributions from various sources.
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Thus, while the experimentally measured ratio of the number of short events,

Nshort, to the number of long events, Nlong, Rexp
ν = Nshort/Nlong, represents the

NC to CC cross section ratio, Rν(ν), it is necessary for the experiments to use

precise MC predictions to correct for contamination. In practice, the experiments

vary only the NC couplings in the detailed Monte Carlo (MC), until Rν(ν) from

the MC matches with Rexp
ν .

3.3 Monte Carlo Prediction

The cross section model in the MC incorporates a leading order (LO) corrected

Quark-Parton-Model (QPM), using LO parton distribution functions from the

CCFR structure function measurements.4 The second part of the MC simulates

detailed detector and beam effects, such as “short” CC events caused by low energy

range-out muons or by the muons exiting the detector fiducial volume, “long” NC

events due to π/K decays and punch through, electron neutrino (νe) CC events

which appear short in the detector, and other detector effects that are reflected in

the event length variable. The detailed MC also includes various corrections: 1)

electromagnetic and electroweak radiative corrections; 2) target isovector effects

(∼ 6% for iron target); 3) higher-order QCD effects due to longitudinal structure

functions, RL
5; and 4) effects due to heavy quark production.

3.4 Previous Results and Systematic Uncertainties

There are two major sources of systematic uncertainties in the CCFR measure-

ments.6,7 The first is the theoretical uncertainty due to mass threshold effects in

the CC production of charm quarks from the scattering off the sea quarks. This

effect is modeled by LO slow-rescaling.8 The parameters in the slow rescaling

model are measured by the CCFR experiment,9 using events with two oppositely

charged muons, where mc = 1.31 ± 0.24GeV/c2 and κ = 0.37 ± 0.05. The uncer-

tainties in CC cross section calculations due to the above two parameters result

in δsin2 θW = 0.0027.

The second source is the lack of precise knowledge about the νe flux in the

beam. Approximately 80% of the total number of electron neutrinos in the CCFR

neutrino beam, which is a mixture of ν and ν, come from K±

e3 decays. The νe con-

tent from this source is well constrained by observed K±

µ2 spectra. The remaining

16% of νe’s come from neutral K decays, KLe3, whose production cross section is

TW06

XXX SLAC Summer Institute (SSI2002), Stanford, CA, 5-16 August, 2002

444



Figure 5: Combined results of sin2 θW measurements from all previous neutrino

experiments.

known to 20% only. These two sources contribute a 4.1% uncertainty to Nνe
, based

on a Monte Carlo study. A direct measurement, based on longitudinal shower de-

velopment,10 gives a 3.5% uncertainty. Combining these two uncertainties give a

2.9% uncertainty in Nνe
, which results in δsin2 θW = 0.0015. Combining all the

errors, the final CCFR result7 was sin2 θW = 0.2236 ± 0.0041 which corresponds

to an on-shell mass of the W boson MW = 80.35 ± 0.21GeV/c2.

Figure 5 shows the combined results of sin2 θW from previous neutrino ex-

periments. The band represents the correlated systematic uncertainties from CC

production of charm quarks due to the uncertainties in mass of the charm quark,

mc, and the corresponding uncertainties in the production cross section modelled

by the slow rescaling mechanism. Figure 6 shows Feynman diagrams for CC pro-

duction of charm quarks, along with NC process diagram that cannot produce

any charm quark from valence quark distributions.
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Figure 6: Feynman diagrams for CC production of charm quarks. NC diagram is

included to show that NC processes cannot produce charm quarks.

4 Improvements in NuTeV

4.1 Pascos-Wolfenstein Formula

In order to minimize the two largest systematic uncertainties described in the

previous section, one needs 1) a technique insensitive to the sea quark distribu-

tions, and 2) to minimize the number of electron neutrinos in the beam, especially

resulting from KL. In order to minimize the uncertainty due to charm quark pro-

duction, NuTeV is designed to use the Paschos-Wolfenstein parameter11;

R− =
σν

NC − σν
NC

σν
CC − σν

CC

=
Rν − rRν

1 − r
= (g2

L − g2
R) = ρ

(

1

2
− sin2 θW

)

. (7)

Since σνq = σνq and σνq = σνq, the effects of scattering off the sea quarks cancel

by taking the differences in the neutrino and anti-neutrino cross sections. This

technique only leaves only the Cabibbo-suppressed production of heavy quarks

from valance u, d and s quarks. However, the measurement of this quantity is

complicated due to the fact that the NC final states look identical for ν and ν.

Thus, in order to use this relationship, one needs to be able to distinguish neutrino

NC interactions from anti-neutrino interactions, which can only be achieved by

having prior knowledge on the beam.
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Figure 7: A schematic diagram of the SSQT. The incident proton beam is aimed

7.8 mrad upward relative to the magnet train that follows the primary target.

4.2 Sign-Selected Quadrupole Train

To achieve the discrimination of neutral current interactions, NuTeV modified

the beamline to use a Sign-Selected-Quadrupole-Train (SSQT)12 to select either

the ν or ν beam during a given running period. Figure 7 shows a schematic

diagram of the SSQT with beam magnet configurations following the primary

proton target. The incident proton beam strikes the primary target, consisting

of one interaction length of BeO, with an upward incident angle of 7.8 mrad.

The target is then followed by a dipole that acts as a charge selector and bends

the secondary hadrons with the desired charge onto the horizontal axis, placing

them in the direction toward the experiment. At the time of the bend, the neutral

hadrons proceed straight ahead while the hadrons with opposite charge bend away

from the direction of the detector. This upward incident angle together with a

dipole stationed immediately behind the primary target causes the neutral sec-

ondary hadrons (especially KL), opposite charge secondary mesons, and remnant

protons to be directly absorbed into the beam dumps in the SSQT. Since the

electron neutrino flux from neutral hadron decays is not well measured (∼ 20%

uncertainty), improvement in sin2 θW uncertainty from this source is significant.

The remaining major source of νe/νe comes from weak decays of charged kaons,

K± → π0e±νe(νe), the K±

e3 decays. The contribution from this source has been
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Figure 8: NuTeV detector and the detailed schematic diagrams of its calorimeter

array and the muon toroidal spectrometer.

estimated using detailed beam MC. The fractional uncertainty on predictions of

νe/νe from K±

e3 is ≈ 1.5% and is dominated by the uncertainty in the K±

e3 branch-

ing ratio.

4.3 NuTeV Detector

The NuTeV detector consists of a steel/liquid scintillation counter calorimeter

that acts as a target to the incoming neutrinos and a muon toroidal spectrometer

that follows the calorimeter. The calorimeter has a total of 168 two inch thick

steel plates and 84 scintillation counters. The calorimeter is interspersed with

42 drift chambers to provide tracking information for the muons emerging from

CC interactions. Figure 8 shows the NuTeV detector and the detailed structures

of the calorimeter array and muon toroidal spectrometer. The experiment had

a continuous, in-situ calibration beam throughout the data taking period. This

calibration beam allowed a thorough monitoring of detector response to minimize

other experimental systematic uncertainties. Data from the calibration beam also

allowed a more realistic simulation of hadronic shower behavior to be used in the

analysis, further reducing uncertainties.
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Figure 9: Comparisons of neutrino (top) and anti-neutrino (bottom) fluxes to MC

predictions.

The calorimeter hadronic energy resolution13 measured from the calibration

beam is:
σ

E
= A +

50%√
E

+
c

E
. (8)

The muon spectrometer momentum resolution is ∆p/p ∼ 10%.

5 NuTeV Data Analysis

The total data sample from the 1996-1997 run corresponds to 1.3 × 1018 protons

on target. This section describes the NuTeV sin2 θW analysis.

5.1 Event Selection Criteria

In order to ensure high vertex finding efficiency and to reduce contamination from

cosmic rays, all events are required to have hadronic shower energy, Ehad, greater

than 20 GeV. In addition, to guarantee full containment of hadronic showers and

muons and to further reduce events from electron neutrinos, the event vertex

was required to be within the central two-thirds of the detector in the trans-
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Figure 10: Length distributions of events in neutrino (a) and anti-neutrino running

modes. The histograms represent MC predictions of CC (dashed) and the sum of

CC and NC (solid) events.

verse direction. Finally, to ensure neutrino induced interactions and to better

discriminate CC and NC events from each other, the longitudinal vertex of the

event are required to be within the central 64 counters of the calorimeter. After

these three selection cuts, the data sample consisted of 1.62 × 106 neutrino and

350,000 anti-neutrino events. Figure 9 shows the comparisons of neutrino (top)

and anti-neutrino (bottom) fluxes in these events to MC predictions. The compar-

ison indicates excellent agreement between data and MC. This flux distribution

is then used as input to the detailed detector MC for extraction of sin2 θW .

5.2 Energy Dependent Length Cut

NuTeV decided to employ a hadronic energy-dependent length cut to maximize the

statistics of the samples and to reduce systematic uncertainties. Figure 10 shows

length distributions of selected events in neutrino (top) and anti-neutrino (bottom)

running modes. The histograms represent MC predictions for CC events (dashed)

and the sum of CC and NC (solid), while the crosses represent data points. The

length cuts represented by a bar in the histograms are 16 for events with 55 ≤
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Ehad < 100 GeV, 17 for Ehad < 55 GeV and 18 for 100 ≤ Ehad < 180 GeV.

The plots in the insets show the comparisons between data and MC predictions

in the cut region and demonstrate good agreement between data and MC within

the systematic uncertainties. Using the variable length cut, the neutrino events

have 457,000 short and 1.167×106 long events, resulting in the experimental ratio

Rexp
ν = 0.3916 ± 0.0007(stat.). Conversely, anti-neutrino events consist of 101,000

short and 250,000 long events, resulting in the ratio of from the anti-neutrino

running mode, Rexp
ν = 0.4050 ± 0.0016(stat.).

5.3 Monte Carlo Prediction

In order to relate measured ratios of short to long events, Rexp
ν and Rexp

ν , to the

actual values of sin2 θW , it is crucial to properly take into account all aspects

of the experiment in the MC. Since some of the effects that must be taken into

account rely heavily on MC predictions, instead of carrying out the analysis in

experiment and in MC, NuTev integrates all the measured effects into the MC

and relates them to the experimental measurements. The first such effects are the

factors that contaminate events, thereby making long events look short or short

events look long. The sources of contamination in short events are;

• Short νµ CC events due to the early exit of muons before they reach the

muon spectrometer or range-outs due to kinematics. These effect are on the

order of 20% for νµ and 10% for νµ events.

• Short νe CC events. Since electrons lose their energy immediately inside the

steel calorimeter, all CC events from νe look exactly like short events. While

the largest sources of uncertainty in νe flux have been eliminated in the beam,

νe from charged hadron decays still makes into the detector. The flux of νe

in the beam is estimated to be 5% for both the running modes, using K±

e3

decays.

• Large angle cosmic ray events. While the fiducial cuts eliminates a large frac-

tion of cosmic ray muon events coming from the top, due to inefficiencies in

counters and other experimental factors, there is still some minimal amount

of contamination from large angle cosmic ray muons. The contamination

from this factor is estimated to be 0.9%, measured in data.

Conversely the sources of contamination in long events are:
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Table 1: Itemization of experimental systematic effects, their estimated magni-

tudes and the tools NuTeV used to estimate the effects.

Effect Magnitude (δsin2 θW ) Tools

ZV ert 0.001/inch dimuon (µ+µ− events)

XV ert, YV ert 0.001 MC

Counter Noise 0.00035 Testbeam Muons

Counter Efficiency 0.0002 νµ events

Counter Active Area 0.00025/inch νµ CC and Testbeam

Hadron Shower Length 0.0015/cntr Testbeam hadrons

Calorimeter Energy Scale 0.001/1% Testbeam

Muon Energy Deposit 0.004 νµ CC events

• Long νµ NC events. Since the hadronic showers can fluctuate in the longitu-

dinal direction via punch through effects or from in-flight decays of hadrons,

NC events can be counted as long events. This effect is estimated to be 0.7%

for both neutrino and anti-neutrino running modes.

• Hard Muon Bremstraahlung events. When the muons from upstream neu-

trino interactions in the shield traverse the material they can radiate high

energy photons. These photons deposit all their energy at the time of emis-

sion, making the event look like a CC event. The level of this effect is

estimated to be 0.2%.

The MC also must take into account other systematic effects that will impact

the categorization of events. The remaining experimental effects are the vertex

position resolution, counter active area and efficiencies ( which most likely shorten

the events), counter noise (which most likely lengthen the events), hadronic shower

length simulation, muon energy deposition simulation, and the calorimeter energy

scale. Table 1 shows the effect of each of these systematic uncertainty sources and

the tools that NuTeV uses to estimate the uncertainties.

The flux of electron neutrinos can be constrained by neutrino events in anti-

neutrino running mode in the charm and KL–induced production of νe in the

medium energy range (80 < Eν < 180 GeV). In addition, since the electrons from

νe CC events deposit all their energy within a few counters of the interaction ver-

tex, the shower shape analysis can provide direct measurement of νe events, though

it is less precise due to the inherent position resolution of the crude calorimeter.
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Figure 11: Measured cross sections of neutrino (left) and anti-neutrino (right) CC

interactions from CCFR at Evis = 190GeV at various momentum fractions, x.

The lines on the plots represent a PDF fit to the data.

The ratio of measured νe events to the MC prediction are 1.05 ± 0.03 for νe and

1.01±0.04 for νe events. NuTeV used the weighted average of these two ratios for

its uncertainty estimate due to νe flux. This produced an uncertainty of 0.0005 in

the measured ratio, Rexp
ν .

In order to take into account kinematic effects in the events, NuTeV used

parton distribution functions measured in the previous incarnation of the NuTeV

experiment, CCFR.4,14 These effects are important to properly model crossover

contamination from short νµ CC events. Figure 11 shows measured cross sections

for neutrino (left) and anti-neutrino (right) CC interactions at Evis = 190 GeV

for various momentum fractions, x. The lines on the plots represent PDF fit to

the data that is used for the sin2 θW analysis

Finally the MC also takes into account the fluxes of all neutrinos, νµ, νe, νµ

and νe. The agreement between data and MC of the neutrino flux is shown in

Fig. 9. The MC also includes shower length modeling based on continuous test

beam hadron data to correct, in particular, for short events that appear long. The

remaining effects, such as detector responses as a function of energy, position and

time have been measured using the continuous test beam and are incorporated

into the MC as well.
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Figure 12: The difference between Rexp
ν and RMC

ν as a function of length cut for

neutrino (top) and anti-neutrino (bottom) running modes. The bands represent

one standard deviation uncertainty.

It is crucial to verify the consistency of the primary variable, Rexp
ν between

data and MC under the changes in cuts and event variables. The longitudinal

vertex cut variation checks the detector uniformity, the length cut checks the CC

and NC crossover, the transverse vertex cut checks the NC background at the edge

of the detector, and the visible energy (Ehad) checks the detector energy scale and

other factors. Figure 12 shows the difference between Rexp
ν and RMC

ν as a function

of length cut for neutrino (top) and anti-neutrino (bottom) running modes. The

plots demonstrate an excellent agreement between MC and data throughout the

variation in length cut, clearly showing the excellent stability of Rexp
ν . The bands

indicate one standard deviation uncertainty.

6 Result of sin
2 θW from NuTeV

Using the MC which incorporates all experimental aspects of the measurement,

NuTeV extracts sin2 θW by performing fits to the measured ratios, Rexp
ν and Rexp

ν .

As described in section 5.2, the measured ratios of NC to CC interactions are
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Rexp
ν = 0.3916 ± 0.0007 (stat.) for and Rexp

ν = 0.4050 ± 0.0016 (stat.) for the

neutrino and anti-neutrino running modes, respectively. The fit is carried out

using the Llewellyn-Smith formula in Eq. 6 which expresses R(ν,ν) as a function of

sin2 θW . The NuTeV fit is done simultaneously on Rexp
ν and Rexp

overlineν for sin2 θW

and mc, and for sin2 θW and ρ0 independently. By employing this technique,

NuTeV utilizes the fact that Rν is sensitive to sin2 θW while Rν is not. Therefore,

effectively Rν is used to extract sin2 θW , and Rν is used to control systematic

uncertainties.

The result from a single parameter fit that uses SM values for electroweak

parameters (ρ0 = 1) yields:

sin2 θW = 0.2277 ± 0.0013(stat.) ± 0.0009(syst.), (9)

with

mc = 1.32 ± 0.009(stat.) ± 0.06(syst.), (10)

using mc = 1.38±0.14GeV/c2 as input to the fit. The value of sin2 θW from single

parameter fit is about three standard deviations higher compared to the SM value.

Performing a two parameter fit while floating the electroweak parameter ρ0 yields:

sin2 θW = 0.2265 ± 0.0031, (11)

and

ρ0 = 0.9983 ± 0.040. (12)

The uncertainty on sin2 θW from the two parameter fit is dominated by systematic

uncertainties, because the fit cannot take advantage of sea quark cancellations.

The two parameter fit demonstrates that ρ0 is consistent with SM predictions

within the uncertainties, giving confidence in our extraction procedures. Table 2

shows sin2 θW uncertainties due to various sources. As can be seen, the dominant

uncertainty for this measurement is the statistical uncertainty of the data. The

reduction of various previously dominant systematic uncertainties demonstrates

that the combination of the new experimental setup and the technique to uti-

lize the separate neutrino and anti-neutrino data to extract sin2 θW has worked

extremely well.

The final result from the NuTeV sin2 θW measurement in the on-shell renor-

malization scheme is derived from the single parameter fit:
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Table 2: Summary of uncertainties in the NuTeV sin2 θW measurements.

SOURCE OF UNCERTAINTY δ sin2 θW

Statistical 0.00135

νe/νe 0.00039

Event Length 0.00046

Energy Measurement 0.00018

TOTAL EXP. SYST. 0.00063

CC Production of Charm 0.00047

Higher Twist 0.00014

Non-Isoscalar Target 0.00005

Strange/Charm Sea 0.00036

σν/σν 0.00022

Radiative Corrections 0.00011

Longitudinal Structure Function, R L 0.00032

TOTAL PHYSICS MODEL 0.00070

TOTAL UNCERTAINTY 0.0022
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sin2 θW
(on−shell)

= 0.2277 ± 0.0013(stat) ± 0.0009(syst) (13)

−0.00022 × (
M2

t − (175GeV)2

(50GeV)2
) + 0.00032 × ln(

MH

150GeV
).

The small residual dependence of this result on Mtop and MH comes from the

leading terms in the electroweak radiative corrections.15

Since, within the on-shell renormalization scheme, sin2 θW is related to MW and

MZ and combined with the standard model prediction of ρ0 = 1 yields sin2 θW ≡
1 − M2

W

M2

Z

. This result is equivalent to:

MW = 80.14 ± 0.08(GeV/c2) (14)

Figure 13 shows comparisons of the above value to the other direct measurements.

As the figure shows, the NuTeV result is about three standard deviations lower

than the world average and is as precise as the measurements from the Tevatron

collider experiments.

Figure 14 shows 68% to 99% confidence level contours of the results from the

two parameter fit in Eq. 11. The green solid circle represents the SM prediction of

ρ0 and sin2 θW
(on−shell)

. As the mass of the top quark and the Higgs boson vary,

the central value moves around slightly to fit one or the other of the two parame-

ters. However, both ρ0 and sin2 θW
(on−shell)

simultaneously agreeing with the SM

prediction is very unlikely. The global electroweak fit performed by the CERN

electroweak working group16 demonstrates a reduced χ2 of 29.7/15 (P = 1.3%)

and 20.5/14 (P = 11.4%) with and without incorporating the NuTeV sin2 θW re-

sult. By incorporating the NuTeV result, the confidence level on the upper limit

of MHiggs weakens slightly.

A model-independent analysis was also performed through the fit to the left

and right-handed light quark couplings (gL and gR). For an isoscalar target the

neutrino-nucleon couplings are expressed as:

g2
L = u2

L + d2
L = ρ2

0(
1

2
+ sin2 θW +

5

9
sin4θW ) (15)

g2
R = u2

R + d2
R = ρ2

0

5

9
sin4θW . (16)
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Figure 13: Various measurements of MW .

Figure 14: Confidence level contour plots for 68% to 99% of rho0 and

sin2 θW
(on−shell)

from the two parameter fit.
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Figure 15: Confidence level contours for right (g2
R) vs left-handed (g2

R) light quark

couplings from the model independent analysis. The crosses in the center of the

contour show the variation of these couplings for leading and next-to-leading order

PDF sets.

By performing a two parameter fit of gL and gR to the measured ratios, Rexp
ν and

Rexp
overlineν , NuTeV obtains:

g2
L = 0.3005 ± 0.0014, (17)

g2
R = 0.0310 ± 0.0011. (18)

The predictions for these couplings from the SM are g2
L = 0.3042 and g2

R = 0.0301.

Thus, the left-hand coupling lies approximately -2.6 standard deviations away

from the SM predictions, while the right-hand coupling seems to agree well.

Figure 15 shows various confidence level contours for these results. The crosses in

near the central value of the measurement are our attempt to explain the deviation

by the variation in leading and next-to-leading order PDF’s.

7 Possible Interpretations

The natural question to be asked regarding the sin2 θW result from NuTeV is:

what are the possible interpretations of this discrepancy from the SM prediction?
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There are two large categories of interpretations, one based on known physics

effects and the other on new physics.

The ones based on existing physics are as follows:

• The Rν technique is sensitive to q vs. q differences and to higher-order effects.

In other words, the technique is susceptible to differences in valence quark and

anti-quark momentum distributions in the target protons or neutrons.17–20

First of all, NuTeV does not exactly measure R−, in part, because it is not

possible to measure neutral current reactions down to zero recoil energy. A

numerical evaluation of the isospin asymmetry effect21 shows that the level

of isospin violation required to shift the sin2 θW would be as much as 5% of

the sum of valence u in proton and d quark in neutron and that for strange

sea would be about 30% of the total s quark contents.

• The assumption of isospin symmetry in the target, even after correction,

might not be entirely correct. The isospin symmetry violation is expected to

be at the level of 1%. NuTeV reduces this effect by about a factor of three,

using the ratio of ν and ν cross sections.

• Strange quark and anti-strange quark momentum distributions of the target

might not be symmetric.22 In other words, the total number of s and s

might be the same but the momentum distributions could differ. A value of

∆s = s − s ∼ +0.002 could shift sin2 θW by -0.0026, thereby accounting for

half the discrepancy.20 NuTeV measures strange quark content directly from

the experiment using dimuon final states with two opposite charge muons.

This measurement shows that ∆s << 0.002.21

• Higher-order and PDF effects might cause the discrepancy. However, these

effects are too small to account for such a large discrepancy, as it has been

demonstrated in the previous section.

• Heavy vs. light target effect.23 Since most the data used for the PDF fit

come from deep inelastic scattering experiments that use a light target, the

difference in target mass can cause the discrepancy. GIven that NuTeV used

PDF’s measured from CCFR extracted from the same target, this cannot be

a factor for the discrepancy.

The explanations based on new physics and other reasons are as follows:

• Change in coupling strength due to the exchange of heavy non-SM vector
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bosons, such as Z ′, lepto-quarks, etc.24,25

• Propagators and coupling corrections are too small to account for the dis-

crepancy.

• MSSM (Minimal Supersymmetric extension of Standard Model) loop correc-

tions are not only the wrong sign relative to the effect but also are too small

compared to the discrepancy.

• Gauge boson interactions allow generic couplings. However LEP and SLAC

results shows that this effect should be less than 10−3.

In addition to the above possible interpretations, many others have been pro-

posed. However, so far there has not been any interpretation that can fully explain

this discrepancy.

8 Future

The NuTeV detector was dismantled in 1999 to make room for other experiments

at Fermilab. At present there is no other experiment that can perform a mea-

surement of sin2 θW using the techniques, described in this paper. Since muons

undergo weak decay resulting in νµνee
−, a new storage ring facility that stores a

large number of muons can provide an extremely high flux neutrino beam that is

both pure and well understood and is extremely pure. While development toward

such facility is in progress at several high energy physics laboratories around the

world, such a facility is still ten to fifteen years away in the future, leaving the

experimental verification of the NuTeV discrepancy open.

9 Conclusions

NuTeV has performed a precision measurement of sin2 θW , using the SSQT that

allowed the experiment to measure the ratio of neutral and charged current cross

sections in neutrino and anti-neutrino beams separately. This allowed the experi-

ment to utilize Rexp
ν and Rexp

ν to extract sin2 θW
(on−shell)

with significantly reduced

systematic uncertainties. The final result for sin2 θW from the one parameter fit

yields:

sin2 θW = 0.2277 ± 0.0013(stat.) ± 0.0009(syst.). (19)
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This result corresponds to a mass of the W boson:

MW = 80.14 ± 0.08 (GeV/c2). (20)

The NuTeV result deviates from the SM prediction by about three standard de-

viations.28 A model-independent analysis to light quark couplings shows the left-

hand coupling is lower than the SM prediction by 2.6 standard deviations, while

the right-hand coupling is in agreement with SM. This discrepancy in sin2 θW from

the SM has generated significant interest in the community. However no single

hypothesis is able to explain the discrepancy in a satisfactory manner. While the

cause for the discrepancy is still unknown and it is possible that this discrepancy

could be a statistical fluctuation, it nonetheless provides exciting new possibil-

ities for new physics. Unfortunately, since the NuTeV detector was dismantled

in 1999 and there is no other existing experiment which is equipped to perform

this measurement, this discrepancy will remain a puzzle experimentally. A new

accelerator facility such as a muon storage ring, has the potential to provide an

extremely clean and well understood neutrino beam to perform this measurement

in the future.
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