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Neutrino Physics at Fermilab in the 1990’s 

R.R. Bernstein- 

-Fermi National Accelerator Laboratory, Batavia IL 60510, USA 

Three sets of proposed neutrino experiments at Fermilab arc discussed. The first experiment (G815) is a 
continustion of the deepinelastic scattering program at the Tcvatron, performing precise meerurements of the 
weak mixin angle end structure functions. The second (P-860) is a propasal to use the Fermilab Debunchcr to 
search for neutrino oscillations. The third is a suggestian for a tagged neutrino beam which could be of use in 
measuring neutrino oscillation parameters. 

1. Introduction 

I will discuss three experiments which have 
been proposed at Fermilab. The first, a continua- 
tion of the successful deep-inelastic neutrino scat- 
tering program, has been approved for the 1994 
fixed-target run. The second is an active pro- 
posal to use the Fermilab Debuncher in a search 
for neutrino oscillations. Finally, with the inten- 
sity upgrades from the Main Injector, it is pos- 
sible to construct the first tagged neutrino beam 
and measure the oscillation parameters Ama and 
sin’28. I do not cover the short- and long- 
baseline oscillation experiments since they are 
covered separately in this Conference.[l] 

2. Deep-Inelastic Scattering 

2.1. Physics Goals of E-515 
E-615 was approved in Summer 1992 to mea- 

sure the weak mixing angle and p in a new, 
precision experiment at the Fermilab Tevatron. 
It will use the 690 Ton Fe-target CCFR de- 
tector[2] (with small modifications) and a new, 
sign-selected quadrupole triplet beam to measure 
R, and Rv. The sign-selection, together with 
the known 7 = a(fi, CC)/+, CC) will make E- 
815 the first experiment to measure the Paschos- 
Wolfenstein variables R+ and R-. Improvements 
in the beam, along with experience in E-744 and 
E-770, will enable the experiment to significantly 
improve on existing errors, and provide the first 
precision measurement of p.[3] 

2.1.1. Precision Measurement of sin’& 
The recent improvements in direct measure- 

ments of bfw and Mz demand a new mea- 
surement of sin’ 0~ in deep-inelastic scattering. 
Comparisons of sin’ 0~ in DIS to measurements 
in other processes are probes of the radiative car- 
rections to the Standard Model. The most impor- 
tant example is the upper limit on m, extracted 
by comparing sin’ 8~ measured in DIS to the Sir- 
lin variable sin’ 0~ = l-M$,/Mi.[4] One way to 
make the comparison is to work within the Stan- 
dard Model and convert all measurements to an 
equivalent Mw (using the measured MZ as a fun- 
damental constant), shown in Table 1. We then 
see that cwer the next decade, deepinelastic scat- 
tering can keep pace with collider measurements, 
shown below (we assume Mz = 91.175 f 0.021 
GeV). 

21.2. The first precise determination of p 
There are two parameters in the theory: 

sin’b’w and p, 01 conversely S and T. p is aensi- 
tive to mc and isospin-breaking effects. It is also 
a probe of the Higgs sector. The Veltman defini- 
tion of p shows that it is a function of the VEV 
of the Higgs fields: for Standard Model doublets, 
p = 1 at tree-level; if Higgs occur in triplets, then 
p will differ from unity.[~] 

The value of p is also a quadratic function of 
mt: 

Ap = 

and so a precise value of p may be used to either 
(1) predict w, or (2) check for consistency with 
a measured m+. Eventually this experiment will 
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Wolfenstein variables are:[‘l] 

Present Situation 
Measurement Equivalent W Mass 

CDF/UA2 Mw 80.14 zlz 0.27 GeV 

Neutrino DIS 
I 

79.90 A 0.30 GeV 
I 

LEP (700K Events) 80.01+ 0.27/ - 0.37 GeV 

Future (3-5 Years) 
Measurement Future Error 

CDF/DO Mass ?cO.lOO GeV 

E-815 Neutrino ztO.100 GeV 

LEP II zkO.100 GeV 

Post Main Injector 
Measurement Future Error 

CDF/DO Muss f0.050 GeV 

I&315 Neutdno kO.060 GeV 

Table 1 
The evolution of the relevant experiments 
throughout the 1990’s, expressed M measure- 
ments of Mw. It is seen that DIS keeps pace 
with the collider measurements au a probe of the 
radiative corrections to the Standard Model. 

be able to check na, with errors of approximately 
f10 GeV/c’. 

We recall that in the Llewellyn Smith formula- 
tion,[6] 

(2) 

a P’(~-sin’Bw+~sin’Bw(l+r)) 

where r = u(fi,CC)/u(v,CC), and so there are 
two equations and two unknowns. The Paschos- 

R- = +p, NC) - +p, NC) 
u(vp, CC) - b(Q, CC) (4) 

z3 p’(i -sin’Bw) 

R+ _ &a, NC) + +p, NC) - 
+I, CC) + u(op, CC) 

and 

R~ _ R,fR. - 
lir 

(5) 

The fact that R’ are linear combinations of R,. 
implies that if we know r, then we can obtain 
R* from the measured ratios. Knowledge oft is 
equivalent to having measured the structure func- 
tions, and that data has been obtained from E- 
744/E-770 in the CCFR detector at sin&a en- 
ergies.[ll] Hence no absolute flux measurement 
is necessary to use the Paschos-Wolfenstein tech- 
nique. 

With the E-815 Sign-Selected Beam, we will 
have both Y and 0 data enabling us to combine 
the results and measure both p and sin’ 0~. We 
will measure p to better than l%, a factor of three 
better than earlier measurements.[lO] 

A combined fit to p and sin’& yields an el- 
lipse; we compare the deepinelastic result to that 
obtainable from Mz and Mw in Fig. 1. Note that 
the ellipse is nearly orthogonal to the Ma band, 
maximizing the power of the test. The ellipse and 
the Mw stripe are almost the same width, indi- 
cating the relative strengths in sin’ Bw are about 
equal; Mw , on the other hand, gives no informa- 
tion about p. 

2.2. Other Standard Model Tests 
Precise determinations of p and sin’ Bw also 

cm be used to study a number of other exten- 
sions to the Standard Model. Langacker, Luo, 
and Mann[g] have detailed some of these tests: a 
non-standard Higgs, sector, new heavy quarks, or 
extra Z-bosons are just three tests in which deep- 
inelastic scattering can provide uniquely precise 
data. Interpreting p and sin’& in the S,T 
framework provides a powerful test of technic&r 
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sin2 Bw 

Figare 1. Combined Measurement of p and sin’ &v in 8 pod-M& Injector experiment. The Standard 
Model with mr = 150 GeV/c’ is assumed. 

RJ well, clearly identifying a single teen&&r 
generation. 

2.2. Sign-Selected Qnadrnpole Triplet 
The Quadrnpole Triplet Beam oscd in E- 

744/E-770 focoM pcmitively and negatively 
charged mesons and allow8 neutrals to pasr 
through unde&&d. The sign-selection embeda 
the Qnadrnpole Triplet (with some impmvementa 
over the old system) in a pe.iz of dipoles. The 
first dipole immediately follows the target and 
bendn the desired polarity into the Quadrnpole 
Triplet channel. The train ia set for s point-t+ 
parallel focus at 300 GeV/c. F&wing the train i, 
a Keond dipole which bends the rcsdtc.nt beam 
toward the detector. The two benda are necc6 
sary to minimisc backgrounds from decays within 
the train. Although the entire system worka in 
the a-z plane (instead of CA tbrecdimentsiond 
corkscrew) the resultant dispersion and variation 
of momentum acc10u the face of the detector M 
acceptably amall. 

2.4. Sources of Error 
IA us explore the so11rcea of error in more de- 

tail. The current world avenge on sin’& is 
0.224 f 0.009 f 0.004, where the second error 
is dominated by the systematic erron associated 
with slow-resealing. Slow-resealing pammeterisa 
the dtcct of the heavy charm quark on the cross- 
section through a parameter w, determined from 
oppositcdgn dimnon pmdoction.[9] E-816 can 
largely eliminate thin soonme of error by using the 
Pacbos-Wolfenstein R-; the expected precinion is 
kO.0024 from Tevatron rnns before the Main In- 
jector. The statistical emor of the experiment will 
be fO.O1l, and many of the remaining systcmat- 
its will be dominated by the statistics of the event 
sample. The use of R- will reduce the error from 
slow-resealing to only f0.0005. Such a technique, 
however, requirea setting p to the Standard Model 
vdne; in the formalism, that is equivalent to ue 
ing one of the cqnations (for R,, 01 R+) to set m. 
instead of mcasnring p. 

Another major SOIIKC of error is the v. flux. 
%744/Fr770 nscd II Quadrupole Triplet beam 
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Table 2 
Event B&es for Eg15 for 2 x lOin protona-on- 
target in the Sign-Selected Beam. The runs have 
been equally divided between neutrino and an- 
tineutrino modes. The mean neutriuo energy is 
147 GeV; for antineutrinos, it is 124 GeV. The de- 
sired channel is italicized. The background neu- 
trinos have mean energies of approximately 50 
GeV. 

which permitted electron neutrinos from & - 
rev. to hit the detector. The CCFR detector 
is not suitably instrumented to cleanly separate 
charged-current u. interactions from Y,, neutral 
current events. The electron is lost in the result- 
ing hadronic shower and hence alI v. look like 
neutral currents. The u. from XJ decay are dif- 
ficult to model since the Kr, production rate is 
not known to better than 20%, yielding an er- 
ror of a ~kO.003 in sin’&. This is unacceptably 
large for a precision measurement. F&615’s sign- 
selected quadrupole triplet will eliminate the K& 
from the beam: the desired polarity will be bent 
toward the detector, causing the unwanted par- 
ticles to either strike collimators or point them 
away from the apparatus. v. from K* can be ex- 
tracted from the data by measuring the flux from 
K* + r”~v,, which make up the high-energy end 
of the charged-current data. 

Baatea and backgrounds for both Y,, and fi,, runs 
rue shown in Table 2. 

Other sources of error in the CCFR appar* 
tus at Temtron energies include the structure 
functions, hadron energy definition, and the neu- 
tral/charged current separation algorithm. These 
have been studied in the E-744/E-770 analy- 

NC/ CC Separation 

Contribution E-770 E-815 
Statistics 0.0023 0.0011 
Hadron Energy 0.0006 0.0006 

Table 3 
Significant Sources of Error in a sin’@, Deter- 
mination for E-770 and E-615. Several small 
sources have not been listed but are included in 
the total. The reduction in the v. is achieved 
through the Sign-Selected Beam; the improve- 
ment in the m. error is obtained using R-. 

sis aud are well-understood.[ll] The total error 
in the Sign-Selected Beam will be approximately 
~kO.0024 or about 1%. The E-615 errors, corn- 
pared with the expected final errors in E-744/E- 
770, arc shown in Table 3. 

A likely future upgrade to the detector is a de- 
vice to measure the v. flux in the beam; with 
the v. component accurately determined, data 
from quadrupole triplet (non-sign selected) and 
the sign-selected beam can be jointly used. Fu- 
ture quadrupole triplet runs have the advantage, 
especially in the Main Injector cm, of increas- 
ing the data sample by more than an order-of- 
magnitude. Such a run could use the measured 
p IL~ input to improve the error on sin’tlw as 
well as provide high-statistics structure function 
measurements. The higher statistics could also 
be used to measure m., useful both in its own 
right and as an input to the electroneak measure- 
ment. With 15 million Y,, events, E-615 could 
determine sin’ Bw to &0.0012, corresponding to 
AM, = zkO.060 GeV/c’. 
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2.5. High Statistics Structure hnction 
Determinations 

The nearly twenty million Y,, events at the 
Main Injector could be used for a number of 
precision QCD tests BP well. The logarithmic 
derivative of zF3 vs. Q’ is proportional to 
(IS, and hence the slope can be used to deter- 
mine Aqc~. E-744/770 has determined A= to 
fZE(stat) * 41(syst.) and the factor of ten addi- 
tional statistics would make the statistical error 
negligible.[l3] Improvements in the systematic er- 
rot require better understanding of the relative 
calibration between the hadron shower energy, 
measured in acintillstors, and the muon momen- 
tum, measured in a toroid. Studies of possible 
techniques are underway. Other tests, such as 
the GLS Sum Rule, would also benefit from the 
improved statistical power and systematic preci- 
sion.[l4] A factor of ten increase in dimuon statis- 
tics would provide both a precise determination 
of m, as an internal input for the experiment’s 
determination of sin’& and as B check of NLO 
corrections to the charm crowsection.[I5] 

3. Searches for Neutrino Oscillations Us- 
ing the Debuncher 

P-860 utilises an unconventional neutrino 
beam from the Fermilab debuncher ring in or- 
der to study neutrino oscillations.[l6] While the 
primary focus of the experiment is on v. -+ v, 
oscillation, the experiment is also sensitive to a 
wide range of parameters for v. + v, and, to 
a lesser extent, Y,, -+ I+. Although the initial 
phase of the program would focus on a short base. 
line experiment, the addition of a second detector 
at some later time 5-10 km from the Debuncher 
would greatly expand the initial search and would 
be particularly interesting for a Y,, + v, oscilla- 
tion study. The increased flux available when the 
new Main Injector is operational would also be 
a great advantage for this long baseline phase of 
the experiment. 

The Debuncher is a strong focusing syn- 
chrotron which is used to debunch the antipro- 
tons used in the Tevatron Collider. However, the 
Debuncher also accepts secondaries which origi- 
nate at the antiproton production target: neg- 

v,, (r-decay v. (p-decay) o,, (pdecay) 
4000K 140K 300K 

Tahlc 4 
Interaction Rates in the Proposed Experiment in 
a Near Detector. 

Table 5 
Number of charged-current Y,, events in a Long- 
Baseline detector for 3 GeV and 9 GeV operation 
of the debuncher. A comparison of the two modes 
could be used to determine the nature of a signal. 

ative pious, muons, and electrons are captured 
as well as the desired p’s. Within the first few 
turns, the majority of r- decay to give p- and 
fi,,. The muons which are trapped in the ring de 
cay over many turns producting Y,, and &. The 
Debuncher therefore naturally produces a time- 
separated electron antineutrino beam. Its energy 
distribution is in the range of 3-9 GeV, so most 
of the beam is above threshold for producing T 
leptons. 

The rates from conventional collider operation 
are too low to be of use; hence the experiment re- 
quirea a dedicated run in which positive pions are 
accumulated, this could occur during a Fermilab 
Fixed Target run. 

The detector would consist of Iarocci tubes and 
scintillator in B toroidally magnetized iron spec- 
trometer. The total mess in the 1.25 m radius, 
163 ft long apparatus is 1230 tons. Rates for a 
short and long-baseline detector in the envisaged 
beam are given in Tables 4 and 5. The far detec- 
tor rates are based on assuming 90% of the mass 
of the near detector has been moved to the far 
location. Since the statistics of the near detec- 
tor are much higher, the effect on the errors are 
unimportant. 

Oscillation Limits for the experiment are shown 
in Fig. 2. P-560 is clearly capable of confirming 
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or refuting the existence of the 17 keV neutrino 
and measuring much of the same parameter apace 
as the other oscillation experiments proposed et 
CERN and Fermilab. 

4. Tagged Neutrinos 

Were oscillations found in either P-660 or one 
of the other oscillation experiments, it would be 
difficult to precisely measure the oscillation pa- 
rameters. Neither the neutrino energy nor its 
flight path L are known for a given event, and 
precise statistical fits to the parameters would re- 
quire far more events than would be available in 
the detectors. 

One nay to measure both the fight path and 
energy is to create a tagged neutrino beam from 
the semileptonic decay KL -t rev. or Kb + 
rpv,,. The experiment is conceptually simple.[l’l] 
A KS beam and the decay modes KL -+ REV,, 
and Kr, - rev. provide the neutrino flux. An 
upstream tagging spectrometer then identifies the 
hadron and lepton and reconstructs the KL de- 
cay; the lepton identification specifies the neu- 
trino as v. or Y,, and distinguishes Y f&n i? at the 
decay vertex. A neutrino detector modeled after 
an existing deep-inelastic scattering spectrome- 
ter (rates have been worked out for the CCFR 
apparatus) cau be used to associate the KL with 
a neutrino interaction, measure the neutrino en- 
ergy, and analyze outgoing muons. Monte Carlo 
studies show that 30K v. and ZOK yr could be ob- 
tained in two fixed target runs at the Tevatron. 

The experiment will significantly improve ex- 
isting oscillation limits, but it is especially aen- 
sitive to v. -+ v, oscillations. By searching for 
u,N + rX,r + pvv we may USC the easy- 
t-identify muon aa a signal for oscillations. In 
conventional accelerator-based experiments in Y,, 
beams, we search for Y,, + v. and Y,, -t v,, and 
(1) the absence of a muon or(Z) the presence of an 
electron, signals oscillations. Either conventional 
method poses formidable systematic barriers to 
a conclusive discovery. The tagging experiment 
could search to sin’28 EJ 2 x lo-” at 90% CL 
before backgrounds became significant, a factor 
of seventy better than existing limits. Constrain- 
ing the pion and lepton to come from a KL de- 

cay provides a prediction of the neutrino impact 
point and energy, which can be compared to the 
meaaured values in the neutrino detector. The 
backgrounds at the neutrino vertex are well un- 
derstood after years of deep-inelastic scattering 
experiments at the Tevatron. 

Oscillations from vr + I+ could be detected as 
well. By identifying the initial v,,, a prediction 
for the charged-current neutrino rate in the spee- 
trometer could be checked against the observed 
charged-current rate. Since 62% of I decays are 
muonless, v, interactions would appear M “new 
tral currents”; i.e., events with no muons. Errors 
include the fluctuations in the real neutral current 
rate and the knowledge of the branching fraction 
of r into hadrons. A simulation indicates that a 
1 kton detector would have a 10K events; hence 
the NC rate from Y,, would be about 3K events 
with an error of +55, or 0.5%. The Ama reach is 
dependent on geometry but could go as low aa ap 
proximately 1 eV’. Hence if a signal is seen in one 
of the oscillation experiments a tagged neutrino 
experiment could verify the effect and measure 
the oscillation parameters over a wide range. 

The upcoming generation of KL experiments 
at the Tevatron and the Main Injector could pro- 
vide a tagging spectrometer far better than would 
be needed for these purposes.[lg] A first genera- 
tion (!a 200 ton) detector mounted downstream 
could prove the tagging concept works aud dis- 
cover or rule out the 17 keV neutrino (assumed 
to be the Ye) at sin’ 28 > 1 x IO-‘. By studying 
o(Y~)/u(Y,,) as a function of E,, we could check 
for oscillations of v. into sterile neutrinos. 

It is worth pointing out that a tagged neutrino 
line would provide a unique handle on a variety 
of fundamental questions. The ratio of v. to Y,, 
cross-sections would be measured to better than 
l%, and a number of new electroweak tests could 
be performed.[l9] Jn any case, either a tagged 
neutrino beam 01 P-660 would be the world’s first 
copious, dean source of high-energy v.. Either 
experiment would provide the first look at a new 
type of physics. 

Fermilab is operated by Universities Re- 
search Association Inc. under Contract DE 
ACOZ-76CB03000 with the United States De- 
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Figure 2. Oscillation Limits from P-860. 

partment of Energy. 
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